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‘We present a high angular tolerant structural coloration based on strong interference effects in a nanocavity patterned at a
subwavelength scale on a flexible substrate. The structural colors, fabricated over a large area by nanoimprint lithography,
feature a non-iridescent performance over a wide angle of incidence up to 60°, which is of great importance to various
applications, such as imaging sensors and colored display systems. In addition to the non-iridescence, the transmissive colors
of the proposed structure, simply consisting of triple layers, can be tuned with ease by altering a duty cycle of nanostructures,
thus enabling the creation of individual RGB colors in a pixel unit via a facile one-step approach. Moreover, it is confirmed
that their performances remain unchanged to the 10 mm bending radius condition, and the encapsulation effects of a poly-
mer material on their optical properties are investigated for practical usage. The presented strategy could provide a new
avenue for achieving improved efficiency and desired functionality, thereby opening the door to many potential applications,
including anti-counterfeit tagging, imaging sensor systems, and color e-paper displays. ~© 2016 Optical Society of America
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1. INTRODUCTION

As an alternative to the present chemical-based color filter systems,
a structural color filter scheme, which exploits a physical interaction
of light with nano- and micro-structures (e.g., photonic and plas-
monic resonances), has been widely investigated due to its potential
advantages, such as ultra-compactness, long-standing stability, and
simple manufacturability [1-9]. In addition, a concept of photon
recycling for better energy efficiency could be realized with struc-
tural color filter systems, as they only use a certain spectral region
of visible light for color generation while strongly reflecting the
complementary spectrum that could be potentially harvested by
other structures to produce different colors. For this purpose, vari-
ous structural configurations, based on guided-mode resonances
(GMRs) [10-14], Fabry—Pérot resonances [15-23], surface plas-
mon resonances (SPRs) [24-34], photonic crystals [35,36], and
localized resonances [37,38] have been extensively studied.
Particularly with the growing popularity of high-definition devi-
ces, the ability to create color pixels beyond the diffraction limit
has been another key feature of the structural color filter system.
Therefore, in recent years, with the rapid developments of large-scale
nanofabrication techniques such as nanoimprint lithography (NIL)

[39-43], roll-to-roll processing [44,45], colloidal self-assembly
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[26,46], and laser interference lithography [32], a substantial amount
of attention has been given to the various nanostructure-based color
filtering systems, which could provide unique possibilities for ena-
bling color printing with subdiffraction resolution. However, there
have been great difficulties in retaining optical resonances at the
same wavelength over a wide angular range and simultaneously
creating vivid full colors in a pixel unit through a one-step facile
pattering process. This is mainly because the majority of periodic
nanostructure-based color filtering schemes have been based on the
excitation of SPR or GMR for color generation, inherently causing
angle-sensitive performance due to momentum matching condi-
tions. To mitigate such angular-dependent properties, a variety of
schemes incorporating a highly absorbing medium-based thin-film
nanocavity, high refractive index materials, or phase compensating
overlay have been conceived [16,36,47,48]; however, the cavity layer
thickness should be changed to tune the colors, which requires three
individual lithographic processes to demonstrate red, green, and blue
(RGB) colors in a pixel unit. In addition, the metallic subwavelength
structures could alleviate the angular dependence by light funneling,
as was suggested, but the complex fabrication processes for deep
nanogroove arrays limit their application to flexible and wearable
displays over large areas [38]. Consequently, there is a strong need
to develop a new strategy that can address the aforementioned
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challenges altogether by providing new functionalities, such as angle-
insensitivity, one-step simple processibility, and flexibility.

Here, we demonstrate a flexible, non-iridescent transmissive
structural color printing scheme employing strong optical interfer-
ence behaviors in a lossy medium-based nanocavity patterned at
the subwavelength scale over large areas (2 cm x 2 ¢cm) via NIL.
Transmissive colors created by the proposed structures are less
sensitive to incident angles, meaning the spectral response of the
structures remains nearly similar for wide angles of incidence up to
60°. Additionally, resonant wavelengths are shifted by controlling
the width of the nanogratings rather than the layer thickness of the
nanostructures, therefore requiring only one lithographic step to pat-
tern each individual pixel, which is distinctly different from the tradi-
tional colorant pigment-based counterparts, where three accurately
aligned lithographic patterning steps should be involved. Lastly,
the optical responses of the proposed structural color filter against
bending deformation were investigated, and the effects of a thin
polymeric encapsulation layer on their performance are explored.

