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We propose a photonic strategy for multidimensional structural coloration that responds to varying illumination
conditions. Both theoretical and experimental results verified that the combination of a metal/dielectric/metal
cavity with a one-dimensional (1D) metal grating can increase the degree of freedom of structural coloration. We
fabricated Ag/MgF,/Ag cavities coupled to 1D Ag gratings (pitches of 400, 570, and 800 nm) and obtained their
photonic band dispersions (i.e., angle-resolved reflectance spectra) to unravel their mode characteristics. The 1D
Ag grating and Ag/MgF,/Ag cavity induced surface plasmon polariton (SPP) and Fabry—Perot cavity modes,
respectively. Notably, only a cavity mode emerged in the s-polarization and gradually blueshifted with increasing
angle, whereas in the p-polarization, both SPP and cavity modes appeared and shifted oppositely with changes in
the angle, leading to intricate color patterns at different wavelengths, angles, and polarizations. To further un-
derstand the effect of each mode upon structural coloration, we obtained the distribution of electric field in-
tensity using rigorous coupled-wave analysis simulation, which identified multiple photonic bands in the p-

polarization as various SPP-mediated hybrid modes.

1. Introduction

Colors are optical properties that describe how an object interacts
with visible light, and they are ubiquitous in our daily surroundings.
Conventional methods for displaying colors involve the use of pigments
and dyes, which are applied to surfaces and fabrics. However, these
techniques have environmental drawbacks and tend to fade over time
[1-3]. To address these concerns, researchers have turned to structural
coloration. Unlike pigment or dye-based coloration, structural colora-
tion does not undergo chemical reactions and is resistant to fading unless
the underlying structure is mechanically disrupted [4-6]. Moreover, the
interaction of light with micro- and nanoscale photonic structures, such
as plasmonic gratings [3,7,8], multilayers [2,9], and scattering particles
[6,10,11], can create high-purity iridescent colors by either transmitting
or reflecting visible light at specific wavelengths. A significant advan-
tage of structural coloration is that the color spectrum can be readily
modulated by adjusting the morphological parameters and illumination
conditions. As a result, structural coloration has found applications
beyond color representation, including color filters [7,9], holographic

displays [12,13], optical data storage [14], and anti-counterfeiting
patterns [3,15,16].

The pursuit of structural coloration through the use of plasmonic
gratings, multilayers, and scattering particles has been the subject of
extensive photonics research. Of these methods, plasmonic gratings
have garnered considerable interest for their potential as tunable color
filters. For instance, Zeng et al. demonstrated the feasibility of
employing thin Ag grating-based transmissive color filters, which
modulate the transmission spectrum by regulating the grating pitch [7].
It is worth noting that the spectra of plasmonic gratings should be
polarization-dependent when designed one-dimensionally (1D) [8,17,
18]; however, the color representation nearly vanishes in the s-polari-
zation. In contrast, multilayers create structural coloration via Fab-
ry-Perot resonances as light passes through different material layers
[19-22]. The color characteristics of multilayers are determined by
modulating the optical dispersions and thicknesses of the constituent
materials. Li et al. designed symmetric Ag/SiOy/Ag metal/-
dielectric/metal (MDM) cavities on quartz substrates, which enabled
high transmittance peaks at specific wavelengths [9]. Meanwhile, Kim
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et al. fabricated asymmetric Ag/SiO»/Sn cavities on Si substrates, which
induced wavelength-dependent absorption [1]. Both studies utilized
tunable Fabry-Perot resonances by regulating the thickness of the in-
termediate dielectric layer and exhibited dramatic angle-dependent
structural coloration. The phase difference of light with respect to the
angle of incidence allows for distinct colors depending on the viewing
angle. Since the morphology of multilayers is symmetric with respect to
the plane, they generate polarization-independent colors. Scattering,
which occurs when light interacts with particles or voids in the back-
ground, is also a viable means of producing colors [11,23,24]. Regularly
arranged scattering particles (i.e., bottom-up, three-dimensional pho-
tonic crystals) provide a cost-effective approach to achieving structural
coloration that is sensitive to the viewing angle. Lee et al. demonstrated
the effectiveness of using colloidal nanoparticles for structural colora-
tion, with the spectra changing depending on the diameter of the con-
stituent nanoparticles [25].

