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1. Introduction

Producing colors with colorless metals such as silver or alumi-
num is a fascinating application of plasmonic systems.[1–6]

Such systems can be as simple as a single metal particle, where
material, size, shape, and refractive index of the surrounding
medium determine the color impression of the particle.[7–11]

Indeed, all these parameters influence the absorption amplitude
and the wavelength of the localized plasmon resonance within the
particle.[12,13] On the other hand, one can also use a system sup-
porting propagating surface plasmon-polaritons or in short surface
plasmons.[14–16] These systems are often periodic at a length scale

below the wavelength of visible light and
have been optimized for color generation in
transmission[17–19] as well as reflection,[20,21]

where recently polarization-tunable colors
were demonstrated.[22,23] In that case of peri-
odic systems, the color is mainly deter-
mined by the material, periodicity, shape,
and the refractive index of the surrounding
medium.[24] The color generation of plas-
monic systems is based on absorption due
to the excitation of surface plasmons and
not on an interference-based effect, where
the periodicity determines the wavelengths
which can excite surface plasmons.[14]

In this article, we generate vivid colors
by strongly enhanced absorption of dye lac-
quers applied conformally on square
crossed metallic grating surfaces with iden-
tical periodicity in both dimensions.[25]

Unlike previously published works, we
focus here not only on the generation of
color by the grating itself,[20,21] but explore
its possible interactions with a dye lacquer
to strongly enhance the dye absorption.

Instead of the conventional approach that consists in embedding
a plasmonic system in a nonabsorbing dielectric medium,[1,20]

we apply a partially absorbing dye lacquer conformally and in
direct contact to the grating surface.

This idea is inspired by works of others, who measured a sig-
nificant fluorescence emission enhancement for molecules placed
at well-defined distances atop a metallic grating.[26,27] This concept
was also used for light extraction to improve the efficiency of a
light-emitting diode.[28] Instead of fluorescence emission, we focus
here on the enhanced absorption of submicrometer thick (semi-)
transparent dye lacquers applied conformally to metallic crossed
gratings. Rather than varying the distance of the absorbingmaterial
to the metal surface, we vary the thickness and extinction coeffi-
cient κ of these lacquers. This detailed study reveals the mecha-
nisms of enhancing absorption within the dye lacquer. The
findings are not limited to color generation and may find applica-
tions in other fields, such as solar cell absorption improvement,[29]

Raman spectroscopy,[30] or highly sensitive sensing applications.[31]

2. Results and Discussion

2.1. Measurement and Simulation of Gratings Self-Color

A crossed grating is typically manufactured in photoresist by two-
beam laser interference.[32,33] The photoresist plate is exposed twice
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The visual appearance of any colorized object is usually determined by the spectral
absorption of either pigments or dyes. One can however also colorize objects with
structural colors that typically have an iridescent appearance, as seen on many
beetles. The former colorization mechanism is based on the chemical absorption of
the used pigments or dye, while the latter mechanism exploits optical/physical
effects such as interference, diffraction, or scattering. Both mechanisms are usually
engineered separately and by different specialists. Actually, they can be combined
synergistically and it is shown that absorption of three different dye lacquers is
significantly enhanced when applied on a corrugated metal surface. Inspired by
works on emission enhancement for molecules on top of grating surfaces, these
dye lacquers are applied conformally on metallic crossed gratings. We vary
thickness and extinction coefficient of the dye lacquers and find that absorption can
be enhanced locally by more than a factor of 20. Simulations reveal the underlying
mechanisms of this enhancement and the huge color gamut that can be realized by
combining otherwise colorless dye lacquers with a corrugated surface is revealed.
This approach has potential for applications in sensing with focus on visual
inspection like the pregnancy test.
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with a standing wave pattern in the form of a linear sinusoidal grat-
ing. Rotating the plate by 90� between the two consecutive expo-
sure steps with identical doses, a square crossed grating with a
period of 300 nm in both directions is exposed in the photoresist
on 6 00-plates (152.4� 152.4mm2).[34] Developing the plate, trans-
forms the exposed image in a surface relief grating, which is then
copied by electroforming in nickel and grating areas of about
100� 100mm2 are useable for experiments as described below.[35]

Initial experiments showed that embedding the so-formed
crossed metallic grating in a dielectric medium with a refractive
index n of about 1.5 changes the color in direct reflection dramat-
ically. The color is not a result of interference-based or diffractive
effects as it is the case, e.g., in gratings with periods larger than
the wavelength of light. The latter gratings diffract most of the
incident light to first or higher orders. As a result, the color in
direct reflection consists of all incident wavelengths minus the
wavelengths that are diffracted to first and higher orders.[36]

The physical mechanism behind our plasmonic system is funda-
mentally different as discussed below.

