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ARTICLE INFO ABSTRACT

Keywords: Polarization, an attribute of light, carries a lot of vital information independent of intensity and color content.
Metasurface Polarization imaging is very useful in applications including diffuse/specular component separation, material
Collor router classification and reflectance estimation. Color routers applied in color imaging provide an efficient way to
Polarization

sort and guide different color lights to the corresponding output ports. Here, we report the design and exper-
imental realization of a compact metasurface-based polarization color router. This color router shows a micron
Bayer pattern (RGGB distribution) under the illumination of white light with any polarization. In addition, the
green light intensity at the corresponding pixel changes regularly depending on the polarization light, illus-
trating the polarization color router can act as a polarizer at the same time. The measured light utilization
efficiency of the polarization color router reaches a value of 88%. A correlation coefficient of 0.98, which is
defined as the fitting effect between the measured and theoretical illuminating light polarization angles, was
achieved. This device possesses the advantages of a lightweight, high light utilization efficiency and polarization-
integrated detection functions, which could provide a new way for its applications in integrated CMOS image

Sensors.

1. Introduction

Metasurface-based color router (MCR), which can combine focusing
and sorting functions, provides a significant high light-harvesting
efficiency owing to its working principle of sorting color rather than
filtering light [1-4]. MCR is extremely appealing in applications that
integrate multiple functions together with the requirement of the
device’s integration and miniaturization [5]. MCRs are anticipated to
be useful in digital color imaging sensors to compensate for some of the
shortcomings of current color filters [1,3,6]. Several designs of color
routers based on nanostructures or metasurfaces have been recently
reported using different approaches [6-11]. So far, MCRs have met
several criteria for modern color image sensors, including high light
utilization, excellent color sensitivity, high structural integration, and
pixel sizes of less than a micron.

In addition to color and intensity attributes, polarization is another
important property of light that describes the oscillation orientation
of the transverse electric field along the optical path. Polarization
generation using metasurface has attracted large attention in recent
years [12-18]. Using the geometric phase [19-21], propagation phase
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[14,22], or a combination strategy for the control of a pair of
independent phase profiles is a common method of realizing
polarization-dependent devices [23-25]. This capability allows for
various compact polarization-dependent metasurface-based devices
with photonic functionalities [26,27], such as multichannel hologram
display [15,28-30], orbital angular momentum state generators [30-
35], and polarization imaging [22,36,37]. Among them, polarization
imaging is widely used in industrial inspection in recent years, such
as diffuse/specular component separation [38], material classification
[39], reflectance estimation [40], etc. Thus, integrated metasurface-
based polarizers [41,42] or polarization routers [43] are desired to
achieve effective extraction of invisible information for polarized
imaging in some special environments.

The color router mentioned above usually works only under a
specific polarization. In this work, we design and experimentally
demonstrate a metasurface-based polarization color router (MPCR)
motivated for use in a commercial CMOS image sensor with a pixel
pitch of 1 pm under any polarization. In addition to its ability to capture
brightness and color with a high spatial resolution, our polarization
router can capture polarization information, thus simultaneously
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acquiring both color and polarization information of a scene. By
measuring the intensity of green pixels, the polarization orientation of
incoming light can be well reproduced.

2. Designs and results

The design concepts of our color router and common color filters are
shown in Fig. 1(a), respectively. Color routers guide all the incident light
transmitted through the metasurface to different color pixels according
to different wavelengths, while color filters are usually band-pass and
waste the energy outside the expected waveband. Fig. 1(b) shows the
schematic of a color image sensor employing MPCRs under the illumi-
nation of horizontally (i.e., along the x-axis) polarized light. Here, the
metasurface is designed by the optimization method of genetic algo-
rithm (GA) [44,45]. An area of 2 pym X 2 um of a unit cell is selected to
conform to the pixel level of the state-of-art CMOS image sensor. The
unit cell is divided into a 20x20 grid, with each square denoting ei-
ther an air column or a silicon nitride (Si3N,4) column. Because SizN,
has a reasonably high refractive index, negligible absorption in the visi-
ble band, and compatibility with CMOS technology, it was chosen after
careful consideration. The thickness of the metasurface is set as 600 nm
to guarantee the aspect ratio that can be prepared in current fabrication
technology and the sufficient equivalent refractive index. We will show
that the MPCR can enable the incident light sorted to target color pixels.
In addition, the intensity of green pixels is demonstrated to depend on
the polarization orientation of incoming light and thus can be used to
determine the illuminating light polarization. The dark areas in some
green photodetectors shown in Fig. 1(b) are ascribed to the effect of the
MPCR due to a horizontal polarization state of incident light.