Despite the success of previous research on structural coloration, it
was limited to a single illumination condition, either polarization or
incident/viewing angle. In this study, we propose hierarchically
designed optical structures that integrate 1D Ag gratings with Ag/MgFy/
Ag cavities to represent a wide color gamut that is dependent on both
polarization and angle. In experiments, we obtained the polarization-
resolved photonic bands of the fabricated structures to understand the
origin of multidimensional structural coloration. In addition, we iden-
tified the measured photonic bands by performing rigorous coupled-
wave analysis (RCWA) simulations. Our study provides a comprehen-
sive approach to achieving multidimensional structural coloration,
which promises applications in optical devices and displays [3,15,16].

2. Results and discussion
2.1. Polarization and angle dependent structural coloration

The goal of this study is to investigate the optical phenomenon of
structural coloration, where the color of an object arises not from
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pigments, but rather from the interaction of light with the physical
morphology of the object. To this end, we designed a 1D metal grating-
coupled MDM cavity, which is capable of switching colors depending on
polarization and angle, as illustrated in Fig. 1(a). First, an Ag/MgF2/Ag
cavity was employed to create angle-dependent colors. The MDM cavity
comprised top and bottom Ag layers with thicknesses of 20 and 150 nm,
respectively. Upon illumination, a portion of the incident light is re-
flected at the top Ag surface, while the remainder is transmitted into the
cavity. The reflected light from the bottom Ag surface then interferes
with all partially reflected light, leading to optical resonances (i.e.,
reflection dips) [3,26]; their wavelengths are determined by the thick-
ness of the MgF, layer, and the phase delay of light reflected at both Ag
surfaces. By varying the thickness of the MgF, layer between 70 and 235
nm, we observed a redshift and sweep of the entire visible spectrum in
the minimum of the cavity reflectance. For our structures, the thickness
of the MgF, layer was fixed at 165 nm to achieve a pronounced reflec-
tion dip at a red wavelength for normal incidence. Note that the cavity
mode blueshifts with increasing angle.

To generate polarization-induced color shifts, a 1D Ag grating was
added to the MDM cavity. The Drude theory suggests that the surface
plasmon polariton (SPP) resonance wavelength (4,) of a metal grating

depends on its pitch (P) and width (w) such that 4, = v z2Pw, leading to
a redshift in resonance wavelength with an increase in pitch and width
for one specific polarization [18,27,28]. As a result, the combination of
the Ag/MgF,/Ag cavity and 1D Ag grating structures allows for the
observation of structural coloration that is reliant on both polarization
and angle. Fig. 1(b) depicts the resulting coloration depending on angle
and polarization when the Ag grating pitch is 400, 570, or 800 nm. The
hybrid resonances via the cavity and grating enable the creation of a
wide range of color variations that depend on various structural pa-
rameters [29-31]. To induce substantial coupling between the cavity
mode and SPP mode, the thickness of the top Ag layer in the MDM cavity
was fixed at 20 nm, which is comparable to a skin depth of Ag. In
addition, a grating pitch of 400 nm was found to be adequate in terms of
color variation, as it can excite diverse hybrid plasmonic modes, which
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Fig. 1. (a) Schematic of a proposed plasmonic grating coupled metal/dielectric/metal (MDM) cavity. (b) Predicted color images of the proposed structures with
different P values (400, 570, 800 nm) for p-, s-, and unpolarized light when the angle of incidence is 0° or 50°. Each color is obtained based on the measured spectra in
Fig. 3a—c. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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will be discussed in detail in Fig. 5.

