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color metasurfaces fabricated by
super resolution deep UV lithography†

Matthias Keil,a Alexandre Emmanuel Wetzel,a Kaiyu Wu,bc Elena Khomtchenko,a

Jitka Urbankova,a Anja Boisen,b Tomas Rindzevicius,b Ada-Ioana Bunea a

and Rafael J. Taboryski *a

In this paper, we demonstrate plasmonic color metasurfaces as large as �60 cm2 fabricated by deep UV

projection lithography employing an innovative combination of resolution enhancement techniques.

Briefly, in addition to the established off-axis dipole illumination, double- and cross-exposure resolution

enhancement of lithography, we introduce a novel element, the inclusion of transparent assist features

to the mask layout. With this approach, we demonstrate the fabrication of relief arrays having critical

dimensions such as 159 nm nanopillars or 210 nm nanoholes with 300 nm pitches, which is near the

theoretical resolution limit expressed by the Rayleigh criterion for the 248 nm lithography tool used in

this work. The type of surface structure, i.e. nanopillar or nanohole, and their diameters can be tailored

simply by changing the width of the assist features included in the mask layout. By coating the obtained

nanopatterns with thin layers of either Au or Al, we observe color spectra originating from the

phenomenon known as localized surface plasmon resonance (LSPR). We demonstrate the generation of

color palettes representing a broad spectral range of colors, and we employ finite element modelling to

corroborate the measured LSPR fingerprint spectra. Most importantly, the �60 cm2 nanostructure arrays

can be written in only a few minutes, which is a tremendous improvement compared to the more

established techniques employed for fabricating similar structures.
Introduction

When light interacts with dielectric materials containing
embedded metallic nanoparticles, the particles behave like
nano-resonators, resulting in the excitation of coherent and
collective conduction-electron-density oscillations in the metal.
These oscillations are called surface plasmons1–3 and can greatly
enhance various light–matter interactions due to their ability to
conne the electrical eld at dimensions much smaller than the
wavelength of the incident light. Surface plasmon effects are
widely used in biosensing, as recently reviewed elsewhere.4

Other applications include photocatalysis,5 heat generation,6

photoacoustic imaging,7 and the generation of structural
colors,8 which is of particular interest for this paper.
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Surface plasmons have been exploited since ancient times to
produce the vivid colors observed in stained glass fabricated
using metallic powders. However, many centuries passed before
the underlying phenomena involved in creating the beautiful
colors was identied as localized surface plasmon resonance
(LSPR) in metallic nanoparticles.9 The color effects can be
explained by the dissipative nature of the electron density
oscillations, where the oscillation modes are excited by specic
wavelengths of light, and give rise to extinction of the corre-
sponding colors in the reectance and transmittance spectra.2

The eld of plasmonic structural colors is rapidly growing, and
a more detailed description of color mapping and other recent
advances was reviewed by Song et al.8 Typically, plasmonic color
effects associated with metal nanoparticles are volume effects,
where the colors are dened by the size and shape of the
metallic nanoparticles, and the dielectric properties of the
surrounding media.1 When it comes to surfaces, plasmonic
colors are predominantly demonstrated with regular arrays of
nanofabricated metallic structures,10–17 and there is signicant
interest in literature for the large scale fabrication of plasmonic
color lters.18–21

Plasmonic color effects are only observed for metallic
nanosized structures smaller than the excitation wavelength for
LSPR, which is why such features are referred to as “sub-wave-
length” structures.22,23 Hence, plasmonic color generation on
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Examples of strategies for fabricating large nanostructure arrays (>1 cm2) with potential for producingmasters for large scale replication
by e.g. nanoimprint lithography or roll-to-roll processes

This work Telecka et al.41 Cataldo et al.42 Xia et al.44

Nanopattern
fabrication technique

Projection photolithography
+ RET combination

Block copolymer lithography
(with reactive ion etching)

Colloidal lithography (with
O2 plasma etching)

Interferometric lithography

Resolution 90 nm wall thickness,
159 nm pillars, 210 nm holes

Pitch � 72 nm �100 nm (authors claim 50
nm)

