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ABSTRACT

Hybrid metasurfaces are made of metals and dielectrics in which dielectrics (metals) are sandwiched between metals (dielectrics) to control
the reflection and transmission of light. The existing designs have low sensitivity, little color coverage, and a lack of flexibility. Here, a new
structural color design is proposed in which metals and dielectric resonators are arranged spatially in 2D to form a lateral hybrid system,
instead of being placed as layers. Such a design exhibits a high level of sensitivity to mechanical forces because it works via 2D optical cou-
pling and light confinement between adjacent resonators. Our study shows that in-planar coupling of two dissimilar resonators can enhance
sensitivity by an order of magnitude in comparison to stacking them. Metasurfaces with our design would have unprecedented mechanical
tunability without compromising either the materials choice or processing. Using the proposed hybrid system, we demonstrate large tunabil-
ity across the full range of colors with only a 10% change in the size of the lattice, which further proves its superiority over existing designs.
This concept could find application in wearable devices that require high sensitivity to small mechanical fluctuations.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0115964

I. INTRODUCTION

Optical metasurfaces are subwavelength 2D structures with
patterns that interact strongly with light, thus altering the light–
matter interaction over subwavelength thickness. Artificially
designed structures can fill in the gaps in the electromagnetic spec-
trum where materials are unable to respond, enabling the construc-
tion of new devices for applications, such as perfect absorbers,1

anti-reflectors,2 topological insulators,3 digital-coding,4 program-
mable metasurface,5,6 information metamaterials,7 flat lenses,8 and
structural color.9,10 Their properties and functionalities are largely
dictated by their spatial arrangement rather than intrinsic chemical
properties. From the materials perspective, noble metals11 and high
refractive index dielectrics12 have been used as the building blocks
of metasurfaces due to their optical properties.

The coupling of the electromagnetic field between the adjacent
resonators is the primary reason for using resonators in metasurfa-
ces. In metallic nanoparticles (NPs), the free electron oscillation at
the surface can couple with the proximal one, creating a bonding
or anti-bonding hybridized mode, in analogy to the hybridization
of atomic orbitals in molecules.13 Although such hybridization
(bonding mode, in particular) can create an intense field

enhancement in the gap region, metals naturally suffer large para-
sitic losses. This increases significantly the probability of non-
radiative photon recombination.14 This inevitable problem stimu-
lates the research on the high permittivity, low-loss dielectric coun-
terpart, whose optical confinement can be achieved through the
generation of intensive displacement current inside the structure,
leading to either an electric dipole mode (ED) or a magnetic dipole
mode (MD) depending on the wavelength.14 However, low-loss
dielectric dimers are limited by relatively weak optical confinement.
A hybrid composed of both metal and dielectric can instead benefit
from both worlds.

The field of metasurface structural color saw an increment in
layering hybrid systems, i.e., dielectric resonator with metal cap,15–17

sandwich structure,18,19 nanoparticles on substrates,20,21 nanocompo-
site,22 multilayer23,24 core-shell,25 and grating.26 Although the con-
ventional hybrid designs show different levels of color tunability,
real-time tuning (reversible) is out of reach because their tuning
usually involves a change in material thickness, which is not possible
post-processing. In some cases, flexible polymers or biodegradable
materials27 have been used as a substrate or a base; however, the tun-
abilities are very small and limited.28–30
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In this paper, we present the first hybrid system in a planner
arrangement by combining horizontally high permittivity dielectric
and noble metals. As proof of concept, we demonstrate the applica-
tion of the new design in structural color. The color tuning method
in such a design relies on the change in the inter-resonator gap,
which can be an advantage toward a flexible, stretchable metasurface.
In this contribution, we have performed a comprehensive numerical
investigation of the optical response of a lateral hybrid system.
Different material pairs were studied with an altering lattice size.

