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ABSTRACT: The angle-insensitive and tunable nature of
metal—insulator—metal slits makes them an interesting candidate
for plasmonic displays and colorant applications. The realization
of these structures in the visible regime and over reasonably large
areas has only been recently possible due to advances in
nanofabrication. However, previous demonstrations are of
inverted grooves etched into a dielectric, coated with a metal and
then probed from the substrate—leaving them unable to be
tuned postfabrication, as the regions of confined fields become
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inaccessible. Second, these demonstrations use area and time-limited fabrication processes such as EBL or FIB milling. Here, we
demonstrate 8 in. wafer scale angle-insensitive plasmonic color through vertical metal—insulator—metal slit waveguides in which
the resulting resonances can be accessed and tuned through external media. To illustrate this, we use atomic layer deposition to
change the effective refractive index of the surrounding media and tune resonance locations throughout the entire visible
regime. The tunable single-peak absorption resonance results in the reproduction of the cyan, yellow, and magenta (CYM)
color space. The system’s angle insensitivity and large scale allow the creation of polarization-dependent images and logos which
can find use in novel plasmonic optical components and further demonstrate the potential of such systems to be integrated with

dynamically tunable optical media.
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Bl INTRODUCTION

Metal nanostructures have been shown to produce diffraction
limited color which can potentially lead to the smallest possible
color pixelsl—an increasingly important property given the
resolution requirements of next-generation mobile and head
mounted displays. Perhaps even more impressive is the ability
to tune the optical resonances of metal nanostructures
postfabrication through control of external and surrounding
media. This has been used to create dynamic color changing
surfaces” " as well as colorimetric sensors and detectors."" ~"*
Viewing angle dependence is a vital figure of merit for many of
these applications including consumer goods coloration,
displays, and camouflage—all of which require the viewer to
see the desired image content regardless of orientation.
However, not all structural color generating nanostructures
have angle-independent coupling mechanisms. In the case of
photonic crystals, the evolution of bird feathers shows a
possible solution. Iridescence in bird feathers is attributed to
the fundamental angle dependence of periodic nanostructures
existing within their barbules. However, many species
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including macaws have evolved bright noniridescent colors
by incorporating controlled randomness into the nanostruc-
tures."* "' Rather than being perfectly periodic, the organic
photonic crystals exhibit a short-range order needed for Bragg
reflection but lack long-range order. This results in an
averaging effect and an effective band gap, which reflects a
specific wavelength of light for all angles. This compensational
approach of engineered randomness has also been demon-
strated in man-made photonic crystals'’~'” and plasmonic
structures.”’ > An alternative approach toward angle-
independent color filters has been demonstrated through
layers of thin metals and dielectrics. By depositing a metal/
dielectric and then another layer of a metal, the system can
support Fabry—Perot resonances, which absorb or transmit
light based on constructive or destructive interference.
Differences in the path length of light for varying incidence
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Figure 1. Subwavelength plasmonic resonator and mode of operation. (a) Schematic of the 1D aluminum wires separated from an aluminum
mirror by a thin oxide. Coating the structure with uniform conformal films of oxide allows shifting of plasmonic resonances. (b) Scanning electron
microscope image of a focused ion beam cross section of the plasmonic system coated with 42 nm of ZrO,. Scale bars are 140 nm and 70 nm,
respectively. (c) Camera images of three samples coated with a selected thickness of ZrO, to give yellow magenta and cyan, respectively. Top image
is for polarization of light perpendicular to the aluminum wires while the bottom image is for polarization parallel to the aluminum wires. Yellow
and cyan samples are 1 inch tall. (d) Reflectance spectra of the samples shown in (c) with supporting finite difference time domain simulated
spectra. (e) Field profiles of the electromagnetic field at resonance (dotted black line of (d)) within a unit cell of the plasmonic structure.

angles commonly make these systems highly angle depend-
ent.”” However, researchers have found a way to compensate
for this variance by engineering the angle-dependent phase of
reflection.”*™** This method requires the use of specific
metals/dielectrics and thickness combinations for a desired
resonance wavelength and therefore can be highly restrictive.
Furthermore, attempts at incorporating active tuning can
negate the precise phase conditions and lose system angle
independence.