48–91 nm (14 of laser
wavelength), 33 nm with
water immersion

Patterns Pillars or holes Holes or dots (pillars) Split ring resonators Various periodic patterns
Pattern size 80 � 72 mm2 (�60 cm2)

written in a few minutes, 22
� 22 mm2 for single
exposure

100 mm wafer 1 cm2, limited by the
homogeneous PMMA area
fabricated using spin-
coating

1 cm2 or more
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solid surfaces requires the critical dimensions (CD) of the
metallic nanostructures to be smaller than roughly half the
excitation wavelength, i.e. effectively below �200 nm.17,24,25 This
requirement severely limits the applicability of most litho-
graphic techniques for fabrication of plasmonic metasurfaces.
Instead, most studies are carried out using electron beam
lithography to dene the structures.11,12,26–31 Although electron
beam lithography is indeed suitable in terms of the required
resolution, as it can easily produce structures with CD below
200 nm, the throughput of the technique is extremely low.
Therefore, a different approach is required for producing large
area plasmonic color surfaces. Although replication roadmaps
by use of nanoimprint lithography11,12 and roll-to-roll processes
exist,14,32,33 large area master origination methods for the
fabrication of plasmonic metasurfaces have not yet been
demonstrated. When looking into the nanofabrication
toolbox,34 a number of bottom-up methodologies35 such as
block-copolymer nanolithography,36–41 and colloidal lithog-
raphy42,43 may offer promising roadmaps for origination of large
area plasmonic surfaces. In addition, depending on the light
source used, interferometric lithography may also be a suitable
candidate for the fabrication of large area nanoscale patterns,
but this technique usually requires complicated custom made
setups.44

Amore direct route is to employ projection photolithography
tools similar to the ones used by the semiconductor industry for
the fabrication of computer chips.45–47 These tools range from
standard I-line photolithography using 365 nm mercury arc
lamps with resolution down to 350 nm to extreme UV (EUV)
using a 13.5 nm Sn laser-produced plasma light sources
featuring sub 20 nm resolution.48 EUV tools are however not
available for academic research for the time being, and I-line
lithography is not capable of producing structures with CD
below 200 nm. To improve resolution, i.e. to decrease the
feature sizes and pitches of printed patterns with acceptable
tolerances, numerous resolution enhancement techniques
(RET) have been introduced over the last decades in projection
lithography. The range of applied RET comprise optical prox-
imity corrections, such as the use of sheriff and assist features,
lithography-based/etch-based double patterning, cross expo-
sure, source mask optimization, and the application of alter-
nating phase-shi masks and off-axis illumination.47,49–51 In the
© 2021 The Author(s). Published by the Royal Society of Chemistry
case of periodic patterns with pitches at the resolution limit, off-
axis illumination (OAI) is the preferred RET for maximizing
resolution. Hence, with OAI using e.g. a dipole source, pattern
denition can be obtained with a line-grating mask theoreti-
cally having a pitch down to half the one obtained with center-
axis illumination for the same tool.

In this paper, we demonstrate the fabrication of large area
plasmonic surfaces by employing a innovative RET combination
on a direct projection lithography deep UV (DUV) stepper tool
from the ‘90s. Briey, we supplement some of the already
mentioned RETs of dipole OAI and cross exposure, with a novel
approach of altering the linewidths by adding transparent assist
feature (AF) lines to the mask layout. This process enables
fabrication of hole and pillar patterns with different CD without
changing the exposure dose and focus, and the smallest feature
size generated is �100 nm. The combined RET is a pure expo-
sure process, thus no post exposure processes (e.g. post expo-
sure bake or etching) are applied between the different exposure
steps, which renders complicated alignment procedures
unnecessary. Table 1 shows a brief comparison between this
approach and other nanopatterning methods that show
promise as large area master origination methods because of
their ability to produce nanostructured patterns larger than 1
cm2.