II. MATERIALS AND METHODS

Different system configurations are shown in Fig. 1. A typical
mono-material metasurface is presented in Fig. 1(a), where all the
resonators are composed of the same material. Figures 1(b) and
1(c) represent the lateral and layering system, respectively. Yellow
and purple colors are used to differentiate materials. In the lateral
system, resonators composed of two different materials are placed
horizontally next to each other to form a lattice. In the layering
system, one material is placed on top of the other as a shape of a
cylinder resonator. The lattice size (P), pillar height (H), pillar
diameter (D), and gap size (G) are also displayed in the graph. We
select silicon (Si) and germanium (Ge) as dielectrics for their high
refractive index and low loss in the visible region. Si has been of
high interest for structural color since it is reliable, cost-effective,
and easy to integrate into opto-electronic devices.31 In contrast to
other dielectric materials, for which the magnetic-type resonance is
commonly dominant, Ge has a strong electric-type resonance due
to its semi-metal properties, which can in theory create stronger
coupling when placed next to a metal resonator.32 Aluminum (Al)
and gold (Au) are chosen as metal representatives due to their dis-
tinct features in dielectric functions in the visible region. Gold,
although proven high loss in the visible wavelength, possesses
better stability in most environments.33,34 Al, on the other hand,
has material properties that enable strong plasmon resonances
spanning much of the visible region of the spectrum and into the
ultraviolet. This extended response, combined with its natural
abundance, low cost, and amenability to manufacturing processes,
makes Al an auspicious material for commercial applications.35,36

III. RESULTS

The three aforementioned systems have been built and the
results are calculated by the commercially available software
COMSOL Multiphysics. Figure 1(d) shows the schematic of a
typical FEM model employed in the analysis. The simulated lattice
is shown in Fig. 1(b), with a solid line square. Floquet periodic
boundary conditions (PBCs) have been applied to the lateral faces
(i.e., x and y directions) to mimic an infinite array of elements, and
perfectly matched layers (PMLs) are placed at the top and bottom
boundaries to avoid reflections from the ports. Floquet ports have
been used to produce an x-polarized wave incident on the metasur-
face and monitor the reflected wave. The whole structure is meshed
with triangular elements in the x and y directions. Meshing in the z
direction is carried out by projecting elements from the x and y
directions. The maximum mesh size is set to λ0=5 in air and λm=10
in materials. A varying P, which increases from 150 to 200 nm,
with a step of 25 nm, is adapted. All resonators have the same H

and D of 100 nm. This design led to a G size of 6.07 nm for
P = 150 nm, 23.74 nm for P = 175 nm and 41.42 nm for
P = 200 nm.

The result of mono-material systems at P = 150 nm is shown
in Fig. 1(e). As expected, Si has demonstrated sound characteristics
for color generating by a single, narrow peak, while Al, Ge, and Au
showed relatively flat, low-intensity features. These results suggest
that Si is more suited for color generation, thus the pairs of Si–Al,
Si–Ge, and Si–Au should be taken to further investigation.

The Si–Al [Fig. 2(ai)] and Si–Ge [Fig. 2(bi)] lateral hybrid
systems show a change in reflectance intensity and a blue shift of the
reflectance dip around 525 nm with the increasing lattice size. Smaller
gap size leads to stronger E field resonance, thus a higher reflectance
intensity. It also allows stronger coupling between the E fields pro-
duced by both materials. The Si–Au pair has experienced a more dra-
matic change; two distinct peaks at λ ¼ 450 nm and λ ¼ 540 nm has
merged into one as the lattice size enlarged [Fig. 2(ci)]. On the other
hand, the layering hybrid system does not show any significant reso-
nating frequency shifts. All three pairs see a unified change in the
reflectance intensity. The color results of the lattice tuning of the two
hybrid systems are shown in the CIE diagram in Fig. 2(iii). The lateral
hybrid system is represented by the white/orange square and the lay-
ering hybrid is expressed by an array of white/blue squares.
According to the color data, the lateral hybrid system shows a better
color tuning range than its layering counterpart. The Si–Au pair, in
particular, has exhibited the best color coverage, ranging from orange/
yellow to the blue region.