The metasurface is designed inversely using the GA method [7,30-
32], which iteratively generates a two-dimensional pattern to optimize
a specified objective function. Here, the GA toolbox in Matlab and com-
mercial Lumerical FDTD solutions software is combined to optimize the
structural distribution of the metasurface. Thus, the binary distributions
of nanostructures in the metasurface are expressed as the basic variable
of optimization, and the transmittances of four quadrants corresponding
to RG;G,B pixels (i.e., a red, two green and a blue pixel) are regarded
as the fitness values of optimization. In the optimization process shown
in Fig. 2(a), the first step is to initialize the first population according
to the number of variables. The coordinate coding is then carried out
in FDTD by transforming the binary sequences in GA into nanopillars
with different materials (Si;N, or air) at different positions of the meta-
surface. When the model is built, the transmittances of RGGB pixels are
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calculated. The fitness value of each individual is calculated according
to the transmittances and the fitness function as follows:

A Ag2 Ap2 A
F=—(a,/ TRd/1+a2/ TG]dA+a3/ TBdA—a4/ Tgd ),

A Agl b1 gl
@

rl

where 4.1 and 4., are the minimum and maximum wavelengths and C
represents R, G or B color waveband (600 nm-700 nm for R, 500 nm-
600 nm for G; and G,, and 400 nm-500 nm for B), respectively. In
Eq. (1), a. is the weight of the integral of the transmittance in each
pixel. Ty, Tg1, Tge and Ty are the transmittances of R, G;, G, and B
pixels, respectively. In the fitness function, the Ty, Tg; and Ty are ex-
pected to be enlarged in each color waveband and Tg, to be reduced
during the optimization process, which is the key to polarization re-
sponse. The individuals of the current generation are sorted by the cal-
culated fitness values according to the formation of P, = F?/3} F?, and
the individuals who behave better are more likely to be selected and
reserved. A new generation of the population was then created through
mutation and crossover operators. The stop criterion is that the fitness
of the best individual reaches the average fitness of the current gener-
ation within 20 generations. Detailed information on the optimization
process is shown in Section 1 in Supplementary Materials. Figs. 2(b-d)
show the distribution changes of nanostructures within a unit cell and
the spectral response corresponding to the structural distribution dur-
ing the iteration process. Fig. 2(b) depicts an initial individual with a
poor spectral response and averaged sorting efficiencies of three color
bands of 29%. Sorting efficiency is defined as the averaged spectral ef-
ficiency, which is represented by a color line in the graphs for the cor-
responding color band. In Fig. 2(c), a nearly half-optimized individual
with spectral responses meets the requirements for red and blue pixels
but not for green pixels. The average efficiency of the three color bands
is 34%. Fig. 2(d) shows the final optimized individual, which shows that
all spectrum responses of RGGB pixels meet the objectives. And the av-
erage efficiency of the three color bands is 42%, which is greater than
Bayer filters.

According to the final optimized metasurface, we simulated the spec-
tral efficiencies of four pixels with the illumination of broadband lin-
early polarized light, as shown in Fig. 3(a). It shows that the averaged
efficiencies of the RG; B pixels over the whole pixel area are 39%, 42%
and 58% at wavelengths of 430 nm, 530 nm and 680 nm, respectively,
which greatly exceeds the ideal efficiency of the color filters (~33%)
in the image sensor. In addition, the efficiency of the other green pixel

