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Angle tolerant transmissive subtractive color filters incorporating a metasurface exploiting hydrogenated
amorphous silicon nanopillars (NPs) on a glass substrate were proposed and demonstrated. The achieved trans-
mission efficiency ranged from 75% to 95% at off-resonance wavelengths. For an NP resonator, electric and
magnetic-field distributions in conjunction with absorption cross-sections were investigated to confirm a reso-
nant transmission dip, which is primarily governed by the absorption resulting from simultaneous excitation of
magnetic and electric dipoles via Mie scattering. The proposed devices exhibit higher angular tolerance and lower
crosstalk for the absorption spectra and, therefore, are applicable with photodetectors, image sensors, and
imaging/display devices.
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Nano structural color filters play a key role in diverse
applications, such as imaging devices, ultra-fast displays,
solar cells, photodetectors, sensing, and security tags[1–4].
Such structural filters are regarded as a promising substi-
tute to conventional colorant dye/pigment-based filters,
which have various disadvantages such as hazardous im-
pact on the environment, performance degradation caused
by moisture and ultra-violet irradiation, lower reproduc-
tion fidelity, and minimum sustainability. Numerous arti-
ficially engineered nanophotonic devices drawing upon
multilayered nanostructures and diffraction gratings are
invited to manipulate the spectral transmission, reflection,
and absorption in the visible spectral band. Although
many interesting thin-film structures as in the case of a
Fabry–Perot resonator are suggested for ameliorating
the color gamut and vivid color saturation, their produc-
tion is costly. In particular, it is substantially difficult to
precisely control the thickness for generating colors at a
small scale using the precision lithography process[5–8].
Recently, disordered plasmonic and mesoporous network
metamaterials are suggested in the reflection mode[9,10], yet
there has been little investigation for the transmission
mode. The angular dependence for diffraction gratings
is rarely reasonable on the account of the spectral reso-
nance dependent on periodicity[11–13], thereby limiting their
use in imaging devices. Moreover, the crosstalk resulting
frommultiple resonances is accountable for degraded color
fidelity.
As an outstanding alternative platform to common

multilayered nanostructures, diffractive optical elements,

and network metamaterials, metasurfaces, which are re-
ferred to as an ultra-thin planar structure that is com-
prised of finely arranged resonant elements of plasmonic
and high-index dielectric nanostructures, have been exten-
sively explored as eminent candidates for building color
filtering devices[9–21]. Metasurface-based devices are able
to tailor the amplitude, phase, and polarization of light,
while they can be efficiently produced using nanofabrica-
tion technologies. Highly saturated colors are achievable
in plasmonic structures via diffraction[12,13,22], yet attempts
to preserve high resolution and guarantee angular inde-
pendence result in poor color saturation. The use of pre-
cious noble metals, such as gold and silver, adversely
affects the production cost and prohibits the compatibility
with complementary metal–oxide–semiconductor (CMOS)
nanofabrication technology. Although aluminum metal is
CMOS compatible, it is reported to cause a relatively broad
resonance, exhibiting a gamut less saturated than that of
silver[23]. Plasmonic devices are susceptible to intrinsic loss
in the visible regime to cause excessive power consumption,
which deteriorates the transmission performance with re-
spect to the spectral shape, bandwidth, and efficiency.
As a result, the color gamut and color saturation become
inevitably degraded[2,3,23]. Meanwhile, silicon (Si), the sec-
ond most ample element in the Earth’s crust, is the back-
bone of modern technology for nanostructured devices
owing to its reliability, cost effectiveness, relatively low in-
trinsic loss compared to metals, and CMOS compatibility.
Nanoresonators in Si, rendering high-index contrast, permit
the excitation of the magnetic dipole (MD) resonance as
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well as the electric dipole (ED) one, which are mediated by
Mie scattering[15–20,24]. Si devices have been exploited in
embodying functional dielectric metasurfaces[17,18], color
filters[15,24–27], antireflection coatings[28], chirality beam
splitters[29], and optical holograms[30]. Hydrogenated amor-
phous Si (a-Si:H) is frequently adopted to create highly ef-
ficient, eco-friendly color filters in the transmissive
mode[15,25], allowing for industrial-scale deposition at low
temperatures on various substrates such as dielectric, glass,
plastic, and metal. Moreover, various color filters
schemes have been demonstrated in the reflective mode
filters utilizing photonic crystals[31–34], Si structures[35–42],
low index materials of titania[43], and SiGe resonators[44].
Despite tremendous advances in a number of previous
strategies in realizing the color in the reflection mode,
the investigation of subtractive coloration, which exhibits
a high angle tolerance in the transmissive mode, has not
been reported for a-Si:H structures of a high aspect ratio.
The adoption of a higher aspect ratio of a-Si:H structures is
anticipated to help increase the absorption, while the res-
onance modes can be absolutely claimed for different angles
of incidence to facilitate Mie scattering.
In this study, we propose highly angle tolerant subtrac-

tive color filters that capitalize on an all-dielectric meta-
surface using a-Si:H nanopillars (NPs) with a high aspect
ratio, featuring enhanced transmission ranging from 75%
to 95%, in tandem with a broad bandwidth translating
into a wider color gamut. Three primary subtractive colors
of cyan, magenta, and yellow (CMY) were manufactured
to deliver enhanced color saturation. The color tunability
related to the a-Si:H metasurface, which features the
transmission spectra with a resonance dip, were judi-
ciously investigated in terms of the NP diameter, so that
a broad range of color images could be achieved. The near-
field electric (E-) and magnetic (H-) field profiles in com-
bination with the absorption and scattering cross-sections
were examined for the NP. The mechanism underpinning
the transmission dip is supported by absorption through
the existence of dominant MD over ED resonances.
A high-resolution microscale colored letter pattern was
created by appropriately tailoring the NP diameter,
thereby proving flexible and efficient colorations. The
low crosstalk for absorption was explored as well. The pro-
posed devices have the potential to be implemented in
high-quality CMOS image sensors, photodetectors, and
display devices.
Figure 1(a) shows the schematic configuration of the

proposed color filters that rely on a dielectric metasurface,
which is composed of an array of a-Si:H NPs with 230 nm
thickness (Hp) residing on a slide glass. The filling ratio of
the NP, defined as the ratio of the diameter (D) of the NP
to period (Λ), is fixed at 0.5. The aspect ratio (Hp∕D) is
engineered to enhance the transmission at off-resonance
and obtain a resonance dip with a broader bandwidth,
enabling a wider color gamut. For incident light,
transverse electric (TE) polarization is indicated by the
‘E-field’, which is aligned along the x direction, as illus-
trated in Fig. 1(a). For the transverse magnetic (TM)

polarization, the E-field is presumed to be aligned along
the y direction. Incident white light is selectively blocked
at the resonance wavelength to produce specific colors, de-
pending on the structural parameters associated with the
NP. For an a-Si:H film deposited through chemical vapor
deposition at a low temperature of 250°C, the refractive
index is measured and plotted as given in Appendix A.
The scanning electron microscope (SEM) images of the
prepared filters with diameters of D ¼ 70, 100, and
120 nm are shown in Figs. 1(b) and 1(c). The insets in
Fig. 1(b) show the zoomed SEM and focused ion beam
(FIB) images depicting the cross-section of the magenta
filter. Insets in Fig. 1(c) for the tilt view reveal the cap-
tured images related to CMY colors.

Figure 2(a) illustrates the transmission spectral
response for the filters, exhibiting a resonance dip corre-
sponding to the primary colors of CMY. In an attempt
to evaluate the devices, the color responses are accordingly
mapped in the International Commission on Illumination

Fig. 1. (a) Schematic of the proposed color filters incorporating
a-Si:H NPs. Incident white light is filtered into three primary
subtractive colors of CMY. (b) Top view and (c) tilt view of
SEM images for the three primary subtractive color filters for
CMY with diameters of D ¼ 70, 100, and 120 nm, respectively.
For the magenta filter, inset in (b) on top right of the SEM image
includes the FIB cross-section image depicting the height of the
a-Si:H NP. Inset in (c) for the tilt view shows the captured
colored images.

Fig. 2. (a) Measured and calculated transmission spectra for the
subtractive color filters with diameters of D ¼ 70, 100, and
120 nm. (b) Color responses corresponding to the transmission
spectra in (a) mapped in the CIE 1931 chromaticity diagram.
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(CIE) 1931 chromaticity diagram, which is shown in
Fig. 2(b). The filters lead to transmission efficiencies rang-
ing from 75% to 95% at off-resonance wavelengths in con-
junction with the resonance dip, leading to a wider color
gamut and higher color saturation. The irregular mismatch
between the simulated and measured transmission spectra
is ascribed to the unexpected structural asymmetries in
combination with the surface and sidewall roughness of
the NPs, which might be incurred by fabrication inaccur-
acies and variations in the material deposition.
As shown in Fig. 3(a), the simulated and measured

transmission spectra for the a-Si:H metasurface are plot-
ted alongside the resonance dip, with the NP diameter
varying from 60 to 130 nm in 10 nm intervals. The black
dashed line traces the position of the resonance dip, indi-
cating a trend of red shift. The transmission resonance dip
occurs owing to the presence of MD and ED via Mie
scattering. The insets in Fig. 3(a)(ii) depict the vivid color
images for the fabricated filters employing NPs of different
diameters. Figure 3(b) shows the corresponding color
matching coordinates in the CIE 1931 chromaticity dia-
gram, on top of the spectra for the transmission resonance
from Fig. 3(a) for both simulated and measured cases.
There is a good agreement between the captured color im-
ages and the corresponding CIE color map, which is
indicative of enhanced color fidelity.
A nanostructured resonator that engages high-index

materials such as Si allows for the excitation of MD
and ED modes via Mie scattering[15–20,24]. In an effort to
unequivocally understand the mechanism underlying
the wavelength-selective transmission dip in connection
with the metasurface resorting to a lattice of a-Si:H
NPs, we examined the E- and H-field profiles at the res-
onance wavelength as well as the absorption cross-section
for the NP. Each dielectric NP resonator is analogous to a
truncated waveguide, the effective refractive indices of

which are dependent upon the diameter[45], serving as a
Fabry–Perot etalon featuring a low-quality factor.

Figure 4(a) shows the calculated transmission, reflec-
tion, and absorption spectra for the filter with an NP
diameter of D ¼ 100 nm. The device provides a dip for
transmission, zero reflection, and high absorption at the
resonance wavelength. The calculated absorption, scatter-
ing, and extinction cross-sections for the NP are displayed
in Fig. 4(b), where the peak of the absorption cross-section
is concurrent with the resonance dip in the transmission or
the absorption peak, supporting the hypothesis that
absorption cross-sections dictate spectral transmission.
The position of the MD and ED resonances is marked
on the spectra associated with the absorption cross-
section. Figures 4(c) through 4(f) delineate the field
profiles pertaining to the resonant MD and ED modes ini-
tiated by the absorption cross-sections. The dominant MD
monitored at the wavelength of 565 nm is indicated by the
reinforced H-field, as observed in Fig. 4(d), alongside
the circular displacement current in connection with the
E-field shown in the vector plot in Fig. 4(c), on the xz
cross-section that cuts through the center of the a-Si:H
NP. The enhanced E-field is thought to represent the
ED mode at the same resonance wavelength as shown
in Fig. 4(e), as in the case of the MDmode, in combination
with the current loop of the H-field, which is shown in the
vector plot in Fig. 4(f), on the yz cross-section that cuts
through the center of the a-Si:H NP. The black dashed line
represents the interface between the two different media.
The low refractive index contrast at the ends of the trun-
cated waveguide leads to the broad resonance in the trans-
mission spectra, which can be considered leakage of
confined light into the substrate. Moreover, the signifi-
cantly broad resonance is anticipated to occur due to
the geometrical irregularities in NPs. The MD and ED

Fig. 3. (a) (i) Simulated and (ii) measured transmission spectra
for the color filter when the NP diameter is varied from 60 to
130 nm in increments of 10 nm. (b) Color responses correspond-
ing to the transmission spectra in (a) are mapped in the CIE 1931
chromaticity diagram. Insets in (a)(ii) show the captured vivid
color images.

Fig. 4. (a) Simulated transmission (T), reflection (R), and
absorption (A) spectra, denoted by the arrow, for a typical filter
withD ¼ 100 nm. (b) Calculated cross-sections pertaining to the
peak absorption (denoted by the arrow), scattering, and extinc-
tion, where (c) E-field and (d) H-field profiles are superimposed
on the vector plot for the MD, and (e) E-field and (f) H-field
profiles are superimposed on the vector plot for the ED at
the resonance wavelength of 565 nm for the filter with
D ¼ 100 nm.
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excitations are better distinguished under different aspect
and filling ratios[15–17]. The simultaneous excitation of the
MD and ED and their mutual interactions can be attrib-
uted to Kerker scattering[46]. A strong MD is induced when
the wavelength inside the nanostructure becomes propor-
tional to its dimension under the condition of 2R ≈ λ∕n,
where n is the refractive index, R is the radius, and λ is the
wavelength. A subwavelength nanoparticle (R < λ)
requires a large index of refraction to facilitate such
resonance[47].
The transmission spectra were assessed with respect to

the various incident angles for the TE and TM polariza-
tions. Figures 5(a) and 5(b) show ‘simulated’ transmission
spectra with respect to the incident angle for TE and TM
polarizations, while Figs. 5(c) and 5(d) present ‘measured’
transmission spectra for both polarizations. The transmis-
sion resonance dip was preserved, indicating a relaxed an-
gular tolerance for angles ranging up to about 45° and 40°
for the TE and TM polarization, respectively, for both
simulated and measured cases, which are in decent agree-
ment. It was observed via simulations that the filters
exhibit noticeable degradations in the spectral perfor-
mance for incident angles beyond 45° and 40° for the
TE and TM polarization, respectively. A resonance mode
can be categorically claimed for the NPs for different in-
cidence angles for two polarizations, as in the case of nor-
mal incidence, implying that the structure of concern can
efficiently facilitate Mie scattering to render the relaxed
angular tolerance as desired[48]. The discrepancy between
the simulation and experiment results, particularly in the
spectral band ranging from 650 to 700 nm, is thought to

stem from degraded efficiencies of the measurement sys-
tem for larger angles of incidence. In view of their en-
hanced angular tolerance, polarization independence,
and reduced crosstalk, the proposed filters can be readily
applied to photodetectors and image sensors.