2.2. Fabrication of 1D Ag grating coupled Ag/MgF2/Ag cavity

We fabricated a 1D grating-coupled cavity structure using Ag and
MgF, as the metal and dielectric materials, respectively. Ag, with its
high average reflectance in the visible range, can function as either a
reflecting mirror or an absorbing layer depending on its thickness. For
the cavity structure, we deposited a 150-nm thick bottom Ag layer to
serve as an optical mirror, while the top Ag layer was deposited thinly to
absorb and tunnel incident light into the cavity, resulting in enhanced
structural coloration [32]. In addition, we selected MgF; as an inter-
mediate layer of the cavity. Fluoride-based compounds, such as MgFs,
can be deposited using a thermal evaporator due to their low vapor-
ization points. However, alternative dielectric materials, such as SiO; or
TiO, could be used and the resonance condition adjusted based on the
refraction index of the material.

Fig. 2(a) illustrates the specific fabrication process of the metal
grating-coupled MDM cavity structure. Fig. 2(b) shows the corre-
sponding scanning electron Microscopy (SEM) and atomic force micro-
scopy (AFM) images of the fabricated grating pattern. The multilayer
cavity structure, which consists of Ag 150 nm, MgF; 165 nm, Ag 20 nm,
and MgF» 20 nm on a Si substrate in that order, was fabricated using the
same thermal evaporator. Notably, a 20-nm thick MgF, layer was
included to promote the adhesion of the Ag grating. Then, we applied a
photoresist (NR9-250PY) by spin-coating onto the cavity. Grating pat-
terns with various pitches were obtained using laser interference
lithography (LIL) and their fill factor defined as the width-to-pitch ratio
was 0.5. After the development process, residual photoresist was
removed using O plasma etching. Finally, a lift-off process was used to
fabricate the final structure after an Ag film with a thickness of 20 nm
was deposited.

2.3. Optical characteristics of 1D Ag grating coupled Ag/MgFy/
Ag cavity

The measured polarization-resolved reflectance spectra of the 1D Ag
grating-coupled Ag/MgF,/Ag cavities with different pitch values (P =
400, 570, and 800 nm) were obtained at a variety of angles (Fig. 3(a—c)).
The dashed lines indicate the wavelength shift of the same cavity modes

(a)
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with increasing angle. The colors of the 1D Ag grating-coupled Ag/
MgFy/Ag cavities with different pitch values, derived from their
measured reflection spectra, are summarized in Fig. 3(d). Notably, SPP
modes, which were observed exclusively in the p-polarization,
redshifted as the angle increased. This behavior is well explained by the
momentum matching condition of SPP excitation by a metal grating
[30]: kspp(@) + ko(w)sin(0) = m(%£) where kspp is the wave vector of a
SPP mode at a metal/dielectric interface, ko is the wave vector of the
incident light, 0 is the angle of incidence, P is the pitch of the metal
grating, and m is a mode number. Owing to the distinct mode charac-
teristics, the colors produced by these hierarchically designed optical
structures relied on both polarization and angle.

We also conducted RCWA simulations and plotted the photonic band
dispersions (i.e., angle-resolved reflectance spectra) for p- and s-polari-
zations (Fig. 3(e-g)). The simulated results exhibited the same features
as the measured data. The monotonically tuned cavity-induced photonic
bands solely appeared in the s-polarized spectra. In contrast, the p-
polarized spectra exhibited discrete SPP-induced photonic bands in
addition to the cavity-induced ones. As the grating pitch increased, the
p-polarized spectra became less intricate, resulting from a weak coupling
strength between the cavity and SPP modes.

We observed the actual structural color images using a P = 400 nm
sample, which exhibited the most striking color variations depending on
both polarization and angle. To investigate the full extent of this phe-
nomenon, we employed a rotation stage to alter the angle and a polar-
izer to obtain polarization-resolved sample images (Fig. 4(a)). By
illuminating the sample with a 6700 K light source, we were able to
capture vivid structural color images (Fig. 4(b)). For comparison, pre-
dicted colors were obtained using the measured spectra of the sample
(Fig. 3(a)), as indicated by the colored boxes in the upper right corner of
each image. The fabricated sample showed distinct and consistent color
changes based on polarization and angle, a result that is in full agree-
ment with our findings in Fig. 3.

2.4. Analysis of photonic band dispersions

We focused on exploring the photonic band dispersions of three
different structures: a 1D Ag grating, Ag/MgF,/Ag cavity, and 1D Ag
grating-coupled Ag/MgFy/Ag cavity (Fig. 5(a)). By simulating their
photonic band dispersions for normal incidence and varying the pitch of

@ Film deposition @ PR spin-coating (3 Laser interference lithography @ Ag deposition ® Lift-off
325 nm P w
He-Cd Laser
Mirror Rotation
stage

[C1Ag M MgF, [1Sisubstrate [ Photoresist (PR)

(b)

SEM image

AFM image

0z 04 06 08
Length (um)

Fig. 2. (a) Schematics illustrating the fabrication process of a 1D Ag grating coupled Ag/MgF»/Ag cavity. Laser inference lithography (LIL) with a He-Cd laser (325
nm) is used to produce 1D periodic patterns for Ag gratings. (b) Camera, SEM, and AFM image of a LIL-generated 1D pattern with P = 400 nm.
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Fig. 3. (a—c) Measured polarization-resolved reflectance spectra of fabricated 1D Ag grating-coupled Ag/MgF,/Ag cavities with (a) P = 400, (b) 570, and (c) 800 nm.
The dashed lines indicate the wavelength shift of the same cavity modes. (d) Color tables determined by the measured spectra of the corresponding samples. (e-g)
Simulated and measured polarization-resolved photonic band dispersions of the same structures. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

the Ag grating, we were able to gain a deeper understanding of how each Ecwiy & Veai Ve
> ty | — cavity 5
mode characteristic affects structural coloration. Our findings revealed g Egspp Wepp E Yspp where Ecwiyy and Egep are the

that the SPP mode only emerged in the p-polarization and redshifted energy terms of the cavity and SPP modes, W q;, and ygpp are the
with increasing pitch, while the cavity mode was anchored at a wave- eigenstates of the cavity and plasmon, and g is the coupling strength. For
length of 620 nm in both the p- and s-polarizations. The 1D Ag grating- the hierarchical structures studied herein, the coefficient g in the
coupled Ag/MgFy/Ag cavity was characterized by sustaining multiple off-diagonal elements is dictated by the thickness of the top Ag layer of
SPP-induced photonic bands in the p-polarization, setting it apart from the Ag/MgF,/Ag cavity. In our designed structures, the thickness of the

the simple 1D Ag grating. Furthermore, mode anticrossing features were top Ag layer was fixed at 20 nm. If the Ag thickness is too thick, the
clearly observed, as the cavity- and SPP-induced photonic bands were interaction between the 1D Ag grating and Ag/MgF,/Ag cavity is mar-
spectrally overlapped. The photonic bands were disconnected near ginal, therefore g =0 [32]. This implies that the eigenmodes of the
every anticrossing point, with reflectance values rather locally “maxi- cavity and SPP are uncoupled. Hence, the thickness of the top Ag layer in
mized” at the exact anticrossing point [29,30]. the MDM cavity should be below a skin depth (i.e., approximately 20 nm

Our study sheds light on the well-known phenomenon of mode for Ag) to induce substantial mode coupling. Notably, the mode coupling
anticrossing, which takes place when two or more independent modes results in mode anticrossing. Near every anticrossing point, the
reside in the same energy-momentum space, leading to closely split p-polarized photonic bands are disconnected with reflectance values
energy levels. The specific condition in which mode anticrossing occurs locally maximized (the bottom panel of Fig. 5(a)). This phenomenon
can be interpreted by the Hamiltonian equation as follows [30]: Hy = makes the color variation of the hierarchical structures more
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Camera lens

Polarizer

Fig. 4. (a) Schematic of a camera imaging setup. (b) Camera images of the fabricated sample with P = 400 nm in Fig. 3a, obtained at a variety of viewing angles in
the p- and s-polarizations. The colored boxes in the upper right corner of each image represent colors determined by the measured spectra of the corresponding
samples. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. (a) Simulated pitch-wavelength reflectance dispersions for a 1D Ag grating (top), Ag/MgF,/Ag cavity (middle), and 1D Ag grating-coupled Ag/MgF,/Ag
cavity (bottom) for p-, s-, and unpolarized light. (b) Simulated electric-field intensity distributions of the 1D Ag grating-coupled Ag/MgF5/Ag cavity (P = 400 nm),
acquired at the wavelengths marked by the arrows in (a) in the p- (i-iv) and s-polarizations (v and vi).

complicated. With a grating pitch of 400 nm, multiple, pronounced
plasmonic modes emerge in the p-polarization, making the structural
coloration intricate, as demonstrated in Fig. 3(d).