The insets in Figure 1a show that the color changes from light
brown to dark brown for a positive grating profile and to violet for
a negative profile upon embedding. The structure depth is iden-
tical for both grating profiles, but the color is not, which already
indicates the crucial role of the profile shape. The negative profile

is a galvanic copy of the gratings initial positive profile in photo-
resist. Both orientations are visualized in Figure 1b,c, where
scanning electron microscope (SEM) images of the investigated
crossed gratings are shown together with a clearly asymmetric
profile, emphasizing that both profiles are simple galvanically
mirrored copies of each other. The chosen line colors in
Figure 1 coarsely resemble the visual appearance of the observed
color and the upward pointing triangles indicate the positive ori-
entation, while the negative orientation is marked by downward
pointing ones. The microscopic images are framed with orange
lines to indicate positive profile and violet lines for the negative
ones. The same colors are used on the triangles for the line plots
to identify them.

The gratings shape and height depend mainly on the chosen
exposure dose, development time and developer type, as reported
elsewhere.[35,37] The chosen development conditions lead to a
slightly nonlinear behavior and thus the grating profile cannot
be described by a pure sine or cosine function. In the case of
a pure sine or cosine profile, both profiles (positive and negative),
would lead to identical color changes upon embedding. The color
difference observed in the insets of Figure 1a is the result of a
slight, but important asymmetry between positive and negative
profiles, see Figure 1b,c. Figure S1, Supporting Information,
shows a SEM image with an overlaid profile fit. The difference

Figure 1. Experimental and simulated spectra for crossed gratings with nickel and aluminum surfaces. a) Measured reflection spectra for sinusoidal
crossed gratings in nickel surrounded by air and embedded in a dielectric with refractive index n� 1.5. The optical microscope images show the color
before and after embedding. b) SEM images of a crossed grating with positive profile and c) negative profile. The insets emphasize the asymmetry
between the positive and negative profiles. d) Simulated spectra of the systems in (a). e) Measured (solid lines) and simulated (dotted lines) reflection
spectra of the sine-like crossed gratings with aluminum surfaces.
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from a pure cosine can be qualitatively depicted from Figure S2,
Supporting Information and is quantified by Equation (S1),
Supporting Information. The latter proves that the profile fit
is indeed dominated by the cosine term and is only marginally
corrected by a second- and a third-order cosine term.

Nonetheless, this minor deviation from a pure cosine renders
both profiles (positive and negative) nonsymmetric, which leads
to this well-visible color difference upon embedding. Larger devi-
ations would lead to even stronger differences and gratings with
identical height, but different shapes can even lead to comple-
mentary colors, see Figure S3, Supporting Information. Such
nonsymmetric shapes can be achieved by modifying the develop-
ment conditions or by using alternative methods such as hemi-
spherical shell stripping.[38] Cosine base functions up to third
order rather than sine-based ones are used to enforce symmetry
with respect to the center of a single grating period. The fitted
profile function is then used to describe the surface in finite dif-
ference time domain (FDTD) simulations with Lumerical
FDTD.[39] Note that, a linearly polarized plane wave source
impinges on the corrugated surface with a polarization angle
of 45� with respect to the gratings main axes for all simulations
and further details are provided in the Experimental Section. The
simulated spectra in Figure 1d agree extremely well with the
experimental ones reported in Figure 1a for the different studied
profile orientations, both in air and embedded in a dielectric with
a refractive index n of 1.5. To reach this agreement, a grating
depth of 172 nm was used, which corresponds to the depth mea-
sured by atomic force microscopy (AFM), see Figure S4,
Supporting Information.

