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Optical color filters are widely applied in many areas including display, imaging, sensing, holography, energy har-
vest, and measurement. Traditional dye-based color filters have drawbacks such as environmental hazards and in-
stability under high temperature and ultraviolet radiation. With advances in nanotechnology, structural color filters,
which are based on the interaction of light with designed nanostructures, are able to overcome the drawbacks. Also,
it is possible to fabricate structural color filters using standard complementary metal-oxide-semiconductor (CMOS)
fabrication facilities with low cost and high volume. In this work, metasurface-based subtractive color filters (SCFs)
are demonstrated on 12-inch (300-mm) glass wafers using a CMOS-compatible fabrication process. In order to
make the transmissive-type SCF on a transparent glass wafer, an in-house developed layer transfer process is used
to solve the glass wafer handling issue in fabrication tools. Three different heights of embedded silicon nanopillars
(110, 170, and 230 nm) are found to support magnetic dipole resonances. With pillar height and pitch variation,
SCFs with different displayed colors are achieved. Based on the resonance wavelength, the displayed color of the
metasurface is verified within the red-yellow-blue color wheel. The simulation and measurement results are com-
pared and discussed. The work provides an alternative design for high efficiency color filters on a CMOS-compatible

platform, and paves the way towards mass-producible large-area metasurfaces.
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1. INTRODUCTION

Color filters, as essential optical components, have been widely
applied in color display, imaging, sensing, hologram projection,
photovoltaic devices, and optical measurement systems [1-9].
Traditional dye-based color filters work based on the wave-
length-selective optical absorption/reflection of the chemical
bonds, having issues including environmental hazards and per-
formance degradation under high temperature or exposure to
ultraviolet radiation. With advances in nanotechnology, the
emerging structural color filters have drawn a lot of interest
[10-19]. This kind of color filter works based on the interac-
tion between incident light and nanostructures (e.g., Mie res-
onances [3,20-22]) to achieve wavelength-dependent optical
absorption/reflection, and hence can overcome the drawbacks
of traditional dye-based color filters. Furthermore, its fabrica-
tion can be done using state-of-the-art complementary metal-
oxide-semiconductor (CMOS) compatible fabrication facilities,
which are currently used in the microelectronics industry.
Various functional photonics devices have been demonstrated
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based on fabrication lines compatible with the infrastructure of
CMOS platform for optical communication [23-25], chemical
gas sensing [26-28], optical frequency synthesis [29,30], light
detection and ranging [31-33], etc. Contributed by the photo-
lithography patterning technology, the fabrication of these de-
vices is scalable to large areas, and suitable for mass production.
Recently, such fabrication lines were also used to demonstrate
metasurface-based devices [34—42], which contain a single
metasurface layer with nanostructures of subwavelength scale.

Structural color filters with narrow passbands contributed
by the periodic pillar or hole structure have been widely studied
in the past two decades since the first report of extraordinary
optical transmission of a periodic metallic subwavelength scale
array [43]. The passband of the additive color filter (ACF) can
be designed by tuning the period, pitch, or dimension of sub-
wavelength structures [44]. The ACFs formed by both metallic
and dielectric subwavelength nanostructure arrays have been
recently demonstrated, working in either transmission mode
or reflection mode [1,2,6,45,46]. However, the ACF has
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relatively lower transmission/reflection efficiency compared
with its counterpart, the subtractive color filter (SCF), since
most of the light in the spectrum is filtered out. SCFs can
achieve higher transmission/reflection efficiency since they
work based on the removal of the complementary color within
the frequency spectrum to achieve the color filtering effect
[47-50]. Although the transmission/reflection efficiency can
be improved significantly for both ACF and SCF by using
the metal—insulator—-metal (MIM) or metal—dielectric (MD)
resonant structure [12,51-54], the multi-layer structure adds
fabrication complexity and hence is not suitable for device mass
production and integration with other devices. Meanwhile,
color filters fabricated on a CMOS-compatible platform in
large scale for mass production on glass wafer substrates remain
unexplored.

In this work, we demonstrate SCFs fabricated on 12-inch
(300-mm) glass wafer substrates using the CMOS-compatible
fabrication process. In order to make transmissive SCFs on
transparent glass substrates, the glass wafer handling issue in
fabrication tools has been resolved by a layer transfer process
developed in house. Three batches of wafers are fabricated with
variation in pillar height to investigate the relation between
SCF performance and pillar height. Functional SCFs with dif-
ferent colors are demonstrated, and the displayed colors are
verified by matching the complementary color of filtered colors
within a red-yellow-blue (RYB) color wheel. The magnetic di-
pole resonance is found from the simulation. The transmittance
spectra obtained from the simulation and experiment are com-
pared and discussed. The work paves the way towards large-
scale mass production of structural color filters.