Fig. 1. (a) Differences in principle between
conventional color filters and color routers
based on metasurfaces. (b) Schematic of a color
image sensor by employing MPCRs, where all
the linearly polarized light can reach photode-
tectors in theory. Horizontally or vertically po-
larized light can be collected by the photode-
tector of one green pixel in a unit cell, whereas
the other green pixel in the unit cell detects
nearly no green light. Inset: the nanostruc-
ture distribution of the optimal solution of the
MPCR.
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Fig. 2. (a) flowchart of the inverse design ap-
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Fig. 3. (a) The simulated spectral responses of color pixels under horizontally polarized illumination. Two green lines represent two green pixels (G;: upper right
quarter; G,: lower left quarter) in one unit cell. (b) Intensity profiles of detecting plane for three peak wavelengths (680 nm, 530 nm and 430 nm). (¢) The simulated
(dash lines) and calculated (solid lines) spectral responses of G; pixel for different polarization angles (PAs). (d) The lateral sections (XZ plane) of the intensity
profiles in (a) for three peak wavelengths at the locations of y=—0.5 um, —0.75 pum, 0.5 pm and 0.75 pm, respectively.
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(i.e. Gy) is approximately 11% over the entire green waveband, which
can be ignored and seen as a perturbation of the scattering background
[3]. Furthermore, intensity profiles in the detecting plane for three peak
wavelengths are given in Fig. 3(b). Note that light of three peak wave-
lengths is well distributed into three quadrants and another quadrant
can hardly collect light. To further observe the transfer of energy flow
in the Z direction, the lateral sections (XZ plane) of the intensity profiles
for these three peak wavelengths are exhibited in Fig. 3(d), which illus-
trates that incident lights entering the metasurface are indirectly and ef-
fectively routed to the pixels according to the pattern of the metasurface.
To quantitatively show the colors instead of pseudo colors in Fig. 3(b),
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the routing performance is assessed by using color matching functions
and depicted in the 1931 CIE chromaticity diagram in Section 2 of Sup-
plementary Materials, which roughly conforms to our experiment re-
sults below. Fig. 3(c) shows the simulated (black dashed lines) spectral
response of the G; pixel for different polarizations. The angle formed
by the polarization direction and the horizontal direction is defined as
the polarization angle (PA). As the structure is symmetrical along the
diagonal, the polarization characteristic should conform to Malus’ law.
Thus, according to the function of Malus’ law, we give the efficiencies
of the two green pixels under arbitrary PA using the known efficiencies
of the green pixels under PA =0, as follows:

Metasurface

v/

---R ---G

——R ——G,

---G,---B

+G2+B

— — -Total——Total

.C Il 2 2 a I
400 450 500 550 600 650 700
( ) Wavelength (nm)
d
420 nm 460 nm 500 nm 540 nm 580 nm 620 nm 660 nm

Fig. 4. (a) Schematics of the optical measurement setup. (b) Top-view SEM images of the fabricated metasurface. Inset: side views. Scale bars, 2 um. (c) Spectral
efficiencies of the four (R, G;, G, and B) pixels and the total utilization efficiency when the incident light is horizontally polarized. Solid lines: the measured data.
Dotted lines: the theoretical data. (d) Measured intensity profiles at different wavelengths under horizontal polarization.



X. Zou, G. Gong, Y. Lin et al.

Gq = (G, = G,)(cosa)* + G,

2
Gaq = (G, = G,)(sina)? + Gy, @

where G, ,, G, , represents the efficiencies of the pixels in the upper
right quarter and lower left quarter under linear polarization and PA
of a, while G;, G, is that under horizontal polarization (a=0). We
calculated the efficiencies of the G; pixels under several PAs using
Egs. (2) and depicted them in Fig. 3(c) using color solid lines, which
is very consistent with the simulation results. This result illustrates that
our MPCR has a great linear polarization response.

Before fabricating the designed metasurface, the influence of the di-
lation or height fluctuation of the nanostructures on the spectral effi-
ciency is evaluated in Section 3 of Supplementary Materials and the
simulation results reveal that our structure has great robustness. To ex-
perimentally demonstrate the performance of the MPCR, the designed
metasurface was fabricated using standard nanofabrication technology,
including thin-film deposition, electron beam lithography (EBL), forma-
tion of hard etching mask and etching process. Detailed information on
the sample fabrication is shown in Section 4 of Supplementary Ma-
terials. Fig. 4(b) shows the top-view and side-view scanning electron
microscopy (SEM) images of the metasurface. Experimental character-
ization with the fabricated MPCR sample was performed in the visible
regime by using the optical measurement setup in Fig. 4(a). Details are
described in Section 5 of Supplementary materials. When collimated
polarization lights of different wavelengths are shone on the sample, the
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intensity profiles of the detecting plane are recorded and presented in
Fig. 4(d). It is clear that light of any wavelength in the visible range
is efficiently sorted into target pixels, and that the greatest contrast in
intensity between pixels occurs precisely at the peak wavelengths. The
simulated intensity profiles of different wavelengths are also depicted
in Fig. s4 (Supplementary materials) for comparison. The difference
between the sharp focuses in simulation and the smooth focuses in the
experiment is ascribed to the total numerical aperture of the measure-
ment setup. Furthermore, the spectral efficiencies of the four (RG; G,B)
pixels are calculated in Fig. 4(c) by integrating the intensity of the mea-
sured monochromatic intensity profiles over each color pixel for each
wavelength and then normalizing by the intensity of incident light over
the area of four pixels to eliminate the influence of non-uniform inci-
dent light intensity. The MPCR’s average total efficiency over the visible
regime is 88%, which is 2.6 times higher than the ideal efficiency (33%)
of conventional color filters in image sensors. The sorting efficiency is
calculated to be 41%, 36% and 32% in the experiment (51%, 38% and
35% in simulation) for R, G and B lights. The measured R-pixel sorting
efficiency is lower than the simulated result, which is ascribed to the er-
ror introduced by the relatively low light intensity of the incident source
in the red waveband. The reason that measured G-pixel and B-pixel effi-
ciencies are slightly lower than the simulated data is that the roughness
of the nanostructures causes some undesired light scattering [2].