Using the innovative RET combination for the deep UV
lithography process, we demonstrate super-resolution fabrica-
tion of a color palette of structural colors, including blue, green,
and red shades, merely by changing the linewidth of the AF
lines on the mask. This approach allows us to exploit the DUV
stepper technology for the fabrication of large area plasmonic
metasurfaces, i.e. covering most of a 150 mm wafer.
Materials and methods
Plasmonic metasurface fabrication

Projection lithography was carried out with a Canon FPA-
3000EX4 stepper tool having a projection lens' NA of 0.6 with
reduction factor of 5. The tool is tted with a 248 nm KrF
Excimer laser Cymer/ELS-5300 (output 10 W, pulse frequency 1
kHz, intensity 3300 W m�2). The specied general resolution is
250 nm, independent from the type of pattern. The maximum
print area of one single exposure is 22 � 22 mm2. Grating
Nanoscale Adv., 2021, 3, 2236–2244 | 2237
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patterns with larger sizes are produced by stitching together
single exposure areas.

The material stack consisted of a 360 nm thick layer of
a positive tone resist (KRF-M230Y from JSR) on a 65 nm thick
bottom anti-reective coating (BARC, DUV-42s from Brewer
Science), both spin coated onto 150 mm double side polished
silicon wafers. A source stopper plate tted with two off-axis
symmetrical apertures was employed as dipole illumination
source with sC ¼ 0.6 and sR ¼ 0.2. The exposure sequence
consisted of 4 sequential exposure steps. Aer the rst exposure
step, the wafer was translated along the x-axis by a half-pitch.
Aer the second step, both the illumination source and the
mask containing the assist features were rotated by 90�. Aer
the third step, the wafer was translated along the y-axis by a half-
pitch. Aer the exposure sequence, a post exposure bake (60 s;
130 �C) step was included, and nally the structures were
developed (60 s in AZ 726MIF Developer fromMicroChemicals).
The nal height of the resulting nanoholes and nanopillar
structures was �330 nm.

10 nm thick lms of either Al or Au were deposited onto the
samples by directional electron-beam evaporation using the
evaporator tools Temescal FC-2000 (Ferrotec) or QCL 800
(Wordentec). In all cases, the base pressure directly before
metal deposition was lower than 10�6 Torr and the deposition
rate was 2 Å s�1.

Resolution enhancement simulations

Aerial image simulations of the projection lithography process
were carried out with the Prolith™ soware provided by KLA-
Tencor. The theoretical investigations were focused on the
formation of the aerial image and of the optical image inside
the resist layer. The values for the real and imaginary part of the
refractive indices of the employed materials (resist, BARC and
silicon wafer) were provided by JSR Corporation and KLA-
Tencor.

Scanning electron microscopy

Samples were characterized by scanning electron microscopy
(SEM) using a Zeiss Supra 40VP. For the investigation of
metallized and non-metallized resist samples, the electron
accelerating voltage (EHT) was 1.5 kV and an Everhart–Thornley
secondary electron detector was used to collect the scattered
electrons from the surface.

Optical reectance measurements

The samples' reectance spectra were measured using the
optical setup shown in Fig. S1.† A broadband halogen light
source (Euromex LE.5210) was used to illuminate the sample
along with lenses L1 (f ¼ 100 mm) and L2 (f ¼ 50 mm). A 50 : 50
beamsplitter (Thorlabs CM1-BS013) was placed in the beam
path to retrieve the reected light from the sample, and lens L3
(f ¼ 36.01 mm) transferred the reected light to a multimode
ber connected to a spectrometer (Ocean Optics USB2000+VIS-
NIR-ES). Our measurements were made at normal incidence
and used a collection angle of 28.5�. We rst measured the
spectrum of a reference sample, i.e. a silicon wafer with
2238 | Nanoscale Adv., 2021, 3, 2236–2244
a 120 nm Al layer, before acquiring spectra for our samples. The
silicon wafer coated with a 120 nm thick Al layer approximates
a perfect mirror in the visible light range. The reectance of
each sample was then calculated as the ratio between the
sample spectrum and reference spectrum. Furthermore, we
retrieved the RGB as well as the XY CIE color coordinates from
the measured reectance spectra using the CIE RGB color
matching functions.52