Another approach toward angle-independent color filters is
to use inherent angle-insensitive coupling mechanisms which
exist in subwavelength systems.””*" The optical modes of
metal—insulator—metal waveguides has long been an area of
study—often focused on their interactions with light much
larger than their physical dimensions and the intensely
confined fields they generate.”’ > This property of enhanced
near-field confinement led to the fundamental study of such
modes, detailing analytic field profiles and resonance
conditions.”*~*' More recently, researchers have focused on
another aspect of such structures—angle-insensitive coupling
with incident light.“_44 The origin of this insensitivity has
been rationalized through analysis of the EM field near the
surface, which shows oscillations in charge density near the top
corners of the metallic grooves. These effectively act as
radiating dipoles and function as coupling mechanisms for
incident light into the metal—insulator—metal waveguide. The
excitation of these localized plasmons is highly angle-
insensitive, making the combined slit Fabry—Perot resonator
angle-insensitive as well. Lastly, the resonances of a surface
containing metal—insulator—metal slits or grooves have been
shown to behave as an array of independent subwavelength
resonators. In other words, a surface containing only a singular
slit will also resonant and absorb light based on its optical cross
section. This individual resonator behavior and subwavelength

nature result in a diffraction-less system in which the phase
profile and wavefront of reflected light are uniform and mirror-
like.

The angle-insensitive nature of metal—insulator—metal slits
makes them an interesting candidate for color filter technology,
while their sensitivity to external media may lead to
unique plasmonic displays and devices. The realization of
these structures in the visible regime and over reasonably large
areas has only been recently possible due to advances in
nanofabrication. However, previous demonstrations are of
inverted grooves etched into a dielectric, coated with a
metal and then probed from the substrate.”* Resonators made
this way are unable to be tuned post-fabrication as the regions
of confined fields are inaccessible. Second, these demonstra-
tions use area and time-limited fabrication processes such as
EBL or FIB milling. Here, we demonstrate 8 in. wafer scale
angle-insensitive plasmonic color through optical interference
lithography, in which the resulting resonances can be accessed
and tuned through external media. The ability to tune the
resonators, postfabrication, leverages a key advantage of
plasmonic systems and could lead to dynamic optical
components for displays and sensors. To illustrate this, we
use atomic layer deposition to change the effective refractive
index of the surrounding media to tune resonance location
throughout the entire visible regime. The tunable single
absorption resonance results in the reproduction of the cyan,
yellow, and magenta (CYM) color space. We validate the
system’s angle insensitivity through angle-resolved integrating
sphere measurements and last show the ability to pattern a
single surface with varying thickness of ALD-coated zirconium
oxide (ZrO,) to create patterns, images, and logos.
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Figure 2. Atomic layer deposition dependent structural color. (a) Reflectance spectra of the subwavelength plasmonic system as a function of ZrO,
thickness for light polarized perpendicular to the aluminum wires. Resonances continuously red-shift with increasing thickness. (b) Reflectance
spectra excited with the orthogonal polarization. Spectra largely remains flat and uniform. Line colors are obtianed through the CIE color matching
functions. (c) Microscope images corresponding to the thicknesses and polarizations of (a, b). (d) CIE LAB chromaticity diagram depicting the
color quality of the surfaces as a function of thickness and polarization. Color quality can be compared to that of standard CYM print on

newspaper, ISO 12647-3.

