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Abstract: Plasmonics and metamaterials are growing fields that consistently produce new technologies
for controlling electromagnetic waves. Many important advances in both fundamental knowledge and
practical applications have been achieved in conjunction with a wide range of materials, structures and
wavelengths, from the ultraviolet to the microwave regions of the spectrum. In addition to this
remarkable progress across many different fields, much of this research shares many of the same
underlying principles, and so significant synergy is expected. This Special Issue introduces the recent
advances in plasmonics and metamaterials and discusses various applications, while addressing a
wide range of topics in order to explore the new horizons emerging for such research.

Keywords: plasmonics; metamaterials; metasurfaces; polarization control; infrared sensors

Plasmonics and metamaterials are both fields of study that have received increasing attention and
that constantly produce new means of modifying electromagnetic waves. Surface plasmon polaritons
(SPPs) are electromagnetic waves at the interface between a metal and a dielectric that are excited by
the coupling of photons and electrons. In general, SPPs having wavelengths from the ultraviolet to
the far infrared (IR) regions of the spectrum can be produced. Metamaterials are engineered artificial
structures exhibiting unconventional physical properties that cannot be achieved using standard
materials. Recently, there has been significant interest in metasurfaces based on two dimensional
metamaterials because of the potential of such surfaces to manipulate photons. These two technologies
can be combined, typically in conjunction with optical wavelengths, to produce unique properties.
Consequently, many results that are important both in terms of our fundamental understanding of
these phenomena and in terms of actual applications have been obtained, using a wide range of
materials, structures and wavelengths spanning the ultraviolet to the microwave. Interestingly, despite
the numerous fields in which these technologies have been investigated, much of this research has
many common principles and so could lead to progress via synergistic effects and collaborations.

This Special Issue, “New Horizon of Plasmonics and Metamaterials”, brings together eight articles
and one review that capture and summarize the recent activity and developments in this field as well
as practical applications over a wide range of topics, so as to explore the new possibilities emerging for
these fields.

To date, three studies have demonstrated polarization control using metasurfaces or metagratings
in the GHz frequency range. Shi et al. [1] employed metasurfaces with multiple layers in association
with the generation of vortex beams and conversion via cross-polarization. Shi’s work involved
the development of dual metasurfaces for the purpose of polarization conversion as a means of
producing beams carrying orbital angular momenta with four different orders (such that l = +1, l = +2,
l = −1 and l = −2). The data from this work assisted in the realization of polarimetric and super
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resolution imaging. Song et al. [2] reported a means of performing the multifunctional manipulation
of polarization, based on using a dielectric grating containing periodic arrangements of meta-atoms
to produce metagratings. These devices acted as highly efficient waveplates with dual modes and
multiple functions, and were able to exhibit a number of different functions. These functions included
circular or linear cross-polarization and linear-to-circular polarization conversions as well as mirroring
with chirality preservation for a variety of frequency bands, together with significant angular invariance.
Such properties could potentially be useful in conjunction with additional ranges of frequencies so
as to fabricate small optical polarization control devices for optical, radar and telecommunications
applications. Li et al. [3] developed a cross-polarization converter capable of dual-band operation
with a transmissive unit cell design with multiple layers, based on a transmit array with aperture
coupling. In this device, co-polarized transmittance is greatly reduced (to less than 0.005), giving
a ratio of polarization conversion that is almost ideal. This converter has potential applications in
telecommunications, radar systems and antennae.

Two studies have examined plasmonic effects in waveguides in conjunction with wavelengths in
the visible and near-IR spectral range. Zhang et al. [4] reported a metal-dielectric-metal plasmonic
device with gain-assisted operation that exhibited improved slow light operation as a result of a
transparency effect related to plasmons. In this system, the optical delay and transmission of slow light
can both be improved by adjusting the gain power. In addition, incorporating an additional gain disk
cavity allows for the enhanced introduction of slow light via a double-channel. This device could have
uses in optical switching, nanolasers and biosensing. Wang et al. [5] produced a metal-insulator-metal
(MIM) system incorporating coupled hetero-cavities that generates and tunes three Fano resonances.
The multiple Fano resonances are obtained via separate mechanisms involving cavity–cavity coupling
and can be considered to represent two different types of resonance. Each type can be tuned separately
by modifying various parameters related to the cavities, so as to allow tunable modulation of the
Fano resonances. This technology has potential applications in slow-light devices, filters, nanosensors
and modulators.

Other work has examined the use of this technology operating at wavelengths at visible and IR
wavelengths. Kanamori et al. [6] developed a miniature spectroscope incorporating 25 color sensors
in association with Si photodiodes and color filters made of metamaterials. These filters comprised
metal gratings exhibiting guided mode resonance, with subwavelength periodic two-dimensional
morphologies. The spectral sensitivity of this device was determined to exhibit a peak wavelength
that had a linear correlation with the period of the grating. Upon irradiation with monochromatic
light at various wavelengths, the incident light’s spectral characteristics could be recovered from the
signals generated by the color sensors. This metamaterial filter technology could be applied to the
fabrication of image sensors operating in multiple colors. Ogawa et al. [7] researched uncooled IR
sensors operating in selective polarization and wavelength capacities to design a means of removing
undesirable modes while employing a number of plasmonic metamaterial absorbers (PMAs) and
applying a reference pixel and a subtraction process. This same approach has possible applications in
a number of different uncooled IR sensors. Ogawa et al. [8] also published a review of the different
MIM-PMAs that have been reported. This review discusses the history of these devices together
with their basic physical principles and modes of operating, while also addressing the research that
will be necessary in the future to elucidate design aspects and allow different applications. The
technology discussed by Ogawa could be used in many wavelength regions, including the microwave,
terahertz and ultraviolet ranges of the electromagnetic spectrum.

Sabouni-Zawadzka et al. [9] examined a new cellular metamaterial having a simplex tensegrity
morphology. Their work involved the use of three different tensegrity lattices with varying geometric
structures and assessed six different deformation modes: low and high (double) shear along with soft,
stiff and medium extensional. Both unimode and close to bimode lattices were reported, based on a
classification system for extreme advanced materials.
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The brief summary above introduces a wide range of topics, including optics, radiofrequency
engineering and mechanics. This variety of research illustrates the rapid progress that has occurred in
the field of plasmonics and metamaterials. We hope that this Special Issue will inspire researchers to
continue to perform groundbreaking research in this area.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In this paper, metasurfaces with both cross-polarization conversion and vortex
beam-generating are proposed. The proposed finite metasurface designs are able to change the
polarization of incident electromagnetic (EM) waves to its cross-polarization. In addition, they also
can modulate the incidences into beams carrying orbital angular momentum (OAM) with different
orders (l = +1, l = +2, l = −1 and l = −2) by applying corresponding transmission phase
distribution schemes on the metasurface aperture. The generated vortex beams are at 5.14 GHz.
The transmission loss is lower than 0.5 dB while the co-polarization level is −10 dB compared to the
cross-polarization level. The measurement results confirmed the simulation results and verified the
properties of the proposed designs.

Keywords: vortex beam; polarization conversion; orbital angular momentum

1. Introduction

The orbital angular momentum of electromagnetic waves has been explored in recent years for its
potential applications in wireless communications [1–3] and imaging [4,5]. EM wave carrying orbital
angular momentum has a helical wavefront and an amplitude singularity in the propagating direction.
The helical wavefront can be expressed by the term exp(ilΦ), where Φ is the azimuthal angle and l
is the topological charge. The topological charge corresponds to the OAM mode and, theoretically,
the OAM mode is vast.

The OAM in EM waves is typically generated using techniques like spiral phase plates [6,7],
spiral reflectors [8], antennas [9–11], dieletric resonators [12], computer-induced holograms [13],
transformation electromegnetics [14] and metasurfaces [15,16]. The common idea in these techniques
is to introduce the desired phase distribution on the radiation aperture. The spiral phase plate method
gives the incident wave different phase retardation according to the term exp(ilΦ) by modulating the
length of the wave path in corresponding areas. The antenna array approach usually use a circular
antenna array to excite array elements with the same amplitude but different phases.

Compared to these methods, metasurfaces for generation of beams carrying OAM have
advantages including low profile and simple EM wave control, i.e., the magnitude/phase/polarization
of the EM waves can be manipulated simply by changing the shape, geometry, size, orientation
and arrangement of the structures [17]. Reflective metasurfaces were used to generate single and
double mode vortex beams in mircrowave [18–21] and terahertz regimes [22]. An active transparent
metasurface was proposed for generating EM beams carrying OAM in the microwave frequency
range [23]. However, these designs only focus on the OAM controlling of microwaves leaving the

Materials 2018, 11, 2448; doi:10.3390/ma11122448 www.mdpi.com/journal/materials4
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polarization state of the transmitted wave the same as that of the incidence. Simultaneously control the
polarization and OAM of EM waves can enhance the performances of OAM beams in applications like
radar imaging. Recently, metasurfaces using Geometric-Phase were applied for simultaneous OAM
and spin angular momentum control [24–26]. These techniques impart a new degree of freedom to EM
wave control and pave a way for future applications.

In this paper, multi-layered metasurfaces generating OAM beams with efficient linear polarization
conversion were proposed. The patches on the outer sides of the designed metasurface receive and
re-radiate the incident wave, respectively. The cross-polarized transmission is higher than −1 dB
around 5.15 GHz with an extremely low co-polarized transmission below −35 dB. The transmission
phase can be fully controlled by the length of the stripline in the middle layer. By arranging the
metasurface unit cells according to desired phase distributions, the proposed metasurfaces can generate
EM beams carrying different modes of OAM. This design method was demonstrated by both simulation
and measurement.

This paper is organized as follows: Section 2 presents the design of the unit cells and the
metasurfaces. In this section, detailed geometries of the unit cell are introduced, the characteristics of
the unit cell are shown and the metasurface designs are presented. Section 3 presents the simulated
and measured results of the metasurfaces, which verify the designs and show OAM generation with
polarization conversion. In Section 4, the conclusions are drawn and the originality of this work is
presented.

2. Design of The Metasurface

A flowchart illustrating the main goal and the adopted methodology of this study is presented
in Figure 1. The unit cell pattern of the proposed multi-layered laminated metasurface is depicted in
Figure 2, where the gray parts represent the substrate Rogers 4350 B with εr = 3.48 and tanδ = 0.0037.
The yellow parts represent the metal structures with a thickness of 0.035 mm. The top and bottom
layers of the metasurface are circular patches which can couple or decouple the incident wave with
a cross-polarization conversion. The middle layer of the metasurface is a stripline structure and
is separated from the top and bottom layers by the first and second ground layers, respectively.
Two vias connect the two ends of the stripline to the top and bottom layers, respectively. The geometric
dimensions are p = 17.92 mm, R = 16.64 mm, r = 0.8 mm, w = 1.2 mm, fx = fy = 3 mm, h1 = 1.524 mm
and h2 = 0.254 mm. The length of the stripline S varies from 1.66 mm to 8.49 mm to achieve a 360◦

transmission phase control.

Figure 1. Flowchart illustrating the main goal and the adopted methodology of this paper.
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Figure 2. Geometry of the unit cell: (a) Top layer. (b) First ground layer. (c) Middle layer. (d) Second
ground layer. (e) Bottom layer. (f) Side view.

The unit cell design takes its inspiration from the patch antenna. The top/bottom layer couples
the y-polarized/x-polarized incident wave into the guided mode in the stripline structure and
then, the bottom/top layer decouples the guided wave into the x-polarized/y-polarized free space
propagation. It is by selecting the positions of the vias in orthogonal direction (e.g., in x and y
directions), that the polarization of the transmitted wave is converted.

The simulated distributions of the electric field component perpendicular to the unit cell (i.e., Ez)
on top and bottom layers are shown in Figure 3a,b, respectively. The incidences excite a y-polarized
dipolar mode on the top layer, where the guided mode travels through the stripline structure to
the bottom layer and excite a x-polarized dipolar mode, therefore converting the polarization of the
transmitted waves. In addition, the guided mode experiences different phase delay when the length of
the stripline varies. Also, the energy loss in the stripline structure is small and consistent regardless
of its lengths. Therefore, the transmission phase can be controlled by the length of the stripline,
which allows different phase distributions for different OAM beam-generating, while the transmission
loss is small and stable. Notably, due to only the top and bottom layers resonate, this design has
potentials to obtain low insert loss.

Figure 3. The simulated distributions of the electric field component perpendicular to the unit cell
(i.e., Ez): (a) Top layer. (b) Bottom layer.

The unit cell models were simulated by the commercial software CST Microwave Studio
(Version 2016, Computer Simulation Technology GmbH, Darmstadt, Germany) using periodic
boundary in x and y directions. The simulated transmission amplitudes and phases are shown
in Figure 4a,b, respectively. The transmission phase data at 4.8–5.5 GHz are given because, at other
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frequency ranges, the curves are confused and not of main concern in this paper. For a y-polarized
incidence propagating along −z direction, the transmitted wave is x-polarized and the cross-polarized
transmission amplitudes with different S are higher than −0.5 dB at 5.14 GHz, and from 4.9 GHz to
5.4 GHz, the transmittances are higher than −3 dB which indicates a 50% power efficiency, as shown in
Figure 4a. The co-polarized transmittances are below −35 dB from 4.9 GHz to 5.4 GHz, indicating an
extremely high polarization conversion efficiency, compared with [27,28]. At 5.14 GHz, the co-polarized
transmittance is below −38.2 dB. Eight stripline lengths were selected with a transmission phase step
of 45◦ to cover a 360◦ phase difference, as shown in Figure 4b. The selected stripline lengths are
1.656 mm, 2.62 mm, 3.62 mm, 4.58 mm, 5.57 mm, 6.54 mm, 7.53 mm and 8.49 mm.

Figure 4. The simulated transmittance of the unit cell with different stripline lengths S (as in Figure 2c):
(a) Amplitude. (b) Phase.