2. METHODS
A. Device Fabrication

The large-area amorphous silicon (a-Si) nanogratings were
fabricated by NIL-based processes. NIL was performed in
an EITRE-8 naonoimprinter (OBDUCAT) using a silicon
dioxide (SiO,) mold on a poly(methyl methacrylate) (PMMA)
resist spin-cast on the SiO,(25 nm)/silver (Ag)(20 nm)/
copper (Cu)(1 nm) substrates, at a pressure of 35 bar and a tem-
perature of 140°C, for 5 min. SiO,, Ag, and Cu were sequentially
deposited on the transparent substrate using an E-beam evaporator.
After cooling and demolding, chromium (Cr) was selectively de-
posited on each sidewall of the imprinted grating structures by
angled deposition. The Cr deposited on the resist patterns induced
the undercut structures during O, reactive ion etching (RIE),
facilitating the lift-off process. O, RIE (10 sccm O,, 40 mTorr
chamber pressure, and 40 W bias power), deposition of a-Si using
the e-beam evaporator, and the lift-off process completed the fab-
rication of a-Si nanograting structures on a substrate. As for the
flexible color filter, polyethylene terephthalate (PET) was utilized
as a substrate instead of glass. For encapsulation, a PMMA solution
was spin-cast on the devices, and the concentration of the solution
and rpm of the spin-casting were adjusted to control its thickness.

B. Optical Characterization and Simulation

Transmission spectra at normal incidence and angle-resolved
transmission spectra were measured using a visible spectrometer
(V-770 UV-Visible-Near Infrared Spectrophotometer, JASCO).
Commercial COMSOL Multiphysics software, based on the
finite-element method, was carried out to explore spectral curves
of transmittance at normal incidence, angle-resolved transmission
spectra, and normalized electric field intensity distribution. The
refractive indices of Ag, a-Si, and SiO, were measured using
a spectroscopic ellipsometer (Elli-SE, Ellipso Technology Co.).
A net phase shift as a function of an incident angle at a resonance
wavelength for the RGB structural colors was calculated by the
effective medium theory.

3. RESULTS AND DISCUSSION

Figure 1(a) depicts the schematic representation of the proposed
nanocavity-based angle-insensitive structural colors, composed of
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Fig. 1. (a) Schematic representation of the proposed subwavelength
nanocavity-based transmissive structural color filters, composed of a-Si
nanogratings on top of SiO, (25 nm) and an optically transparent met-
allic substrate (Ag = 20 nm). Top-view SEM images of (b) blue (B),
(c) green (G), and (d) red (R) of fabricated structural color filters.
Insets show angle-view SEM images and photographs of the fabricated
samples where a background monument can be seen through the samples

with the RGB colors.

ultrathin semiconductor gratings patterned at the subwavelength
scale on top of an optically transparent metallic film with a spacer
layer. Recently, a scheme exploiting the strong optical resonance
effects in the ultrathin semiconductor-based nanocavity, where a
non-trivial phase shift (i.e., not 0 or 7) occurs when reflecting
from a semiconductor-metal interface due to a large imaginary part
of the complex refractive index of the semiconductor material
(i.e., optical absorption loss), which has been demonstrated in a
large number of applications, including structural coloration, deco-
rative solar cells, and thermal emitters [18,19,21,22,49—51]. This
behavior is obviously different from traditional Fabry—Pérot reso-
nance, which generally appears in a quarter-wavelength-thick cavity
layer. One of the key characteristics of such unconventional
Fabry—DPérot cavity resonances is the capability of achieving a
wide-angle performance that is attributed to a negligible phase
accumulated in passing through the ultrathin semiconductor layer.
In order to control the angular dependence and color purity at the
same time, it is necessary for the semiconductor material to have
optical absorptions that are neither too strong nor too weak. For
example, low-bandgap semiconductors such as germanium (Ge)
have a large absorption coefficient across the entire visible spec-
trum, causing poor color purity, while wide-bandgap semiconduc-
tors such as SiO, have a negligible absorption loss in the visible
range, making it difficult to create the strong optical resonance
in the ultrathin cavity thickness regime. According to this design
rationale, a-Si is selected as a highly absorbing medium, and Ag is
chosen as the metallic reflector, as its absorption loss is the lowest
while providing the highest reflectivity in the visible range among
the noble metals. In this device structure, the period of the nano-
grating (P) and the semiconductor thickness () are fixed at 180
and 10 nm, respectively. The thicknesses of the intermediate spacer
layer (SiO,) and the bottom metallic film (Ag) are 25 and 20 nm,
respectively. Increasing the width (W) of the nanogratings allows
an effective refractive index of the nanocavity medium to be in-
creased, therefore leading to a resonance shifted toward the longer
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wavelength range. For blue, green, and red (B, G, R) color gen-
eration, 30, 70, and 150 nm grating widths are used. Note that the
proposed structure is designed to be one-dimensionally patterned,
enabling the colors to be produced only under transverse-electric
(TE) polarized light illumination (i.e., the electric field of the in-
cident light oscillates in the direction parallel to the nanogratings),
so the SPR, whose resonance is highly sensitive to the angle of
incidence, propagating at the metal-dielectric interface cannot be
excited. The Ag and SiO, layers were deposited using an electron-
beam evaporator, sequentially, and a-Si nanogratings was prepared
on the SiO, layer using a NIL-based simple lift-off process for
large-area pattern formation. Before Ag film formation, a 1 nm Cu
seed layer was additionally deposited using an e-beam evaporator to
improve the uniformity of the following Ag film [52]. The details
on the device fabrication are given in the Experimental Methods
section. Figures 1(b)-1(d) provide top-view scanning electron
microscope (SEM) images of the fabricated RGB structural colors,
all of which exhibit well-defined top semiconductor grating pat-
terns. The inset images show angled-view SEM images and photo-
graphs of the fabricated samples.

Figure 2(a) presents simulated spectral transmittance curves
of the proposed structural color filters under TE polarized light
illumination at a normal incident angle, which were carried out
using commercial finite element method COMSOL Multiphysics
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Fig. 2. (a) Simulated and (b) measured transmission spectra at normal
incidence. The measured profiles show slightly blue-shifted resonances
(B: 450 nm, G: 520 nm, R: 630 nm) as compared to those obtained
from the simulation (B: 475 nm, G: 560 nm, R: 640 nm), which could
be due to the oxidation of ultrathin a-Si nanogratings and dimensional
deviations during the fabrication of the structural color filters. For creat-
ing individual RGB colors in a pixel unit via a one-step fabrication
method, a period (P = 180 nm) and a thickness (# = 10 nm) are
fixed. The transmissive colors are tuned by changing the width (W) of
the subwavelength gratings: B (W = 30 nm), G (W = 70 nm), and R
(W = 150 nm). Distributions of normalized z component of electric
field into a device structure at (c) resonances and at (d) off-resonances
(800 nm). It is obvious that the electric field intensity is strongly confined
in the a-Si subwavelength gratings presenting the fundamental resonance
mode at the resonant wavelength, while the electric field is reflected at
the off-resonant wavelength. The red and blue colors represent the high
and low intensities of the electric field, respectively.

software. In the simulation, the refractive indices of a-Si, Ag, and
SiO, were measured using a spectroscopic ellipsometer (Elli-SE,
Ellipso Technology Co.), as shown in Fig. S1, Supplement 1, and
1.45 was used as the refractive index of the glass substrate.
As shown in Fig. 2(b), those calculated transmittance spectra ex-
hibited a good match with the measured spectra. The simulated
(measured) data show transmission resonances appearing at 640
(630), 560 (520), and 475 (450) nm for red, green, and blue
(R, G, B) color generation, and the slight difference between the
simulated and the measured resonances may be attributed to
the oxidation of the top ultrathin a-Si gratings. Such oxidation
led to the reduced index of refraction of the a-Si material and
hence, the resonance could shift toward shorter wavelength
ranges. Additionally, dimensional deviations (e.g., the thickness
of each layer and the widths of the gratings) and a surface rough-
ness, induced during the device fabrication, could be other causes
of their discrepancy. It is important to note that the color purity
can be improved by placing an additional thin Ag layer on top of
the nanogratings [18]. As mentioned earlier, RGB colors can be
easily tuned by controlling the width of the semiconductor nano-
gratings (30, 70, and 150 nm for B, G, and R colors, respectively)
with the fixed thickness and the period of the gratings (10 and
180 nm, respectively), which is appealing as a facile one-step
fabrication process for the color pixel fabrication.

It is important to note that inserting the buffer SiO, spacer
layer between the semiconductor gratings and the bottom met-
allic reflector can improve the light—matter interaction and there-
fore the transmission efficiency, as it prevents incident light from
being further penetrated into the metallic mirror by compensating
the phase mismatch so that the ohmic loss in the metal reflector
could be mitigated [53,54]. The effect of the phase compensation
layer on the transmission efficiency and the resonance behaviors
with and without SiO, are shown in Fig. S2 of Supplement 1, and
about 5% enhanced transmission is achieved after introducing the
spacer layer between the lossy medium-based nanogratings and
the metallic layer. Such improved transmission efficiency is more
definite when the resonance is created at the shorter wavelength
where the metallic reflector has a higher absorption loss compared
to the longer wavelength range. Moreover, the red-shifted reso-
nance is observed, and this is due to the increased cavity layer
thickness with the spacer layer. We note that with increasing
the thickness of the Ag layer in the structure, it is observed:
(1) the resonance gets sharp (i.e., high Q-factor resonance) with
reduced transmission efficiency due to the increased reflections,
and (2) the resonance is shifted toward shorter wavelengths due to
different phase shifts occurring upon reflection at the semicon-
ductor-metal interface (see Fig. S3, Supplement 1).

Due to the extensibility of the NIL-based printing process and
the angle insensitivity of the designed color filter, which will be dis-
cussed in more detail later, the proposed structures can be easily cre-
ated on a flexible substrate with a negligible change in the resulting
color appearance, thus potentially offering the intriguing possibility
of numerous applications, such as flexible electronics, wearable dis-
plays, and color e-paper technologies. For achieving a flexible func-
tionality, the proposed structural color filters were fabricated on a
PET substrate. In order to be applied in practical applications, it
is quite important to retain a high transmission efficiency at a fixed
resonance position with decreasing a radius of curvature. Figures 3(a)
and 3(b) present a measured maximum value of transmission effi-
ciency and the resonance position for the individual RGB structural


https://www.osapublishing.org/optica/viewmedia.cfm?URI=optica-3-12-1489&seq=1
https://www.osapublishing.org/optica/viewmedia.cfm?URI=optica-3-12-1489&seq=1
https://www.osapublishing.org/optica/viewmedia.cfm?URI=optica-3-12-1489&seq=1

Research Article

Vol. 3, No. 12 / December 2016 / Optica 1492

(a) (b)
R 95 700

= ./.\.—.\I—I = A— A A A A A
§ 50 £ 600

2 °

g 451 oo o o o o % 500 & o %= °
g 5

< 40 s A @ 400

g &

[

o 35

0
Flat 80 60 40 20 10
Radius of curvature (mm)

Flat 80 60 40 20 10
Radius of curvature (mm)

—
(9]
~
—
o
~

-
o

o,
*Bagasemersense’”

-
o

o
©

%o
000

<&
& Peak transmission o
® Resonance

0 200 400 600
Number of bending test

Ratio of change
o
[e2]

o
3

o
)

Fig. 3. (a) A peak of the transmission efficiency and (b) a position of
the resonance as a function of the radius of curvature. Red-, green-, and
blue-colored symbols represent the data from the red, green, and blue
color filters. (c) Ratio of change of transmission efficiency and resonance
wavelength according to the number of bending tests. (d) A photograph
of the fabricated blue color filter on a flexible substrate.

colors, both of which show insensitivity with respect to the radius of
curvature, indicating no color change when the entire structure is
bent on the plastic substrate. We could not find any specific
differences between the performance variation from bending in
parallel and that in the perpendicular direction to a-Si nanogratings.
Even at the minimum radius of curvature condition (10 mm), the
maximum change of the period of a-Si nanogratings, which can
affect the resonance, is just around a nanometer range, and the strain
values of a-Si, SiO, and Ag layers are lower than their failure strains;
therefore, consistent optical performances without mechanical fail-
ure could be achieved. Figure $4 of Supplement 1 shows that the
period change of the a-Si nanograting from 180 to 190 nm does not
provide any spectrum difference in the RGB structural colors.
Though the variation of optical properties by bending was investi-
gated only down to the 10 mm radius of curvature condition due to
the limitation of the bending property of the PET substrate, it is
expected that a smaller bending radius condition without a perfor-
mance change would be possible with other flexible substrate having
better bendability. A more detailed mechanics analysis is underway.
Additionally, the durability of the color filters was confirmed by
continuous bending tests, and it was shown that the optical perfor-
mances of the color filters were retained even after about five
hundred bending tests [Fig. 3(c)].

An optical image of the fabricated flexible blue color filter is
shown in Fig. 3(d). It is obvious that there is no color difference
over the entire surface of the plastic substrate, which is greatly
desired in a broad range of color printing applications. A simple
device structure where the subwavelength gratings are ultrathin-
patterned on top of the two thin films provides distinct advan-
tages over the previously reported works that involve complex
and expensive fabrication techniques.

The mechanism of the resonance could be further explored by
normalized electric field intensity distributions at the resonant

wavelength and at the off-resonant wavelength, numerically
analyzed for the RGB colored samples, as presented in Figs. 2(c)
and 2(d), respectively. As depicted in Fig. 2(c), the electric field
is strongly concentrated into the semiconductor nanogratings
where the fundamental Fabry—Pérot resonant mode appears at
the resonance leading to light transmission, while the electric field
is reflected back toward the incident medium at the off-resonance,
as exhibited in Fig. 2(d). Note that the red and blue colors in the
electric field distribution represent the high and low intensities,
respectively. The semiconductor subwavelength gratings can be
regarded as a thin-film layer with the effective refractive index,
which is determined by the filling ratio of the semiconductor
gratings and air, and the effective index of refraction for TE polari-
zation (nyg) can be calculated by Eq. (1) [55,56],

erf +e(1-f)

nTE =

= FA-PPV (e
\/14—?(61][4‘62(1 _f))< 2 ) <€1f+€2(1‘f)))
(1)

where f, P, €], and €, are a duty cycle, the periodicity of the
nanogratings, the permittivity of the semiconductor material,
and that of air, respectively. The effective refractive indices of
the one-dimensional (1D) grating structures are obtained from
a linear and inverse linear mixing of the permittivity of the con-
stitutive materials (i.e., a-Si and air) by a volume fraction ratio
for TE and transverse magnetic (TM) polarizations, respectively.
It was reported that the effective medium theory is still valid
for the case where the thickness of the gratings is ultrathin as
compared to the wavelength of incident light [57]. The effective
complex refractive index of the subwavelength gratings of the
individual RGB colors and the corresponding transmission spec-
tra, calculated by the effective medium theory, are described in
Fig. S5, Supplement 1. As the linewidth of the nanogratings in-
creases to create the resonance at the longer wavelength, the value
of the complex refractive index increases due to the large propor-
tion of the semiconductor. The transmission profiles, predicted
by the effective medium theory [Fig. S5(b), Supplement 1], are
in great agreement with the numerically simulated results in
Fig. 2(a).