Finally, we performed photonic band dispersion simulations for a 1D
Ag grating (top), Ag/MgFo/Ag cavity (middle), and hierarchically
designed 1D Ag grating-coupled Ag/MgF,/Ag cavity (bottom) for nor-
mally incident (¢ = 0°) p-, s-, and unpolarized light (Fig. 5(a)). In the p-
polarization, the 1D Ag grating exhibited a monotonic, pitch-dependent
SPP mode characteristic, whereas its s-polarized photonic band disper-
sion was featureless. The Ag/MgFo/Ag cavity sustained the same Fab-
ry-Perot mode in both polarizations. In contrast, the hierarchically
designed structure yielded intricate photonic band dispersions distinct

26

to polarization. A pitch-dependent photonic band was additionally
excited in the s-polarization, and multiple vein-like photonic bands were
created in the p-polarization.

To gain a comprehensive understanding of the structural coloration
mechanism, we performed a detailed analysis of the optical modes in a
hierarchical structure with a pitch of 400 nm, wherein the p-polarized
photonic bands appeared intensely. In Fig. 5(a), the wavelengths at
which the electric-field intensity distributions were obtained are marked
by arrows, and the resulting p- and s-polarized modes are depicted in
Fig. 5(b). In general, when a metal grating is employed, gap plasmon
resonances are typically excited, and their energy is confined inside a
dielectric interspace between the metal elements [33,34]. Furthermore,
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when a waveguide structure is coupled to a metal grating with an
appropriate pitch, guided mode resonances can be observed. In the hi-
erarchical structure, the gap plasmon and guided mode resonances were
hybridized in the p-polarization and identified as modes (i) and (ii). For
both modes (i) and (ii), the electric-field intensity was localized in the air
gap between the Ag grating elements (identified as gap plasmon reso-
nances) and inside the MgF, layer of the MDM cavity (identified as
guided mode resonances). The only difference between modes (i) and
(ii) is their parity, as the antinodes of their guided mode resonances were
alternately positioned. Mode (iii) corresponded to a MDM cavity mode
resonance coupled to the gap plasmon resonance. The additional hybrid
mode labelled (iv) originated from the SPP resonance localized at the
MgFy/Ag interface of the MDM cavity coupled to the gap plasmon
resonance. In contrast, in the s-polarization, modes (v) and (vi) arose
from guided mode and MDM cavity mode resonances without hybridi-
zation, respectively. Therefore, the angular dispersion of the MDM
cavity mode resonance was slightly different in the p- and s-polariza-
tions, as evident from the black dotted curves in Fig. 3(e). We note that
the hybridized plasmonic and MDM cavity mode resonances behave
distinctly at different incident angles. Overall, the former redshifted
with increasing angle only in the p-polarization, whereas the latter
blueshifted with increasing angle in both polarizations (Fig. 3(e)). The
electric field profiles of these modes reveal their unique characteristics,
which are crucial in understanding and manipulating the structural
coloration produced by the hierarchically designed structure.

3. Conclusions

The optical phenomenon of structural coloration has been investi-
gated through the design and fabrication of a 1D metal grating-coupled
MDM cavity capable of switching colors depending on polarization and
angle. The combination of the Ag/MgF,/Ag cavity and 1D Ag grating
structures allowed for the observation of multidimensional structural
coloration, resulting in a wide range of color variations. By exploring the
photonic band dispersions of the fabricated structures, we found that the
diverse SPP modes only emerged in the p-polarization and redshifted
with increasing angle, while the cavity mode blueshifted with increasing
angle in both p- and s-polarizations. We believe that this study will
contribute to the fundamental understanding of structural coloration
and demonstrate the potential for the development of future optical
devices and applications such as anti-counterfeiting technology [3,15,
16], optical data storage [14], and holographic display [12,13].
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