The helical wavefront of vortex beams can be expressed by the term exp(ilΦ), where Φ is the
azimuthal angle and l is the topological charge. Therefore, EM beams carrying OAM with an order
of l experiences an azimuthal phase change of | l | × 360◦. The sign of the OAM order l defines the
helicity of the vortex beam phase distribution. To generate vortex beam-carrying OAM of orders ±1
and ±2, two transmission phase distributions at 5.14 GHz with phase steps of 45◦ and 90◦, respectively
were designed and shown in Figure 5a,b, which depict the desired transmission phase with regard
to different positions on metasurfaces. For wave propagating along −z and z directions, these two
designs have opposite helicities and generate EM beams carrying OAM with orders of 1/2 and
−1/−2, respectively.

Figure 5. The front view of the transmission phase distribution schemes at 5.14 GHz for generating
beams carrying OAM of different orders: (a) l = +1. (b) l = +2.

7
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The two finite full structure models containing 16 × 16 unit cells are shown in Figure 6.
The discretization of the metsurface is done according to the transmission phase distributions in
Figure 5. The target frequency of the metasurfaces is at 5.14 GHz. It is worth pointing out that the
potential applications for radar imaging can be in X/C/S band and the metasurface design can be
easily tuned to other frequencies as well. The models were built up and simulated by CST Microwave
studio with a Gaussian beam as excitation with a minimum beam radius of 100 mm on the metasurface.
The average simulation time in a server with 256 GB memory and Intel Xeon E5 CPU is about 6 h.
About 30 GB memory is used. Gaussian beam, compared with plane wave, reduces the slight amount
of diffractions of the EM waves at the margins, while the phase profile of the transmitted beams are
the same. Also, the margins of the metasurfaces have metal sheet in ground layers to further avoid
diffractions. The used unit cells for realizing the desired transmission phase distribution designs in
Figure 5a,b with phase steps of 45◦ and 90◦ respectively are selected from Figure 4b. Eight kinds of
unit cell with stripline lengths of 1.656 mm, 2.62 mm, 3.62 mm, 4.58 mm, 5.57 mm, 6.54 mm, 7.53 mm
and 8.49 mm are selected for Figure 5a while four kinds of unit cell with stripline lengths of 1.656 mm,
3.62 mm, 5.57 mm and 7.53 mm are selected for Figure 5b.

Figure 6. The simulation model of the proposed metasurface: (a) Front view. (b) Back view.

3. Results

The simulated transmitted electric field distributions at a transverse plane 250 mm away from the
metasurface are depicted in Figure 7. Figure 7a–d,e–h show the transmitted electric field distributions
with incidences propagating along −z direction with a y-polarization and along z direction with a
x-polarization, respectively. Figure 7a,c,e,g show the normalized transmitted electric field amplitude
distributions at 5.14 GHz with design schemes in Figure 5a,b, respectively. Amplitude nulls can be
observed due to the phase singularity at the center of OAM carrying beams, and along with the
donut-shaped field distribution verified the characteristic of the vortex beams.

The transmitted phase distributions are shown in Figure 7b,d,f,h. The phase accumulations
along a full circular path around the beam null in Figure 7b,d are 2π and −2π, which indicates OAM
orders of +1 and −1, respectively. Figure 7f,h depict 4π and −4π phase accumulations along a full
circular path and therefore indicate OAM orders of +2 and −2. Thus, by using the proposed structure,
the designed metasurfaces can simultaneously convert the polarization of the incident wave and
generate vortex beams carrying OAM of four different orders, which has great potentials for radar
imaging applications.
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Figure 7. Simulated cross-polarized electric field distributions of the transmitted OAM carrying beams
at a transverse plane 250 mm away from the metasurface: (a) Amplitude and (b) phase distributions
for OAM order of l = +1. (c) Amplitude and (d) phase distributions for OAM order of l = +2.
(e) Amplitude and (f) phase distributions for OAM order of l = −1. (g) Amplitude and (h) phase
distributions for OAM order of l = −2.

The proposed metasurface was fabricated using PCB processing as shown in Figure 8. The overall
size of the fabricated sample is 326.72 mm × 326.72 mm with a thickness of 4.35 mm. Vias connecting
the middle layer to the top and bottom layers are fabricated by back drilling leaving two holes on the
top and bottom layers of each unit cell. The back drill holes and prepregs have been considered in the
simulations and have little influences on the metasurfaces performance.

The fabricated metasurfaces were measured using a vector network analyzer Agilent E8363b
(Keysight Technologies, California, United States) and a two-dimensional near field scanning
measurement system. The metasurface was placed between a lens horn antenna (used as the excitation)
and a WR-229 open-ended rectangular waveguide probe (used for receiving the OAM carrying beams).
The measurement was conducted in the anechoic chamber. The response calibration was used to
eliminate the effect of external noise during the measurement. The polarization conversion was
confirmed by receiving and analyzing the co-polarization and cross-polarization components of the
EM waves, which was realized by rotating the open-ended rectangular waveguide probe. A schema of
the measurement devices and settings is depicted in Figure 9.

Figure 8. Photos of the fabricated metasurface: (a) Front view. (b) Back view.
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Figure 9. Schema depicting the measurement devices and settings.

The measured amplitude and phase distributions of the cross-polarized transmitted electric field
at a transverse plane 250 mm away from the metasurface are shown in Figure 10. Figure 10a–d
show the amplitudes and phases of the x-polarized transmitted wave with a y-polarized excitation
propagating along −z direction. Figure 10a,c depict an amplitude null at the field center. Figure 10b,d
show phase accumulations of 2π and 4π along a full circular path, indicating OAM orders of +1 and
+2, respectively. Figure 10e–h show the amplitudes and phases of the y-polarized transmitted wave
with an x-polarized excitation propagating along z direction. The amplitude distributions shown in
Figure 10e,g show amplitude nulls level at 0.01 compared to the maximum value. Due to the deviations
in fabrication and measurement, the perfect offset of amplitude at the center may be compromised.
Still, −20 dB nulls level is satisfying [29]. The phase distributions in Figure 10f,h show −2π and −4π

phase accumulations along a full circular path, indicating OAM order of −1 and −2, respectively.

Figure 10. Measured cross-polarized electric field distributions of the transmitted OAM carrying beams
at a transverse plane 250 mm away from the metasurface: (a) Amplitude and (b) phase distributions
for OAM order of l = +1. (c) Amplitude and (d) phase distributions for OAM order of l = +2.
(e) Amplitude and (f) phase distributions for OAM order of l = −1. (g) Amplitude and (h) phase
distributions for OAM order of l = −2.
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The simulated and measured amplitudes of the co-polarized transmitted wave are shown in
Figure 11a,b, respectively. For each condition, the co-polarized transmissions are randomly distributed
with a low amplitude. In the simulation results, the co-polarized electric fields amplitude level is lower
than 0.06, while the measured results show co-polarization level lower than 0.15. The discrepancy
between simulation and measurement comes from fabrication deviations and the slight amount of
diffracted EM waves. However, compared with the cross-polarization level, the co-polarization level is
low and does not affect the generated cross-polarized vortex beams. The co-polarization level can be
enhanced if absorbers are placed around the metasurface.

Figure 11. Simulated co-polarized electric fields amplitude distributions for different OAM orders:
(a) l = +1. (b) l = +2. (c) l = −1. (d) l = −2. Measured co-polarized electric fields amplitude
distributions for different OAM orders: (e) l = +1. (f) l = +2. (g) l = −1. (h) l = −2.

4. Conclusions

In conclusion, two polarization conversion metasurfaces generating four different orders of OAM
carrying beams (l = +1, l = +2, l = −1 and l = −2) were designed and fabricated. The simulation
and measurement results are in good agreement with each other. The multi-layered unit cells we
proposed realize full phase control, low transmission loss, high polarization conversion efficiency and
can be easily tuned to any frequencies of interest. By manipulating the transmission phase distributions
on the metasurface aperture, the transmitted beams can carry OAM of four different orders, which has
potentials for super resolution imaging. In addition, the polarizations of the transmitted waves were
efficiently converted, which may further enhance the performances in applications, for example,
imaging polarization dependent objects.
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Abstract: Metamaterials with their customized properties enable us to efficiently manipulate the
polarization states of electromagnetic waves with flexible approaches, which is of great significance
in various realms. However, most current metamaterial-based polarization controllers can only
realize single function, which has extremely hindered the expansion of their applications. Here, we
experimentally demonstrate highly efficient and multifunctional polarization conversion effects using
metagrating by integrating single-structure metallic meta-atoms into the dielectric gratings. Benefiting
from the combined advantages of the gratings and the metamaterials, the considered metagrating
can operate in transmission and reflection modes simultaneously, acting as a high-performance and
wide-angle quarter-wave or half-wave plate with distinct functions in different frequency bands. This
metagrating structure is scalable to other frequency ranges and may provide opportunities to design
compact multifunctional optical polarization control devices.

Keywords: metagratings; polarization controller; multifunction; wide-angle; dual mode

1. Introduction

As one of the key properties of an electromagnetic wave, polarization has numerous fascinating
applications in the scientific research area as well as our daily life. However, limited by the intrinsic
electromagnetic properties of natural materials, the conventional polarization control devices often
suffer from bulky configurations, low efficiencies, and narrow working bandwidths [1], which
extremely hinders their potential applications. In addition, to comply with the trend of integration and
miniaturization of the electromagnetic system, integration of multiple diversified functionalities into a
single and compact device has attracted increasing attention.

In recent years, the development of metamaterials opened new opportunities to efficiently
manipulate electromagnetic waves [2–6]. With well-designed meta-atoms, metamaterials exhibit
an incomparable superiority in achieving giant anisotropy or chirality which is much larger than that
of natural materials [7–11], making it possible to control electromagnetic wave polarizations with
sub-wavelength profiles [7,10,12–14]. On this basis, various promising ultra-compact polarization

Materials 2019, 12, 623; doi:10.3390/ma12040623 www.mdpi.com/journal/materials14



Materials 2019, 12, 623

controllers based on metamaterials have been proposed, such as polarization rotators [15–18],
quarter-wave plates [19–22], half-wave plates [23–25], asymmetric transmission devices [26–28], and
chiral mirrors [29–32]. Despite the great progress, most of the aforementioned metamaterial-based
polarization controllers possess single functionality only, which inevitably restricts the application
flexibilities to some degree. Recently, considerable efforts have been devoted to integrating multiple
functionalities into a single meta-device [31,33–36], and some multifunctional polarization controllers,
such as multi-modal reflective metasurface polarization generator [37], metasurface with absorption
and polarization conversion functions [38], metasurface with reconfigurable conversions of reflection,
transmission, and polarization states [39], have been demonstrated. Additionally, some previous
papers have concluded that grating structures can also realize multiple polarization conversions [40–42].
In spite of the described advantages, some of these polarization controllers need to integrate
multifarious complex supercells to accomplish multi-functionalities [37], which are unfavorable to the
structure design and fabrication process. Additionally, limited by the current design concept, these
multifunctional polarization controllers work in single reflective or transmissive mode merely [37–42],
and to date, a multifunctional polarization controller that can operate in dual modes, which may find
important applications in multipath systems, has not yet been obtained. Thus, efficiently integrating
multiple distinct polarization conversion functions and dual operating modes into a single polarization
controller composed of simple geometric structures is meaningful and still a challenge.

More recently, metagratings with excellent performances have been proposed to efficiently
manipulate electromagnetic waves. For instance, Khorasaninejad et al. demonstrated that a
metagrating composed of dielectric ridge waveguides can realize broadband and efficient routing
(splitting and bending) into a single diffraction order and additional polarization beam splitter
capabilities [43]. In another study, Ra’di et al. proposed a metagrating consisting of periodic arrays of
anisotropic inclusions to control the wave front with unitary efficiency [44]. However, manipulating the
polarization state of the electromagnetic waves via metagratings has not yet been reported. Inspired by
the concept of metagratings, in this paper we propose a new route to manipulate the polarization state
and amplitude of electromagnetic waves with an anisotropic metagrating which is obtained through
the combination of metallic metamaterial and dielectric grating. Furthermore, by delicately designing
the anisotropic meta-atoms, the unique metagrating is capable of realizing polarization-sensitive
phase responses and can efficiently work in the transmission and reflection modes simultaneously.
Both of the simulation and experimental results showed that multiple high-efficiency diversified
functionalities, including linear polarization rotator, circular polarizer, circular polarization converter,
and chirality preserving mirror, are integrated into this single sub-wavelength meta-device. Moreover,
the corresponding efficient polarization conversion behaviors in different frequency bands are all
insensitive to the incident angle of electromagnetic waves. Such a multifunctional metagrating
will provide greater flexibility in a variety of practical applications where polarization controllers
are involved.

2. Theory and Structure Design

When an anisotropic structure with the principal axis along u- and v-axis directions, for instance,
a typical metal grating shown in Figure 1a, is illuminated by a plane wave propagating along w-axis
with the polarization orientation of 45◦ with respect to u-axis direction, the reflected and transmitted
electric fields can be written as:(

Eou

Eov

)
=

(
a 0
0 b

)(
Eiu
Eiv

)
= a

(
Eiu

αExp(iβ)Eiv

)
, (1)

where a and b are the reflection and transmission coefficients of the anisotropic structure along u- and
v-axis, respectively, and the ratio of α = |b|/|a| is defined as the amplitude ratio. β is the phase
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difference between the two principal axes. For a perfect polarization converter, the value of α should be
equal to 1 and the value of β should be ±π/2 for the quarter-wave plate and ±π for the half-wave plate.

Figure 1. Schematic diagram of (a) the metallic subwavelength grating, (b) the proposed metagrating,
and (c) the unit cell of metagrating. The u- and v-axis are the two principal axes of the metagrating,
respectively. The direction of the x(y)-axis is rotated by 45◦ with respect to the u(v)-axis. (d) Photograph
of the experimental sample.

Due to the dispersion, β may achieve ±π/2 and ±π at different wavelengths, thereby a single
device can exhibit multifunctional polarization conversion as both quarter-wave and half-wave
plates [40,41]. However, such multifunctional wave plates are only able to operate within a narrow
band due to the dispersion nature.

In this work, we choose the grating structure to achieve multiple polarization conversion because
of its simultaneous control of phases and amplitudes capabilities [40–42,45]. Benefiting from the
concept of metamaterials, we are able to control α, β, and even operating modes through a more
flexible approach by integrating artificial meta-atoms into conventional gratings. Here, as shown
in Figure 1b, we propose a sub-wavelength metagrating composed of single wheel-like unit cells
as an example. Figure 1c exhibits the detailed geometrical structure of the unit cell. The bilayer
metallic patterns are connected by a metallization hole with the diameter of 0.6 mm. The structural
parameters of the unit cell are as follows: p = 12 mm, s = 6 mm, r1 = 5.9 mm, r2 = 3.5mm, w = 0.5 mm,
h = 3 mm, and θ = 10◦. The metal cladding is copper with the thickness of 0.035 mm and conductivity of
σ = 5.8 × 107 S/m. The dielectric substrate is Teflon with a relative permittivity of 2.2 + 0.001 × i.
Figure 1d shows the photograph of the fabricated metagrating structure, which is composed of 33
layers of slats each consisting of 16 wheel-like unit cells.

3. Results and Discussion

In order to get the electromagnetic properties of the proposed metagrating, both of the simulations
and experiments were carried out. The simulations were achieved with the commercial finite
element software CST Microwave Studio (CST2018, Computer Simulation Technology GmbH). In the
simulations, unit cell boundary conditions were used in the u- and v-axis directions, while open
boundary conditions were employed in the w-axis direction. The experimental data was obtained
using a network analyzer (AV3629, 41st institute of CETC, Qingdao, China) with two broadband
linearly polarized horn antennas in an anechoic chamber.
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Since the considered metagrating can work in the transmission and reflection modes at the same
time, we first studied the transmission mode of the metagrating in the frequency range of 5.5 GHz
to 8.0 GHz. Figure 2 shows the transmittance, amplitude ratio, and phase difference of the proposed
metagrating as the linearly polarized incident waves are u- and v-polarizations. In this paper, the first
subscript m in Tmn/Rmn represents the polarization state of the transmitted and reflected wave, while
the second one n represents the incident wave. As shown in Figure 2a, the co-polarization spectrum
(Tvv) of v-polarization incident waves shows there are three peaks with high transmittance occurring
on the co-polarization spectrum (Tvv) of v-polarization incident waves. For the u-polarization incident
waves, the metagrating will operate similarly as a regular wire-grid metallic grating, which enables
a high transmittance for the linearly incident waves with the polarization plane perpendicular to its
wire line direction [18,46], leading to a high co-polarization transmittance (Tuu) over 0.95 in the whole
frequency range. Since the transmittance of Tuu and Tvv, are close to each other around the frequencies
of 6.1 GHz, 7.1 GHz, and 7.9 GHz, the amplitude ratios αT = Tvv/Tuu in Figure 2c are close to 1 around
the corresponding frequencies, which is important to ensure a perfect quarter-wave or half-wave
plate performance. Figure 2e portrays the transmission phase difference βT between u- and v-axis
(βT = ϕvv − ϕuu). It is obvious that the phase difference βT can be varied in a large dynamic
range covering from 0 to 2π. And it can also be found that around the frequencies of 5.8 GHz,
6.4 GHz, 7.1 GHz, and 7.9 GHz, the phase differences are approximately about π/2, π, 3π/2, and π/2,
respectively, which implies that the metagrating is able to function as a transmission-type half-wave or
quarter-wave plate at the selected frequencies. The experimental results of the proposed metagrating
are shown in Figure 2b,d,f, respectively, which show good agreement with simulations.

Figure 2. Simulation (left column) and experimental (right column) results of the proposed metagrating
in the case of u- and v-polarization incidence. In this frequency region, the metamaterial operates in
transmission mode. (a,b) Transmittance, (c,d) calculated amplitude ratio αT, (e,f) phase difference βT

between u- and v-axis.
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In Figure 3, we illustrate the results of the considered metagrating in the case of x- and y-polarized
wave incidence. It is significant that in Figure 3a the co-polarization and cross-polarization transmission
spectra for the x- and y-polarized incident waves are completely coincident, i.e., Txx = Tyy and
Tyx = Txy. This phenomenon can be attributed to the unit cell that is mirror symmetry with respect
to the plane x + y = 0 (uow plane) [23]. In the frequency range from 5.8 GHz to 7.1 GHz, the
cross-polarized waves account for the majority of transmitted waves, and the highest transmittance
of the cross-polarization rise up to 0.87 at 6.2 GHz, which means that as an x(y)-polarized incident
wave passes through the proposed metagrating, the transmitted wave is mainly transformed into
y(x)-polarized wave around this frequency. While in the frequency range of 7.1 GHz to 7.9 GHz, the
co-polarized waves dominate the transmitted waves, and the highest transmittance is 0.75 at 7.8 GHz.
As for the intersections of co-polarization and cross-polarization transmission curves, the metagrating
will work as a quarter-wave plate. According to the phase differences βT shown in Figure 2e,f, in
the frequency vicinity of 5.8 GHz, 7.1 GHz, and 7.9 GHz, the transmitted waves are left-handed
(right-handed), right-handed (left-handed), and left-handed (right-handed) circular polarizations
with the transmittance over 0.78 for an x(y)-polarized incident wave, respectively. Particularly,
the transmittance of the right-handed circularly polarization wave is nearly close to 1 at 7.1 GHz,
indicating a perfect linear-to-circular polarization conversion effect. In Figure 3c, the polarization
conversion ratio (PCR), which is defined as PCR = Tcross/(Tcross + Tco), is used to characterize the
polarization conversion efficiency of the metagrating. It shows that the PCR is larger than 0.9 between
6.1 GHz and 6.8 GHz and reaches its maximum value of 0.99 at 6.4 GHz, where the metagrating will
operate as a nearly perfect half-wave plate. The experimentally measured results are respectively
plotted in Figure 3b,d, which exhibit similar phenomena as the simulations in spite of the slight
deviations. According to the aforementioned results, the proposed metagrating is capable of acting as
a high-performance multiband transmission-type wave plate.

Figure 3. Simulated (left column) and measured (right column) results of the designed metagrating for
the x- and y-polarized incident waves in transmission mode. (a,b) Transmittance, (c,d) PCR.

Between 10.0 GHz and 15.0 GHz, the intriguing metagrating will operate in reflective mode.
Figure 4 plots the results of the proposed metagrating for u- and v-polarized wave incidence.
In Figure 4a,b, it is seen that the metagrating can realize high reflection for both of u- and v-polarized
incident waves, with the simulated (experimental) reflectance of Ruu and Rvv 0.85 (0.83) from 10.0 GHz
to 14.5 GHz. The corresponding results of the amplitude ratios αR are shown in Figure 4c,d, separately.
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Obviously, the values of αR are approximately 1 in this frequency range. Additionally, it can be found
from Figure 4e,f, that the phase differences of reflection waves along the two principal axes are roughly
maintained π in the frequency range of 10.0 GHz to 14.5 GHz. And the features mentioned above
enable the metagrating to act as a broadband reflection-type half-wave plate with high efficiency.

Figure 4. Numerical (left column) and experimental (right column) results of the proposed
metamaterial under u- and v-polarization incidence in the reflective frequency range. (a,b) Reflectance,
(c,d) amplitude ratio αR, (e,f) phase difference βR between u- and v-axis.

Figure 5 shows the reflective spectra and the corresponding PCR of the designed metagrating
for the x- and y-polarized incident waves. As shown in Figure 5a,b, the co-polarization and
cross-polarization reflection spectra for the x-polarized incident wave are as same as those of
y-polarized incident wave, respectively. In the frequency range of 10.0 GHz to 14.3 GHz (the relative
bandwidth is about 35.4%), the reflectance of cross-polarization reflection spectra, Ryx and Rxy, are
larger than 0.9, while those of the co-polarization reflection spectra, Rxx and Ryy, are less than 0.03. This
fact reveals that, for an x(y)-polarized incident wave, the reflected wave will be efficiently converted
to be y(x)-polarized wave. In Figure 5c,d, we further calculate the PCR of the reflection waves of the
metagrating. It is significant that both of the simulated and measured PCR are over 0.95 from 10.0 GHz
to 14.3 GHz, exhibiting a nearly perfect reflective cross-polarization conversion effect. Therefore, the
considered metagrating is able to work as a high-performance reflection-type half-wave plate in a
broad bandwidth.
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Figure 5. Simulation (left column) and experimental (right column) results of the proposed metagrating
for the x- and y-polarized incident waves in the reflective mode. (a,b) Reflectance, (c,d) PCR.

The electromagnetic properties of the metagrating for the linearly polarized waves at oblique
incidence were also studied, as shown in Figure 6. Figure 6a shows the influences of incident angle on
the cross-polarization spectra, co-polarization spectra, and PCR of the metagrating in transmission
mode for the x-polarized incident wave. Owing to the isotropic design of the unit cell, our metagrating
shows consistent performance as the incident angle varies within a large range. As the incident angle
increases, the transmittance of co-polarization and cross-polarization transmission at 5.8 GHz and
7.9 GHz both slightly increase, while a slight reduction phenomenon occurs at 7.1 GHz. Despite all
this, the considered metagrating can still work well as an excellent quarter-wave plate with high
transmittance over 0.8 at these frequencies even if the incident angle rises up to 40◦. Additionally, it is
worth noting that the variation of incident angle has almost no effect on the maximum transmittance at
6.2 GHz, and the corresponding PCR remain as high as 0.95 when the incident angle is 60◦, implying a
highly efficient and wide-angle half-wave plate function. In Figure 6b, it is seen that the co-polarized
reflectance increases slightly as the incident angle increases, while the cross-polarized reflectance
gradually decreases. In spite of the decrement, the cross-polarized reflectance is still larger than 0.8
from 10 GHz to 13.8 GHz as the incident angle is 40◦, simultaneously accompanied by a PCR over 0.9.
Hence, the broadband and efficient reflective cross-polarization conversion effect of the metagrating
is insensitive to the incident angle of the x-polarized wave. In the case of y-polarization incidence, a
similar polarization conversion of the transmission can also be observed, although the transmittance
of the right-handed circularly polarized wave was decreased at around 5.8 GHz. More interestingly,
the reflection mode of the metagrating exhibits a much stronger cross-polarization conversion with a
wider bandwidth and a lager range of angle invariance in comparison to the case of x-polarization
incidence, as shown in Figure 6c,d. Thus, the intriguing metagrating can function as a dual operating
mode, high-performance, and multiple functional wave plate regardless of the incident angle, which
exhibits more flexibility than the previous metamaterial-based wave plates [15–17,23,25].

20



Materials 2019, 12, 623

Figure 6. The effects of incident angle on the electromagnetic properties of the metagrating for the
linearly polarized incident waves. The results of the metagrating in (a) transmission and (b) reflection
modes under x-polarization incidence. The results of the metagrating in (c) transmission and
(d) reflection modes under y-polarization incidence. At oblique incidence, the x- and y-polarization
waves actually represent the TM and TE waves, respectively. In the simulations, the incident angle is
increasingly tuned by a step of 5◦.

As the designed metagrating is anisotropic, it can also operate for the circularly polarized wave
incidence indeed. For the circular polarization basis, the circularly polarized transmission and reflection
coefficients can be respectively obtained via the linear ones by the following equations [2,30]:

(
t++ t+−
t−+ t−−

)
=

1
2

(
txx + tyy + i(txy − tyx) txx − tyy − i(txy + tyx)

txx − tyy + i(txy + tyx) txx + tyy − i(txy − tyx)

)
(2)

(
r++ r+−
r−+ r−−

)
=

1
2

(
rxx + ryy + i(rxy − ryx) rxx − ryy − i(rxy + ryx)

rxx − ryy + i(rxy + ryx) rxx + ryy − i(rxy − ryx)

)
(3)

Here, the subscripts ‘+’ and ‘–’ represent the clockwise and counterclockwise circularly polarized
waves when separately observed along +z direction. As the wave vectors are in opposite directions for
transmitted and reflected circularly polarized waves, one should notice that each reflection component
of the circularly polarized waves has different physical meaning compared with the transmission case.
Thus, the transmission coefficients are defined as tRR = t++, tLL = t−−, tLR = t−+, tRL = t+−, while
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the reflection coefficients are defined as rLR = r++, rRR = r−+, rLL = r+−, rRL = r−−. Additionally,
tRR, tRL, rRR, and rRL represent the right-handed circularly polarized (RCP) waves, while tLL, tLR, rLL,
and rLR indicate the left-handed circularly polarized (LCP) waves.

According to the transmittance in Figure 3a and the reflectance in Figure 5a, we can easily
deduce that the transmission and reflection coefficients satisfy the relationships of txx = tyy, tyx = txy,
rxx = ryy, and ryx = rxy at normal incidence, thus the Equations (2) and (3) can be further simplified as:

(
t++ t+−
t−+ t−−

)
=

(
txx −itxy

itxy txx

)
, (4)

(
r++ r+−
r−+ r−−

)
=

(
rxx −irxy

irxy rxx

)
. (5)

Namely, the transmittance and reflectance of the circularly polarized wave satisfy
TLL = TRR = Txx, TRL = TLR = Tyx, RLL = RRR = Rxy, RRL = RLR = Rxx.

In Figure 7, we illustrate the simulated results of the metagrating for the circularly polarized
waves at normal incidence. It is obvious that the transmittance and PCR spectra for the circularly
polarized incident waves shown in Figure 7a,b, respectively, are completely the same as the ones in
Figure 3. These phenomena can be well explained by Equations (2) and (4). It should be noted that, for
the LCP (RCP) incident waves, the transmitted waves are x(y)-polarized, RCP (LCP), y(x)-polarized,
and x(y)-polarized at 5.8 GHz, 6.4 GHz, 7.1 GHz, and 7.9 GHz, respectively. Figure 7c plots the
reflectance spectra of the proposed metagrating. It can be found that as a circularly polarized wave
is incident on the metagrating, the co-polarization reflectance ( RLL or RRR) is larger than 0.9 from
10.1 GHz to 14.3 GHz, while the cross-polarization reflectance ( RRL or RLR) is less than 0.03. That is
to say, our design can function as a nearly perfect chirality preserving mirror in a broad bandwidth,
consequently leading to a very low PCR of less than 0.03, as shown in Figure 7d.

Figure 7. Simulation results of the designed metagrating for the circularly polarized waves at normal
incidence. (a) Transmittance and (b) PCR spectra in transmission mode, (c) reflectance and (d) PCR
spectra in reflection mode.
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Figure 8 shows the influences of incident angle on the electromagnetic properties of the proposed
metagrating in the case of circular polarization incidence. It can be seen in Figure 8a–c, that in
transmission mode the operating frequencies generate slight blue shifts as the incident angle increases.
Although the values of the cross-polarization transmittance gradually reduce as the incident angle
increases, the highest transmittance of the cross-polarization can still be maintained over about 0.8
when the incident angle increases to 40◦, simultaneously accompanied by a high PCR larger than 0.9. In
Figure 8d–f, it is shown that the effects of incident angle on the co-polarization and cross-polarization
reflectance spectra are inappreciable. And the lowest value of co-polarization reflectance is still
over about 0.9 in the frequency range of 10.0 GHz to 14.3 GHz even when the incident angle is 40◦,
while the cross-polarization reflectance is no more than 0.05 with the corresponding PCR being less
than 0.05. The aforementioned results further confirm that the proposed metagrating can also act
as a dual-mode, wide-angle, and multifunctional wave plate with high-efficiency for the circularly
polarized incident waves.

Figure 8. Influences of incident angle on the electromagnetic properties of the metagrating in the case of
circular polarization incidence. (a) Cross-polarization transmittance, (b) co-polarization transmittance,
and (c) PCR in transmission mode; (d) cross-polarization reflectance, (e) co-polarization reflectance,
and (f) PCR in reflection mode.

4. Conclusions

In summary, we have proposed an effective way to achieve multifunctional polarization
manipulation by a metagrating consisting of periodically arranged meta-atoms inside dielectric
gratings. As a proof-of-concept experiment, we have designed and fabricated a sub-wavelength
metagrating that consists of wheel-like meta-atoms. The metagrating works in both transmission and
reflection modes efficiently. The phase differences between the two principal axes are monotonically
altering with the frequencies in transmission mode covering a large dynamic range from 0 to 2π,
while they are approximately kept at about π in a broad bandwidth region in reflective mode.
Our measurements show that the metagrating can work as a dual-mode, high-efficiency, and
multifunctional wave plate to realize various functions including linear-to-circular polarization
conversion, linear or circular cross-polarization conversion, and chirality preserving mirror in
different frequency bands simultaneously accompanied by a large angular invariance. Such versatile
functionalities provide great flexibilities for optical polarization control devices. The design of
metagrating can be extended to other frequency ranges as a compact optical polarization controller in
the applications of telecommunications, radar detections, and optical devices.
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Abstract: In this paper, a dual-band cross-polarization converter is proposed. The proposed device
can convert linearly polarized incident waves to their cross-polarized transmitted waves. Inspired by
the aperture coupled transmitarray, a transmissive multi-layered unit cell structure was designed,
which can operate in two frequency bands. The designed structure can manipulate the polarization
of the transmitted wave into the cross-polarization of the incident waves at 10.36 GHz and 11.62 GHz.
The cross-polarized transmittance of the proposed cross-polarization converter is higher than 0.93.
In addition, the transmitted wave has an extremely low co-polarized component, which results in a
nearly 100% polarization conversion ratio. The two working frequencies can be tuned independently.
The proposed cross-polarization converter was simulated, fabricated and measured. The simulation
results confirm with the measurement results.

Keywords: cross-polarization converter; transmitarray; high polarization conversion ratio

1. Introduction

Manipulations of microwave properties have attracted great interest due to their applications for
wireless communication [1,2], imaging [3–5], stealth technology [6], etc. Techniques using artificial
structures, artificial materials or metamaterials have been applied for controlling the polarization [7],
amplitude [8], beam shape [9] and direction [10] of microwave. Polarization is one of the basic and
important properties of microwaves and has an impact on the performance of communication or radar
systems. Polarization converters can be applied for antenna design in microwave communication,
remote sensing and imaging systems [11–13]. For instance, by converting a horizontally polarized
radar antenna to a vertically polarized radar antenna, a polarization converter can reduce the influences
of the ground or sea clutter. In addition, for frequency hopping radar, dual-band and multi-band
polarization converter is desired. Polarization of microwaves is usually manipulated by anisotropic
structures or artificial materials [14]. Reflective polarization converters are usually thin and wideband,
e.g., wideband polarization converters using plasmonic hybridizations [15,16].

The transmissive cross-polarization converters are usually multi-layered artificial structures
with complex metallic structures on each layer [17,18]. A single band high efficiency transmissive
ultrathin cross-polariztion converter with low in-band co-polarization component was designed
using anisotropic artificial structures [19]. Bi-layered chiral metamaterials were also applied for
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cross-polarization converters from microwave band to terahertz band. However these designs have
a co-polarized component of the transmission higher than 0.2 [20–23]. Multi-layered anisotropic
metasurface were also used for cross-polarized converter designs, which also has a co-polarized
component of the transmitted wave of around 0.2 [24,25]. Multi-layered anisotropic metasurface
with metallic gratings can be used for achieving broadband properties. However, the co-polarized
component of the transmitted wave can be as high as about 0.1 [26,27]. A dual-band transmissive
cross-polarization converter was designed using planar-dipole pair with a co-polarized component of
abour 0.15 [28]. Cascaded cavities was used for wideband cross-polarization conversion. However, the
co-polarized component is about 0.3 [29].

Reflectarrays or transmitarrays are also used for polarization conversion [30–34]. Reflectarrays
were applied for cross-polarization conversion in microwave band and near-infrared band with a
co-polarized component of about 0.2 and 0.1, respectively [30,32]. Transmitarrays were applied
for single band linear-to-circular polarization conversion [33,34]. Thus, dual-band transmissive
cross-polarization converters with extremely low co-polarized component are still in desire.

In this paper, we combined the concepts of transmitarray and polarization converter together
and proposed a transmitarray inspired dual-band transmissive cross-polarization converter with
extremely low co-polarized component through the whole frequency range. Thus, it can block power
transmission in the out-of-band and results in a better frequency selective characteristic. The designed
dual-band transmissive cross-polarization converter can convert a linear polarized incident wave to
its cross-polarized wave at 10.36 GHz and 11.62 GHz. At these two frequencies, the cross-polarized
transmittances are higher than 0.93 and the co-polarized transmittances are suppressed to be 0.0047
and 0.0043, which leads to an almost 100% polarization conversion ratio. In addition, the operating
frequencies can be separately tuned by changing the design parameters, which makes this design more
useful and general for different practical applications. To our knowledge, it is the first time that the
concept of transmitarray is applied for transmissive dual-band cross-polarization converter.

2. Dual-Band Cross-Polarized Converter Design

The proposed cross-polarization converter is a five-layered structure. Such structure is inspired
from patch antenna based transmitarray. Different to the previously designed multi layered devices
in which all layers contribute to the resonance, only top and bottom layers of the proposed
cross-polarization converter resonate. Thus, the insert loss caused by resonances is significantly
reduced, which leads to a relatively high efficiency. Structures in each layer of the proposed device
unit cell are shown in Figure 1. The blue part and gray part in Figure 1 are substrate and metallic
sheet, respectively. The layer-1 and layer-5 are patch elements, which couple and decouple the incident
electromagnetic (EM) wave, respectively. These patch elements can be considered as slot coupled
square patch antennas. The layer-2 and layer-4 are slots used for wave coupling. Together with layer-2
and layer-4, the layer-3 can be considered as a stripline with a total length s, which contributes to the
cross-polarization conversion in the unit cell and can give an additional transmission phase.

As shown in Figure 1a, the structure on layer-1 is a square patch that is fed by a rectangular slot
along the x-axis on the layer-2 shown in Figure 1b. The square patch on layer-1 couples the y-polarized
incident wave into the unit cell. The incident wave is then coupled to an “L” shaped metallic line
on layer-3 through the slot on layer-2. The “L” shaped metallic line is shown in Figure 1c. Such an
“L” shaped metallic line transforms the wave propagation along the y-axis into wave propagation
along the x-axis. Then, through the rectangular slot along the y-axis on the layer-4 shown in Figure 1d,
the waves in the “L” shaped metallic line is coupled to the square patch on layer-5. The layer-5 is the
same with the layer-1 as shown in Figure 1e. Layer-5 can decouple the incident wave to x-polarized
transmitted wave. Figure 1f shows the side view of the unit cell. Thus, only the layer-1 and layer-5
are resonant structures which help increase the transmission efficiency. The geometric parameters are
selected as a = 11 mm, m = 5 mm, n = 4.65 mm, p = 14 mm, v = 4.6 mm, l = 8.4 mm, w = 0.8 mm,

28



Materials 2019, 12, 1827

m = 0.7 mm, h = 1.5248 mm, t = 0.508 mm and s = 16 mm. The dielectric is Taconic TLY-5 with a
permittivity of 2.2 and a loss tangent of 0.0009.

Figure 1. Geometry of the unit cell: (a) Layer-1. (b) Layer-2. (c) Layer-3. (d) Layer-4. (e) Layer-5.
(f) Side view.

3. Simulation Results

The unit cell model was built up and simulated in a commercial software CST MICROWAVE
STUDIO. In the simulation, the unit cell boundary condition was used along the x- and y-directions,
and the absorbing boundary condition was applied for the z-direction. The unit cell model was
excited by Flouquet ports with a unit normal incidence of linearly polarized waves along y-axis in
the frequency range from 10 GHz to 12 GHz. The amplitude of the transmittances is represented
by T. Tco is the co-polarized transmittance of the transmitted wave. Tcr refers to the cross-polarized
transmittance of the transmitted wave. The reflectance is presented by R.

Figure 2a shows the simulation results of Tcr and R with an incidence wave propagating along
z-axis. The simulation results show that the designed structures can work at 10.36 GHz and 11.62 GHz.
At 10.36 GHz, the Tcr is 0.93, and the reflectance is 0.126. At 11.62 GHz, the Tcr is 0.931, and the
reflectance is 0.088. When the Tcr reach the maximum, the reflectance is the minimum. The Tco is a
key parameter of a cross-polarization converter that decides the polarization conversion ratio (PCR).
The PCR is defined as T2

cr/(T2
co + T2

cr) and can directly reflect the polarization purity of the transmitted
wave. The simulation result of the Tco is shown in Figure 2b. The Tco is 0.0047 and 0.0043 at 10.36 GHz
and 11.62 GHz, respectively. Thus, according to the numerical data, the PCR was nearly 100% at
10.36 GHz and 11.62 GHz, which demonstrates that this design can obtain an extremely low Tco and
an extremely high PCR as shown in Figure 3. Thus, the transmitted wave has an extremely high
polarization purity.
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Figure 2. (a) The simulated cross-polarized transmittance and reflectance. (b) The simulated
co-polarized transmittance.

Figure 3. The simulated polarization conversion ratio.

4. Discussion

To provide an insight into the different design parameters, and to illustrate their influence on the
frequency behaviour of the proposed cross-polarized converter, parameter sweeps for various a and w
were analyzed by simulations. a and w are the key parameters that have significant impacts on the
frequency behaviour of the cross-polarized converter. The influences of a are shown in Figures 4 and 5.
The influences of w are shown in Figures 6 and 7.
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Figure 4. Simulation results with different a: (a) The simulated cross-polarized transmittance and
reflectance. (b) The simulated co-polarized transmittance.

Figure 5. The simulated polarization conversion ratios with different a.

Figure 6. Simulation results with different w: (a) The simulated cross-polarized transmittance and
reflectance. (b) The simulated co-polarized transmittance.
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Figure 7. The simulated polarization conversion ratios with different w.

As shown in Figure 4a, with a larger a, the two operating frequencies had a red shift. When a was
10 mm and 12 mm, the working frequency of the cross-polarized converter were 10.5 GHz/11.82 GHz
and 10.26 GHz/11.46 GHz, respectively. In addition, with a larger a, the cross-polarized transmission
peak was higher. The co-polarized transmittances with a = 10 mm and a = 12 mm are shown in
Figure 4b. When a = 10 mm, the Tco at 10.5 GHz and 11.82 GHz are 0.0073 and 0.0025, respectively. At
10.26 GHz and 11.46 GHz, with a = 12 mm, the Tco are 0.0031 and 0.0038, respectively. The calculated
PCRs with different a are shown in Figure 5. When a changed, the PCR maintained nearly 100%.

The parameter w was another key parameter that impacted on the working frequency. Different
to a, w only influence the lower frequency. As shown in Figure 6a, with a larger w, the lower
operating frequency has a red shift. When w is 0.3 mm and 0.7 mm, the lower working frequency
of the cross-polarized converter are 10.45 GHz and 10.24 GHz, respectively. However, when w
changed, the higher working frequency almost unchanged. Thus, by varying a and w, the two
working frequencies can be tuned independently, which enhances the practicability of the proposed
cross-polarization converter. In addition, with a larger w, the cross-polarized transmission peak is
slightly higher. The co-polarized transmittances with different w are shown in Figure 4b. When
w = 0.3 mm, the Tco at 10.45 GHz and 11.62 GHz were 0.0023 and 0.0016, respectively. At 10.24 GHz
and 11.62 GHz, with w = 0.7 mm, the Tco are 0.005 and 0.0084, respectively. The Tco was higher with
a larger w. The calculated PCRs with different w are shown in Figure 5. When w changed, the PCR
maintains nearly 100%.

To further explore the properties of the proposed design under different incident angles, additional
simulations were done with incident angles of 10◦, 20◦ and 30◦. The simulation results are shown in
Figure 8. As shown in Figure 8a, with a larger incident angle within 20◦, the lower transmission
frequency maintains with a little fluctuation and the higher transmission frequency has a red
shift. When the incident angle increased to 30◦, the cross-polarization converter is invalidated.
The co-polarized component of the transmitted wave maintains extremely low under these incident
angles, as shown in Figure 8b. Although the property of the proposed design under oblique incidence
is not outstanding, it still can be applied for applications where the polarization converter used with a
fixed exciting antenna.
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Figure 8. Simulation results with different incident angles: (a) The simulated cross-polarized
transmittance and reflectance. (b) The simulated co-polarized transmittance.

5. Measurement Results

The above proposed design was fabricated by printed circuit board (PCB) processing.
The dimension of the sample was 308 mm × 224 mm containing 22 × 16 unit cells. Because the
layer-1 and layer-5 are the same, only top view of the fabricated sample is shown in Figure 9.

Figure 9. The fabricated sample of the cross-polarized converter: (a) Top view of the sample. (b) Side
view of the sample.

The measurement setup is shown in Figure 10. Two spot focusing lens horns were used as exciting
and receiving antennas. The transmittances and the reflectance were measured by a vector network
analyzer (Agilent E8363b). The measured transmittances are shown in Figure 11. The measurement
results confirm with the simulated results and their differences are caused by the machining errors,
measurement errors and the background noise. The transmittances of the cross-polarization converter
sample are shown in Figure 11a. The measured cross-polarized transmittances were 0.935 and 0.914 at
10.37 GHz and 11.71 GHz, respectively. The measured reflectance at these two frequency bands were
0.138 and 0.025, respectively. At 10.37 GHz and 11.71 GHz, the measured co-polarized transmittance
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was significantly suppressed and was below 0.005 as shown in Figure 11b. The PCR calculated from the
measured results is nearly 100% as shown in Figure 12. Thus, the fabricated cross-polarized converter
had high efficiency for both transmitted power and polarization conversion.

Figure 10. Photo of the measurement setup.

Figure 11. (a) The measured and simulated cross-polarized transmittances and reflectances. (b) The
measured and simulated co-polarized transmittances.

Figure 12. The polarization conversion ratio calculated from the measured results.
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6. Conclusions

In conclusion, a dual-band high PCR cross-polarization converter is designed, fabricated and
measured. This design is inspired by the concept of transmitarray. The cross-polarized transmittance is
higher than 0.9 at 10.37 GHz and 11.71 GHz. The co-polarized transmittance is significantly suppressed
below 0.005, which leads to an almost perfect PCR. Thus, the transmitted wave has an extremely
high polarization purity. In addition, by varying a and w, the two working frequencies can be
tuned independently. The presented design represents a basis for the development of transmissive
metasurfaces for wavefront control by changing the length of the stripline on layer-3. The proposed
design also can be used for transmissive linear-to-circular polarization converter by using a truncated
square patch on the layer-5 instead. The proposed cross-polarization converter can be employed in
antenna, radar or telecommunication applications.

Author Contributions: Conceptualization, S.H.; methodology, J.L. and F.J.; validation, J.L.; formal analysis, J.L.
and F.J.; investigation, F.J. and H.S.; resources, A.Z.; data curation, B.L.; writing—original draft preparation, H.S.;
writing—review and editing, H.S.; visualization, J.L. and F.J.; supervision, J.L. and J.C.; project administration,
J.C., A.Z. and H.S.; funding acquisition, J.L.

Funding: This research was funded by National Natural Science Foundation of China grant number 61871315,
in part by Technology Program of Shenzhen grant number JCYJ20170816100722642, JCYJ20180508152233431 and
in part by the Natural Science Foundation of Guangdong Province, China grant number 2018A030313429. The
APC was funded by 61871315.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gupta, S.; Briqech, Z.; Sebak, A.R.; Denidni, T.A. Mutual-Coupling Reduction Using Metasurface
Corrugations for 28 GHz MIMO Applications. IEEE Antennas Wirel. Propag. Lett. 2017, 16, 2763–2766.
[CrossRef]

2. Johnson, M.C.; Brunton, S.L.; Kundtz, N.B.; Kutz, J.N. Sidelobe Canceling for Reconfigurable Holographic
Metamaterial Antenna. IEEE Trans. Antennas Propag. 2015, 63, 1881–1886. [CrossRef]

3. Fan, Q.; Xu, T. Research progress of imaging technologies based on electromagnetic metasurfaces.
Acta Phys. Sin. 2017, 66. [CrossRef]

4. Liu, K.; Cheng, Y.Q.; Yang, Z.C.; Wang, H.Q.; Qin, Y.L.; Li, X. Orbital-Angular-Momentum-Based
Electromagnetic Vortex Imaging. IEEE Antennas Wirel. Propag. Lett. 2015, 14, 711–714. [CrossRef]

5. Zhao, M.; Zhu, S.; Chen, X.; Li, J.; Hu, D.; Wang, L.; Zhang, A. Frequency-Diverse transmission metamaterial
aperture with a bunching random beam. IEEE Antennas Wirel. Propag. Lett. 2018, 17, 1029–1033. [CrossRef]

6. Schurig, D.; Mock, J.J.; Justice, B.J.; Cummer, S.A.; Pendry, J.B.; Starr, A.F.; Smith, D.R. Metamaterial
electromagnetic cloak at microwave frequencies. Science 2006, 314, 977–980. [CrossRef]

7. Shi, H.Y.; Zhang, A.X.; Zheng, S.; Li, J.X.; Jiang, Y.S. Dual-band polarization angle independent 90 degrees
polarization rotator using twisted electric-field-coupled resonators. Appl. Phys. Lett. 2014, 104. [CrossRef]

8. Li, A.; Kim, S.; Luo, Y.; Li, Y.; Long, J.; Sievenpiper, D.F. High-Power Transistor-Based Tunable and Switchable
Metasurface Absorber. IEEE Trans. Microw. Theory Tech. 2017, 65, 2810–2818. [CrossRef]

9. Chen, M.L.L.N.; Jiang, L.J.; Sha, W.E.I. Ultrathin Complementary Metasurface for Orbital Angular
Momentum Generation at Microwave Frequencies. IEEE Trans. Antennas Propag. 2017, 65, 396–400.
[CrossRef]

10. Shi, H.; Li, J.; Zhang, A.; Jiang, Y.; Wang, J.; Xu, Z.; Xia, S. Gradient Metasurface With Both
Polarization-Controlled Directional Surface Wave Coupling and Anomalous Reflection. IEEE Antennas
Wirel. Propag. Lett. 2015, 14, 104–107. [CrossRef]

11. Suss, H.; Gruner, K.; Wilson, W.J. Passive Millimeter-Wave Imaging a Tool for Remote-Sensing. Alta Freq.
1989, 58, 457–465.

12. Euler, M.; Fusco, V.; Cahill, R.; Dickie, R. 325 GHz Single Layer Sub-Millimeter Wave FSS Based Split Slot
Ring Linear to Circular Polarization Convertor. IEEE Trans. Antennas Propag. 2010, 58, 2457–2459. [CrossRef]

13. Dietlein, C.; Luukanen, A.; Popovic, Z.; Grossman, E. A W-band polarization converter and isolator.
IEEE Trans. Antennas Propag. 2007, 55, 1804–1809. [CrossRef]

35



Materials 2019, 12, 1827

14. Liu, F.; Liang, Z.X.; Li, J.S. Manipulating Polarization and Impedance Signature: A Reciprocal Field
Transformation Approach. Phys. Rev. Lett. 2013, 111. [CrossRef] [PubMed]

15. Shi, H.; Li, J.; Zhang, A.; Wang, J.; Xu, Z. Broadband cross polarization converter using plasmon
hybridizations in a ring/disk cavity. Opt. Express 2014, 22, 20973–20981. [CrossRef] [PubMed]

16. Dong, G.; Shi, H.; Xia, S.; Zhang, A.; Xu, Z.; Wei, X. Ultra-broadband perfect cross polarization conversion
metasurface. Opt. Commun. 2016, 365, 108–112. [CrossRef]

17. Pfeiffer, C.; Grbic, A. Metamaterial Huygens’ Surfaces: Tailoring Wave Fronts with Reflectionless Sheets.
Phys. Rev. Lett. 2013, 110, 197401. [CrossRef] [PubMed]

18. Achouri, K.; Khan, B.A.; Gupta, S.; Lavigne, G.; Salem, M.A.; Caloz, C. Synthesis of electromagnetic
metasurfaces: principles and illustrations. EPJ Appl. Metamater. 2016, 2. [CrossRef]

19. Xu, P.; Jiang, W.X.; Wang, S.Y.; Cui, T.J. An Ultrathin Cross-Polarization Converter with Near Unity Efficiency
for Transmitted Waves. IEEE Trans. Antennas Propag. 2018, 66, 4370–4373. [CrossRef]

20. Wu, S.; Xu, S.; Zinenko, T.L.; Yachin, V.V.; Prosvirnin, R.L.; Tuz, V.R. 3D-printed chiral metasurface as a
dichroic dual-band polarization converter. Opt. Lett. 2019, 44, 1056–1059. [CrossRef]

21. Huang, C.; Feng, Y.J.; Zhao, J.M.; Wang, Z.B.; Jiang, T. Asymmetric electromagnetic wave transmission of
linear polarization via polarization conversion through chiral metamaterial structures. Phys. Rev. B 2012, 85.
[CrossRef]

22. Zhao, J.; Cheng, Y. Ultrathin dual-band polarization angle independent 90 degrees polarization rotator with
giant optical activity based on planar chiral metamaterial. Appl. Phys. B-Lasers Opt. 2018, 124. [CrossRef]

23. Cheng, Z.; Cheng, Y. A multi-functional polarization convertor based on chiral metamaterial for terahertz
waves. Opt. Commun. 2019, 435, 178–182. [CrossRef]

24. Li, W.; Xia, S.; Shi, H.; Li, J.; Zhang, A.; Li, Z.; Xu, Z. Design of a Dual-Band Dual-Polarization Transparent
Frequency Selective Surface. IEEE Antennas Wirel. Propag. Lett. 2017, 16, 3172–3175. [CrossRef]

25. Zhang, L.; Zhou, P.; Chen, H.; Lu, H.; Xie, H.; Zhang, L.; Li, E.; Xie, J.; Deng, L. Ultrabroadband Design for
Linear Polarization Conversion and Asymmetric Transmission Crossing X- and K- Band. Sci. Rep. 2016, 6.
[CrossRef] [PubMed]

26. Zhou, G.; Tao, X.; Shen, Z.; Zhu, G.; Jin, B.; Kang, L.; Xu, W.; Chen, J.; Wu, P. Designing perfect linear
polarization converters using perfect electric and magnetic conducting surfaces. Sci. Rep. 2016, 6. [CrossRef]
[PubMed]

27. Song, K.; Liu, Y.; Luo, C.; Zhao, X. High-efficiency broadband and multiband cross-polarization conversion
using chiral metamaterial. J. Phys. D-Appl. Phys. 2014, 47. [CrossRef]

28. Wang, S.; Liu, W.; Wen, G. Dual-band transmission polarization converter based on planar-dipole pair
frequency selective surface. Sci. Rep. 2018, 8. [CrossRef] [PubMed]

29. Wang, J.; Shen, Z.; Wu, W. Cavity-based high-efficiency and wideband 90 degrees polarization rotator.
Appl. Phys. Lett. 2016, 109. [CrossRef]

30. Deguchi, H.; Higashi, D.; Yamada, H.; Matsumoto, S.; Tsuji, M. Arbitrarily-Shaped Reflectarray
Resonant Elements for Dual-Polarization Use and Polarization Conversion. IEICE Trans. Commun. 2018,
E101B, 277–284. [CrossRef]

31. Hung, L.; Yang, Z.; Gao, M.; Booske, J.H.; Behdad, N. A Wideband, Single-Layer Reflectarray Exploiting a
Polarization Rotating Unit Cell. IEEE Trans. Antennas Propag. 2019, 67, 872–883. [CrossRef]

32. Wang, R.; Li, L.; Tian, H.; Liu, J.; Liu, J.; Tian, F.; Zhang, J.; Sun, W. Full telecomband covered half-wave
meta-reflectarray for efficient circular polarization conversion. Opt. Commun. 2018, 427, 469–476. [CrossRef]

33. Pfeiffer, C.; Grbic, A. Millimeter-Wave Transmitarrays for Wavefront and Polarization Control. IEEE Trans.
Microw. Theory Tech. 2013, 61, 4407–4417. [CrossRef]

34. Huang, C.; Pan, W.; Ma, X.; Zhao, B.; Cui, J.; Luo, X. Using Reconfigurable Transmitarray to Achieve
Beam-Steering and Polarization Manipulation Applications. IEEE Trans. Antennas Propag. 2015, 63, 4801–4810.
[CrossRef]

c© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

36



materials

Article

Active Enhancement of Slow Light Based on
Plasmon-Induced Transparency with Gain Materials

Zhaojian Zhang 1, Junbo Yang 2,*, Xin He 2, Yunxin Han 2, Jingjing Zhang 1, Jie Huang 1,

Dingbo Chen 1 and Siyu Xu 1

1 College of Liberal Arts and Sciences, National University of Defense Technology, Changsha 410073, China;
376824388@sjtu.edu.cn (Z.Z.); zhangjingjing13@nudt.edu.cn (J.Z.); jhuang_nudt@163.com (J.H.);
c_dingbo@163.com (D.C.); 13149600390@163.com (S.X.)

2 Center of Material Science, National University of Defense Technology, Changsha 410073, China;
xinhestudy@163.com (X.H.); hanyx15@163.com (Y.H.)

* Correspondence: yangjunbo@nudt.edu.cn

Received: 8 May 2018; Accepted: 31 May 2018; Published: 3 June 2018

Abstract: As a plasmonic analogue of electromagnetically induced transparency (EIT),
plasmon-induced transparency (PIT) has drawn more attention due to its potential of realizing
on-chip sensing, slow light and nonlinear effect enhancement. However, the performance of a
plasmonic system is always limited by the metal ohmic loss. Here, we numerically report a PIT
system with gain materials based on plasmonic metal-insulator-metal waveguide. The corresponding
phenomenon can be theoretically analyzed by coupled mode theory (CMT). After filling gain material
into a disk cavity, the system intrinsic loss can be compensated by external pump beam, and the
PIT can be greatly fueled to achieve a dramatic enhancement of slow light performance. Finally,
a double-channel enhanced slow light is introduced by adding a second gain disk cavity. This work
paves way for a potential new high-performance slow light device, which can have significant
applications for high-compact plasmonic circuits and optical communication.

Keywords: plasmon-induced transparency; metal-dielectric-metal; gain material

1. Introduction

Electromagnetically induced transparency (EIT), which arises from the quantum destructive
interference between two distinct excitation channels in a three-level atomic system [1], has potential
in slow light [2] and nonlinear optical response enhancement [3] due to its excellent ability to modulate
dispersion. However, EIT requires strict experimental conditions such as low temperature and stable
pumping [1], which makes it hard to be applied in practical optical systems, especially on-chip devices.
As an analogue of EIT in a plasmonic system, plasmon-induced transparency (PIT) has drawn more
attention. PIT is attributed to the destructive interference between plasmonic radiative mode and
subradiative mode [4], which can be realized on metamaterials [4] and nanoscale plasmonic circuits [5].
Nowadays, PIT can be found extensively in nano applications for sensing [6–8], filtering [9,10], and slow
light [11–16].

Although PIT can be tuned by changing geometric parameters, it is essential to propose an active
modulation of PIT in practical applications, and thus various optical materials are utilized to achieve
this target. Superconductor and polymer are used to obtain temperature modulation of transparent
window position [9,17], and nonlinear Kerr material can realize ultrafast all-optical control [13,18].
Utilizing 2D material graphene, both transparent window position and intensity can be dynamically
adjusted by external electric gating voltage [19–21]. Although tunable PIT ensures good control of
delay time for slow light applications, such delay time always has a threshold because the dispersion
modulation of PIT is restricted by the intrinsic loss (ohmic loss) of metal. In particular, the delay time
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can only reach approximately 1 picosecond (ps) at most [14] in the plasmonic metal-dielectric-metal
(MDM) system. Some studies have found that PIT can be dramatically enhanced by applying gain
material to overcome the loss, and such gain-assisted plasmonic devices exhibit brilliant performance
as a spaser (nanolaser) [22,23], sensor [24,25], and buffer [26,27]. However, few works have focused on
gain-assisted PIT in MDM system. Compared to dielectric waveguide, plasmonic MDM waveguide
can confine optical modes in deep subwavelength to break the diffraction limit, which is a solution for
the next generation of highly integrated on-chip circuits [28]. Pumped active plasmonic waveguides
may suffer from the self-heating effect [29], but the problem can be solved by a heat sink system [30].

In this paper, PIT is investigated numerically based on plasmonic MDM waveguide system
side-coupled with a stub and disk resonator. The corresponding phenomenon can be theoretically
analyzed by coupled mode theory (CMT). After filling gain material into a disk cavity, PIT can be
greatly boosted by external pump beam to achieve a dramatic enhancement of slow light performance.
Finally, a double-channel enhanced slow light is introduced by adding a second gain disk cavity.
This work paves way for a potential new high-performance slow light device, which can have
significant applications in high-compact plasmonic circuits and optical communication.

2. Materials and Methods

In Figure 1a, the plasmonic MDM waveguide system is presented in 3D image, and the 2D scheme
from the view of z-axis is shown in Figure 1b; the detailed structural geometric parameters are given in
the caption. Here, nickel (Ni) is utilized to promote adhesion between metal and substrate [31]. For the
height of the MDM waveguide, the relationship between the surface plasmon waves (SPWs) effective
refractive index (ne f f ) and the height at the wavelength of 1310 nm (which is the main wavelength
discussed in this paper) is given in Figure 1c, where the width of waveguide is fixed at 100 nm. When
the height rises at start, both real and imaginary part of the ne f f will drop owing to the reduction of

the modal power fraction at interfaces [32]. The decrease in Im
(

ne f f

)
indicates less propagation loss

and, consequently, longer propagation length. However, after reaching a certain height, ne f f will keep
stable. Therefore, the height can be selected as 100 nm according to the outcome. The distribution |Px|
of the fundamental mode at 1310 nm when height is 100 nm is shown in Figure 1d.

To describe the permittivity of Ag, the Drude model is utilized as follows [6]:

εm = ε∞ − ω2
p

ω(ω + iγ)
(1)

where ε∞ is the dielectric permittivity of the infinite frequency, ωp refers to the bulk frequency
for plasma, γ is the damping frequency for electron oscillation, and ω gives the incident light
angular frequency. The corresponding parameters of Ag are ε∞ = 3.7, ωp = 1.38 × 1016 Hz,
and γ = 2.73 × 1013 Hz. The stub and disk cavities are both filled with silicon (Si, ε = 12.25) [33].
To ensure the stability of the guided light propagation as well as resist the corrosion and oxidation,
the waveguide should be filled with dielectric materials. For optical interconnects, optical polymer is a
good choice for several reasons [34]. First, polymer has the compatibility with existing manufacturing
processes of conventional plasmonic waveguides. Second, it can be easily integrated into existing
architectures by the spin coating method. Third—and most importantly—it can withstand the
high-temperature environment of a pumped system. Additionally, it is low-cost. Here, sodium
p-styrenesulfonate (PSSNa) homopolymer with a refractive index of 1.395 [31] is selected. Compared
with other conventional optical polymers such as polymethyl methacrylate (PMMA) [35], PSSNa has a
lower refractive index and therefore suffers from less propagation loss.
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Figure 1. (a) 3D scheme of the plasmonic metal-dielectric-metal (MDM) waveguide system; (b) 2D
scheme of this system from the view of z-axis. The geometry parameters are w = 100 nm, h = 205 nm,
g = 19 nm, R = 141 nm; (c) The relationship between the effective refractive index (neef) of surface
plasmon waves (SPWs) and the height at a wavelength of 1310 nm; (d) The distribution |Px| of the
fundamental mode at 1310 nm when height is 100 nm.

In MDM waveguide, only transverse-magnetic (TM) mode can exist [36]. Compared to incident
wavelength, the width of the waveguide is much smaller, so there is only fundamental TM mode.
The dispersion relation of this fundamental mode is described as follows [36]:

εi p
εmk

=
1 − ekw

1 + ekw

k = k0

√
(

βspp

k0
)

2

− εi, p = k0

√
(

βspp

k0
)

2

− εm (2)

βspp = ne f f k0 = ne f f
2π

λ

Here, w refers to the width of the waveguide, λ is incident light wavelength in vacuum, εi and
εm give the dielectric and metal permittivity, βspp is propagation constant of SPWs, and k0 = 2π/λ is
the wave number. The 2D finite-difference time-domain (FDTD) solution with mesh grid size 2 nm is
utilized to simulate this device with the boundary condition of stabilized perfectly matched layers
(PML) to maintain convergence. To collect the incident and transmitted power, two monitors are put
at Pin and Pout, respectively, as shown in Figure 1b. The transmission spectrum of power is calculated
as T = Pout/Pin.

The transmission spectrum of this structure from FDTD is depicted in Figure 2a, which possesses
a PIT profile. The spectrum without disk cavity is given in the inset, showing a band-stop spectral
characteristic. The corresponding distribution of Hz are given in Figure 2b–e. In a plasmonic waveguide
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system, PIT results from the destructive interference between radiative mode (directly excited mode)
and subradiative mode (indirectly excited mode). Here, both stub and disk cavities can act as resonators.
The stub cavity can be seen as a Fabry–Perot (F–P) resonator, with the F–P mode (FPM) corresponding
to the radiative mode. The disk resonator possesses a whispering gallery mode (WGM) that serves as
the subradiative mode. The resonance conditions are respectively given as follows [37]:

FPM : mλ = 2h · Re(ne f f ), m = 1, 2 . . .

WGM : kd
H(1)′

n (keR)

H(1)
n (keR)

= ke
J′n(kdR)
Jn(kdR) , n = 1, 2 . . .

(3)

where R is the disk radius, kd and ke are the wave vectors in the disk resonator and metal, respectively,

H(1)
n and H(1)′

n are the first kind Hankle function with order n and its derivative, respectively, and Jn

and J′n are the first kind Bessel function with order n and its derivative, respectively. m and n
refer to the mode number which is an integer. According to the field distribution in Figure 2,
m = 1 and n = 2. The generating mechanism of PIT can be theoretically analyzed by CMT [15].
As demonstrated in Figure 1b, S±,in and S±,out represent amplitudes of input and output SPWs,
respectively; the subscript ± means two directions of wave propagation. The decay rates of stub and
disk resonators are indicated as α and β, respectively, which arises from the resonator intrinsic loss.
The coupling coefficient between the bus waveguide and stub resonator is given as γ, and δ is the
coupling coefficient between the two resonators. According to temporal CMT, the field amplitudes a
and b that correspond to FPM and WGM, respectively, can be described as follows [15]:

da
dt = (jω0 − α − γ)a + j

√
γ(S+in + S−in) + jδb

db
dt = (jω0 − β)b + jδa

(4)

where ω0 is the common resonant frequency of two resonators, which is also the central frequency
of the transparent window, and j is an imaginary unit. According to power conservation and time
reversal symmetry, the input and output wave amplitudes have a relationship as follows:

S+,out = S+,in + j
√

γa
S−,out = S−,in + j

√
γa

(5)

Here, S−,in = 0 because SPWs is input from the left. Based on Equations (4) and (5),
the transmission spectrum can be calculated as:

T(ω) =

∣∣∣∣S+,out

S+,in

∣∣∣∣
2
=

∣∣∣∣∣1 − 2γ
2j(ω − ω0) + 2β

[2j(ω − ω0) + α + β + γ]2 + (2δ)2 − (α − β + γ)2

∣∣∣∣∣
2

(6)

The transmission data from CMT is also plotted in Figure 2a, showing that the theoretical curve is
in great agreement with the simulated data.
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Figure 2. (a) The transmission spectrum from finite-difference time-domain (FDTD) and coupled mode
theory (CMT). The inset is the transmission spectrum without disk cavity; (b–e) The corresponding Hz

distribution. For plasmon-induced transparency (PIT), the central transparent wavelength is 1328 nm,
the valley values are at 1279 nm and 1378 nm.

3. The Slow Light Performance

Slow light effect is an indispensable part of PIT applications. The spectrum profile of PIT indicates
that there is an extreme modification of the dispersion properties within the transparent window. In an
anomalous dispersion regime, a group velocity large than c (the speed of light in vacuum) leads to a
superluminal pulse propagation, and such fast light can be utilized for gravitational wave detection
and rotation sensing [38]. In a normal dispersion regime, the group velocity can be slower than c and a
subluminal pulse propagation can be obtained, which is called slow light [39]. Here we only focus on
the slow light effect. The slow light performance can be assessed by optical delay time τg and group
index ng described as follows [12]:

τg = dψ(ω)
dω

ng = c
vg

= c
D τg

(7)

where ψ(ω) stands for the transmission phase shift from the light source to the monitor, c is the
light speed, vg is the group velocity in the plasmonic waveguide, and D is the length of this system.
Since the length of the different devices are not the same, it is more accurate to evaluate the slow light
performance by optical delay time. Figure 3a,b show the phase shift and delay time of the device in
Figure 1b; the positive and negative delay time represent slow and fast light effect, respectively. We can
find a slope of phase shift within the transparent window, producing a delay time of approximately
0.074 ps around the PIT peak. Such values are low because this PIT profile is not very sharp,
consequently producing a relatively gentle dispersion. It is known that a wider gap between two
resonators can reduce the corresponding coupling coefficient to produce a narrower PIT peak with a
steeper slope [14,15], which can lead to a stronger dispersion. However, it will also bring more intrinsic
loss of metal, causing lower transmission of slow light that will make the device inefficient.
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Figure 3. (a) The spectrum of phase shift in no-gain PIT system; (b) The spectrum of delay time in
no-gain PIT system.

4. Slow Light Enhanced by Gain Material

To compensate for the intrinsic loss in the plasmonic system, optical gain materials such as
quantum dots and dye molecules have been utilized [40,41]. Here, we use the semiconductor InGaAsP
(ε = 11.38 − iε I) [33] as an active media to fill the disk cavity as shown in Figure 4a. The interaction
between pump beam and gain medium can be described by a four-level quantum system shown
in Figure 4b [24]. Inside the gain media, the pump photons can excite an electronic transition from
the ground state |0〉 to the highest excited state |3〉, then come to a metastable state |2〉 via a fast
nonradiative transition. Next, the signal light will act as the trigger to make gain material return to
a lower level |1〉 by radiating photons with same frequency as signal light. Consequently, pump
energy is transferred to the plasmonic system, providing the compensation for the system intrinsic
loss. One of the schemes to introduce pump beam is from the input of waveguide. However, the most
common pump wavelength for InGaAsP is 980 nm [42,43], which cannot be coupled into gain material
as there is no resonant behavior inside such disk cavity at 980 nm. Therefore, pump beam should be
directly injected on the gain material from the top (z-axis) of this device [44].

In this simulation, the imaginary part of the active medium permittivity can represent the loss or
gain. εI will be −0.1 without the pump beam, and the positive imaginary part of permittivity indicates
the case of loss. When increasing the pump power, ε I will rise and eventually become positive, and the
medium will show the gain effect with a negative imaginary part of dielectric constant. Here, the gain
coefficient η = −(2π/λ)Im

√
11.38 − iε I is utilized to describe the gain level [22].

Figure 4c,d demonstrate the PIT transmission spectrum with different gain coefficients of
which central transparent wavelength is at conventional telecommunication wavelength of 1310 nm.
When η = −710 cm−1 (ε I = −0.1), which corresponds to no pumping [33], there is no transparent
peak. Because the system is lossy under this condition, the electric field in the disk attenuates quickly
so the WGM (subradiative mode) cannot be formed. As the pump power increases, the intrinsic loss
of system will be compensated gradually. Therefore, the suppressed PIT will be released, leading to
the rise of a transparent peak. When the peak value reaches the unity, it indicates that the metallic
intrinsic loss is fully compensated by the gain. After that, the surplus gain power will be efficiently
delivered to the PIT resonance via energy matching as the gain level continues increasing, leading to
the amplification of the SPWs. Therefore, the transparent peak will exceed the unity and keep rising as
shown in Figure 4d. [24]. Such phenomenon can be applied to realize nanolasers [23].
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Figure 4. (a) 2D scheme of gain-assisted PIT system from the view of z-axis. The geometry parameters
are g′ = 41 nm, R′ = 149 nm; (b) Schematic of the energy transfer from a pumped four-level gain
medium to the PIT resonance in plasmonic system; (c,d) The transmission spectrum with different
gain coefficients.

For a slow light system, however, the excessive gain may risk damage to the detector due to
the ultrahigh output intensity. Therefore, we only focus on the slow light effect of PIT with peak
value near unity. The phase shift and delay time corresponding to three different gain levels are
exhibited in Figure 5a–f. These show that as the gain level rises, the transmission peak will increase
and the delay time is dramatically enhanced simultaneously. Figure 6 displays the relationship
between transmission/delay time and gain coefficient at 1310 nm. When η = 782 cm−1, the delay time
can be improved up to 2.4 ps in this plasmonic MDM system with a high transmission at 1310 nm,
which is greater than any previous similar passive systems [12–16]. At the same time, the transmission
of transparent peak is 1.34, which is only a little higher than the unity. Such excellent slow light
performance can be attributed to two reasons. First, the gain compensation for the ohmic loss allows
for a wider gap between two resonators and consequently produces a narrow transparent peak with
considerable amplitude. Second, the high gain level can boost the peak value, making the peak
slope steeper. Such extremely sharp PIT profile will lead to a strong group velocity dispersion at the
transparent range. It has to be mentioned that the highest gain level above is still within the range of
current semiconductor gain materials [45,46].
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Figure 5. (a–f) The phase shift and delay time corresponding to three different gain levels.

Figure 6. The relationship between transmission/delay time and gain coefficients at 1310 nm.

5. Gain-Assisted Slow Light with Double Channels

By introducing the second gain-filled disk cavity, double boosted PIT can be achieved as shown
in Figure 7a,b. The field distributions corresponding to the two transparent windows are given in
the inset of Figure 7b. From this, we can see that the combination of different WGMs can produce
two kinds of subradiative modes, leading to the double PIT. Under the gain level η = 7820 cm−1,
both transparent peaks can be fueled by the active gain, bringing double-channel enhanced slow light
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performance as shown in Figure 7c,d. At two different channels, the delay time can reach 1.37 ps and
0.59 ps, respectively.

 

Figure 7. (a) 2D scheme of the gain-assisted double PIT system from the view of z-axis. The geometry
parameters are g′ = 28 nm, g” = 36 nm, R′ = 149 nm; (b) The transmission spectrum of double-disk
system under the gain level η = 782 cm−1. The insets are field distributions corresponding to the two
central transparent wavelengths; (c) The phase shift spectrum of corresponding double PIT; (d) The
delay time of corresponding double PIT.

6. Conclusions

In summary, we report a gain-assisted plasmonic MDM system with a superior slow light
performance based on PIT effect. Both the transmission and optical delay of slow light can be
dramatically enhanced by the gain power. Finally, a double-channel, enhanced slow light can be
achieved by introducing another disk cavity. After applying the gain material, the device performance
can be enhanced and we can also realize the active control of the PIT peak and delay time. To propose
such a structure, Ag film can be deposited on the Ni surface by thermal evaporation method [31],
and the bus waveguide and cavities can be etched on the Ag layer by focused ion beam (FIB) [9]. Such
a system also has potential applications for bio-sensing, nanolaser and optical switching.
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Abstract: In this paper, based on coupled hetero-cavities, multiple Fano resonances are produced
and tuned in a plasmonic metal-insulator-metal (MIM) system. The structure comprises a rectangular
cavity, a side-coupled waveguide, and an upper-coupled circular cavity with a metal-strip core,
used to modulate Fano resonances. Three Fano resonances can be realized, which originate from
interference of the cavity modes between the rectangular cavity and the metal-strip-core circular
cavity. Due to the different cavity-cavity coupling mechanisms, the three Fano resonances can be
divided into two groups, and each group of Fano resonances can be well tuned independently by
changing the different cavity parameters, which can allow great flexibility to control multiple Fano
resonances in practice. Furthermore, through carefully adjusting the direction angle of the metal-strip
core in the circular cavity, the position and lineshape of the Fano resonances can be easily tuned.
Notably, reversal asymmetry takes place for one of the Fano resonances. The influence of the direction
angle on the figure of merit (FOM) value is also investigated. A maximum FOM of 3436 is obtained.
The proposed structure has high transmission, sharp Fano lineshape, and high sensitivity to change
in the background refractive index. This research provides effective guidance to tune multiple Fano
resonances, which has important applications in nanosensors, filters, modulators, and other related
plasmonic devices.

Keywords: tunable fano resonances; surface plasmon polaritons; coupled cavities; finite
element method

1. Introduction

Noble metallic nanostructures that support surface plasmon polaritons (SPPs) have stimulated
tremendous research interest due to their special capabilities of overcoming traditional optical diffraction
limits, controlling light in the nanoscale domain, and producing extremely strong local electromagnetic
fields [1–5]. They provide the possibility for devices with extraordinary properties, high-degree
miniaturization, and large-scale integration. As we know, due to electromagnetic wave interactions
with the metal surfaces in SPP devices, the transmission characteristics in the devices are closely related
to the shape and size of the designed geometry. By now, various plasmonic devices have been proposed,
such as optical filters, wavelength division multiplexers, and information modulators [6,7], which open
up new opportunities for fabricating plasmonic integrated on-chip systems.

On the other hand, Fano resonance [8–14] has emerged as a new research aspect in SPP devices,
since it exhibits sharp and asymmetric lineshape in spectra, and small perturbations can induce
dramatic intensity variation and wavelength shift. Fano resonance arises from the coherent coupling
and interference between a discrete state (or a narrow spectrum) and a continuous state (or a broad
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spectrum), so that unique spectral patterns can be produced [15–17]. Recently, considerable effort
has been devoted to research on the tunability of Fano resonance, as it has important applications
in nanosensors, filters, slow-light devices, modulators, and so on [18–20]. For example, it has
been reported that a type of E-shaped plasmonic nanostructure was formed by the interference
of the quadrupole resonance modes from a C-shaped metal ring with the dipolar resonance modes
from a metal strip, in which the tunability can be easily realized by changing the asymmetry of
the geometry [21]. In addition, a compact plasmonic sensor has been designed with a stub and a
side-coupled split-ring resonator, and the wavelength position and Fano lineshape can be adjusted
by changing the opening direction of the split ring [22]. Additionally, a kind of electrically tunable
Fano-type resonance of asymmetric metal-wire pairs has been achieved by controlling the varactor
diode loaded on the plasmonic device [23].

For some specific plasmonic structures, multiple Fano resonances can be obtained [24,25], but
the independent tunability has rarely been reported. The research on this topic should be given more
attention since it will bring great flexibility for fabricating multiple-function devices.

In this paper, based on coupled hetero-cavities, independently tunable Fano resonances are
produced and investigated in a plasmonic metal-insulator-metal (MIM) system. This consists of
a rectangular cavity, a side-coupled waveguide, and an upper-coupled circular cavity with an
angle-tunable metal strip in the center. Through investigating the coupling effect of the two
above-mentioned cavities, the mechanisms of Fano resonances are explored. Due to the different
cavity-cavity coupling effects, independent tunability can be realized by changing different cavity
parameters. Furthermore, the influence of the direction angle of the metal-strip core on Fano resonances
is investigated. The figure of merit (FOM) values for different direction angles are also calculated
and compared. This research provides an affective measure to produce multiple Fano resonances and
realize independent tunability.

2. Structure Design

The X-Y top view of the designed plasmonic nanosystem based on coupled hetero-cavities is
shown in Figure 1a. Considering the calculation time, a two-dimensional model is used to demonstrate
the characteristics of the structure. It is necessary to emphasize that the MIM structure is chosen
because it has the remarkable advantages of long propagation distance, deep-subwavelength field
confinement, low bend loss, and easy integration [26–29].

Figure 1. (a) Schematic illustration of a two-dimensional plasmonic metal-insulator-metal (MIM)
nanosystem consisting of a rectangular cavity coupled with a waveguide, and an upper-coupled
circular cavity with an angle-tunable metal strip located at the center. (b) In the metal-strip-core circular
cavity, the rotation direction of the metal strip is defined by an angle ϕ between the y-axis and the long
axis of the metal strip.
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As shown in Figure 1a, a rectangular cavity is connected to a MIM waveguide. The width and
height of the rectangular cavity are denoted as Wrec and Hrec, respectively. The waveguide has a
width of W = 65 nm. Above the rectangular cavity it has an upper-coupled circular air cavity with
a metal-strip core in the center. The radius of the circular cavity is denoted as Rcir. The vertical gap
between the circular and rectangular cavities is set as Dgap = 10 nm. Lcore and Wcore represent the
length and width of the metal strip, respectively. In order to modulate Fano resonances, the rotation
direction of the metal strip is adjusted. An angle ϕ between the y-axis and the long axis of the metal
strip is defined, as shown in Figure 1b. The blue and white areas denote the noble metal of silver and
air, respectively. For silver, its frequency-dependent complex relative permittivity is characterized by
the Drude model [30,31]:

εm(ω) = ε∞ − ω2
p

ω(ω + iγ)
(1)

where ε∞ is the dielectric constant at infinite frequency, γ is the electron collision frequency, ω is the
frequency of the incident light, and ωp is the bulk plasma frequency. The parameters are ε∞ = 3.7, ωp =
1.38 × 1016 Hz, and γ = 2.73 × 1013 Hz.

In the following section, the transmission characteristics of the coupled hetero-cavity system
are numerically simulated in detail using COMSOL software (Version 5.3, Stockholm, Sweden).
The structure is divided into a grid of about 5 × 104 small cells. Perfectly matched layers are
added around the calculated domain to absorb the electromagnetic waves going out of the structure.
A transverse magnetic (TM) wave is launched at the left waveguide. The incident power Pin and
transmitted power Pout are detected by two power monitors set at the input and output ports,
respectively. The total transmission of the coupled system is calculated as Pout/Pin.

3. Results and Discussion

3.1. The Coupling Mechanism of the Three Fano Resonances

As we know, Fano resonance always exhibits a sharp and asymmetric spectral pattern, which
results from the coupling effect between a wide continuous state and a narrow distinct state. In this
section, we will investigate the Fano resonance of the coupled hetero-cavity system. In order to
explore the mechanisms of Fano resonances, it is necessary to study the rectangular cavity and the
metal-strip-core circular cavity separately, and then consider their coupling effect.

Figure 2a shows the transmission of a metal-strip-core circular cavity coupled with a waveguide.
The structure is plotted in the inset. The radius of the circular cavity is chosen as Rcir = 150 nm, and the
cavity-waveguide gap is set as Dgap = 10 nm. For the metal strip of the circular cavity, its width, length,
and direction angle are set as Wcore = 60 nm, Lcore = 150 nm, and ϕ = 30◦, respectively. It can be seen
that the circular cavity keeps a certain distance from the waveguide, thus strong cavity modes can only
be excited at particular wavelengths. In Figure 2a, it can be seen that two very narrow transmission
dips appear at the wavelengths of λ = 960 nm and λ = 737 nm, respectively. For convenience, the two
modes are named as TD1 and TD2, respectively. Notably, TD1 exhibits an asymmetrical resonance
shape. This can be considered as a type of simple Fano resonance that originates from the mode
coupling of the metal-strip-core circular cavity and the waveguide. Meanwhile, through adjusting the
direction angle ϕ of the metal strip core in the cavity, the coupling effect can be tuned. TD1 and TD2
correspond to two different dipole modes that are anti-symmetric about the long and short axes of the
metal strip, respectively, as can be seen from the simulated Hz magnetic field distributions shown in
Figure 2b,c.

Figure 2d shows the transmission of a rectangular cavity connecting with a waveguide. The width
and height of the rectangular cavity are chosen as Wrec = 300 nm and Hrec = 500 nm, respectively.
It is necessary to point out that the rectangular cavity is chosen to be large enough, and designed to
directly connect with the waveguide, so that the cavity modes can be efficiently and strongly excited at
a broad range of wavelengths. As shown in Figure 2d, we can see that two transmission peaks appear
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at the wavelengths of λ = 1118 nm and λ = 707 nm, which are named as TP1 and TP2, respectively.
It is obvious that mode TP1 has a very wide peak, with a half-high width which is from λ = 949 nm
to λ = 1323 nm. Mode TP2 has a half-high width of 25 nm, which is not as wide as mode TP1.
The corresponding Hz magnetic field distributions are given in Figure 2e,f, respectively. Strong cavity
modes can be observed, which are anti-symmetric about the short and long axes of the rectangular
cavity, respectively.

Figure 2. (a) The transmission of a metal-strip-core cavity coupled with a waveguide. The Hz magnetic
field distributions of the transmission dips at (b) TD1, λ = 960 nm; (c) TD2, λ = 737 nm. (d) The
transmission of a rectangular cavity connected with a waveguide. The Hz magnetic field distributions of
the transmission peaks at (e) TP1, λ = 1118 nm; (f) TP2, λ = 707 nm. (g) The transmission of a coupled
system consisting of a waveguide, a rectangular cavity, and a metal-strip-core circular cavity. The Hz

magnetic field distributions of the Fano peaks at (h) FR1, λ = 960 nm; (i) FR2, λ = 745 nm; (j) FR3,
λ = 711 nm.

Figure 2g shows the transmission of the coupled hetero-cavity system. The parameters of the two
cavities are the same as those in Figure 2a,d. The cavity-cavity gap is set as Dgap = 10 nm. We can
observe that three resonances with sharp and asymmetric spectral patterns appear at λ = 960 nm,
λ = 745 nm, and λ = 711 nm, denoted by FR1, FR2, and FR3, respectively. The lineshapes have the
typical characteristic of Fano resonance. The three Fano resonances in Figure 2g can be regarded as the
coupling of the cavity modes from the rectangular cavity and the metal-strip-core cavity. In order to
further investigate the coupling effects of the Fano resonances, the Hz magnetic field distributions for
the three Fano peaks of FR1, FR2, and FR3, are simulated and illustrated in Figure 2h–j. This shows that
they originate from three different types of cavity-cavity coupling mechanisms, that is, FR1, FR2, and
FR3 are formed by the coupling effects of modes TD1 and TP1, modes TD2 and TP1, and modes TD2
and TP2, respectively, where TD1 and TD2 are the transmission dips of the metal-strip-core circular
cavity, and TP1 and TP2 are the transmission peaks of the rectangular cavity.

3.2. The Characteristics of Independent Tunability of the Three Fano Resonances

In order to further understand the Fano resonances, the influence of the cavity parameters on
transmission is investigated in detail. Figure 3a shows the change of transmission with the radius of the
circular cavity increasing from Rcir = 155 nm to Rcir = 175 nm. The other parameters remain unchanged.
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We can see that the Fano peaks of FR1 and FR2 have obvious red shifts, with wavelength increments of
Δλ = 83 nm and Δλ = 74 nm, respectively, while the Fano peak of FR3 is nearly unchanged. This proves
that the Fano resonances FR1 and FR2 can be simultaneously adjusted by changing the parameter of
Rcir, and the Fano resonance FR3 is not affected.

Figure 3. Transmission changes for (a) different radii of the circular cavity, Rcir = 155 nm, 160 nm,
165 nm, 170 nm, 175 nm; (b) different widths of the rectangular cavity, Wrec = 285 nm, 290 nm, 295 nm,
300 nm, 305 nm.

Figure 3b shows the change of transmission with the width of the rectangular cavity increasing
from Wrec = 285 nm to Wrec = 305 nm. The other parameters remain unchanged. The result is the
opposite compared with the above case. The Fano peaks of FR1 and FR2 have almost no change,
while the Fano peak of FR3 exhibits a red shift of Δλ = 40 nm in wavelength. This proves that the
Fano resonance FR3 can be freely adjusted by changing the parameter of Wrec, and the other two Fano
resonances, FR1 and FR2, are not affected.

From the above results, we can find an interesting phenomenon. The three Fano resonances can
be divided into two groups. Fano resonances FR1 and FR2 belong to the same group (Group 1), and
Fano resonance FR3 belongs to the other group (Group 2). The two groups of Fano resonances can
be independently controlled by different cavity parameters. This phenomenon can be understood
from the resonances of the rectangular cavity. As shown in Figure 2e,f, the input light is set to be
a transverse magnetic (TM) plane wave, thus the resonance mode of the rectangular cavity can be
denoted as TMmn, where m and n are integers representing the resonant orders in the transverse (x-axis)
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and longitudinal (y-axis) directions of the rectangular cavity. The transmission peaks TP1 and TP2 can
be regarded as TM01 (see Figure 2e) and TM10 (see Figure 2f) modes, respectively. For the coupled
hetero-cavity system, the Hz field distribution of the rectangular cavity for FR1 or FR2 is TM01 (see
Figure 2h,i), which is sensitive to the longitudinal parameters, such as the height of the rectangular
cavity (Hrec), or the radius of the circular cavity (Rcir). Due to the strong coupling effect existing
between the hetero-cavities, the longitudinal resonance of the rectangular cavity is more sensitive to
the change of Rcir than that of Hrec. Therefore, Rcir is chosen as an example to independently control
the Fano resonance FR1 (or FR2). On the other hand, the Hz field distribution of the rectangular cavity
for FR3 is TM10 (see Figure 2j), which is sensitive to the transverse parameters, such as the width of the
rectangular cavity (Wrec).

3.3. Tuning Fano Resonances by Changing the Direction Angle of the Metal Strip

In order to investigate the tunability of the nanostructure, the influence of the direction angle
ϕ on Fano resonances is also considered. When ϕ is changed, the field distribution of the circular
cavity varies accordingly, which can directly affect the coupling of the hetero-cavities. Thus, the Fano
resonances are easily tuned. Figure 4a shows the transmissions with ϕ changing from 0◦ to 90◦. We can
see that when ϕ increases, FR1 becomes stronger and FR2 becomes weaker, both accompanied by
obvious wavelength shifts, while FR3 has almost no change. The reason for the above difference
between FR1, FR2, and FR3, is because ϕ has greater impact on the longitudinal resonance mode TM01

of the rectangular cavity (existing in FR1 and FR2) than that of the transverse resonance mode TM10

(existing in FR3).
Remarkably, we notice that when ϕ increases to an angle of 90◦, the Fano resonance FR2 turns

into the reversal Fano asymmetry, as can be seen by comparing the two cases of ϕ = 90◦ and ϕ = 0◦,
marked by the two red squares in Figure 4a. Further verification can be obtained by calculating the q
values from the Fano formula. The transmission can be expressed by the following Fano formula [32],

T = TBethe + C
(λ − λRes + qΓ/2)2

(λ − λRes)
2 + (Γ/2)2 (2)

where TBethe is the direct transmission referred to as Bethe’s contribution, C is the non-resonant
transmission coefficient, λRes is the resonant wavelength, Γ is the linewidth, and q is a dimensionless
parameter that describes the asymmetry profile. Using the Origin software, the transmissions of
Fano resonances FR1, FR2, and FR3 are fitted with Equation (2). When the fitting error reaches the
minimum value, the fitted line expressed by Equation (2) can be determined. Then the variables
TBethe, C, λres, q, and Γ are fixed. We investigate the dependence of the asymmetry parameter q on
the direction angle ϕ, as shown in Figure 4b. We can find that for Fano resonance FR2, the q value
varies from negative (q = −1.15) for ϕ = 0◦ to positive (q = 0.27) for ϕ = 90◦. This proves that the
reversed asymmetry of the Fano resonance is formed. This phenomenon is attributed to the difference
in the phase shifts of the cavity modes caused by adjusting the direction angle ϕ. The phase shift
is defined as the phase difference between the input and output positions of the rectangular cavity.
In Figure 4c,d, the Hz magnetic field distributions for the two cases of ϕ = 0◦ and ϕ = 90◦ are shown.
For ϕ = 0◦, the phase shift of the TM01 mode in the rectangular cavity is about 0◦, while for ϕ = 90◦,
FR2 has a blue shift under the influence of field modulation induced by the rotation of the metal
strip (from ϕ = 0◦ to ϕ = 90◦), leading to the mode in the rectangular cavity changing from TM01 to
TM10. The corresponding phase shift becomes π. As a consequence, the reversed asymmetry of the
Fano resonance is generated. Furthermore, we can see that q = 0 is realized at ϕ = 82◦, meaning that
the resonance exhibits a symmetric profile for this case. This point can be considered as a critical
condition to obtain an anti-resonant pattern, and it demonstrates an important tunability option for
Fano resonance. The drastic change of the asymmetry parameter can be explored for applications such
as optical switches, information modulators, and nonlinear and slow-light devices.
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Figure 4. (a) Transmissions from changing the direction angle ϕ of the metal strip in the circular cavity
with ϕ = 0◦, 10◦, 30◦, 50◦, 70◦, and 90◦. (b) The q values are calculated for ϕ changing from 0◦ to 90◦.
The Hz magnetic field distributions for the Fano peak of FR2 at (c) ϕ = 0◦ and (d) ϕ = 90◦.

As we know, sensing performance is one of the most important applications for Fano resonance.
Here, the sensitivity characteristic of Fano resonance to the refractive index of the background dielectric
material is investigated by calculating the figure of merit (FOM) value [33]. FOM is defined as the
maximum of ΔT/(TΔn) when Δn and T are changed. ΔT/(TΔn) describes the relative transmission
variation ΔT/T at a fixed wavelength induced by the refractive index change Δn of the dielectric
material, where T denotes the transmission in the proposed structure. As shown in Figure 5, the FOM
values of Fano resonances FR1, FR2, and FR3, are calculated when the direction angle ϕ is scanned
from 0◦ to 90◦. The other parameters remain unchanged. We can see that the FOM value of FR1
becomes larger with the increase of ϕ at first, and then it reaches the maximum value of 3436 at ϕ = 75◦

(λ = 978 nm at the Fano dip), after that it begins to decrease slightly. The high FOM value contributes
to the sharp Fano lineshape in transmission. For FR2, the FOM value decreases with the increase of ϕ.
This is because the intensity of the Fano resonance becomes weaker. In contrast, the FOM of FR3 has
little change, with the FOM value almost keeping above 1420. Comparing Figures 4b and 5, we can see
that a sharp Fano lineshape always has large |q|, which is beneficial to obtain a large FOM value for
sensing. The proposed structure has high transmission, sharp Fano lineshape, and high sensitivity to
the change in background refractive index, which has important applications in nanosensors, filters,
modulators, and other related plasmonic devices.
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Figure 5. The figure of merit (FOM) values of the Fano resonances FR1, FR2, and FR3 related to the
direction angle ϕ.

4. Conclusions

In summary, a type of coupled hetero-cavity structure is proposed to produce tunable Fano
resonances in a plasmonic MIM system. It consists of a rectangular cavity, a side-coupled waveguide,
and an upper-coupled circular cavity with a metal-strip core used to modulate Fano resonances. Three
Fano resonances can be realized, which originate from the interference of the modes of the rectangular
cavity and the metal-strip-core circular cavity. Due to the different cavity-cavity coupling mechanisms,
the three Fano resonances can be divided into two groups, and each group of Fano resonances can be
well independently tuned by changing the different cavity parameters, which has the advantage of
flexibly modulating Fano resonances. Furthermore, through carefully adjusting the direction angle
of the metal-strip core in the circular cavity, the position and lineshape of the Fano resonances can
be easily tuned. Notably, reversal asymmetry takes place for one of the Fano resonances when the
direction angle of the metal strip is changed to be ϕ = 90◦. The results show that a maximum FOM
value of 3436 is obtained. This research provides effective guidance to produce and tune multiple Fano
resonances, which has important applications in nanosensors, filters, slow-light devices, modulators,
and other related plasmonic devices.
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Abstract: A small spectroscope with 25 color sensors was fabricated by combining metamaterial color
filters and Si photodiodes. The metamaterial color filters consisted of guided-mode resonant metal
gratings with subwavelength two-dimensional periodic structures. Transmittance characteristics
of the color filters were designed to obtain peak wavelengths proportional to grating periods.
For each color sensor, a peak wavelength of the spectral sensitivity could be tuned in the range
of visible wavelengths by adjusting each grating period. By performing spectrum reconstruction
using Tikhonov regularization, the spectrum of an incident light was obtained from the signal of
photodiodes. Several monochromatic lights were made incident on the fabricated device and the
spectral characteristics of the incident light were reconstructed from the output signals obtained
from the respective color sensors. The peak wavelengths of the reconstructed spectra were in good
agreement with the center wavelengths of the monochromatic lights.

Keywords: spectroscopes; metamaterial; plasmonics; structural color filters; photodiodes

1. Introduction

Color filters, which work as wavelength selective filters, have been used in image sensors
and liquid crystal displays. In recent years, since the discovery of extraordinary transmission
phenomenon based on surface plasmon by Ebbesen et al. in 1998 [1], plasmonic color filters using
metal nanostructures have been actively studied [2–6]. Plasmonic color filters have various advantages
over the conventional color filters using pigment, such that various color characteristics can be
realized depending on the structural shapes with thicknesses of just tens of nanometers. Therefore,
plasmonic color filters for many colors can be fabricated on the same substrate by a single fabrication
process, unlike the conventional color filters using pigment. Also, plasmonic color filters have high
compatibility with complementary metal–oxide–semiconductor and charge-coupled devices based
on semiconductor microfabrication technologies, compared with color filters using conventional
pigments. Furthermore, in recent years, a nanoimprint technology in which submicron structures
are easily formed using molds has been advanced [7–18], and improved productivity of plasmonic
nanostructures can be expected.

Spectroscopes are widely used [19] as instruments for measuring the energy intensity for each
wavelength of light. Since most spectroscopes use diffraction gratings as wavelength selective elements,
a certain propagation distance is required to separate diffracted waves spatially. