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To move beyond colorant-based pigmentation display technologies, a variety of photonic and plasmonic
crystal based structures have been designed and applied as colour filters. Nanostructure based colour
filtering offers increased efficiencies, low power consumption, slim dimensions, and enhanced resolution.
However, incident angle tolerance still needs to be improved. In this work, we propose a new scheme
through localized resonance in metallic nanoslits by light funneling. Angle insensitive colour filters up to
+80 degrees have been achieved, capable of wide colour tunability across the entire visible band with pixel
size beyond the diffraction limit (~A/2). This work opens the door to angle insensitive manipulation of light
with structural filtering.

tructural colour is an attractive replacement for colorant pigmentation employed by the current display

technologies. However, such chemical pigments are vulnerable to a variety of processing chemicals, cannot

withstand constant illumination with strong light intensities, and require extensive multilayer processing to
pattern individual pixels'~. Inspired by natural colour filtering, as found in the wings of Morpho butterflies and
the feathers of peacocks™*”7, many structural colour designs have been developed based on photonic crystals®® and
plasmonic nano-structures>>'*"">. However, the iridescence of these devices leads to drastic changes in colour
with different incident angles of light, which is the key challenge to be addressed for practical applications of
structural colours. For plasmonic nanostructures, this angle dependence is directly related to surface plasmon
polariton (SPP) excitation via grating coupling™>'*'>. This approach hasled to high coupling efficiencies'®, but is
inherently angle-dependent due to momentum matching conditions. Overcoming this angle-dependent spec-
trum response will allow these structural filters to be integrated into practical applications such as high resolution
visual displays, miniature hyperspectral imaging, and high sensitivity sensors'”""’.

To obtain angle-insensitivity, one has to avoid relying on grating coupling for plasmonic mode excitation. In
contrast to grating coupling, plasmonic based resonators and antennas have been demonstrated as candidates for
structure colours***. Additionally, horizontally deployed plasmonic antennas and resonators have gained atten-
tion on angle insensitive spectrum response in Near-IR, Mid-IR, and THz band**~*". However, as pointed out by
Kumar et. al’, increasing the density of these plasmonic resonators is necessary to effectively scatter light to
viewers’ eyes (or detector) at visible wavelengths. In order to increase the scattering efficiency and generate more
vivid colours, we employ a vertical plasmonic resonator array with specially designed periodicity to avoid angle
variation. In this design, light funneling into nanoslits is exploited to generate strong absorption for transverse
magnetic (TM) polarized incident light*®*~*°. Utilizing light funneling, extremely small physical dimensions have
large scattering cross sections, and therefore possess plasmonic mode coupling with efficiency comparable to that
of grating coupling. In this letter, we theoretically and experimentally study angle robust optical devices with
near-perfect absorption, as large as 96%, in the visible spectrum. Moreover, wide colour tunability throughout the
entire visible spectrum and pixel size beyond the diffraction limit are demonstrated. We also suggest a design
principle for angle-robust reflection by investigating the angular response of the reflection spectra with respect to
the periodicity of arrayed one-dimensional structures. We further discuss the influence of periodicity on field
confinement within the nano-cavities, and conclude through discussion of a variety of applications for angle
robust field confinement and spectrum filtering.
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Results

Plasmonic-nanoresonantor-based angle robust colour filtering. A
schematic diagram of our plasmonic nanostructure is illustrated in
Figure 1(a) as well as a corresponding SEM image of a fabricated
device. Silver (Ag) is conformally deposited on a fused silica grating
defined with the pitch, depth, and width of the grating as P, D, and W
respectively. As opposed to trapping the incident light into surface
plasmon modes through grating coupling, the dimensions and
periodicity of the structure have been designed to concentrate the
light into the silica nano-grooves based on a phenomena recognized
as light funneling. As light is incident on the nano-groove array, an
induced polarization charge pair accumulates at the top corners of
the grooves. This charge pair acts as a dipole and further alters the
E-field of incident light, redirecting the light into the groove.
Figure 1(b) shows this effect with a red-blue surface plot and
arrow plot which represent the normalized polarization charge
distribution induced by the scattered field® and propagation
direction of the field’s Poynting vector, respectively. It is noticed
that the purple arrows near the Ag and silica interface point
toward the groove verifying this funneling effect. The intensity
distribution of the magnetic field |Hy|>, under the funneling
condition, is depicted in Figure 1(c) showing that the light is well
confined in the groove at the resonant wavelength.