Electromagnetic eld simulations

Three-dimensional nite element method (FEM) simulations
were performed using COMSOL MULTIPHYSICS version 5.5. A
domain-backed port, located at the top of the solution domain,
was used to excite the linearly polarized incident electromag-
netic eld. A perfectly matched layer (PML) was employed to
eliminate nonphysical reections. Scattering boundary condi-
tions were employed on the top and bottom boundaries of the
PML layer to further reduce reection. For the side planes of the
solution domain, Floquet periodicities were used. The geometry
of the simulated structures was modeled according to the SEM
images. Materials were modeled by their complex refractive
indexes as functions of the wavelength. Complex refractive
indexes of Au and Al used in the models were measured on
a 120 nm thick Au lm and a 120 nm thick Al lm, respectively.
The structures were surrounded by vacuum. The electromag-
netic eld distribution was calculated by solving the full eld.
The reectance was calculated by R ¼ (I0 � hSni)/I0, where I0 is
the intensity of the incident light and Sn is the Poynting vector
in the incident medium perpendicular to the structural surface.
Linear treatments were applied to the simulated spectra to
improve clarity.

Results & discussion

For the DUV stepper tool, the resolution limit for periodic
patterns is usually expressed in terms of the Rayleigh criterion
that dene the best obtainable resolution for an optical system
as

R ¼ P

2
Tk1

l

NA
(1)

where P is the pitch of a periodic pattern, l is the wavelength,
NA is the numerical aperture of the projection lens, and k1 is
referred to as the process k1-factor.48

Without RET, the 248 nm DUV stepper tool typically yields
CD T 250 nm for NA ¼ 0.6 corresponding to k1 � 0.6. Super
resolution is obtained by reduction of the k1-factor in the Ray-
leigh criterion (eqn (1)) towards its theoretical limit of 0.25, and
OAI is the best RET option.53,54 With OAI using e.g. a dipole
source, pattern denition can be obtained with a line-grating
mask theoretically having a pitch down to half the one ob-
tained with center-axis illumination for the same tool. However,
lens aberration effects, wafer roughness, and nite resist
thickness make it practically impossible to reach the theoretical
resolution limit. Here, we report a novel RET approach based on
OAI double exposure and cross exposure, supplemented by the
inclusion of transparent assist feature (AF) lines of various
© 2021 The Author(s). Published by the Royal Society of Chemistry
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widths to the mask layout. With this approach, we obtain k1 �
0.38, which is comparable to state-of-the-art in the semi-
conductor industry using this kind of DUV stepper tool.53

In Fig. 1, we show an overview of the process and two
examples of printed plasmonic metasurfaces. Fig. 1a shows
a schematic of the beam traced through the optics of the DUV
tool used in this study. If the on-axis illumination source is
replaced by a dipole source (two symmetrically placed sources
in off-axis position), the �1st diffraction order of the beam
illuminating the mask from its right side and the +1st order
illuminating from the le will fall outside of the lens pupil.
However, the 0th, +1st and�1st orders will pass through the lens
symmetrically and form an image. In terms of Fourier optics,
this corresponds to keeping +1st and �1st order spatial
frequency Fourier terms to represent the periodic pattern
whereas the 0th order yields a non-diffractive bias. The exposure
sequence is shown in Fig. 1b. The rst and second exposures are
done with the same dipole illumination but with a half pitch
wafer translation along the x-axis. Then both the illumination
source and the mask are rotated by 90� before the third expo-
sure. For the fourth and last exposure, the wafer is again moved
Fig. 1 (a) Schematic of the beam trace through the DUV stepper tool. sC i
two apertures on the source – corresponding to the angle of incidence o
source apertures corresponding to a cone angle of incidence on the mas
and�1st diffraction order cones of light from the mask grating passing the
reduction factor of the projection lens. In this work, the reduction facto
apertures constitutes the dipole illumination source with sC ¼ 0.6 and
through a half pitch distance along the x-axis before the cross exposure i
fourth and final exposure is done after yet another wafer translation by a
and the transparent spacer lines are kept constant at 600 nm, and 150 nm
of 10 nmbetween 100 nm and 150 nm. Due to the 5� lens reduction all di
scanning electronmicroscope (SEM) images of developed resist patterns
with varied AF widths. This particular exposure results in holes with diam
extreme values of AF widths, i.e. AF ¼ 100 nm and AF ¼ 150 nm, respe
surfaces after directional coating of the developed structure patterns with
computed RGB color coordinates extracted from measured reflectance