Figure 1e indicates that this very good agreement between
measurement and simulation also holds when the grating mate-
rial is changed from nickel to aluminum. In the simulation, the
semi-infinite grating material is simply changed from nickel to
aluminum, while for the experimental realization, the nickel
grating is overcoated with a 50 nm-thick aluminum layer. On
one hand, the chosen thickness ensures that negligible light is
transmitted through the aluminum layer and the nickel base
grating can be excluded in simulations. On the other hand,
the layer is still so thin that the profile is not significantly altered
as confirmed by the good agreement in Figure 1e of the mea-
sured aluminum grating spectra with the simulated ones.

For the aluminum system, all colors are generally brighter due
to the higher reflection compared to nickel, see also Figure S5,
Supporting Information, for a spectral comparison of reflection
by flat surfaces. The colors are also clearly different from the
nickel case and so is their alteration upon embedding in a loss-
less dielectric: the color changes from metallic gray to a light
orange, as shown in the insets of Figure 1e for the positive pro-
file. The measured spectra in Figure 1a,e clearly indicate that the
color is not based on interference effects because the character-
istic regular interference minima and maxima are not present.[40]

This is also confirmed by Figure S6, Supporting Information,
where the fitted profile is scaled to six depths, showing that
the locations of spectral peaks and valleys are nearly constant.
Contrary to the strong dependence on shape shown in
Figure S4, Supporting Information, the dependence on depth
is only modest as revealed by Figure S6, Supporting
Information. Both investigated metals also lead to different

colors upon embedding, an effect that is not present for fully
dielectric systems.[41]

2.2. Observation of Enhanced Dye Absorption

Inspired by works on Raman spectroscopy and fluorescence
emission enhancement,[26,27,30] in an initial experiment, the grat-
ing was overcoated with a micrometer-thick yellow dye lacquer.
Surprisingly, this led to an even stronger color saturation than
expected by simple addition of dye and grating absorptions, prob-
ably by strongly enhancing the intrinsic dye lacquer absorption in
the blue. Debating on the origin, we hypothesized that this exper-
imentally observed effect is caused by the interaction of the gra-
ting’s near field with the thick yellow dye lacquer. To prove this
hypothesis that strong dye absorption in close proximity to the
grating surface is responsible for this enhancement, a much
thinner and red colored dye lacquer was applied by spincoating
on the aluminized crossed gratings and on a plain aluminum
surface for comparison. We chose a red lacquer as the grating
already absorbs in the blue, see Figure 1e, to clearly investigate
the origin of this effect.

Figure 2a shows the measured absorption on flat aluminum
surfaces for three investigated dye lacquers with different solid
contents in solution and thicknesses, as described in Table 1 in
the Experimental Section. Two of these lacquers have the same
concentration of dye to binder (33.3 wt%, medium concentration
MC). The thinnest lacquer has a ratio of 80 wt%, high concen-
tration (HC) and each lacquer contains at least 99% solvents
to realize thicknesses smaller or equal to 50 nm. All dye lacquer
layers are further encapsulated with a scotch tape of n� 1.5. The
measured absorption follows the solid content concentration
with thicker lacquers leadings to stronger absorption.
However, the dye’s color is barely visible for the human eye
for the thickest lacquer and not at all for the two thinner ones
on plane aluminum surfaces, as confirmed by the insets in
Figure 2a. The three optical microscope images are almost iden-
tical and agree with the metallic gray appearance that is observed
visually. This is in great contrast to the drastic color change of the
aluminized crossed grating samples shown in the inset of
Figure 2b, where the color changes from a light orange to faint
and then strong magenta with increasing lacquer thickness. Note
that, the edge color of each microscope image corresponds to the
line color of the measured reflection spectrum.