The above angle insensitive colour filtering results from the fact
that light is funneled into metal-insulator-metal Fabry-Perot
(MIMEFP) cavity modes. By varying the optical path length in the
MIMEP cavity through changing the width and depth of the nano-
grooves, the resonance of the structure is able to be tuned across the
entire visible spectrum. The MIMFP resonant wavelength, A, is
determined by the effective refractive index, n.g5 and the depth, D,

in the Fabry Perot resonance equation, 1 + 5 m|l= N D, where

m is a positive integer and .4 is the effective refractive index of MIM
waveguide modes. The effective index is insignificantly dependent on
the nano-groove depth, D*, but is highly dependent on acute changes
in the width, W. The effective indices, 7, are calculated for changing
values in width, W***2, For example, when the insulator SiO, width W
= 50 nm, the effective index dispersion relation of even modes in a
MIM waveguide is found to be n.; = 1.85, 1.90, and 2.02 for wave-
lengths of A = 620, 532, and 460 nm, respectively. When W = 60 nm,
e = 1.91, 1.99, and 2.11, respectively. This design can be integrated
into various applications as well as accommodate different manufac-
turing processes, since there is a wide degree of freedom in modifying
the filtered colour by changing either D or W. Especially by simply
changing the nano-grove width but maintaining the grove depths, the
fabrication process can be greatly simplified and can be easily scaled to
large area devices. This coupling to the MIMFP by means of funneling,
as opposed to grating coupling into waveguide or plasmonic modes,
allows angle insensitive performance.

Ultra-high resolution, widely tunable colour filtering. First a
description is given on how resonant wavelength, namely the
wavelength of the absorption peaks (reflections dips), can be tuned
throughout the entire visible spectrum through adjusting the groove
depth D. In this set of simulation and experiment, the groove width,
W, and period, P, are held constant at 50 nm and 180 nm
respectively. The groove depths D corresponding to yellow, cyan,
and magenta reflective colours are found to be 110, 130, and
170 nm, respectively. Figure 1(d) presents the simulated and
measured reflection spectra (and measured absorption spectra in
the inset) of the above three devices with different D at normal
incidence and TM polarized light. These devices are able to trap
light as much as 96% at the resonance wavelength and reflect all
other wavelengths. The optical propagation loss in silver at shorter
wavelengths is non-negligible, resulting in an 80% absorption peak at
the shorter wavelength. This strong absorption at the selected
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Figure 1 | Plasmonic-nanocavity-based angle robust colour filtering.

(a) A schematic of the proposed structure and corresponding SEM image
of a fabricated device with width (W) = 45 nm, depth (D) = 160 nm, and
period (P) = 180 nm with 0 as the incident angle of light. (b) Polarization
charge and Poynting vector distribution of light funneled into these nano-
grooves, presented with the red—blue surface plot and purple arrows,
respectively. (c) Intensity distribution of the magnetic-field H, at
resonance, P = 180, W = 50, and D = 170 nm. (d) Reflection (simulated
in solid lines and measured in dash lines) and measured absorption spectra
(inset, dashed lines) at D = 110, 130, and 170 nm in blue, green, and red
curves, given fixed P = 180 and W = 50 nm at normal incidence.

(e) Reflection spectra at fixed P = 180 nmand D = 170 nm demonstrating
the three basic colours of the CMY colour model, cyan (C), magenta
(M), and yellow (Y), with varying W = 40, 60, and 90 nm at normal
incidence.

wavelength range can be exploited for high purity reflective colour
filtering.