The physics that governs the metal–dielectric lateral hybrid
system has been studied with a simplified metal–dielectric dimer
model.16,37–43 Generally, the excited resonating mode from metal
(plasmonic) and dielectric (Mie) is inherently different. Depending
on their size and gap distance, different reflectance spectrums can
be realized. In metal resonators, free electrons in metal interact
with incident light, creating surface plasmon resonance (SPR).11

When the diameter of the nanoresonator is small enough, the reso-
nance is localized; hence, we have localized surface plasmon reso-
nance (LSPR).44 This type of resonance is mainly contributed by
the ED and leaks more into the ambience.41 It is, therefore, rather
sensitive to environmental change such as inter-particle distance.
For dielectric resonators, oscillating bond electrons create displace-
ment currents when interacting with incident light, leading to Mie
resonance.12 In this type of resonance, the lower order of resonance
such as MD and ED are most expressed, with the likelihood of a
higher resonating mode (electric and magnetic quadrupole) when
the size of the resonator increases.32 With MD dominating the scat-
tering field, it is less likely to be affected by the environment. A
strong scattering field is usually achieved due to the low loss in
dielectric resonators. The reflectance of a lateral system can then be
viewed as the addition of that of mono-dielectric metasurface with
an influence of the gap coupling between dielectric and metal reso-
nators. For example, in Fig. 2(ci), the resonating peak at 450 nm is
mainly contributed by the dielectric resonator. The shifting peak at
540 nm is contributed by the gap resonance of the Au resonator.
This further demonstrates the ability to engineer the reflectance at
will by carefully selecting the material combinations.

The electric and magnetic field intensity at λ ¼ 450 nm and
λ ¼ 540 nm is shown in Fig. 3. A substantial electric field
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enhancement is observed in the gap region, indicating strong ED to
ED coupling between metal and dielectric NPs. Meanwhile, a
strong magnetic field enhancement is established inside the dielec-
tric NP due to the presence of MD resonance, which also induces a
certain magnetic field enhancement at the surface of the metal NP.
This is due to the ED to MD coupling. At 450 nm, all three lattice
size designs showed a high-intensity reflectance peak. The corre-
sponding magnetic field intensity supports such a claim; the central
Si resonator experienced intense scattering strength in all lattice
sizes. On the other hand, a strong E field intensity at λ ¼ 450 nm
was only observed in a lattice size of 150 nm, which corresponds to

the peak at λ ¼ 540 nm in the reflectance spectrum shown in Fig. 2
(ciii). Thus, we may conclude that the peak around 450 nm is
achieved due to the intense MD generated by the dielectric part of
the design, while the resonance peak at around 540 nm is due to
the high ED scattering resulting from the metal part.

More interestingly, as the lattice size increases from 175 to
200 nm which corresponds to gap changes from 6.07 to 41.42 nm,
little to no E field intensity or reflectance peak change is observed.
This result agrees with previous studies, which suggest that the
tuning effect is only present when the gap between metal and
dielectric resonators is smaller than 20 nm.37,42 Therefore, we

FIG. 1. Schematics of the designed mono- and hybrid systems. (a), (b), and (c) stand for mono-material system, lateral hybrid system, and layering hybrid system, respec-
tively. The resonator diameter, height, gap between two resonators, and lattice size are indicated in the image. (d) demonstrates a single simulation unit in 2D, COMSOL.
(e) shows the reflectance of mono-system with different materials at D = 100 nm, H = 100 nm, and P = 150 nm.
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designed a smaller range of lattice tuning to investigate the color
tuning effect further.

When the metal and dielectric NPs are brought into close
proximity, the coupling between the metal LSPR and dielectric Mie
resonances modifies the optical response of the entire structure.14

The primary ED and MD moment excited by incident light could
induce a secondary ED and MD moment on the other part, which
would, in turn, alter both the amplitudes and phases of the electric
and magnetic dipolar resonances of the dimer and largely modify
its scattering properties.14 Furthermore, when placed nearby the

ED generated by both materials would create two new modes,
bonding and anti-bonding modes. A bonding mode occurs when
the electric fields in both resonators are circulating in the same
direction (i.e., both clockwise), whereas an anti-bonding mode
emerges when the electric fields are circulating in the opposite
direction (one clockwise and the other anti-clockwise).45

We further investigate the Si–Au pair by a small lattice size
ranging from 145 to 175 nm. This design allows the gap size to
increase linearly from 2.53 to 23.74 nm. The effect of these two
modes on the reflectance is shown in Fig. 4. Significant dips can be