The interaction of crossed gratings and dye lacquer enhances
absorption by more than 50%, compare the spectra for the coated
grating samples in Figure 2b with the plain aluminum samples
in Figure 2a. To model and investigate the origin of this
enhanced absorption, the relative transmission of the lacquers
is measured on 1mm-thick polymethyl methacrylate (PMMA)
substrates, see lower inset in Figure 2a. The relative transmission
is the measured transmission of the dye lacquer coated sample
divided by the transmission of a blank PMMA substrate. Based
on the relative transmission, one can directly extract the approxi-
mate absorption coefficient α for the dye lacquers by Beer–
Lamberts law.[42] In a second step, the complex refractive index
is retrieved by applying the Kramers–Kronig transformation to
the linear-related extinction coefficient κ to obtain the modifica-
tion of the real part.[43] This direct approach has shortcomings for
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thin and highly absorbing films as it fully neglects thin film effects
that can significantly alter transmission as well as reflection for the
highly absorbing lacquers investigated here.[44] Consequently, we
used an iterative approach to overcome these shortcomings and
take these interference effects properly into account.[44,45] The
comparison of the retrieved refractive index data in Figure S7,
Supporting Information, shows that the direct method overesti-
mates extinction and thus also leads to stronger and less accurate
modifications of the real part, in agreement with the prediction for
slightly thicker films in the infrared.[45] Alternatively, one could
calculate the polarizability of individual dye molecules by measur-
ing transmission of a weakly absorbing dye lacquer to avoid strong
interference effects and then use the direct approach above as
described in detail by Djorović et al. lately.[43]

The iterative approach thus allows for the accurate simulation
of planar systems, while the direct approach gave a reasonable

agreement (data not shown). The very good agreement between
simulated and measured reflection and transmission can be con-
firmed by comparing the dotted lines in Figure 2c with the solid
lines in Figure 2a for the same color code. The difference in abso-
lute reflection values can be attributed to the encapsulation
method as a simple scotch tape was used for all samples.
Another indication are the results in Figure 2d, which also repro-
duce very well the trends in Figure 2b, if one compares the lines
with the same color code. Furthermore, the simulations indicate
that one could possibly even further enhance the absorption as
they predict an even higher absorption enhancement and thus
stronger color change exceeding simple addition of both individ-
ual absorptions. A possible reason for this slight discrepancy is
that the lacquer is overcoated conformally to the grating surface
in the simulation and the system is perfectly periodic. Both
assumptions are difficult to fulfil perfectly in experiments as

Table 1. Formulations of three experimentally investigated dye lacquers.

Lacquer Dye content (solid lacquer)
[wt%]

Solid content (solution)
[wt%]

BASF orasol Red 365 Dow paraloid A11 1-Methoxy-2-propanol Toluene

HC-Thin (13 nm) 80.0 0.25 0.20 wt% (0.150 g) 0.05 wt% (0.038 g) 49.87 wt% (37.406 g) 49.87 wt% (37.406 g)

MC-Medium (35 nm) 33.3 0.50 0.17 wt% (0.125 g) 0.33 wt% (0.250 g) 49.75 wt% (37.313 g) 49.75 wt% (37.313 g)

MC-Thick (50 nm) 33.3 1.00 0.33 wt% (0.250 g) 0.67 wt% (0.500 g) 49.50 wt% (37.125 g) 49.50 wt% (37.125 g)

Figure 2. Three different red dye lacquers applied on plane surfaces and crossed gratings. a) Measured reflection spectra for three embedded dye
lacquers coated on aluminum substrates and the bare substrate (the insets show the corresponding relative transmission dye spectra on PMMA nor-
malized to the PMMA transmission). b) Measured reflection spectra of these systems for a positive profile crossed grating. c) Simulated spectra for the
systems in panel a with the determined refractive index based on relative transmission measurements. d) Simulated spectra for the systems in panel b).
The schematics in (c) and (d) illustrate the corresponding simulation geometries.

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2022, 3, 2100245 2100245 (4 of 10) © 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.adpr-journal.com


the dye lacquers was applied wet, i.e., by spin coating, and the
periodicity is always slightly broken due to microscopic defects
and minor shape variations from the fitted profile, see Figure 1b,
c and S1, Supporting Information.

2.3. Mechanisms for Absorption Enhancement

The measured direct reflection spectra in Figure 2d show a clear
dip at 450 nm, with and without dye lacquers. The origin of this
drop and the angular dependence of the crossed grating reflec-
tion are revealed by the dispersion diagrams[15,46] in Figure 3.
The dispersion diagram for the embedded grating in
Figure 3a visualizes the direct reflection overlaid with three dot-
ted lines. The dotted lines are the propagating grazing diffraction
orders, i.e., those parallel to the grating surface. The yellow line
corresponds to the þ1st-order diffraction in x–direction, the red
to þ1st- and -1st-order diffraction in y–direction and the orange
line to the cross terms of these orders. The grating order num-
bering is visualized in Figure S8, Supporting Information, and
follows the definition by Palmer.[36] The corresponding vacuum
wavelengths λ0 for these orders are often called Rayleigh wave-
lengths and can be calculated according to