The calculated and measured spectral transmittance curves
under TM-polarized light at normal incidence are also provided
in Figs. S6(a) and S6(b) of Supplement 1. For TM polarization
where an oscillating direction of the electric field is perpendicular
to the subwavelength gratings, the effective refractive index of
the cavity calculated by the effective medium theory is relatively
smaller than that for TE polarization, as can be seen from
Fig. S6(c), Supplement 1. In particular, the imaginary part of the
effective refractive indices for the blue- and green-colored struc-
tures is nearly negligible (i.e., the cavity medium becomes trans-
parent), indicating that strong optical interference effects in the
ultrathin semiconductor layer cannot occur. As a result, any res-
onance (i.e., transmission peak) associated with such strong inter-
ferences is not observed in either the simulated and measured
transmission spectra [see Figs. S6(a) and S6(b), Supplement 1]
for the blue and green colors. Instead, SPR propagating at the
interface between SiO, and Ag can be excited at the 500 nm
wavelength, which can be found in the field distribution into the
device structures, as displayed in Fig. S6(d), Supplement 1. For
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the blue color, the efficiency of coupling incident light into the
SPR is not high as compared to other colors due to the narrower
nanogratings. To avoid an SPR-driven incident-angle-sensitive
spectral response, which dramatically limits numerous applica-
tions, our structural color filters are designed to operate only
under TE-polarized light illumination.

Next, a dependence of the resonance on the incident angle,
which is of critical importance to various applications, is explored.
The optical responses of many previous works that rely on a
grating coupling mechanism to couple an incident light wave
to either the plasmonic or the photonic resonant mode are easily
affected by the change of incident angle due to the momentum
matching condition, thereby imposing practical limitations. In
contrast, our structural color filter designs are based on the strong
interference behaviors in the ultrathin absorptive medium-based
nanocavity patterned at a subwavelength scale with a fixed period,
featuring an angle-insensitive performance. This is because the
resonance condition is predominantly fulfilled by the phase shift
occurring upon the reflection at the metal-semiconductor inter-
face rather than the phase shift accumulation in the propagation.
The non-trivial reflection phase shift also compensates the insig-
nificant propagation phase shift, thus leading to the flat dispersion
characteristics. Note that the top semiconductor nanogratings
are 1D patterned and only work for TE polarization so the in-
trinsic angle-dependent property of the plasmonic resonance that
can be excited by TM polarization is not involved.

Figures 4(a)—4(f) represent the simulated and measured angular
responses in the transmission of the proposed structural color
filters for TE polarization from normal incidence to 60°. As can be
seen from those figures, the resonant wavelength, where a transmis-
sion peak is represented by a bright color, remains almost constant
over a wide angular range up to 60°. Such an angle-invariant feature
is enabled by suppressing the phase shift accumulated during
the propagation through the cavity medium having an ultrathin
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Fig. 4. (a)—(c) Simulated and (d)—(f) measured angle-resolved trans-
mission spectra of the proposed structural color filters where the reso-
nance (i.e., bright color) in the dispersion curve is insensitive with
respect to angles of incidence from 0° to 60°. A net phase change
(magenta) that involves propagation (black) and reflection phase shifts
(red and blue) as a function of the incident angles at the resonance con-
ditions of (g) B, (h) G, and (i) R colors, calculated by effective medium
theory, exhibiting a flat-band characteristic.
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thickness compared to the light wavelength. Figures 4(g)—4(i) pro-
vide a net phase shift, encompassing the two reflection phase
shifts and the propagation phase shift, as a function of the incident
angle ranging from 0° to 60° at the resonance conditions of the
individual RGB colors, calculated by the effective medium theory.
It is apparent that the change in the propagation phase shift (black
color) is trivial and is canceled out by the non-trivial reflection
phase shifts (red and blue colors), thereby allowing the total phase
shift to be invariant over a wide range of incident angles.