© 2021 The Author(s). Published by the Royal Society of Chemistry
by half a pitch length, but now along the y-direction. The pitch
and space width of the line-grating are kept at 600 nm and
150 nm respectively, but transparent AF lines ranging from 100
to 150 nm (in steps of 10 nm) are added to the mask layout (see
also ESI, Fig. S2†). In Fig. 1c, we show the resulting resist
patterns aer post-exposure bake and development. We see that
in this example, we obtain holes with diameters of �210 nm
and pillars with diameters of �159 nm for the two extreme
values of AF widths, 100 nm and 150 nm respectively, arranged
in a 2-dimensional 300 nm pitch array. Aer directional coating
of the developed resist patterns with 10 nm thick Al or Au,
plasmonic metasurfaces are formed, and plasmonic color
generation is readily observed. This is shown in the colored
inserts of the scanning electron micrographs. The shown colors
are obtained from computed RGB color coordinates, which in
turn are extracted from measured reectance spectra. See also
ESI, Fig. S3† for the full AF range.

In order to determine the exposure conditions required to
obtain a given resist relief, we simulated cross-exposure
processes with different illumination source shapes to obtain
aerial images corresponding to hole and pillar patterns with
s the off-center coherence factor–which describes the position of the
n the mask (reticle) of q0C whereas sR is the finite radius of the circular
k (reticle) of q0R. The dipole illumination results in symmetrical 0th, +1st

projection lens pupil, before it is projected onto the wafer through the
r is 5. (b) A source stopper plate fitted with two off-axis symmetrical
sR ¼ 0.2. The second exposure is done after translation of the wafer
s carried out after rotation of both the mask and the stopper plate. The
half pitch, this time along the y-direction. While the pitch on the mask
respectively, the transparent assist feature (AF) lines are varied in steps

mensions of the patterns on themask are 5� larger (c) Two examples of
that have undergone the dipole illumination and double/cross exposure
eters of �210 nm and pillars with diameters of �159 nm, for the two
ctively. The insets show plasmonic color generation from the printed
10 nm thick Al or Au respectively. The color patches are obtained from
spectra.

Nanoscale Adv., 2021, 3, 2236–2244 | 2239
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quadratic symmetry and pitches of 300 nm (see ESI, Fig. S4†).
An aerial image represents the optical image of the mask
pattern, projected onto the image plane of the projection lens.48

Because the image is formed in air and not in a resist, the
performance of the illumination tool can be simulated inde-
pendently from both resist properties and subsequent post
processes, i.e. post-exposure bake and development. The aerial
image contrast (AIC, eqn (2)) and the normalized image log-
slope (NILS, eqn (3)) were used as metrics to quantify the
optical performance for the different single and cross-exposure
processes:

AIC ¼ Imax � Imin

Imax þ Imin

; (2)

and,

NILS ¼ w
vlnðIÞ
vx

: (3)

AIC describes the degree of modulation in the aerial image
having a maximum of 1. Here Imax and Imin are the maximum
and minimum normalized light intensities. NILS is the slope of
the normalized natural logarithm of the aerial image intensity
function I at the edges of the target CD, whereas w is the target
width. NILS is a metric for the edge denition. AIC and NILS
were determined both in focus and in defocus positions to
Fig. 2 (a) Schematic of the metalized resist structures. For AF ¼ 100 nm
while for AF ¼ 150 nm, the exposure yields a pillar array after developm
reflective coating (BARC). (b) Color palette obtained after metallization w
sizes from AF¼ 100 nm to AF¼ 150 nm varied in 10 nm steps, and focus o
the exposure projection lens in 0.1 mm steps. The best focus exposures
represent computed RGB color coordinates extracted from measured
exposure, development and coating with 10 nm Au (top) and 10 nm Al (bo
100 nm (lowest plot) to AF ¼ 150 nm (highest plot) in steps of 10 nm. Eac
(baseline is the AF ¼ 100 nm plot). (d) Finite element simulated reflectan