λ0 ¼ nd·d=Erel (1)

where d is the 300 nm period of the crossed grating in x- and y-
direction, ERel is the relative energy, and nd is the refractive index
of the surrounding dielectric medium with a constant value of
1.5 here. The grating order energies are calculated in accordance
with the detailed derivation of the Rayleigh wavelengths for graz-
ing diffraction orders by Stewart and Gallaway.[47]

The measured intensity drops at λ0¼ 450 nm in the direct
reflection spectra (kx¼ 0), see Figure 2b, coincides with a drop
in the simulated spectra in Figure 3a (Erel¼ 1, λd¼ λ0/n¼ 300
nm). This is also the starting point of the yellow 1st-order dif-
fraction curve. Every energy below this curve supports no propa-
gating diffraction orders and has a generally high direct
reflection. The dispersion diagram might be divided into four
regions and the yellow line also marks the upper bound of region

I of this division. Region II is surrounded by all three dotted lines
and has intermediate reflection values. Region III is spanned by
the orange and red dotted line and the reflection is only about a
third of the highly reflecting region I. The lowest reflection values
are found in the dark region IV above the red dotted line.

This dark region IV might be neglected for the color generation
as most light here is either absorbed or redirected to propagating
diffraction orders. The three dotted lines thusmark energy levels at
which the direct reflection significantly changes. The drastic
changes in reflection can thus be attributed to appearing and dis-
appearing diffraction orders.[47] This also holds for crossed gratings
overcoated with a thick dye lacquer, as shown in Figure 3b. The dye
has a minor impact on the bright region I except for small values of
kx, but reduces noticeably the reflection in regions II and III, while
the dark region IV is only slightly darker. The two absorption peaks
of the dye lacquer at λ0,1¼ 500 nm (Erel¼ 0.9) and λ0,2¼ 565 nm
(Erel¼ 0.8) are also prominent in the dispersion diagram. The solid
and dashed pink line mark these absorption peaks, which are inde-
pendent of the incident angle as expected. The avoided crossing
between the dye absorption bands and the 1st diffraction order
is clearly visible in Figure 3b, especially for λ0,2¼ 565 nm
(Erel¼ 0.8). By changing the grating period or the absorption peak
wavelength of the dye lacquer, one can thus easily alter the reflec-
tion. The latter is explored in the following.

First, let us however investigate why the dye lacquer absorption
on top of an aluminum crossed grating can be enhanced signifi-
cantly compared with applying the same lacquer on top of flat sur-
faces, as indicated by Figure 2c,d. The origin of this absorption
enhancement is attributed to the local field enhancement, which
is already noticeably stronger for a flat aluminum surface com-
pared with a flat PMMA surface due to high reflection at the alu-
minum interface, compare intensity distributions in Figure 4a,b.

All results in Figure 4 are based on systems embedded in a
dielectric medium and the dye lacquer is 50 nm thick, wherever
it is applied. The simulations are evaluated at λ0¼ 500 nm, where
the complex refractive index of the dye lacquer is about
1.52þ 0.10i, which differs only marginally from the constant
dielectric embedding material and PMMA index of 1.5.
Consequently, the standing wave pattern maximum intensity

Figure 3. Simulated dispersion diagrams based on the direct reflection for embedded aluminum crossed gratings with a positive profile. a) Without and
b) with a 50-nm thick conformal dye lacquer atop the grating surface. The color maps show the direct reflection of the systems and the insets the
simulation geometry.
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for the PMMA system within the whole simulation region is
smaller than 1.54 and smaller than 0.59 at the top of the dye lac-
quer and relatively constant within the 50 nm-thick dye lacquer.
On the contrary, the maximum intensity above a flat aluminum
surface is smaller than 3.74 within the whole simulation region
and around 2.92 at the top interface of the dye lacquer and 0.21 at
the bottom. The maximum possible intensity for such a two-
beam interference is four,[37] but the slightly lower value of
3.74 observed here results from the “only” 93.5% light reflection
at λ0¼ 500 nm for the aluminum surface. On average, the inten-
sity is about 1.51 within the dye lacquer and thus more than twice
larger compared with the case of the dye lacquer above the
PMMA surface. The formed standing wave pattern atop the alu-
minum surface, clearly visible in Figure 4b, is thus the main rea-
son for the about twice higher absorption within the dye lacquer
above aluminum compared with PMMA with a rather modest
homogenous intensity distribution, see Figure 4a.