2. DEVICE DESIGN AND FABRICATION

A three-dimensional (3D) schematic of the transmission-mode
SCF on glass is shown in Fig. 1(a). The metasurface is
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composed of an array of embedded amorphous-Si (a-Si) nano-
pillars with a fixed diameter of 105 nm, and varied pitches of
Py =250 nm, P, =300 nm, and P; = 350 nm. These
three pitch sizes are designed for the metasurface-based display
letters “I,” “M,” and “E,” respectively, and their corresponding
resolutions are around 100,000 dots per inch (dpi), 84,000 dpi,
and 72,000 dpi, respectively. Figures 1(b)-1(d) are the side,
top, and perspective views of the a-Si nanopillar on a glass wafer
for the design and simulation. There are three heights of a-Si
nanopillars in our design—110, 170, and 230 nm—to inves-
tigate the relationship between embedded a-Si nanopillar
height and SCF’s performance.

The fabrication was done on the Institute of
Microelectronics (IME)’s 12-inch (300-mm) wafer platform
for flat-optics [55]. To realize the SCF design, the Si wafer
transfer technique on a glass wafer is developed. The Si wafers
with a SiO, layer on top are used as substrates. Then different
thicknesses of a-Si films are deposited by the plasma enhanced
chemical vapor deposition (PECVD) method. The a-Si nano-
pillars are then patterned by a 193-nm ArF immersion scanner,
followed by reactive ion etching. The patterned a-Si layer is
then transferred from the Si wafer to a glass wafer through a
bonding glue assisted layer transfer process. The a-Si nanopil-
lars are embedded in the bonding glue, as shown in Fig. 1. The
bonding glue is a transparent dielectric material with a refrac-
tive index close to silica. More details on the wafer fabrication
can be found in Appendix A.1 as well as in Ref. [42].

A photograph of the fabricated 12-inch (300-mm) glass wa-
fer with the central die highlighted by a blue dotted line is illus-
trated in Fig. 2(a). The observation of the blue color A*STAR
logo at the back shows the transparency of the glass wafer in the
visible wavelength range. The zoomed-in images of the central
die from wafers with a-Si layer thickness variation are illustrated
in Figs. 2(b)-2(d), in which the SCF devices are highlighted by
blue-dotted lines. The heights of the a-Si pillars are close to

Fig. 1. Schematic of the metasurface-based SCF function device and single nanopillar as metasurface unit cell. (a) Schematic of the SCF illus-
trating the color filter effect (drawing not to scale). (b) Side view, (c) top view, and (d) perspective view of the a-Si nanopillar on glass wafer for SCF

design and simulation.
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Fig. 2. TFabricated glass wafer, single dies, and single nanopillars with different heights. (a) Photo image of 300-mm glass wafer, with blue dotted
line highlighting the central die. (b)—(d) Photo images of central die (from different wafers) after wafer dicing with a-Si pillar height design of
(b) 110 nm, (c) 170 nm, and (d) 230 nm, respectively. Each die has a size of 26 mm x 33 mm. SCF device is highlighted using blue dotted
line in each die, showing different displayed colors under different pillar heights. (e)—(g) Transmission electron microscopy (TEM) images of
the fabricated a-Si nanopillar with height close to (¢) 110 nm, (f) 170 nm, and (g) 230 nm.

110, 170, and 230 nm in Figs. 2(b)-2(d), respectively. It can be
observed that the colors of the “IME” letters are different under
pillar height variation. The corresponding transmission elec-
tron microscopy (TEM) images of single nanopillar are illus-
trated in Figs. 2(e)-2(g), respectively. It can be observed
that the edges of the nanopillars have rounded shapes instead
of sharp corners, which could be due to over-etching. A sharp
corner can be achieved by optimizing the a-Si etching process,
such as reducing the etching power or time.

3. RESULTS AND DISCUSSION

The simulated and measured transmittance spectra of the nano-
pillar array for SCF in the wavelength range of 400 to 800 nm
under various pillar heights and pitches are shown in Fig. 3.
The simulation is conducted by using the 3D finite difference
time domain (FDTD) method (FDTD Solutions, Lumerical
Inc. Vancouver, British Columbia, Canada), with periodic
boundary conditions along x and y directions. The pillars with
truncated shapes at the top are used in the simulation model.
The pillar heights are set to be 110, 170, and 230 nm. The
pillar diameter at the bottom is fixed at 105 nm. The broad-
band visible light polarized in y-direction is launched from the
glass substrate below and propagates towards the nanopillar lo-
cated on the substrate (propagating from -z to +z direction).
As illustrated by the red line in Fig. 3, the simulated spectra
have relatively low transmission in a short wavelength range
(400-600 nm) compared with a long wavelength range
(>700 nm) due to the resonance of the electromagnetic wave
within the pillar structure. The resonance modes will be dis-
cussed in detail later.

The SCF devices are experimentally characterized using a
microscopic spectrometer measurement system, with incident
visible light from a mercury lamp injected from the bottom,
and the transmitted light is captured by an optical spectrometer
at the top. A charge-coupled device (CCD) camera is also
placed at the top for device monitoring and alignment pur-
poses. Its schematic is provided in Fig. 6 (Appendix A.2).
The measured transmittance spectra of the SCF with nanopillar
heights of 110, 170, and 230 nm and pitches of 250, 300, and
350 nm in the wavelength range of 400 to 800 nm are also
plotted in blue lines in Figs. 3(a)-3(i). The insets within these
figures include color photos of fabricated SCFs, taken from the
highlighted areas in Figs. 2(b)-2(d). Taking Figs. 3(a)-3(c) as
examples, different from the additive color system, the as-mea-
sured wavelength valleys do not represent the colors of blue,
green, and yellow, but their complementary colors: orange,
red, and purple. The appearance of the colors of the “IME”
letters can be verified by the RYB color wheels, which are also
included as insets. In each color wheel, the transmittance min-
imal color points towards its complementary color, which is the
displayed color of the metasurface device. Also, it can be ob-
served that the transmittance of SCF is above 90% in a long
wavelength range (>700 nm). Most of the photons pass
through the SCF except for the selective wavelength range,
leading to a higher transmission in comparison with ACF.