2240 | Nanoscale Adv., 2021, 3, 2236–2244
estimate the focus range inside the nite resist thickness. The
simulations revealed that dipole illumination with double line
cross exposure (DLCE) and application of the AF generally yields
the highest values of NILS and AIC, when compared to other
exposure modes of the stepper (see ESI, Fig. S5†). Here, “double
line” refers to using a double linewidth of the opaque bands on
the mask pattern (see Fig. 1b). This results in a mask pitch that
is twice as large as the target pattern pitch, as e.g. the 600 nm
pitch referred to in Fig. 1b yields a structure pitch of 300 nm
when employing DLCE (see also ESI, Fig. S2†). The assist
features in the DLCE process are transparent bands. Thus,
a larger AF width adds more light in the image plane and
increases the intensity of the areal image. This in turn decreases
the pillar width in the real exposure. On the other hand, when
the widths of the AF are increased, a lower dose is required to
print a particular pattern with the same dimensions. However,
simulations of NILS and AIC show that the width of the AF does
not affect the quality of the areal image. This is shown in ESI,
Fig. S5,† a category plot, which compares simulations of NILS
and AIC for exposures with different assist feature sizes and
source shapes. We see that, while dipole illumination is not
benecial for large pitches, the introduction of AF improves
dipole illumination with respect to the other illumination
modes. It is remarkable that the width of the AF does not affect
the areal image parameters signicantly. On the other hand,
compared to the results of the cross-exposure process (Fig. S4
, the exposure yields an array of holes in the resist after development,
ent. The substrate consists of a Si wafer coated with a bottom anti-
ith 10 nm of Au (top) or Al (bottom) after exposure using assist feature
ffsets varied from�0.4 mm to +0.4 mm in relation to the focus plane of
corresponding to a focus-offset of 0 mm are marked. Color patches

reflectance spectra. (c) Reflectance spectra obtained after best focus
ttom). Plots corresponding to the variation of assist features, from AF¼
h plot is offset by 0.1 along the y-axis from the previous plot for clarity
ce spectra corresponding to the measured data shown in panel (c).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and S5†) single exposure processes with similar source shapes
are characterized by much lower NILS and AIC values (not
shown here).

In Fig. 2, we document the plasmonic color generation from
the fabricated surfaces coated with thin metal layers (10 nm of
Au or Al). The colors of the metallized resist patterns are shown
in the form of color palettes (Fig. 2b). By varying the widths of
AF on the mask, we see a transition from hole-arrays to pillar-
arrays in the resist aer development (see also ESI, Fig. S3†).
Apart from the widths of AF, this transition depends on the
focus offsets employed during exposure. The color palettes ob-
tained with different focus offsets are included to demonstrate
the color stability upon focus variations that could occur during
the exposure process due to e.g. wafer roughness, lens aberra-
tions and inhomogeneous focus offsets at different exposure
positions on the wafer. The 0 mm defocus is related to the “best
focus”, i.e. a focal point in the resist at a position approximately
a third of the resist thickness below the surface of the resist. For
a dose of 65 J m�2, employed for the structures shown in Fig. 1c
and 2, this transition happens at AF ¼ 120 nm, so that assist
features below 120 nm yield hole array surfaces, whereas assist
features widths of 120 nm and above yield pillar array surfaces.
Whilst a defocus smaller than 0.2 mmhas very little inuence on
the observed plasmonic color generation, a defocus of 0.2–0.4
mm has a more noticeable effect.

In order to ensure that colors do not depend on the light
source used, we obtain the colors in Fig. 2b in the form of RGB
color coordinates from the measured reectance spectra that
are normalized with the spectrum from the light source. The
ESI† shows the CIE diagrams with the measured colors in
Fig. S6,† and the RGB color coordinates corresponding to the
palettes displayed in Fig. 2c in Table S1.† We see that whereas
we do not obtain pure primary red, green and blue colors, we
obtain mixed colors where one primary value typically domi-
nate. For metallization of the resist structures with 10 nm Al, we
see a dominant peak in the reectance spectrum developing
from the green part of the spectrum around 500 nm, when AF
widths are increased from 100 nm to 150 nm. Hence, for the
bright green color, obtained with Al coating of the developed
Fig. 3 CIE diagrams for the Al metasurfaces obtained with linear polariz
structure array.