B RESULTS

Aluminum Plasmonic Surface. The plasmonic metal—
insulator—metal surface consists of a 1D aluminum grating
separated from an aluminum mirror by a thin 10 nm SiO,
dielectric spacer. The structure is fabricated by performing
photolithography atop a stack of thick aluminum, 10 nm oxide,
and a 100 nm film of aluminum. The system is then etched to
create deep slits in the top layer of aluminum, where the thin
oxide layer performs as an etch stop. After the etch mask is
removed, the now electrically floating aluminum wires can be
coated and tuned through external media. The structure hosts
a metal—insulator—metal resonance between the gaps of the
aluminum wires which strongly absorbs light at a given
resonant wavelength. This resonant wavelength is dependent
on the Fabry—Perot condition of a vertically propagating
electromagnetic wave within the slot waveguide and is
contingent on the height and width of the aluminum wires
along with the surrounding media’s refractive index. By
depositing a continuous ALD oxide film, the effective refractive
index within the wire grid can be modified, which results in a
continuous tuning of the structure’s resonance wavelength. A
schematic and focused ion beam milled cross section of the
wire grid after being coated with 42 nm of ZrO, are shown in
Figures la and 1b, respectively. The period of the structure is
144 nm, with a width of 80 nm and depth of 100 nm. These
structural dimensions are chosen so that the system supports
resonances in the visible regime when coated with materials of
refractive index between 1.5 and 2. By coating the structure
with thin films of a high index oxide, an effective index of
between the chosen oxide and air is achieved. For this reason,
we chose ZrO, (n ~ 2.15) as our coating oxide though other
high index oxides such as TiO, and HfO, could also be used.
Figure 1c shows three samples with selected ZrO, thicknesses
to obtain yellow (15 nm), magenta (27 nm), and cyan (42
nm). The 1D nature of the wire grid creates a polarization-
dependent resonance which determines the corresponding
reflection spectrum. When imaged through a polarizer
perpendicular to the grating, colors are clearly seen. However,
the orthogonal polarization (parallel to the grating) fails to
couple to the metal—insulator—metal resonance, reflecting a

uniform spectrum of light and producing a mirror-like surface.
Corresponding reflectance measurements of the surfaces are
shown in Figure 1d for light incident perpendicular to the
wires. Line colors are obtained from the CIE chromaticity
functions, and dotted lines indicate a qualitative match to
spectra obtained through FDTD simulations. Adjacent to this,
Figure le depicts the field profile of the electromagnetic field
about the structures at resonance for the respective oxide
thicknesses.
This resonance condition is given simply by

1 1
(— + —m)/l = n4D
4 2

where D is the depth, n is the effective refractive index within
the resonator, A is the resonant wavelength, and m is the order
of the resonance.”” Absorption and standing waves occur
within the grooves analogous to the quarter-wave condition of
Fabry—Perot resonators. However, the system varies slightly
than the case for which this resonance condition was derived
due to the existence of the etch stop layer. This oxide
effectively increases the depth of the resonator as well as
electrically separates the wires from the aluminum mirror.
From the field profiles shown in Figure le, we see this isolation
results in the localization of plasmonic fields on the bottom
corners of the aluminum wires. Because of this, the system
resonances resemble a hybrid between that of a pure metal—
insulator—metal slit waveguide and that of a metal particle
near-field coupled to a mirror. Despite this difference, Figure 1
clearly shows the existence of these resonances and the
structural color that follows.

Color Tuning through Oxide Thickness. To continu-
ously tune the resonances of the aluminum subwavelength
resonators, we coat the structures with a continuous and
conformal layer of zirconium oxide. This is performed through
atomic layer deposition, which allows precise control of the
deposited material thickness. The refractive index and
thickness of a given oxide will depend on deposition conditions
(Supporting Information Figure S1 shows the optical proper-
ties and growth rate of the ALD ZrO,). Figure 2a,b shows the
reflection spectra of the surface as a function of ZrO, thickness
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Figure 3. Angle dependence of the plasmonic surface. Top row depicts the experimentally obtained reflectance spectra of the surface as a function
of angle and ZrO, thickness. The bottom row contains the finite difference time domain simulations of the surface. Experiment and simulation are
both performed for incident light-polarized perpendicular to the aluminum wires and therefore exciting the metal—insulator—metal Fabry—Perot
resonance. Adjacent to each data set is the CIE predicted color given the reflection spectrum of the surface at the respective angle.