In addition to the colour tuning based on changing D, Figure 1(e)
shows that the three basic colours of the cyan, magenta, and yellow
(CMY) colour scheme can also be achieved by adjusting the width of
the nano-groove W from 40 nm to 90 nm, given fixed P = 180 nm
and D = 170 nm. It is noticed that the broad resonance dip on the
yellow device is due to larger propagation loss of the MIM wave-
guides at higher frequencies. A better reflection dip for yellow can be
achieved by changing D to 110 nm with W = 50 nm as shown in the
blue solid and dotted lines in Figure 1(d). This method of holding the
period and depth constant while varying the widths of the groove
presents a more viable method for manufacturing where the depth of
reactive ion etching (RIE) is held constant and the width of each
coloured pixel is altered, allowing multiple colour pixels to be pro-
duced on a single wafer.
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In order to demonstrate the visual performance of these colour
filters, we have designed and fabricated coloured images in the for-
mat of the Olympic Rings. Figure 2(a) and its insets show SEM
images of the devices. The corresponding optical image of these
reflective colour filters is in Figure 2(b). The period, P, and depth,
D, of each ring are held constant while the widths, W, vary from
40 nm to 90 nm to generate the different colours. The angular
dependence of these images was measured only up to 30 degree
because of the small size of the structure and the limitation of the
optical path in the microscope. Within this range, the color appears
unchanged. The next section presents large scale devices fabricated
through nanoimprint lithography in which we were able to measure
the angled reflection spectrum and confirm angle insensitivity. With
this technique, cyan, magenta, and yellow, as well as intermediate
colours can be achieved. Note that the purple colour from the rope
held by the gymnast in the top middle ring is produced by two nano-
grooves. Moreover, the magenta colour from the bow area is pro-
duced by several isolated and segmented short lines, as small as
100 nm in length and 60 nm in width, demonstrating ultra-high
colour resolution. In the supporting information, we further include
simulation results to prove that even single and double slits of tens
nm width can have colour filtering effect. This colour demonstration
proves that the proposed plasmonic structural colour is capable of
creating pixels with sizes beyond the diffraction limit of light. This
opens up the possibility of realizing super-pixels imaging’, in which
colours are mixed between multiple super-pixels before their com-
bined size is comparable to the diffraction limit. In addition, an
Olympic ring with two colours has been fabricated to present an
application of the polarization dependence of these filters.
Figure 2(c) shows an image with two sets of gratings. As the polar-
ization of incident light is changed, the displayed image is altered.
Particularly, the central pattern in Figure 2(c) is concealed when the
incident light polarization changes from TM polarized light to TE.
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This polarization dependence can be utilized in applications of cryp-
tography and anti-counterfeiting. One specific example would be to
put such images on a personal identification card. Counterfeiters
may be able to reproduce the colour of the symbol but it would be
increasingly difficult for them to make the image additionally
dependent on polarization of light, adding another element to the
validity of the identification card. This polarization dependence is
also advantageous for implementation in visual display technologies
by creating a multifunctional component that can serve as a con-
ductive electrode, polarizer, and colour filter simultaneously’.

Design rules for angle insensitivity. The effect of periodicity on the
angle robustness of these metallic nano-grooves is investigated here.
Given W = 50 nm and D = 180 nm, the simulated angle resolved
reflection spectra contour plots at periods of P = 140, 180, 220, and
260 nm are shown in Figure 3(a), (b), (c), and (d). Incremental
changes of 40 nm in the period are chosen to illustrate three
different regimes: grating coupling, localized resonance, as well as
cavity coupling between neighboring waveguides which is explained
further in the next section of this letter. Figure 3(a) and (d) indicate
higher angle dependence than Figures 3(b) and (c). When the period
P = 140 nm, 220 nm, and 260 nm, the MIMFP resonance position
shifts with increasing incident angle of light, whereas the spectrum at
the periods of 180 nm remains at a relatively constant wavelengths
over all incident angles. Furthermore, the angular behavior of
absorption at the resonance wavelength 630 nm with P = 140,
180, 220 and 260 nm are presented in Figure 3(e) showing that the
absorption reaches over 90% for £90° angle range with P = 180 nm.
This shows that angle independence is achieved at a periodicity of
180 nm for visible wavelengths of light. Above or below P = 180 nm,
the resonance wavelength corresponding to the absorption peak is
angle dependent and therefore less efficient. The angle resolved
reflection spectra from angles of 45° to 75° were measured on

Figure 2 | Colour demonstrations with ultra-high resolution and polarization dependent images. (a) The SEM images and (b) optical image under
white light illumination of fabricated coloured images in the format of the Olympic rings. The full range of CMY colours are achieved by sweeping W from
40 to 90 nm, with P and D fixed at 180 nm and 170 nm respectively. (b) Shows that even a single short segmented nano-groove demonstrates colour
response. (¢) Demonstrates utilizing polarization dependence to actively change the displayed image, where grooves with W = 40 for cyan and W =

60 nm for magenta under TM illumination.

SCIENTIFIC REPORTS | 3:1194 | DOI: 10.1038/srep01194



SNOROON®O

coooooo0000
h(n

10 20 30 40 50 60 70 80

(c) Angle
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0
0 10 20 30 40 50 60 70 80
Angle
(e) 0°
-30°
-607
-90 N

O
-

800

m

~'~
o o
= -

[o2)

(S

o
ANORPOON®O

Wavelengt
O O,
o O O
Q9 O
cooooooo000

IS
o O
S o

coooo0o00000
SN RPOON®O

0

10 20 30 40 50 60 70 80
Angle
c—P140
P 180
—P22()
c—P260
60°

30°

90°

100 80 6040 20 0 %

Figure 3 | Simulated angle resolved reflection spectra with various periods. The simulated angle resolved reflection spectra contour plots at periods P =
140 (a), P = 180 (b), P = 220 (c), and P = 260 nm (d). The green dash lines in all four figures indicate metal-insulator-metal