In addition, from the experimental results in Figs. 3(a)-3(i),
as the pillar height increases, the transmittance at the designed
resonant wavelength decreases, which leads to higher power dis-
tinction between the resonance and non-resonance spectrum
range, and hence better displayed color contrast. Such a
contrast increase can be visualized by comparing the insets
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Fig. 3. Simulation and experiment results of SCF with different pillar heights and pitches. (a)—(i) Simulated (red line) and measured (blue line)
transmittance spectra of the color logo “IME” under various pillar heights (H) and pitches (P) of (a) # = 110 nm, P = 250 nm; (b) # = 170 nm,
P =250 nm; () H=230nm, P=250nm; (d) H =110 nm, P =300 nm; (¢) H =170 nm, P =300 nm; (f) H = 230 nm,
P =300 nm; (g £ = 110 nm, P = 350 nm; (h) Z = 170 nm, P = 350 nm; and (i) 7 = 230 nm, P = 350 nm. Insets show the displayed
color of the metasurface design. Display contrast increases as pillar height increases. The displayed colors are verified by mapping the complemen-
tarity of the filtered colors from spectra within the RYB color wheel, which are also included as insets. (j)—(1) Simulated (red marks) and measured
(blue marks) CIE xy chromaticity coordinates of transmittance spectra with a-Si pillar height of (j) 110 nm, (k) 170 nm, and (l) 230 nm. For each
pillar height, round, square, and rhombus shaped marks are used to represent pitches of 250 nm, 300 nm, and 350 nm, respectively.

of the “IME” logo in Fig. 3. For the SCF functional device, it is
expected to have low transmission at the filtered wavelength, so
that high display contrast can be obtained. Hence, future work
can be committed to further reduce the transmission of SCFs at
the filtering wavelength by optimizing the device design, espe-
cially for pillars with lower height.

The experimental spectra measured from the devices match
with the simulation spectra in Fig. 3 in general. The discrep-
ancy of resonance wavelengths in Figs. 3(b), 3(g), and 3(i) is
contributed mainly by the pillar diameter variation after the
etching process. Such a discrepancy can be offset by adjusting

the diameter of the nanopillar within the range of £5 nm in
simulation, which is the diameter variation range generated
from the fabrication process. Also, based on the standard
International Commission on Illumination (CIE) 1931 color
matching function, the simulation and measurement results
are plotted and compared in the CIE xy chromaticity diagram,
as illustrated in Figs. 3(j)=3(1). The detailed calculation steps are
also included in Appendix A.3.

In order to visualize these resonance modes mentioned
earlier, the field distributions of the nanopillars with bottom
diameter of 105 nm and pitch of 250 nm under different
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Fig.4. Simulated electric and magnetic fields of nanopillar under different pillar heights. (a)—(c) Electric and magnetic field distributions at resonance
wavelengths of (a) 550 nm, (b) 572 nm, and (c) 580 nm for a-Si nanopillars with heights of 110, 170, and 230 nm, respectively. Pillar pitch and bottom
diameter are fixed at 250 and 105 nm, respectively. The wavelengths are selected based on the resonance of the transmittance spectra from simulation
shown in Figs. 3(a)-3(c). First row shows the field in the x - y plane (top view). Second row shows the field distribution in y - z plane and x - z plane
for electric field and magnetic field, respectively (side view). Note: In simulation the launched light source is polarized in y direction.

heights are captured and illustrated in Fig. 4. The electric and
magnetic field distributions for pillar heights of 110, 170, and
230 nm are illustrated in Figs. 4(a)—4(c), respectively. The first
and second rows show the top and side views of the field dis-
tributions within the nanopillars, respectively. The edges of the
nanopillars are shown in the white solid line. Based on the si-
mulated transmittance spectra obtained in Figs. 3(a)-3(c), the
resonance wavelengths are selected to be 550, 572, and 580 nm
under pillar heights of 110, 170, and 230 nm, respectively.
From the electric field distribution of the nanopillar (side view),
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Fig. 5. Simulation results of SCF with pillar height of 230 nm
under different pillar diameters (D) and pitches (P). The filtered wave-
length is able to cover the whole visible wavelength regime under D
and P variation.

as shown in the second row of Fig. 4, the circular electric-field
loop can be clearly observed under different pillar heights. Also,
from the magnetic field distribution within the nanopillar (side
view), as illustrated in the second row of Fig. 4, the magnetic
dipole resonance can be clearly seen. Such resonance within the
nanopillar cavity contributes to the low transmission at the cor-
responding wavelength.