FIG. 2. Period tuning reflectance spectrum of different Si hybrid systems and their corresponding color. The reflectance of Si–Al, Si–Ge, and Si–Au is presented in (a),
(b), and (c), respectively. (i) shows the lateral hybrid [Fig. 1(b)], and (ii) represents the layering hybrid system [Fig. 1(c)]. (iii) shows the CIE color map of Si–Al, Si–Ge, and
Si–Au lateral and layering system lattice tuning accordingly.
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observed where the bonding and anti-bonding modes appeared.
As the lattice size increases, the bonding mode in the lateral
has shifted drastically from around 665 nm to around 520 nm
[Fig. 4(a)], while in the conventional hybrid design, both bonding
and anti-bonding resonating wavelengths reveal very limited
change [Fig. 4(b)]. This observation proves that the bonding mode
is more sensitive to the gap size, giving opportunities to tune the
reflected color based on a lattice tuning method.

The reflected colors and the standard sRGB area are shown in
Fig. 4(c). We observe a well-covered color range from orange/
yellow to, blue, violet, and pink, then finally terminated in the red-
violet region. The color coverage has reached 14% of the sRGB
color map, whereas the bare color of green and a less than 1% cov-
erage have been found in the layering system. The coverage is
obtained by quantitatively comparing the color gamut with the
sRGB standard spaces via calculating the area.

A comparison of lattice tuning of our lateral design and con-
ventional hybrid layering designs,17,23,24 which are reported in the
literature, is shown in Fig. 5. In this figure, “25%–75%” demon-
strates that from low to high, 25%–75% of data fall into this range.
Similarly, “10%–90%” demonstrates that 10%–90% of data fall into
this range, and “Mean” stands for the mean value for the data. We
consider the sensitivity of the designed metasurface by the change
in the resonating wavelength over the change in the lattice size
(Δλ=Δp). The change in the lattice size would mimic a mechani-
cally stretchable metasurface, thus proving the sensitivity to
mechanical forces. The lateral design clearly has a higher influenc-
ing parameter ranging from 3 to 26, with a mean value of 11. On
the other hand, the layering systems only showed little effect with a

factor of around 2 or lower. In other words, the hybrid lateral
system sensitivity is ten times the conventional metasurfaces. This
further highlights the performance of the proposed lateral hybrid
system to a conventional layer system. Furthermore, the existing

FIG. 3. Field intensity of Si–Au lateral hybrid system. The lattice size ranged from 150 to 200 nm, with a 25 nm step. Electric and magnetic field intensity at λ ¼ 450 nm
and λ ¼ 540 nm are presented.

FIG. 4. Results of lattice tuning from 145 to 175 nm of Si–Au hybrid systems.
(a) and (b) show the reflectance of lateral and layering systems accordingly. The
color generated by the reflectance is extracted and shown next to each spec-
trum line. Their tuning color in the standard CIE system is presented in (c).
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“period” tuning layering systems have a rather fixed feature. To the
best of our knowledge, the lattice tuning effects are based on many
rigid (already fabricated) metasurfaces with different lattice sizes.
The superiority of the lateral system lies in its ability to adapt to a
flexible and stretchable substrate.

This tuning effect could potentially be adapted to other metal–
dielectric pairs with various parameters. There are various choices in
metals (e.g., Al, Ag, Au, Cu) and dielectric materials with intermedi-
ate or high refractive indexes (e.g., ITO, GaP, Si, Ge, GaAs). The
numerous combination possibilities among them provide a large
degree of freedom to tune the optical response of the heterodimer,
covering, therefore, a broad color range. Future work can be consid-
ered in terms of the surface profile to realize higher quality colors.

IV. CONCLUSIONS

Here, we present a metal–dielectric hybrid system in a planner
configuration. According to the range of materials examined in this
study, the Si–Au pair exhibits the highest sensitivity and color cover-
age. It turned out that the hybrid planner system is not only more
flexible and stretchable but also ten times more sensitive than its layer-
ing counterpart. The flexibility in processing provided by the proposed
approach may make real-time tunable mechanical metasurfaces possi-
ble. Given the large gamut of color, the new metasurface could be
used as a broadband detector for tactile and vibration sensors, which
is otherwise not possible with conventional metasurfaces.
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