The field enhancement caused by the crossed grating is even
larger. The mean intensity for the 1% highest intensity values
within the whole simulation area is 25.4 for the embedded grat-
ing in Figure 4c and 16.3 for the grating overcoated with a 50 nm-
thick dye lacquer, see Figure 4d. The peak values can be extracted
from the corresponding color bars, which are the rounded-up
integer values of the maximum intensity value. In the case of
an embedded grating, the peak and mean intensity values exceed
the theoretical maximum value of four for two-beam interference
by more than a factor of 6.[37] This strong field enhancement is
due to the standing wave patterns resulting from grazed propa-
gating and evanescent grating orders.[48,49]

The magenta-colored solid line in Figure 4dmarks the top sur-
face of the dye lacquer, while the gray-colored solid lines in
Figure 4a–d mark the top surfaces of aluminum or PMMA,
respectively. These lines are also plotted in Figure S9,
Supporting Information, which rescales Figure 4 to a maximum
value of four (maximum enhancement atop a plane surface). The
rescaled plot shows that the exceptional high intensity region
exceeds the lacquer, and one could exploit this with slightly
thicker dye lacquers. The logarithmically scaled plot of the inten-
sity distributions in Figure S10, Supporting Information, high-
lights that the enhancement resembles a dipolar emission
pattern. The white dashed lines at z¼�50 nm in Figure 4c,d
are the locations of the xy crosscuts shown in Figure 4e,f.
Both patterns clearly show that the field enhancement is along
the polarization of the incident light, the u-direction. Note that,
the crosscuts in Figure 4c,d were taken along the u-direction
marked by the diagonal white dashed lines in Figure 4e,f.

2.4. Demonstration of Color Gamut Enhancement

The previous results demonstrate that applying a dye lacquer on
top of a crossed grating, leads to a strong absorption enhancement
within the dye lacquer compared with the same lacquer on top of a
plane aluminum interface. On one hand, this potentially enables
one to apply less dye for the same absorption and associated color
appearance. On the other hand, it also provides a mean to greatly
tune the color appearance of the system in direct reflection by
modifying the dyes absorption band as will be outlined below.

Figure 4. Simulated intensity distributions at λ0¼ 500 nm. a) PMMA substrate overcoated with a 50 nm-thick dye lacquer. b) Overcoated aluminum
substrate. Positive profile crossed grating c) without and d) with conformal dye lacquer overcoating. e,f ) xy crosscuts for the corresponding crossed gratings
at the locations marked by the dashed white lines in panels (c,d). The insets in each panel show the corresponding simulation geometries.

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2022, 3, 2100245 2100245 (6 of 10) © 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.adpr-journal.com


To study this effect with simulations, we create five artificial
dye lacquers with corresponding complex refractive indices, see
Figure S11, Supporting Information. Their absorption peaks are
located at chosen central wavelengths λc that span from 450 to
650 nm in 50 nm steps and have a Gaussian shaped absorption
profile with a full width half maximum of 33.3 nm. The chosen
simple absorption shape is very easy to depict visually in all the
results below. The maximum extinction coefficient κ (imaginary
part of the complex refractive index) is kept constant at 0.2, while
the thickness of the dye lacquer is varied for each central wave-
length λc with its associated color. This ensures that when light
passes the lacquer once, the transmitted intensity I is constant at
λc for all layers according to the Beer–Lambert law