The polarization response of the MPCR is also characterized accord-
ing to the light intensity in the detecting plane. Figs. 5(a-c) present the
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Fig. 5. (a-c) Measured intensity profiles of the MPCR in the detecting plane under linear PA of 0°, 45° and 90°. Scale bar, 2 um. (d) The calculated normalized
intensity of two green pixels (solid lines) and the fitting efficiencies using the Egs. (2) in the text. (e) Calculated PAs from the measured efficiencies under different
directions of linear polarization. Red line: the expected PA value. Point line: the calculated PA value. Blue line: the fitting PA value.
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experimental RGGB distributions with the normalized intensity under
linear PA of 0°, 45° and 90°, respectively. It shows that R, G and B lights
are well focused in each quadrant of the unit cell of the metasurface
when the incident light is in the visible waveband and the intensities in
the two G pixels are variable according to the directions of polarization.
Note that the G, pixel under PA of 0° is not dark enough to match the
simulated results, which is mainly because the numerical aperture of the
collection side is 0.1 which brings the inclined light. The performance of
the designed MPCR degrades largely when working under inclined light,
which is demonstrated by simulation in Section 6 of Supplementary
materials. The intensity contrast (extinction ratio) of G pixels under
horizontal or vertical polarization is calculated as 2.5:1 by integrating
the intensity of G pixels and normalized by the incident light, while for
PA of 45° it is 1.03:1. The degree of polarization P is calculated to be
0.53 in simulation and 0.43 in the experiment according to the equation:

P=(Iy-1y)/(Iy+1Iy), 3)

where I}; and I, represent the averaged intensities of the two green pix-
els (Gy, G,) over the whole green waveband, respectively. More details
about the polarization response are shown in Section 7 of Supplemen-
tary materials. Fig. 5(d) depicts the normalized intensity of two G pix-
els under different PAs, and the fitting data obtained from the Egs. (2).
It can be seen that the two lines essentially meet the relationship of
Eq. (2) with the change of PAs. The R and B pixels are polarization-
insensitive due to the symmetrical design of the metasurface and the
normalized intensities of the two pixels retain approximately 25% and
20%, respectively. Using the normalized intensity of G pixels and the de-
rived PA formulaa = arctan(,/(G, ,—G,)/(G, ,—G,)), the incident PA can
be further calculated. The calculated data is shown in Fig. 5(e), which
is consistent with the expected PAs. Furthermore, the blue line with the
linear function of y = 0.95x + 4.74 represents the linear fitting of the
measured data. R-square, a correlation coefficient to qualify the linear
regression, is calculated to be 98%, demonstrating that the measured
data can accurately represent the desired polarization.

3. Conclusions

In summary, we experimentally demonstrate that an MPCR can sepa-
rate the primary colors used in a color image sensor while also acting as
a polarizer to anticipate incident light polarization. In addition to inte-
grating the two functions into a metasurface to realize the miniaturiza-
tion of a color polarization image sensor, the light utilization efficiency
(88% in experiment, 95% in simulation)) and sorting efficiencies (41%,
36% and 32% in the experiment, 51%, 38% and 35% in simulation)
are also improved within the micrometer-scale pixel, which is largely
significant to the imaging resolution of the polarization image sensor.
The incident light’s polarization angle can be effectively evaluated using
pixel intensity. Furthermore, periodic metasurfaces are highly tractable
for industrial mass production due to their resistance to fabrication mis-
takes. As a result, we believe the MPCR will play a significant role in
the development of next-generation color image sensors.
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