Fabry-Perot (MIMFP) cavity mode, whereas the red dash lines refer to the grating assisted surface plasmon (GASP) modes whose dispersion is dependent
on the grating period. The crossing between MIMFP and GASP when P = 220 and 260 nm indicates coupling between the two modes. The green
dash line in (a) refers to the dispersion of odd mode defined in Figure 5(c). (e) The simulated angular absorption maxima in terms of various period from

140, 180, 220, and 260 nm.

various large scale fabricated devices based on nanoimprint litho-
graphy. Two of them are shown in Figures 4(a) and (b) with a period
of 180 nm and depths D, of 130 and 170 nm, respectively. A device
fabricated with a period of 220 nm exhibited angle dependence
further validating this design. The angle resolved reflection spectra
of this device, with P = 220 nm, W = 45 nm, and D = 160 nm, is
displayed in Figure 4(c). 25 nm AL is observed per 30° change in
incident illumination angle. This change in reflection dip is not
observed at P = 180 nm (Figures 4(a) and (b)) showing strong
agreement between measured and simulated spectra. Through this
analysis we conclude that a colour filter structure with a range of
periods from 160 nm to 200 nm possess angle robust spectrum
response.

We would now like to further elaborate on the mechanism for
angle dependence when the period is away from the optimal range,
P >200 nmand P < 160 nm. Clearly shown in Figures 3(e), the side
lobes of the absorption maxima develop at large angles of incidence.
Therefore we further analyzed the resonant modes at these larger
degrees of incidence. For P > 200 nm, two modes are involved in this
phenomenon. MIMFP resonances are angle independent modes,
illustrated as green straight dash lines, and grating assisted surface
plasmon modes (GASP) generated under the Bragg coupling con-
dition" are highly angle dependent, illustrated by the red dashed

lines in Figures 3(a), (b), (c) and (d). The increasing angle leads to
the interaction between the MIMFP modes and the grating assisted
surface plasmon modes (GASP) due to momentum matching. For
TM-polarized waves, the momentum matching equation for grating
assisted surface plasmon resonance excitation of dielectric—metal
1
—sin0=
- i

= L Inthis equation, m represents the diffraction order, A the
LV ETE

period (denoted in the figures as P), A the wavelength, 6 the incident
angle, and €; and €, are the permittivity of the metal and dielectric
materials respectively. The red curves in Figures 3(a), (b), (c), and (d)
extend from the ultraviolet to the visible region with increasing peri-
odicity, and finally result in a strong coupling between the GASP and
the MIMFP cavity modes. The field distribution of this coupling will
be discussed at the end of this paper. Moreover, A is found to be
proportional to A in the above equation, which provides a guideline
of selecting the appropriate period for angle independent plasmonic
resonance at desired wavelength bands.

When P < 160 nm, the MIMFP resonance band blue shifts at
incident angles greater than 60°. This is due to the breakdown of
the assumption that nano-groove structures are well separated
(nano-groove size W < Period P). When the thickness of the groove

interfaces is governed by the following relationship, % +
1
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Figure 4 | Experimental angle insensitive spectrum filtering. (a) The
angle resolved reflection spectra of this design with sweeping incident
illumination angle from 45° to 75° are presented with the following device
dimensions (a) P = 180, W = 50, and D = 130 nm, (b) P = 180, W = 50,
and D = 170 nm, and (c) P = 220 nm, W = 50 nm, and D = 160 nm.
(a) and (b) show flat band absorption response indicating angle
insensitivity, while (c) shows 25 nm resonance wavelength shift per 30°
change in incident illumination angle representing coupling between
MIMFP and GASP modes.
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spacing (P-W = groove spacing) is too small, the dispersion has to be
reconsidered due to coupling between neighboring metal-insulator-
metal (MIM) waveguides***. Figure 5(a) shows the mode dispersion
with respect to the groove spacing (P-W) and Period. In this scheme,
even and odd modes are defined in Figure 5(a), which indicate
whether the field is in-phase or out-of-phase in the neighboring
grooves, respectively. The fields of both even and odd modes at an
incident angle of 75° are plotted in Figures 5(b) and (c), respectively.
Moreover, the dispersion in Figure 5(a) clearly indicates that the
splitting between even and odd modes increases as the groove spa-
cing (P-W) reduces. This trend follows the observation found in
Figures 3(a) and (b) denoted by the green dashed lines and green
dotted lines for the even and odd modes. Only when the incident
angle of light is large enough can the odd mode be excited due to
phase requirement, which causes the resonance shift to shorter wave-
lengths at incident angles greater than 60°.