I ¼ I0expð�αdcÞ ¼ I0expð�4πκdc=λ0Þ (2)

where I0 denotes the incident intensity, α the absorption coeffi-
cient, κ the imaginary part of the dye lacquers refractive index, λ0
the vacuum wavelength, and dc the color-dependent thickness of
the dye lacquer.[42,50] To keep the transmitted intensity value con-
stant for all five dye lacquers, dc is varied according to

dc ¼ d550λc=550 nm (3)

where d550 is the thickness of 50 nm for the green absorbing dye
lacquer at λ0¼ 550 nm. Blue absorbing dye lacquers will thus be
thinner and red absorbing ones thicker. This variation leads to
nearly constant absorption for all five dye lacquers applied on top
of aluminum or PMMA substrates, as confirmed by Figure 5a.
This is in contrast to the results in Figure 2a,c as the absorption
band in the present calculations is narrower and the lacquer thick-
ness is adapted to the peak absorption at λc for each band. This effec-
tively balances out by design the standing wave enhancement due
the reflected light at the aluminum interface for all five lacquers.[44]

Applying the lacquer conformally on top of a positive profile
crossed grating leads again to a strongly enhanced absorption
of the dye lacquer, compare Figure 5a,b. This enhancement by
the grating is nearly independent of wavelength, which is some-
what unexpected. It is attributed again to strong near field
enhancement caused by propagating grazing and evanescent grat-
ing orders. It is very remarkable that the grating supports nearly
constant enhancement across the entire visible spectrum (VIS).
Based on the simulated spectra, we calculated the color coordinates
for a chromaticity diagram for a D65 light source (CIE 1964).[51]

The calculated coordinates are marked by colored circle in
Figure 5c–e that match the colors used for the spectra in
Figure 5a. Additionally, the location of an uncoated aluminum

Figure 5. Simulated response of five different dye lacquers applied conformally on plane surfaces and crossed gratings. a) Simulated reflection spectra for
five embedded dye lacquers coated on aluminum substrates (the inset shows the corresponding relative transmission dye spectra on PMMA normalized
to PMMA transmission). b) Simulated reflection spectra for a positive profile crossed grating conformally overcoated with these lacquers. c) Chromaticity
diagram for the systems in panel a). d) Chromaticity diagram for the systems in (b). e) Enlarged part of (c) to clearly visualize the area spanned by the five
dye lacquers around the white point. The insets on the right of each panel show a schematic visualization of the modelled systems.
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mirror is added to the diagram as a gray circle in Figure 5c, which
is close to the white point resulting from the nearly uniform reflec-
tivity across the visible spectrum, see Figure 5a. The chromaticity
diagram for the plane aluminum system reveals that, albeit the
clearly visible absorption in Figure 5a, the produced colors are
all located at or very close to the white point, which is marked
by a white square. The gray lines connecting the colored disks
span a very small area that should be accessible by mixing the
dye lacquers. The points are so close that only the enlarged part
of the diagram in Figure 5e clearly reveals the location of each dye.

Comparing the chromaticity diagrams in Figure 5c,d confirms
that the crossed grating widens the possible color gamut. The
resulting color area is more than five times larger compared with
the one obtained for a flat aluminum substrate, confirming the
strong color enhancement possibilities of the system. This comes
at the cost that the resulting colors are not anymore centered
around the white point, but somewhere around a light orange,
corresponding to the grating color impression without lacquer,
marked also by a gray circle in Figure 5d.

This color gamut can be increased even further by applying
artificial dye lacquers with three times larger FWHM and double
thickness, see Figure S12, Supporting Information. The maxi-
mum extinction coefficient κ (imaginary part of the complex
refractive index) is again kept constant at 0.2, see Figure S13,
Supporting Information. One can realize with this broader
absorbing dye lacquers atop the grating all colors except blue,
because of the grating’s light orange self-color (gray dot). This
orange color is mainly a result of the very low reflection below
its resonant reflection minimum at 450 nm. The wavelength of
the minimum is solely determined by the grating period, see
Figure S14, Supporting Information, while the minimum reflec-
tion value depends on shape and depth, see Figure S3 and S6,
Supporting Information, respectively.

Consequently, a shorter pitched grating with its resonant
absorption in the ultraviolet (UV) rather than in the blue at
450 nm could indeed be used to realize all colors. Initial simu-
lations based on a grating with a 210 nm instead of a 300 nm
period show that it is indeed possible to create a large color
gamut around the white point, see Figure S15, Supporting
Information.

