7 ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Full-color nanorouter for high-resolution
imagingtf

Mingjie Chen,* Long Wen,}® Dahui Pan,® David R. S. Cumming,®

Xianguang Yang @ *® and Qin Chen @ *@°

’ '.) Check for updates ‘

Cite this: Nanoscale, 2021, 13, 13024

Pixel scaling effects have been a major issue in the development of high-resolution color image sensors
due to the reduced photoelectric signal and color crosstalk. Various structural color techniques have
been proposed, and the large freedom in color manipulation by the structure design has been demon-
strated. However, the optical efficiency and color distortion limit the practical applications due to their
intrinsic filtering mechanism. Instead, the on-chip full-color routing is quite desirable for improving the
signal-to-noise ratio. In this study, a single-layer quick response code-like nanorouter is proposed for the
full-color light routing in a pixel level of image sensors. It shows much higher routing efficiency than
various planar lens schemes for signal wavelength focusing. Moreover, over 60% signal enhancement
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with robust polarization insensitivity is obtained in all three primary color bands with the same nanorouter
by a multi-objective optimization method. Negligible color distortion is observed from the reconstructed
color image. Such a simple nanorouter scheme is promising for the development of image sensors,
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Since the film camera was replaced to the digital camera, it
has been a main trend to pursue small pixel sizes entering
into a sub-micron scale to meet the requirement of high-
resolution imaging."” The shrinkage of the pixel size of image
sensors (ISs) raises serious signal-to-noise issues and brings
challenges to conventional optical components.®> Many
attempts have been recently made to design structural color
filters by applying various nano-optical effects, including extra-
ordinary transmission (EOT),* metallic nanoantennas,” Fano
resonance,” Mie resonance,” and guided mode resonance
(GMR).® Compared to the conventional dye color filters based
on material absorption, structural color techniques realize
spectral filtering via artificial micro-/nano-structures with the
advantages of complementary metal-oxide-semiconductor
(CMOS) process compatibility, stability and suppressed spatial
color crosstalk.’ Although thorough investigation has been
made to explore the fundamental physics,'® grow high-quality
materials"”" and optimize the fabrication and integration
methods"? of structural color techniques, none could beat dye
color filters in terms of light transmission efficiency (~90%)
and color purity."® In addition, most structural color filters are
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based on periodic nanostructures and show an obvious depen-
dence of the filtering performance on the period number.”*'*
Serious degeneration involving both optical efficiency and
color purity occurs with the reducing period number for fitting
in a single pixel. Therefore, it is important to find out the
intrinsic limitation of the optical efficiency and put forward a
new technique route to address this issue.

In current color imaging or display systems, illumination
light is usually divided into several parts in each unit cell
according to the spatial distribution of pixels, for example,
four pixels in a Bayer array with a R-G-G-B unit cell’® or three
pixels in a R-G-B unit cell.'® In each pixel, light in one color
band transmits through a color filter and is detected by a
photodiode or human eyes. Clearly, in such a configuration,
most light is filtered out without any contribution to the
photoelectric or photobiological signal. For example, approxi-
mately one-third of the light component is detected but two
thirds are wasted in a R-G-B unit cell, as shown in Fig. 1a, i.e.,
a maximum optical efficiency is only 33% even if the color
filter has transmittance as high as 100%. In contrast, routing
the light to appropriate directions determined by its wave-
length rather than excluding the unwanted light components
by the filters is expected to provide higher optical efficiencies,
as shown in Fig. 1b."” Traditionally, diffractive gratings are
widely used to direct multiwavelength light to different spatial
positions. However, its bulky size limits its applications in ISs.
Plasmonic antennas have shown the color sorting functions in
a subwavelength scale.'® However, the intrinsic high loss of
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Fig. 1 Schematic of spectral engineering in an IS. (a) An IS with color
filters. (b) An IS with color nanorouters. (c) Schematic of a QR-code-like
color nanorouter.

metallic nanostructures limits the overall optical efficiency for
imaging applications. Dielectric metasurfaces allow remark-
able optical manipulation with extremely low-loss."™>" A full-
color router was reported with a GaN metalens, where multiwa-
velength routing was realized by integrating 4 x 4 spatial multi-
plex nanopillars into a complex unit cell.*® However, the router
has a dimension of 50 pm x 50 pm with a focal length of
110 pm, which is not appropriate for the integration in ISs.
Moreover, the routing efficiencies of R, G and B colors drop to
15-38% as a cost of multiplexing. Scattering by dielectric
nanoantennas has also been explored for color routing.'”*?
However, they usually suffer from large spectral crosstalk
because only a part of pixels are covered with antennas, ie.,
the overall improvement of the detected light power mainly
comes from the nonselective light transmission in those white
(W) pixels. For example, the normalized light transmission of
the G pixel is less than 1 without any enhancement.'”
Recently, a gradient-based optimization approach was used in
the color nanorouter design and showed excellent wavelength-
dependent spatial light sorting.>*”>> However, a two-dimen-
sional (2D) model cannot reveal the actual physics and directly
instruct the practical device design.>® Both a design element of
10 nm x 10 nm and the 3D porous structures in a nanoscale
are far beyond the fabrication capability of current standard IS
processes.”*?’

In this study, we proposed quick response (QR) code-like
full-color nanorouters of high optical efficiency and high color
purity for applications in ISs with a micron-scale pixel size.
Such single-layer color nanorouters consist of titanium oxide
nanoblocks in a QR-code-like array in a low refractive index
environment on the surface of a monochrome IS, which is
easy to fabricate and compatible to the CMOS processes. Full-
color routing with low polarization dependence was demon-
strated in a 1.1 pm x 1.1 pm-pixel IS with an improvement of
2.88 times of the total detected power in a unit cell, where an
average optical efficiency of each pixel is enhanced by a factor
of 1.66 with a color quality of 0.63. Moreover, 30% improve-
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ment in the optical efficiency together with a color quality as
good as the dye color filters is also demonstrated. The recon-
structed image from a standard multispectral image shows
excellent color fidelity and obvious improvement in brightness.

A single-layer QR-code-like nanorouter consisting of tita-
nium oxide nanoblocks (n = 2.4)*® in a QR-code-like array is
proposed, as shown in Fig. 1c. Instead of the commonly used
R-G-G-B unit cell in a Bayer array in most image sensors, a R-
G-B unit cell, as shown in Fig. 1b, is adopted because a large
duty cycle of G pixel will not increase the flux ratio of green
color in a spectral routing scheme. The nanorouter is opti-
mized by an algorithm of NSGA-II, which has advantages in
multi-objective optimization.”” Nanoblocks distribute inside
each pixel in an area of 1.1 x 1.1 pm?, where each block has a
lateral dimension of 100 nm x 100 nm for a feasible design
considering current fabrication capability. The block distri-
bution is different in R, G and B pixels, but the distribution in
each unit cell repeats over the whole pixel array.

Nanorouters for the G color were first designed based on
the above-mentioned method, as shown in Fig. 2 (ESI, S17),
where the nanorouters cover three pixels and are expected to
sort the green light incident on the whole unit cell to the
middle pixel. The optical efficiency of the nanorouter for
sorting green light to the middle pixel is defined as the ratio of
the collected flux of the middle pixel to the incident flux over
the unit cell (three pixels) at a wavelength of 550 nm. For the
conventional dye filter scheme, the maximum efficiency is
30%, assuming 90% transmittance of the dye filter. In con-
trast, the nanorouter is able to collect the incident light on the
neighboring pixels to the middle pixel as an antenna, resulting
in an improved optical efficiency. As shown in Fig. 2b, the
improvement is quite robust to the spacer thickness with an
enhancement factor between 2.4 and 2.8 times compared to
the color filtering scheme based on the dye filters. The light
routing phenomenon is clearly seen from the electric field dis-
tribution in Fig. 2c. At the surface of the silicon diode, the
electric field is concentrated inside the middle pixel as
expected with weak crosstalk to the other two pixels. The rela-
tively uniform electric field at the top surface of nanorouters
gradually concentrates to the middle pixel in both vertical and
lateral directions. This promising result demonstrates a
remarkable improvement in the optical efficiency of the color
routing scheme over the color filtering scheme, which is a key
point in the further development of super-resolution ISs. It is
interesting to compare the optimization results of the pro-
posed structure to the ones based on the fundamental optical
principles such as dielectric planar lens with the propagation
phase,”® metalens with the geometric phase®® and plasmonic
flat lens with the resonant phase.”® All these planar lens
designs have the same lateral size of 3.3 pm x 1.1 pm as the
nanorouters (ESI, S2t). It can be seen from Fig. 2c that all
lenses show light focusing, but the electric field intensity at
the focuses are much weaker than the nanorouters. The
optical efficiency of nanorouters, lenses with the propagation
phase, geometric phase and resonance phase is 83.8%, 67.6%,
72.9% and 14.6%, respectively. It is attributed to the limited
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Fig. 2 (a) Schematic of a nanorouter for the G color in an IS with a RGB unit cell. (b) Optical efficiencies at different spacer thicknesses at a wave-

length of 550 nm with y-polarized normal incidence. (c) Cross-section electric field distributions of a QR-code-like nanorouter, dielectric lens with
the propagation phase, metalens with the geometric phase and plasmonic lens with the resonant phase. The thickness of spacer h is set to 4 pm.
Yellow lines indicate the positions of nanostructures, spacers and detectors. White dashed lines indicate the position of each pixel.

numerical aperture (NA) due to the small lateral size of the
lenses.*® The coarse phase distribution and sparse light chan-
nels limited by the feature size of the nanostructures in a fixed
NA also reduce the interference at the right focus. In contrast,
the GA algorithm-generated design shows a more robust light
routing.

For full-color imaging in practical applications, a multi-
wavelength router is required to enhance the optical efficiency
in each color band. Sectoring and interleaving are the two
main approaches used to design multi-wavelength or multi-
functional metasurfaces.>® However, the optical efficiencies of
the multiplexed structure were found to drop significantly due
to the reduced aperture or the crosstalk.”® In contrast, the
algorithm-assisted design including the gradient inverse
method and the GA method has a large design freedom to
balance the choices of multiple dimensional parameters and
intrinsically involve all the potential physical effects including
the coupling between nanostructures and the aperture influ-
ence. Therefore, it will be more efficient for a multi-objective
optimization.

The optical efficiencies of the designed nanorouters are
plotted in Fig. 3a, where all three color bands show better per-
formance than the average efficiency of the current dye filter-
ing technique indicated by the dashed line. The peak efficien-
cies of R, G and B pixels are all above 50% with an enhance-
ment factor in a range of 1.63-1.81 times. The improvement of
the signal-to-noise ratio encourages the further development
of the current IS technique to sub-micron regions. Fig. 3b
shows the electric field distributions at the surface of silicon
diodes at 425 nm, 550 nm and 675 nm, where light at three
wavelengths concentrates to the expected pixels respectively.
The results demonstrate the feasibility of the color nanorou-
ters for efficient color sorting even for a multi-band require-
ment. Although the degeneration of optical efficiency is
observed similar to the previously mentioned sectoring and
interleaving metasurfaces, the efficiency as high as 50% is still
remarkable considering the current color filtering technique.

13026 | Nanoscale, 2021, 13,13024-13029

Although the theoretical one is 300%, both reflection and
crosstalk may reduce the actual optical efficiency. As shown in
Fig. 3a, the reflection is negligible based on the efficiency data
in all three color channels at each wavelength. However, the
crosstalk in all three color channels are above 20%, which is
the major loss. An effective light flux enhancement factor is
defined as the ratio of the collected light flux in the target
color band to that of the dye filter scheme. As shown in
Fig. 3d, all the color filter schemes have small enhancement
factors (<1). In particular, both EOT and GMR schemes have
an average enhancement factor less than 0.4, where the EOT
one suffers from its low transmission and the GMR one suffers
from its narrowband resonance although it has high trans-
mission. In contrast, all the color routing schemes show larger
enhancement factors above 1. Although the EOT structure®'*?
and multilayer stack®® have been integrated in ISs and shown
the expected color filtering function,”> the color routing
scheme is more promising in terms of the optical efficiency.
The best results are from the gradient-based inverse design®*
with an enhancement factor of 2.67, where the feature size of
10 nm x 10 nm and the 3D randomly porous profile in a nano-
scale require more effort in fabrication techniques. The pro-
posed QR code-like design is simple and has an average
enhancement factor of 1.66, which is four times larger than
that of the EOT scheme.

Apart from optical efficiency, color quality is another impor-
tant performance specification. The color quality becomes
zero when the detected color is close to a different primary
color, and it is equal to one if the detected color perfectly
matches the indexed color. Actually, the color quality has been
a bottleneck issue for the structural color technique, particu-
larly in a transmissive configuration.*®** For example, the
transmission and the linewidth are contractionary in metallic
nanohole color filters based on the EOT effect.*** The
improvement in the optical efficiency at a cost of large cross-
talk is not expected. In general, the dye filters based on the
material absorption demonstrate sharp absorption edges to

This journal is © The Royal Society of Chemistry 2021
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(a) Optical efficiencies of the nanorouter in R, G and B bands. Dashed line shows the average efficiency of the current dye filtering technique.

(b) Electric field distributions at the surface of silicon diodes at 425 nm, 550 nm and 675 nm. The spacer thickness is 4 pm. White-dashed lines indi-
cate the position of each pixel. (c) Optical efficiencies of the scheme combining nanorouters and dye filters. Dashed lines show the efficiencies of
the scheme with only dye filters. (d) Comparison of the average color quality and the average effective light flux enhancement factor between

various filters and routers with different mechanisms.

suppress the spectral crosstalk. Using such dye filters, the
optical efficiencies of each pixel in a R-G-B unit cell are
shown as dashed lines in Fig. 3c. Assuming the R, G and B
bands are 600 nm-700 nm, 500 nm-600 nm and 400 nm-
500 nm, respectively, the spectral crosstalk is very small. As
shown in Fig. 3d, the average color quality of the R, G and B
bands of the dye color filter scheme is as high as 0.88. In con-
trast, plasmonic color filtering techniques such as EOT
phenomenon®?* usually have small average color qualities due
to the broad resonance linewidth limited by the high absorp-
tion loss. Mie scattering filters also suffer from the low color
qualities due to their scattering property.® Both have an
average color quality around 0.5. Metallic-guided mode reso-
nance (GMR) filters have less absorption loss due to their field
concentration in the dielectric waveguide and thus provide a
narrowband resonance, resulting in an improved color quality
of 0.69."" A large color quality of 0.79 can be obtained using
multilayer stacks, but the different stack structures of the R, G
and B bands increase the complexity of fabrication.’® In the
single-pixel color deflector schemes demonstrated by
Panasonic®®> and Nippon Telegraph & Telephone (NTT),"” the
designed W + B and W + R pixels inevitably induce the flat pro-
files of the detected power spectra, which greatly increase the
spectral crosstalk. For example, the NTT scheme has a color
quality less than 0.4. The gradient-based inverse design shows
a large color quality of 0.75 due to the small limitation of the
structure profile. The QR-code-like scheme has a decent color

This journal is © The Royal Society of Chemistry 2021

quality of 0.63. There is one way to further reduce the spectral
crosstalk of the QR-code-like design for some applications
with high requirements of the color quality. The dye color
filters can be integrated underneath the nanorouters to filter
out the crosstalk in each pixel and improve the color quality.
In this case, the nanorouters can be integrated onto the
current ISs without major modification of the standard pro-
cesses. As shown in Fig. 3c, the combined design with both
dye color filters and nanorouters demonstrates three distinct
spectra in R, G and B bands with small spectral crosstalk.
Simultaneously, the optical efficiencies overcome the conven-
tional dye color filters in all three bands. It can be seen from
Fig. 3d that in the combined structure the color quality
increases to 0.9 with an average enhancement factor of 1.33. In
addition, it is interesting to know the polarization dependence
of the nanorouter considering the practical application.?® It is
found that the nanorouter can be engineered to be nearly
insensitive to polarization with a spectral correlation coeffi-
cient above 0.9 for a polarization angle in the range of 0-180°
(ESL, S3t). All the above simulation is for normal incidence.
Due to the dispersive property of light scattering, diffraction
and interference, the color routing actually presents angular
dependence, which is similar to all color routers'”>***>> and
most color filters. The calculated spectral correlation coeffi-
cients in all color channels (R, G, and B) present a certain
quantity of angular dependence (ESI, S4}). To reduce the angle
dependence, more comprehensive optimization with the con-

Nanoscale, 2021,13,13024-13029 | 13027
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sideration of the actual light illumination is required in the
future study.

Finally, it is interesting to predict the imaging performance
with the full-color nanorouters. Although there are no experi-
mental results, the actual imaging process can be modeled
with a multispectral target image based on a conversion
matrix method,"” as shown in Fig. 4a. A multispectral image is
selected from an open-access website,>® as shown in Fig. 4a.
The reconstructed images with the RGB value obtained from
an image sensor with dye filters and nanorouters (ESI, S57) are
shown in Fig. 4b and c, respectively. Both images exhibit excel-
lent color quality with the original multispectral image. To
visualize the difference in the signal intensities of two
schemes, the spectral integration of the collected flux in each
pixel is linearly converted into gray values. The results of both
dye filters and nanorouters are shown in Fig. 4d and e, respect-
ively. It is obvious that the nanorouter scheme shows much
larger signal intensity. Therefore, such a nanorouter integrated
IS scheme with high optical efficiency and good color quality
is promising for high-resolution imaging applications.

In conclusion, a QR-code-like nanorouter is proposed for
full-color routing in an IS. Compared to various structure color
techniques and the recently reported light routing techniques,
the QR-code-like nanorouter enables high optical efficiency
with negligible color distortion in a simple structure, which is
important for the development of low-cost ISs for high-resolu-
tion applications. The pixel level light routing function at mul-
tiple wavelengths overcomes numerous plasmonic and meta-
surface lenses. Over 60% signal enhancement is demonstrated
in a 1.1 pm x 1.1 pm pixel level compared to the state-of-the-
art dye filter scheme. Similar performance for a sub-micron
pixel (0.7 pm x 0.7 pm) is also predicted by calculation (ESI,
S67). If the pixel size scales further down, an advanced design
or a fabrication technique needs to be developed. The pro-
posed method is promising not only in ISs but also displays®”
and photovoltaics.*®
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Fig. 4 (a) Simulated imaging processes based on a multispectral image.
(b) Reconstructed color image with dye filters ignoring the brightness.
(c) Reconstructed color image with nanorouters in Fig. 3a ignoring the
brightness. (d) and (e) are the grey-scale images of (b) and (c),
respectively.
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