and polarization of incident light. A linear relation between
oxide thickness and resonance location is observed up to the
point where the aluminum gap is filled. This occurs when
depositing a thickness roughly half of the aluminum rib gap (in
this case ~32 nm). Line colors are obtained through the CIE
chromaticity matching functions and match closely to camera
images obtained through a microscope with a 10X objective
(Figure 2c) for each of the oxide thicknesses and both
orthogonal polarization states. Lastly, the resulting colors can
be evaluated through the CIE chromaticity diagram in Figure
2d. For comparison, we overlaid the ISO 12647-3 color space
standard for subtractive color printing on newsprint on the
CIE chromaticity diagram. Despite being able to widely tune
and spectrally place the structural resonance, the absorption of
60—70% and the corresponding reflection of ~30% result in
unsaturated pastel-like colors. This deviates from the FDTD
simulations of Figure 1d which predict deeper resonances
approaching 95% absorption. To see the difference in color
this produces, we also plot the CIE coordinates of the
simulated spectra for the yellow, magenta and cyan samples in
Figure 2d. Despite resulting in a wider gamut, the difference
between simulation and experiment on the CIE coordinates is
relatively small given 25% difference in absorption between
simulation and experiment. This highlights the nonlinear
nature of the CIE algorithm and the importance of achieving
near-perfect absorption to realize large subtractive color spaces.
We believe the color performance of both the simulated and
experimental spectra is achievable through further parameter
optimization.

We attribute differences between simulation and exper-
imental spectra to variations in structure parameters and
roughness of the etched aluminum, which can all lead to
increased scattering and a decreased quality factor of the
experimentally fabricated pattern. Slight differences may also
be due to the exposure of the aluminum structure to the
elevated temperature of the reaction chamber. While the
reaction is performed at 150 °C, well below the melting point
of aluminum at 660 °C and eliminating the potential for direct
deformation, the dynamics of the native aluminum oxide layer

do depend on temperature and exhibit several growth modes.*
Below 300 °C, an amorphous layer of oxide forms which is
thickness-limited within the range of 2—5 nm. From this we
hypothesize that the change in native oxide thickness from
room temperature to the reaction temperature would be on the
order of 1—2 nm. Through numerical simulation, this decrease
in aluminum wire size and increase in oxide thickness
correlates to a one-time shift in resonance wavelength between
S and 10 nm.

Angle Dependence. Figure 3 shows the angle-resolved
reflectance spectrum of the three selected CYM samples of
Figure 1. Experimental measurements and simulations both
show relative degrees of angle insensitivity over a 70° span.
The yellow (16 nm), magenta (31 nm), and cyan (40 nm)
samples exhibit a 20, 50, and 65 nm shift in resonance location
across a 70° span. To show the impact of these shifts on the
perceived color of the surface, we provide the CIE predicted
color next to each measurement and simulation. From this we
find that the yellow (16 nm) and magenta (32 nm) samples are
largely color invariant up to 60°—70°, whereas the cyan (40
nm) sample begins to shift from cyan to magenta at ~S0°.
Interestingly, as the viewing angles of the samples increase, so
too does the resonant absorption of the magenta (32 nm) and
cyan (40 nm) samples. This pronounced increase in
absorption greatly increases the color quality produced by
the structure. However, this effect is not observed in the ideal
FDTD simulation case. We interpret this as the resonance
being less sensitive to errors in fabrication for higher angles of
incident light.

Detailed previous studies have found that the choice of
per10d1c1ty 1s vitally important to realize angle-insensitive
absorption.*® Multiple plasmonic modes can exist for a system,
and care must be taken not to excite those dependent on
periodic features. Periodicities above 200 nm exhibit a grating
coupled plasmon resonance and can intersect and interfere
with angle-insensitive metal—insulator—metal Fabry—Perot
resonances. Below 100 nm, however, the desired metal—
insulator—metal resonances are no longer supported. The ideal
periodicity for their specific structure was shown to be ~180
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nm for a surrounding index equivalent to quartz.** Fabrication
constraints have limited us to 144 nm periodicities, but the
above results show that this is still adequate to demonstrate
angle insensitivity up to 70°. Again, we believe it is possible to
improve the color and angle performance of the system
through further parameter optimization.