3. Conclusion

Baffled by an observed color change upon embedding of a cor-
rugated surface in the form of a crossed grating, we have inves-
tigated the origin of wavelength-dependent absorption and
showed that material, shape, and dielectric environment of the
corrugation determine the resulting gratings color. Inspired
by works on fluorescence emission enhancement, we found that
the dye absorption within an almost colorless appearing dye lac-
quers can be significantly altered and enhanced by its interaction
with a grating. The enhancement of the dye lacquers intrinsic
absorption was attributed to strong local field enhancement
caused by evanescent and grazing propagating diffraction orders.
For a set of artificial dye lacquers, it was even shown how the
achievable color gamut of these lacquers can be significantly
enhanced when they are conformally coated as a very thin layer
(<100 nm) on top of a corrugated surface.

We believe that these findings will find application in biosens-
ing,[52] especially for those relying on visual inspection like the
pregnancy test. The methodology allows for applying minute
amounts of an almost colorless substance on top of the corru-
gated surface to create a drastic and clearly visible color
change.[53,54] The fact that very thin layers of these substances
are sufficient makes the principle especially promising for any
application that relies on diffusion of, e.g., a gas into the layer
to produce absorption due to minimal diffusion times.[55,56]

Applications could include fast gas sensors and PH detectors.
The submicrometer thickness also minimizes the amount of
any substance needed for detection and so scare, difficult to pro-
duce or extremely expensive substances can be employed for
sensing, i.e., for Raman spectroscopy.[38]

Besides sensing, we can also envision applications in docu-
ment authenticity protection. The lithographic combination of
mirror and grating elements or the combination/rasterization
of different crossed gratings with the same dye lacquer can be
used for printing with submicrometer resolution. The dyes
absorption will be enhanced locally depending on the corrugated
or flat surface beneath it.

4. Experimental Section

Aluminum Evaporation: The aluminum layer was evaporated with a
Leybold Heraeus L560 by electron-beam evaporation. For the deposition,
the chamber was evacuated to a pressure of 4.6� 10�5 mbar, and the
deposition rate was adjusted to 0.4–0.6 nm s�1.

Simulation Setup: All simulations were performed with Lumerical
FDTD,[39] where a linearly polarized broadband source from λ¼ 300 to
800 nm was used to illuminate the crossed gratings. The simulation region
was set to 300� 300� 2000 nm3 with a conformal meshing of variant 1
with an accuracy of 7. The mesh size was overwritten in the region, where
the grating and dye are located to a maximum size of 3� 3� 1.5 nm3 to
avoid significant staircasing effects of the gratings profile. Bloch-type peri-
odic boundary conditions were selected laterally and perfect matching
layers with 32 layers in z-direction. Power and grating-order detectors were
placed at appropriate positions in accordance with the recommendations
by Lumerical to achieve the highest possible accuracy in reflection and
grating order power detection. The material data of nickel and aluminum
were based on literature values by Palik.[57]

Dye Lacquer Formulation and Coating: The dye lacquers consisted of
four commercially available components, mainly two solvents as the solid
content of each lacquer was less or equal to 1%. We added 1-methoxy-2-
propanol to toluene, stirred, and heated the mixture to 60 �C. We com-
bined it with the binder Dow Paraloid A11 while stirring and stirred for
30min before cooling to room temperature, when the dye BASF
Orasol Red 365 was amended and stirred for another 5 min to create a
homogenous and fully mixed solution. The solutions were applied on
the gratings by spincoating at 3000 rpm for 30 s, after which they were
dried for 15min in a convection oven at 75 �C to form the solid lacquer.
This results in three different dye lacquer thicknesses were 13 nm (thin),
35 nm (medium), and 50 nm (thick), respectively. The recipes for 75 g of
each lacquer are summarized in Table 1. Note that, the ratio of binder and
dye of the medium concentrated dye lacquers was constant.

Spectral Measurements: All direct reflection measurements were carried
out with a self-build spectroscopic setup. The light of a broadband light
source Thorlabs SLS201/M was guided and collimated with the bifurcated
reflection probe Avantes FCR–7UVIR200-2-ME resulting in a measure-
ment spot diameter of about 2.5 mm. The collimated light beam hit
the sample at a distance of about 50mm, and the reflected part was
guided again by the bifurcated reflection probe to the Avantes Avatec
ULS3648-USB2 spectrometer. Thus, illumination and collections angle
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were about 1.4�. A broadband dielectric mirror Thorlabs BB1-E02 was used
as a reference for all measurements.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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