The intensity distributions of the Hy, field at the resonance wave-
length for periods of 180, 220 and 260 nm further illustrates
this coupling between GASP and MIMFP modes, as shown in
Figures 5(d), (e), and (f) for 45° angle of incidence. The resonance
mode for a period of 180 nm indicates that the field is mostly con-
centrated within the groove. Alternatively, when the period is greater
than 220 nm the field is both in the groove and on top of the grating.
This indicates strong coupling between MIMFP and GASP modes,
leading to the angular dependence of the reflection dips. The
information in this set of the figures also confirms that the angle
independent reflection spectra occur at periods < 200 nm for visible
wavelengths of light. Moreover, the light confinement is manipulated
with respect to periodicity P in the Figures 5(d), (e), and (f) with
stronger coupling into GASP modes for larger periods. The period
controllable optical field confinement in this nanostructure can be a
design principle for applications that require strong field confine-
ment such as optical trapping, high sensitivity nanofluidic index
sensors, and plasmonic enhanced nanoscale emitters.

Discussion

We have designed, fabricated and analyzed one dimensional nanos-
tructure with angle-robust colour response. Light funneling is
employed as a method for angle independent coupling into localized
resonances in metallic nanoslits. Colour tunability across the visible

103

-103
1300

260nm
Period

0

Figure 5 | Optical mode coupling and period dependent field confinement. (a) shows mode dispersion with respect to the groove spacing (P-W) and
Period, as well as the definition of even and odd modes in the insets. The field distribution of H, with defined even and odd modes is plotted in (b) and (c),
respectively. The intensity distribution of magnetic field Hy at the incident illumination angle of 45 is presented at P = 180 nm (d), 220 nm (e),

260 nm (f). (d) confirms that the field is well confined within the nano-groove corresponding to a MIMFP mode, while (d) and (f) show strong surface

modes illustrating coupling to the GASP modes.
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spectrum and pixel size beyond the diffraction limit has been demon-
strated. Such principle could also be exploited for super-high reso-
lution optical storage. Through simulation and experimental
confirmation, design principles have been developed for angle tol-
erant spectrum response. Angle dependence has been avoided with a
designed periodic structure for visible wavelength resonances
employing MIMFP modes. Finally, field confinement and manipula-
tion within these nano-grooves induced through sub-wavelength
periodic effects are discussed. This device is capable of wide colour
tunability in the visible wavelength regime and can be used as a
guideline for designing devices that require consistent performance
independent of incident angles of light.

Methods

Simulation. In the simulations and experiments in this letter, broad-band collimated
light illumination in the wavelength range A = 400-800 nm is supplied as the input.
The simulation is performed using finite difference time domain (FDTD) method for
the field distribution details and rigorous coupled wave analysis (RCWA) is used to
calculate the angle resolved reflection and absorption spectra.

Device fabrication. The devices described are fabricated by nanoscale lithography,
reactive ion etching (RIE), and metal deposition. Nanoimprint lithography (NIL) is
used to fabricate samples with large enough areas for angle resolved reflection
measurements to confirm angle insensitive colour response. Electron beam (e-beam)
lithography is used to create patterned images in the form of the Olympic Rings and
demonstrate colours with resolution beyond the diffraction limit. The respective
lithography techniques are used to create a resist template on a fused silica substrate.
For NIL an angled evaporation is used to tune the width of patterned resist. Nickel
(Ni) is then e-beam evaporated over the patterned substrate and a lift off process is
performed. The Ni is then used as an etch mask for a RIE process defining the depth,
D, of the silica grating. After the silica etch, the Ni mask is removed in nitric acid and
Ag is then sputter deposited conformally covering the silica grating and finalizing the
fabrication process.

Optical characterization. The optical measurement is conducted using two systems
to obtain the reflection/absorption spectra at normal and angled incidence. Reflection
spectra at normal incidence are measured using Nikon TE300 inverted microscope
with a halogen lamp for the light source. Reflection spectra with angled incidence are
measured from 45° to 75° (2° increment) swept perpendicular to the grating
orientation (the definition of the the sweeping orientation is shown in the supporting
information), as depicted in Figure 1(a), with a J. A. Woollam M-2000 ellipsometer.
The numerical apertures of the collection optics in both systems are as low as 0.04 to
ensure high angular resolution. We would like to note that sweeping the incident
angle along the grating direction does not exhibit iridescence.
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