© 2021 The Author(s). Published by the Royal Society of Chemistry
resist (at 0 mm defocus) with AF ¼ 100 nm, we get (RGB) ¼ (0,
0.616, 0.467), whereas the corresponding most blue color for AF
¼ 130 nm yields (RGB) ¼ (0, 0.314, 0.470), and for the most red
color for AF ¼ 150 nm we have (RGB) ¼ (0.387, 0.101, 0.230).
Whereas the Al metallization exhibits the most pure green
colors, metallization with Au yield the most pronounced red
colors with e.g. AF ¼ 140 nm yielding (RGB) ¼ (0.542, 0.368,
0.228) for in focus exposure. The Au coated samples however
also tend to have high contents of green, resulting in brownish
shades.

It can be seen from Fig. 2d that (i) for the Au structures, the
simulated reectance spectra agree well with those obtained
experimentally. (ii) For the Al structures, the simulated reec-
tance spectra have similar spectral ngerprints compared to the
measured ones, but there is a red shi of�60 nm. This red shi
may be caused by a difference between the complex refractive
index values as a function of wavelength for Al used in the
simulation and that of the real structures, which could be
attributed to the thickness of Al used in this study. The inu-
ence of the metal layer thickness on the refractive index has
previously been measured for Au and Ag.55 A similar behavior is
expected for thin Al layers, but, to the best of our knowledge, the
complex refractive index of 10 nm thick Al layers cannot be
found in literature. In addition to the thickness-related refrac-
tive index issue, minor differences between the simulated and
the measured reectance spectra may appear due to the
following factors: (i) in the simulation, the geometry of the
structures is identical in every period. However, structural
variations across periods may exist in the real structures. (ii) In
the simulation, the nanopillars and the nanoholes are perfect
cylinders, which is slightly different from the real structures.
(iii) In the simulation, all reected and scattered light
contribute to the reectance, while only a portion of the scat-
tered light contributes to the measured reectance spectra due
to the collection angle limitation in the optical reectance
measurement setup.

We also investigated the inuence of different linear polar-
izations at normal incidence on the plasmonic color generation
for Al coated structures. The results are shown in Fig. 3. The
ations of (a) 0�, (b) 45�, and (c) 90� measured relatively to the surface

Nanoscale Adv., 2021, 3, 2236–2244 | 2241
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color response was measured experimentally for linear polari-
zations oriented at angles of 0�, 45� and 90� relative to the
structure arrays, and the corresponding CIE diagrams are
shown. We determined that the inuence of the linear polari-
zation rotation is very limited, especially for the features printed
with a focus offset of 0 mm. Furthermore, the nite element
model simulations shown in Fig. S7† conrm that the lter
properties of the Au metasurfaces at normal incidence also are
nearly independent of the linear polarization direction. This is
attributed to: (i) the symmetry of the structure, resulting in the
same LSPR mode being excited for a single unit structure under
different linear polarization directions. (ii) The relatively large
pitch of 300 nm, with which the LSPR couplings among the
periods become negligible. This is also reected in the eld
distribution in Fig. S7† by the very weak eld enhancement near
adjacent periods.

The similar spectral ngerprints of the simulated and the
measured reectance spectra validate our understanding of the
localized surface plasmon resonance (LSPR) modes of the
fabricated structures. To demonstrate, Fig. 4 shows the calcu-
lated cross-sectional distributions of the electric eld
enhancement, for one period of Au nanopillar (AF ¼ 150 nm)
and Au nanohole (AF¼ 100 nm) arrays at excitation wavelengths
corresponding to the reectance maxima and minima in the
simulated spectra shown in Fig. 2d. It can be seen from Fig. 4
that the main LSPR mode for the Au nanopillar and the Au
nanohole array, is the Au nanodisc and the Au nanohole mode,
respectively.12 The experimental measurements and
Fig. 4 Simulated cross-sectional distributions of the electric field enhanc
Au nanohole array (AF ¼ 100 nm) for excitation wavelengths correspond
shown in Fig. 2d.