Furthermore, in order to verify that the SCF is able to cover
the whole visible wavelength, an additional simulation is con-
ducted, with the results shown in Fig. 5. The pillar height of
230 nm is used based on the existing wafer that has been fab-
ricated. The pillar pitch and diameter are varied. Figure 5 shows
the selected simulation curves, with pillar pitch and diameters
indicated in the legend, showing the filtered wavelength being
able to cover the whole visible wavelength regime.

4. CONCLUSION

In summary, metasurface-based SCFs on 12-inch (300-mm)
glass wafers are demonstrated using a-Si as the metasurface
layer. To make the transmissive-type SCF on a transparent glass
wafer substrate, an in-house developed layer transfer process is
used to solve the glass wafer handling issue in fabrication tools.
Three batches of wafers with pillar height variation are fabri-
cated using a CMOS-compatible process. The effect of
a-Si nanopillar height on the device transmittance spectra is
investigated through both simulation and experiment. The
transmittance spectra of the SCF from the simulation and
experiment are compared and discussed. The discrepancies be-
tween the simulation and experimental results are mainly due
to the diameter variation from the fabrication. The displayed
colors of the fabricated devices are verified by matching the
complementarity of the color at the resonance of the measured
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transmittance spectra in the RYB color wheel. By utilizing the
CIE 1931 color matching function, the chromaticity coordi-
nates of transmittance spectra for SCFs are plotted. The work
paves the way for mass production of large-area flat-optics com-
ponents on glass wafer substrates.

APPENDIX A: METHODS

A.1. Wafer Fabrication Process

The wafer-level fabrication process starts with a silicon wafer sub-
strate with 12-inch (300-mm) diameter. A PECVD SiO, layer
with 1 pm thickness is deposited on top, serving two purposes:
(1) as an etch-stop layer for the later Si backside etching process;
and (2) as a protective cladding layer for the a-Si metasurface
layer. Next, a PECVD a-Si metasurface layer is deposited on
top of the SiO; layer. Three wafers are fabricated using the same
method with the a-Si metasurface layer thickness variation of
110, 170, and 230 nm. On top of the a-Si layer, a layer of photo-
resist is used, followed by the patterning process using state-of-
the-art 193 nm deep-ultraviolet immersion lithography. After the
photolithography patterning, the etching process is conducted
through inductive coupled plasma etching to form the a-Si nano-
pillars. Following that, a layer of bonding glue is spin coated on
the patterned a-Si layer. The material of bonding glue is chosen
with a refractive index close to SiO,, so that the a-Si nanopillars
can be embedded within a more homogenous environment. The
fabricated silicon wafer is then flipped upside down and bonded
with a 12-inch (300-mm) glass wafer (Corning SG3.4) through
the bonding glue layer. Last, the thickness of the silicon substrate
on the original silicon wafer is reduced to around 20 nm through
a grinding process. The remaining silicon is then completely re-
moved through a wet etching process, using the PECVD SiO,
layer as an etch-stop layer.

A.2. Microscopic Spectrometer Measurement
System

Broadband light from a mercury lamp is incident from the bot-
tom side of the metasurface-based color filter device, as shown
in Fig. 6. A 50/50 beam splitter is used to split the light from
the metasurface sample into the CCD camera and spectrometer

Beam
splitter ™.
= Objective
Metasurface lens
Sample s

-l:M— Mirror

Fig. 6. Schematic of microscopic spectrometer measurement
system.

to obtain the optical image and spectrum information,
respectively.

A.3. CIE 1931 xy Chromaticity Coordinates and
Calculation

The CIE 1931 coordinates are calculated using the color
matching functions for red, green, and blue colors [2]. First,
the overlap integrals between color matching functions with
the experimental/simulation transmittance data are calculated
using the following three equations:

X:/m%uywu, (A1)

400

Y:/Mﬂmwa (A2)
400

zz/m%uymﬂ, (A3)
400

where S(1) is the experiment/simulation spectra. x(1), y(4),
and z(4) are the red, green, and blue color matching functions,
respectively. Then, these values are converted into CIE coordi-
nates (x, y) using the following two equations:

X
- - A4
TXtr+z (Ad)
Y
- - A
YT Xyv+z (AS)

Funding. Agency for Science, Technology and Research
[RIE2020 Advanced Manufacturing and Engineering
(AME), Programmatic Grant (A18A7b0058)].

Acknowledgment. The authors thank Dr. Doris Keh
Ting Ng for discussion. We extend appreciation to Dr. Qun
Ying Lin for support on immersion lithography.

Disclosures. The authors declare no conflicts of interest.

REFERENCES

1. S.J. Tan, L. Zhang, D. Zhu, X. M. Goh, Y. M. Wang, K. Kumar, C.-W.
Qiu, and J. K. W. Yang, “Plasmonic color palettes for photorealistic
printing with aluminum nanostructures,” Nano Lett. 14, 4023-4029
(2014).

2. Z.Dong, J. Ho, Y. F. Yu, Y. H. Fu, R. Paniagua-Dominguez, S. Wang,
A. |. Kuznetsov, and J. K. W. Yang, “Printing beyond sRGB color
gamut by mimicking silicon nanostructures in free-space,” Nano
Lett. 17, 7620-7628 (2017).