As previously pointed out, it is fairly easy for the a-Si nano-
gratings to be oxidized because the thickness is only 10 nm, which
can cause a color shift and a performance degradation over time.
In order to resolve this challenge, the entire structures are encap-
sulated by a thin polymer material, PMMA, to prevent the ultra-
thin a-Si nanogratings from being oxidized. As the thickness of
the encapsulation layer affects the optical spectral response and
therefore the resulting colors, it is important to optimize the
thickness of the protective layer. Figure 5(a) describes the calcu-
lated spectral transmittance curves of the green-colored filters
according to the thickness of the polymer encapsulation layer,
and they show a good match with the measured transmission data
in Fig. 5(b). As compared to the resonance without the PMMA
protective layer (black), it is clear that the resonance gets sharp
when the encapsulation film has the proper thickness, resulting
in the improved color purity. This could be ascribed to the
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Fig. 5. (a) Simulated and (b) measured transmission spectra of green
color filter at normal incidence with and without a polymer encapsula-
tion layer atop the structure. (c) Normalized z component of electric field
distributions of the structure, where the green color (W = 70 nm) is
created, with a 780-nm-thick top encapsulation layer at the 465,
565, and 715 nm wavelengths, each of which corresponds to the
resonance (i.e., peak positions in the transmission) as shown in (a).
(d) Measured transmission spectra of the structural color filters without
(dotted lines) and with (solid lines) a polymer encapsulation layer
(180 nm), the latter of which shows a sharp resonance (i.e., improved

Q-factor) leading to high color purity.
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better impedance matching, allowing a large amount of incident
light to be constructively interfered at the resonance. Such a sharp
resonant behavior, however, could be affected by increasing the
encapsulation film thickness. As can be seen from the transmis-
sion spectrum obtained with the 780-nm-thick PMMA layer, a
single resonance is split into three different resonant modes, where
an additional Fabry—Pérot resonance in the PMMA film becomes
dominant upon increasing the thickness of the protective layer.
Figure 5(c) shows the normalized intensity distribution of electric
field in the green-colored structural color filter, coated by the
780-nm-thick PMMA encapsulation layer, at the peak positions of
the transmission spectrum. At the 465 nm wavelength, the field is
mainly concentrated into the a-Si subwavelength gratings, indicating
the Fabry—Pérot resonance in the ultrathin patterned nanocavity
layer, whereas the field is strongly confined in the encapsulation
layer at the 715 nm wavelength, to which the PMMA thickness
is comparable. Interestingly, it is observed that a hybrid resonance
mode, where the field in the nanogratings couples with that in the
encapsulation PMMA film, exists at an intermediate wavelength
(565 nm). It was found that the optimal thickness of the PMMA
encapsulation layer was ~180 nm, as depicted in Fig. 5(d), showing
that the transmission profiles with the encapsulation (solid lines)
have a sharper resonance than those without the encapsulation layer

(dotted lines).

4. CONCLUSION

In summary, we have demonstrated flexible and ultrathin
(<60 nm) structural color filters creating wide-angle transmission
colors exploiting strong optical interference behaviors in the ab-
sorptive medium-based nanocavity where the top semiconductor
film was patterned at the subwavelength scale. The individual RGB
color filters, which could be extended to the flexible plastic sub-
strate via NIL, were insensitive to angles of incidence up to 60°
for TE polarization, which was attributed to the fact that the optical
phase was mainly accumulated at the interfaces, leading to the
insignificant propagation phase. It was also demonstrated that only
one patterning process was needed to generate a unit pixel having
three individual RGB colors, which was markedly different from a
variety of approaches described in the previous reports as well as
conventional chemical pigment-based color filters, where three pre-
cisely aligned independent patterning steps are required in order to
create the color pixels, thereby potentially expanding the range
of possible applications. To avoid the oxidation of the ultrathin
semiconductor nanogratings, the structural color filters were coated
by a thin polymer material that not only functioned as a protective
layer but improved the color purity due to the better impedance
matching. Furthermore, the optical characteristics of the structural
colors when the devices are bent on the flexible substrate were
investigated. The described approach represents an important step
toward the realization of various applications, such as flexible elec-
tronics, e-paper technologies, decorations, and photosensors.
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