Fig. 5 Photographs of large area plasmonic color surfaces taken outdoo
cm2) and are printed on 150 mm silicon wafers. The AF width and meta

2242 | Nanoscale Adv., 2021, 3, 2236–2244
simulations described herein are for normal incidence. It is
likely that non-normal incidence angles would introduce addi-
tional LSPRs oscillating perpendicular to the structural surface
and could result in differences in the observed plasmonic color
generation. However, this was not investigated as part of the
current study.

Combining the eld distributions shown in Fig. 4 with the
simulated reectance spectra from Fig. 2d, it can be concluded
that the LSPR wavelengths result in the reectance minima, and
that the LSPR wavelengths can be tuned by altering the struc-
tural feature size. In addition, Fig. 4 reveals that the strengths of
the LSPR relate to the interference between the incident and the
reected light. Resonances are achieved when the Au nanodiscs
(AF¼ 150 nm) and the Au nanoholes (AF¼ 100 nm) are near the
constructive interference patterns of the excitation elds. This
means that by changing the aspect ratio of the structures,
further tuning of the reectance, i.e., color, could be achieved.

Kumar et al. reported a pixel size as small as 250 nm, i.e.
close to the diffraction limit of optical microscopy.11 However,
such small pixel sizes are not needed for color generation.
Fig. S3† contains SEM images showing resist patterns for
different hole and pillar arrays with different critical dimen-
sions, which are used in the fabrication of plasmonic color
arrays. The pitch of the structures – in horizontal and vertical
direction – is 300 nm (see Fig. S2†). With an optical microscope
having its resolution in the micrometer range, an array con-
taining at least 10 structures in each direction (or approx. 3 � 3
mm2) is needed to observe a distinct color reection. Hence, the
ement for one period of the (a) Au nanopillar array (AF¼ 150 nm) and (b)
ing to the reflectance maxima and minima from the simulated spectra

rs, in natural light. The patterned surface areas are 80 � 72 mm2 (�60
l coating layer is specified on each individual image.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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proposed technology will allow in excess of 71 million pixels per
square inch and 6 colors. There is also an issue regarding
alignment accuracy: In one pixel eld the maximum alignment
offset between the rst two exposures and the two exposures
with the 90� rotated reticle is �60 nm. Inside the individual
color pixel this misalignment does not affect the efficiency of
the array, however on the edges between different pixels there
will be a region of maximum 60 nm with color blur. This is,
however, not observable in an optical microscope. In addition,
printing multicolor high resolution images over entire wafers
with the technique presented here will be possible, but will
require a computer algorithm to design the two reticles.
Conclusions

Using an intelligent combination of resolution enhancement
techniques, specically off-axis illumination double exposure
and cross exposure supplemented by the inclusion of trans-
parent assist feature lines to the mask layout, we were able to
exploit a deep UV stepper tool for the fabrication of large area
plasmonic metasurfaces displaying structural colors aer
metallization. Fig. 5 shows examples of colored patterns
produced on 150 mm silicon wafers using different AF sizes and
either Au or Al for metallization. The colored patterns shown are
around 60 cm2 large and can be printed in few minutes. In
addition, in Fig. S8† we show a three-color checkered print
comprised of 20 � 20 elds, each 22 � 22 mm2, also on almost
an entire 150 mm wafer. This is a tremendous achievement in
comparison to the standard approach of using electron beam
lithography, where such patterns have never been demon-
strated as it would take about 40–60 hours for a single wafer,
even if employing an optimized high-speed single spot writing
mode.14,56

Whereas primary colors were not demonstrated in this
paper, it is worth noting that a number of factors inuence the
reectance and therefore the color appearance, such as the sizes
of the AF employed and the metal chosen for coating.
Furthermore, simulation results indicate that further tuning
can be achieved by altering the aspect ratio of the structures.
Overall, our approach shows excellent exibility in terms of
selecting the color appearance for relatively large plasmonic
metasurfaces.
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