3. J. Xiang, J. Li, Z. Zhou, S. Jiang, J. Chen, Q. Dai, S. Tie, S. Lan, and X.
Wang, “Manipulating the orientations of the electric and magnetic di-
poles induced in silicon nanoparticles for multicolor display,” Laser
Photon. Rev. 12, 1800032 (2018).

4. S.Yokogawa, S. P. Burgos, and H. A. Atwater, “Plasmonic color filters
for CMOS image sensor applications,” Nano Lett. 12, 4349-4354
(2012).

5. N. Liu, M. L. Tang, M. Hentschel, H. Giessen, and A. P. Alivisatos,
“Nanoantenna-enhanced gas sensing in a single tailored nanofocus,”
Nat. Mater. 10, 631-636 (2011).


https://doi.org/10.1021/nl501460x
https://doi.org/10.1021/nl501460x
https://doi.org/10.1021/acs.nanolett.7b03613
https://doi.org/10.1021/acs.nanolett.7b03613
https://doi.org/10.1002/lpor.201800032
https://doi.org/10.1002/lpor.201800032
https://doi.org/10.1021/nl302110z
https://doi.org/10.1021/nl302110z
https://doi.org/10.1038/nmat3029

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Research Article

A. Kristensen, J. K. W. Yang, S. |. Bozhevolnyi, S. Link, P. Nordlander,
N. J. Halas, and N. A. Mortensen, “Plasmonic colour generation,” Nat.
Rev. Mater. 2, 16088 (2016).

. M. Ozaki, J. Kato, and S. Kawata, “Surface-plasmon holography with

white-light illumination,” Science 332, 218-220 (2011).

. H. J. Park, T. Xu, J. Y. Lee, A. Ledbetter, and L. J. Guo, “Photonic

color filters integrated with organic solar cells for energy harvesting,”
ACS Nano 5, 7055-7060 (2011).

. M. J. Vrhel, R. Gershon, and L. S. Iwan, “Measurement and analysis of

object reflectance spectra,” Color Res. Appl. 19, 4-9 (1994).

T. Lee, J. Jang, H. Jeong, and J. Rho, “Plasmonic- and dielectric-
based structural coloring: from fundamentals to practical applica-
tions,” Nano Converg. 5, 1 (2018).

V. R. Shrestha, S.-S. Lee, E.-S. Kim, and D.-Y. Choi, “Aluminum plas-
monics based highly transmissive polarization-independent subtrac-
tive color filters exploiting a nanopatch array,” Nano Lett. 14,
6672-6678 (2014).

T. Xu, Y.-K. Wu, X. Luo, and L. J. Guo, “Plasmonic nanoresonators for
high-resolution colour filtering and spectral imaging,” Nat. Commun. 1,
59 (2010).

J. Berzin§, S. Fasold, T. Pertsch, S. M. B. Baumer, and F. Setzpfandt,
“Submicrometer nanostructure-based RGB filters for CMOS image
sensors,” ACS Photon. 6, 1018-1025 (2019).

C.-S. Park, V. R. Shrestha, W. Yue, S. Gao, S.-S. Lee, E.-S. Kim, and
D.-Y. Choi, “Structural color filters enabled by a dielectric metasurface
incorporating hydrogenated amorphous silicon nanodisks,” Sci. Rep.
7, 2556 (2017).

W. Sabra, S. I. Azzam, M. Song, M. Povolotskyi, A. H. Aly, and A. V.
Kildishev, “Plasmonic metasurfaces for subtractive color filtering: opti-
mized nonlinear regression models,” Opt. Lett. 43, 4815-4818 (2018).
V. R. Shrestha, S.-S. Lee, E.-S. Kim, and D.-Y. Choi, “Polarization-
tuned dynamic color filters incorporating a dielectric-loaded aluminum
nanowire array,” Sci. Rep. 5, 12450 (2015).

Y. Gu, L. Zhang, J. K. W. Yang, S. P. Yeo, and C.-W. Qiu, “Color gen-
eration via subwavelength plasmonic nanostructures,” Nanoscale 7,
6409-6419 (2015).

Y. Gao, C. Huang, C. Hao, S. Sun, L. Zhang, C. Zhang, Z. Duan, K.
Wang, Z. Jin, N. Zhang, A. V. Kildishev, C.-W. Qiu, Q. Song, and S.
Xiao, “Lead halide perovskite nanostructures for dynamic color dis-
play,” ACS Nano 12, 8847-8854 (2018).

Y. Wang, M. Zheng, Q. Ruan, Y. Zhou, Y. Chen, P. Dai, Z. Yang, Z.
Lin, Y. Long, Y. Li, N. Liu, C.-W. Qiu, J. K. W. Yang, and H. Duan,
“Stepwise-nanocavity-assisted transmissive color filter array micro-
prints,” Research 2018, 8109054 (2018).

J. Proust, F. Bedu, B. Gallas, |. Ozerov, and N. Bonod, “All-dielectric
colored metasurfaces with silicon Mie resonators,” ACS Nano 10,
7761-7767 (2016).