Image Formation. The proposed plasmonic system and
method by which it is fabricated also holds several key
advantages compared to previous demonstrations. Above, we
have shown how resonances can be controlled through the
deposition of external media, in contrast to the inverted and
inaccessible grooves of previous fabrication methods. The
method used here is also CMOS compatible, which allows
fabrication over large areas compared to electron-beam
lithography or focused-ion-beam approaches. Figure 4a
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Figure 4. Wafer scale production and image formation. (a) Camera
images of an 8 in. diameter wafer supporting the subwavelength
plasmonic structure. The structure is coated with a thin film of oxide
to produce a yellow reflectance when polarized perpendicular to the
aluminum wires and a white mirror reflectance when parallel. (b)
Demonstration of the patterned thickness variations to achieve
polarization sensitive and colored logos. Sample is patterned through
a series of depositions and lift-off procedures.

shows camera images of the plasmonic surface over an 8 in.
wafer for both polarization states. The grating has been coated
with a thin layer of oxide to shift the plasmonic resonance to
450 nm, producing a yellow for one polarization state while
maintaining the white color of a mirror for the corresponding
orthogonal polarization. Lastly, since this color depends on the
thickness of oxide deposited on the uniform gratings, images
and logos can be formed through standard UV lithography and
lift-off techniques. Figure 4b shows the UCF Pegasus logo
patterned through this method. For incident light polarized
parallel to the subwavelength grating, the surface appears in
gray scale. However, perpendicularly polarized light excites the
Fabry—Perot metal—insulator—metal waveguide mode and
results in the desired colored image, where the logo appears in
magenta on a yellow background. Subsequent patterning and
ALD depositions can give images with cyan as well covering
the whole CYM color space.

B DISCUSSION

In summary, we have demonstrated wafer scale, angle-
insensitive plasmonic color in which the resulting resonances
can be accessed and tuned through external media. To
illustrate this, we used atomic layer material deposition of ZrO,
to change the effective refractive index of the surrounding
media and tune the resonance location throughout the entire
visible regime. Tuning of this single absorptive resonance
results in the reproduction of the cyan, yellow, and magenta
(CYM) color space. We quantify the system’s angle
insensitivity through angle-resolved integrating sphere meas-
urements and last show the ability to pattern a single surface
with varying thickness of ALD oxide to create patterns, images,
and logos. These results show the use and commercial scale
production of plasmonic systems for optical components and
the potential for their integration with dynamically tunable
media.

B METHODS

Fabrication of Subwavelength Grating Arrays. Samples are
fabricated on 8 in. diameter Eagle Glass wafers. A 200 nm layer of
aluminum is sputtered on the surface followed by a 10 nm layer of
silicon dioxide. Another aluminum deposition is performed to reach
the desired resonator height, 110 nm. An opcial lithography is
followed with etching of the aluminum ribs using an inductively
coupled reactive ion etcher and the resist etch mask is removed with
oxygen plasma.

Atomic Layer Deposition (ALD). ALD is performed using an
Ultratech Savannah Gen 2 system. Zirconia is deposited using the
tetrakis(dimethylamido)zirconium (TDMAZ) precursor and water.
The reaction chamber is heated to 150 C. TDMAZ is heated to 75 C
and pulsed for 0.15 s with water pulsed for 0.015 s. A relatively long
purge time is used of 45 s for both TDMAZ and water due to the low
process temperatures.

Optical Measurements and Images. Reflection spectra are
collected using a 4X, 0.07 numerical aperture objective on an optical
microscope coupled to a spectrometer (HR2000+, Ocean Optics).
Reflection spectra are normalized to an aluminum mirror with 96%
reflectivity and a linear polarizer. Images are collected using the same
optical microscope with an Infinity 2-S camera.

Finite Difference Time Domain Modeling. Reflection spectra
are calculated using FIB obtained parameters with commercial finite-
difference time-domain (FDTD) software package (Lumerical FDTD,
Lumerical Solutions Inc.). The wavelength-dependent refractive index
of aluminum is taken from Palik and the dispersion of ZrO, is
obtained through ellipsometry, as shown in Figure S1.
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