The transmission/reflection spectra, absorption, scat-
tering cross-sections, and field profiles for the proposed de-
vices were examined with the assistance of a simulation
tool based on the finite difference time domain (FDTD)
method (FDTD Solutions, Lumerical Inc., Canada)[49].
A normally incident plane wave in the visible band illumi-
nated a unit cell with a periodic boundary condition to
model an array of a-Si:H NPs. The dispersion character-
istics of a-Si:H in the visible band, which was observed
through a reflecto-spectrometer (Filmtek4000, SCI), were
considered in the simulations. The dispersion characteris-
tics of SiO2, which are used for the simulations, were de-
rived from the multi-coefficient model supplied by the
simulation tool[49].

The cell constituting the proposed color filters was de-
signed and created with dimensions of 40 μm× 40 μm.
For the fabrication of the a-Si:H metasurface, a 230 nm
thick a-Si:H film was deposited on a glass substrate
through a gas mixture of silane (SiH4) and helium (He)
carrier using plasma enhanced chemical vapor deposition
(Oxford, Plasmalab System 100)[50]. After spin coating of
an electron (e-) beam resist (ZEP520A from Zeon Chem-
icals), a thin layer of e-spacer 300Z (Showa Denko) was
applied to avoid charging during subsequent e-beam
exposure. The pattern was then formed using e-beam writ-
ing (EBL, Raith150) and subsequent development in
ZED-N50. A 50 nm thick aluminum layer was then depos-
ited by e-beam evaporation (Temescal BJD-2000),
followed by a lift-off process by soaking the sample in
the resist remover (ZDMAC from ZEON Co.). The re-
maining aluminum pattern array was used as an etch
mask to transfer the designed pattern to the a-Si:H film
using fluorine-based inductively coupled plasma-reactive
ion etching (Oxford Plasmalab System 100). The etching
conditions were optimized to attain a highly anisotropic
etching profile for the a-Si:H. The residual aluminum etch
mask was eventually removed using a wet etching
solution.

The fabricated a-Si:H pattern was visually inspected by
dual beam (SEM/FIB) high-resolution SEM (FIB II,
Quanta 3D FEG, FEI). The transmission spectra were
monitored by launching a collimated beam from a halogen
lamp (HL-2000-FHSA, Ocean Optics), which was polar-
ized through a calcite crystal polarizer (GTH 10M-A,
Thorlabs), to the prepared color filter mounted on a
motorized rotation stage. The optical output was cap-
tured by spectrometry (Avaspec-3648, Avantes) using a
multimode fiber. Images for each color were taken via dig-
ital microscopy (Leica DM4000 M). The beam size was
controlled by a pinhole, resulting in the size of the beam
being smaller than that of the sample. The calibration was
carried out by taking the reference of the source light in-
tensity in the absence of the filter, and the dark reference

Fig. 5. Contour plot of the transmission spectra in terms of the
varied angles of incidence: (a), (b) ‘simulated’ and (c), (d) ‘mea-
sured’ cases for the TE and TM polarizations for a filter with
D ¼ 100 nm.

COL 17(8), 082301(2019) CHINESE OPTICS LETTERS August 2019

082301-4



was taken without the illuminance of the source light. The
measured transmission spectra as a function of the inci-
dent angle were fulfilled through an angle-resolved
micro-spectroscopy system (ARM, Ideaoptics, China).
Subtractive color filters based on an all-dielectric

metasurface, with a high aspect ratio of a-Si:H NPs on
a glass substrate, were realized to yield high angular tol-
erance ranging up to 45° and transmission efficiencies up
to 95% at longer off-resonance wavelengths. A suite of
filters with different NP diameters were manufactured
to demonstrate a broad range of color tuning in the visible
band, providing a wider color gamut and vivid color sat-
uration. The resonant transmission dip was accounted for
by the absorption resulting from the dominant excitation
of the MD rather than the EDmediated byMie scattering,
which was elucidated with the help of the near-field
profiles of the E- and H-fields. The transmission spectra
were dictated by absorption cross-sections. In future re-
search, metasurface devices will be further explored to in-
terpret the interactions between the MD and ED modes,
which can be implemented in various applications, such as
optical nanoantennas, beam steering, and beam focusing.
The proposed devices will be available for application, in-
cluding photodetectors, image sensors, color displays, and
imaging.
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