J. Zhou, A. Panday, Y. Xu, X. Chen, L. Chen, C. Ji, and L. J. Guo,
“Visualizing Mie resonances in low-index dielectric nanoparticles,”
Phys. Rev. Lett. 120, 253902 (2018).

C. Zhang, Y. Xu, J. Liu, J. Li, J. Xiang, H. Li, J. Li, Q. Dai, S. Lan, and
A. E. Miroshnichenko, “Lighting up silicon nanoparticles with Mie res-
onances,” Nat. Commun. 9, 2964 (2018).

E. S. Magden, N. Li, M. Raval, C. V. Poulton, A. Ruocco, N. Singh, D.
Vermeulen, E. P. Ippen, L. A. Kolodziejski, and M. R. Watts,
“Transmissive silicon photonic dichroic filters with spectrally selective
waveguides,” Nat. Commun. 9, 3009 (2018).

Purnawirman, N. Li, E. S. Magden, G. Singh, M. Moresco, T. N. Adam,
G. Leake, D. Coolbaugh, J. D. B. Bradley, and M. R. Watts,
“Wavelength division multiplexed light source monolithically integrated
on a silicon photonics platform,” Opt. Lett. 42, 1772-1775 (2017).

N. Li, Z. Su, Purnawirman, E. S. Magden, C. V. Poulton, A. Ruocco, N.
Singh, M. J. Byrd, J. D. B. Bradley, G. Leake, and M. R. Watts,
“Athermal synchronization of laser source with WDM filter in a silicon
photonics platform,” Appl. Phys. Lett. 110, 211105 (2017).

H. Yuan, J. Tao, N. Li, A. Karmakar, C. Tang, H. Cai, S. J. Pennycook,
N. Singh, and D. Zhao, “On-chip tailorability of capacitive gas sensors
integrated with metal-organic framework films,” Angew. Chem. (Int.
Ed.) 58, 14089-14094 (2019).

N. Li, H. Yuan, L. Xu, J. Tao, D.K. T.Ng, L. Y. T. Lee, D. D. Cheam, Y.
Zeng, B. Qiang, Q. Wang, H. Cai, N. Singh, and D. Zhao, “Radiation

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

) O Vol. 9, No. 1 / January 2021 / Photonics Research 19
| —

enhancement by graphene oxide on microelectromechanical system
emitters for highly selective gas sensing,” ACS Sens. 4, 2746-2753
(2019).

H. Yuan, N. Li, J. Linghu, J. Dong, Y. Wang, A. Karmakar, J. Yuan, M.
Li, P. J. S. Buenconsejo, G. Liu, H. Cai, S. J. Pennycook, N. Singh,
and D. Zhao, “Chip-level integration of covalent organic frameworks
for trace benzene sensing,” ACS Sens. 5, 1474-1481 (2020).

M. Xin, N. Li, N. Singh, A. Ruocco, Z. Su, E. S. Magden, J. Notaros, D.
Vermeulen, E. P. Ippen, M. R. Watts, and F. X. Kartner, “Optical fre-
quency synthesizer with an integrated erbium tunable laser,” Light Sci.
Appl. 8, 122 (2019).

N. Singh, M. Xin, N. Li, D. Vermeulen, A. Ruocco, E. S. Magden, K.
Shtyrkova, E. Ippen, F. X. Kartner, and M. R. Watts, “Silicon photonics
optical frequency synthesizer,” Laser Photon. Rev. 14, 1900449
(2020).

J. Notaros, N. Li, C. V. Poulton, Z. Su, M. J. Byrd, E. S. Magden, E.
Timurdogan, C. Baiocco, N. M. Fahrenkopf, and M. R. Watts, “CMOS-
compatible optical phased array powered by a monolithically-
integrated erbium laser,” J. Lightwave Technol. 37, 5982-5987
(2019).

C. V. Poulton, M. J. Byrd, M. Raval, Z. Su, N. Li, E. Timurdogan, D.
Coolbaugh, D. Vermeulen, and M. R. Watts, “Large-scale silicon ni-
tride nanophotonic phased arrays at infrared and visible wave-
lengths,” Opt. Lett. 42, 21-24 (2017).

J. Notaros, M. Notaros, M. Raval, C. V. Poulton, M. J. Byrd, N. Li, Z.
Su, E. S. Magden, E. Timurdogan, T. Dyer, C. Baiocco, T. Kim, P.
Bhargava, V. Stojanovic, and M. R. Watts, “Integrated optical phased
arrays: LiDAR, augmented reality, and beyond,” in OSA Advanced
Photonics Congress (AP) 2019 (IPR, Networks, NOMA, SPPCom,
PVLED), OSA Technical Digest (Optical Society of America, 2019),
paper IM4A.2.

J.-S. Park, S. Zhang, A. She, W. T. Chen, P. Lin, K. M. A. Yousef, J.-X.
Cheng, and F. Capasso, “All-glass, large metalens at visible wave-
length using deep-ultraviolet projection lithography,” Nano Lett. 19,
8673-8682 (2019).

Y. Dong, Z. Xu, N. Li, J. Tong, Y. H. Fu, Y. Zhou, T. Hu, Q. Zhong, V.
Bliznetsov, and S. Zhu, “Si metasurface half-wave plates demon-
strated on a 12-inch CMOS platform,” Nanophotonics 9, 149-157
(2019).

Z. Xu, Y. Dong, C.-K. Tseng, T. Hu, J. Tong, Q. Zhong, N. Li, L. Sim,
K. H. Lai, Y. Lin, D. Li, Y. Li, V. Bliznetsov, Y.-H. Fu, S. Zhu, Q. Lin,
D. H. Zhang, Y. Gu, N. Singh, and D.-L. Kwong, “CMOS-compatible
all-Si metasurface polarizing bandpass filters on 12-inch wafers,” Opt.
Express 27, 26060-26069 (2019).

A. She, S. Zhang, S. Shian, D. R. Clarke, and F. Capasso, “Large area
metalenses: design, characterization, and mass manufacturing,” Opt.
Express 26, 1573-1585 (2018).

T.Hu, Q. Zhong, N. Li, Y. Dong, Z. Xu, Y. H. Fu, D. Li, V. Bliznetsov, Y.
Zhou, K. H. Lai, Q. Lin, S. Zhu, and N. Singh, “CMOS-compatible a-Si
metalenses on a 12-inch glass wafer for fingerprint imaging,”
Nanophotonics 9, 823-830 (2020).

S. Zhang, M.-H. Kim, F. Aieta, A. She, T. Mansuripur, I. Gabay, M.
Khorasaninejad, D. Rousso, X. Wang, M. Troccoli, N. Yu, and F.
Capasso, “High efficiency near diffraction-limited mid-infrared flat
lenses based on metasurface reflectarrays,” Opt. Express 24,
18024-18034 (2016).

T. Hu, Q. Zhong, N. Li, Y. Dong, Z. Xu, D. Li, Y. H. Fu, Y. Zhou, K. H.
Lai, V. Bliznetsov, H.-J. Lee, W. L. Loh, S. Zhu, Q. Lin, and N. Singh,
“A metalens array on a 12-inch glass wafer for optical dot projection,”
in Optical Fiber Communication Conference (OFC), OSA Technical
Digest (Optical Society of America, 2020), paper W4C.3.

Q. Zhong, Y. Dong, D. Li, N. Li, T. Hu, Z. Xu, Y. Zhou, K. H. Lai, Y. H.
Fu, V. Bliznetsov, H.-J. Lee, W. L. Loh, S. Zhu, Q. Lin, and N. Singh,
“Large-area metalens directly patterned on a 12-inch glass wafer us-
ing immersion lithography for mass production,” in Optical Fiber
Communication Conference (OFC), OSA Technical Digest (Optical
Society of America, 2020), paper Th2A.8.

N. Li, H. Y. Fu, Y. Dong, T. Hu, Z. Xu, Q. Zhong, D. Li, K. H. Lai, S.
Zhu, Q. Lin, Y. Gu, and N. Singh, “Large-area pixelated metasurface
beam deflector on a 12-inch glass wafer for random point generation,”
Nanophotonics 8, 1855-1861 (2019).


https://doi.org/10.1038/natrevmats.2016.88
https://doi.org/10.1038/natrevmats.2016.88
https://doi.org/10.1126/science.1201045
https://doi.org/10.1021/nn201767e
https://doi.org/10.1111/j.1520-6378.1994.tb00053.x
https://doi.org/10.1186/s40580-017-0133-y
https://doi.org/10.1021/nl503353z
https://doi.org/10.1021/nl503353z
https://doi.org/10.1038/ncomms1058
https://doi.org/10.1038/ncomms1058
https://doi.org/10.1021/acsphotonics.9b00021
https://doi.org/10.1038/s41598-017-02911-w
https://doi.org/10.1038/s41598-017-02911-w
https://doi.org/10.1364/OL.43.004815
https://doi.org/10.1038/srep12450
https://doi.org/10.1039/C5NR00578G
https://doi.org/10.1039/C5NR00578G
https://doi.org/10.1021/acsnano.8b02425
https://doi.org/10.1155/2018/8109054
https://doi.org/10.1021/acsnano.6b03207
https://doi.org/10.1021/acsnano.6b03207
https://doi.org/10.1103/PhysRevLett.120.253902
https://doi.org/10.1038/s41467-018-05394-z
https://doi.org/10.1038/s41467-018-05287-1
https://doi.org/10.1364/OL.42.001772
https://doi.org/10.1063/1.4984022
https://doi.org/10.1002/anie.201906222
https://doi.org/10.1002/anie.201906222
https://doi.org/10.1021/acssensors.9b01275
https://doi.org/10.1021/acssensors.9b01275
https://doi.org/10.1021/acssensors.0c00495
https://doi.org/10.1038/s41377-019-0233-z
https://doi.org/10.1038/s41377-019-0233-z
https://doi.org/10.1002/lpor.201900449
https://doi.org/10.1002/lpor.201900449
https://doi.org/10.1109/JLT.2019.2944607
https://doi.org/10.1109/JLT.2019.2944607
https://doi.org/10.1364/OL.42.000021
https://doi.org/10.1021/acs.nanolett.9b03333
https://doi.org/10.1021/acs.nanolett.9b03333
https://doi.org/10.1515/nanoph-2019-0364
https://doi.org/10.1515/nanoph-2019-0364
https://doi.org/10.1364/OE.27.026060
https://doi.org/10.1364/OE.27.026060
https://doi.org/10.1364/OE.26.001573
https://doi.org/10.1364/OE.26.001573
https://doi.org/10.1515/nanoph-2019-0470
https://doi.org/10.1364/OE.24.018024
https://doi.org/10.1364/OE.24.018024
https://doi.org/10.1515/nanoph-2019-0208

20 Vol. 9, No. 1 / January 2021 / Photonics Research _ < Research Article

43

44

45

46

47

48

49

. T. W. Ebbesen, H. J. Lezec, H. F. Ghaemi, T. Thio, and P. A. Wolff,
“Extraordinary optical transmission through sub-wavelength hole ar-
rays,” Nature 391, 667-669 (1998).

. F. Cheng, J. Gao, L. Stan, D. Rosenmann, D. Czaplewski, and X.
Yang, “Aluminum plasmonic metamaterials for structural color print-
ing,” Opt. Express 23, 14552-14560 (2015).

. M. Miyata, H. Hatada, and J. Takahara, “Full-color subwavelength
printing with gap-plasmonic optical antennas,” Nano Lett. 16,
3166-3172 (2016).

. T. Hu, C.-K. Tseng, Y. H. Fu, Z. Xu, Y. Dong, S. Wang, K. H. Lai, V.
Bliznetsov, S. Zhu, Q. Lin, and Y. Gu, “Demonstration of color display
metasurfaces via immersion lithography on a 12-inch silicon wafer,”
Opt. Express 26, 19548-19554 (2018).

. B.Zeng, Y. Gao, and F. J. Bartoli, “Ultrathin nanostructured metals for
highly transmissive plasmonic subtractive color filters,” Sci. Rep. 3,
2840 (2013).

. W. Yue, S. Gao, S.-S. Lee, E.-S. Kim, and D.-Y. Choi, “Subtractive
color filters based on a silicon-aluminum hybrid-nanodisk metasurface
enabling enhanced color purity,” Sci. Rep. 6, 29756 (2016).

. |. Koirala, S.-S. Lee, and D.-Y. Choi, “Highly transmissive subtractive
color filters based on an all-dielectric metasurface incorporating TiO.
nanopillars,” Opt. Express 26, 18320-18330 (2018).

50.

51.

52.

53.

54.

55.

W. Yue, S. Gao, S.-S. Lee, E.-S. Kim, and D.-Y. Choi, “Highly reflec-
tive subtractive color filters capitalizing on a silicon metasurface inte-
grated with nanostructured aluminum mirrors,” Laser Photon. Rev. 11,
1600285 (2017).

D. D. Ordinario, H. Jinno, M. O. G. Nayeem, Y. Tachibana, T. Yokota,
and T. Someya, “Stretchable structural color filters based on a
metal-insulator-metal structure,” Adv. Opt. Mater. 6, 1800851
(2018).

Y.-T. Yoon, C.-H. Park, and S.-S. Lee, “Highly efficient color filter
incorporating a thin metal-dielectric resonant structure,” Appl. Phys.
Express 5, 022501 (2012).

A. F. Kaplan, T. Xu, and L. J. Guo, “High efficiency resonance-
based spectrum filters with tunable transmission bandwidth fabricated
using nanoimprint lithography,” Appl. Phys. Lett. 99, 143111
(2011).

K.-T. Lee, S. Seo, and L. J. Guo, “High-color-purity subtractive color
filters with a wide viewing angle based on plasmonic perfect absorb-
ers,” Adv. Opt. Mater. 3, 347-352 (2015).

N. Li, Z. Xu, Y. Dong, T. Hu, Q. Zhong, Y. H. Fu, S. Zhu, and N. Singh,
“Large-area metasurface on CMOS-compatible fabrication platform:
driving flat optics from lab to fab,” Nanophotonics 9, 3071-3087
(2020).


https://doi.org/10.1038/35570
https://doi.org/10.1364/OE.23.014552
https://doi.org/10.1021/acs.nanolett.6b00500
https://doi.org/10.1021/acs.nanolett.6b00500
https://doi.org/10.1364/OE.26.019548
https://doi.org/10.1038/srep02840
https://doi.org/10.1038/srep02840
https://doi.org/10.1038/srep29756
https://doi.org/10.1364/OE.26.018320
https://doi.org/10.1002/lpor.201600285
https://doi.org/10.1002/lpor.201600285
https://doi.org/10.1002/adom.201800851
https://doi.org/10.1002/adom.201800851
https://doi.org/10.1143/APEX.5.022501
https://doi.org/10.1143/APEX.5.022501
https://doi.org/10.1063/1.3647633
https://doi.org/10.1063/1.3647633
https://doi.org/10.1002/adom.201400533
https://doi.org/10.1515/nanoph-2020-0063
https://doi.org/10.1515/nanoph-2020-0063

	XML ID funding

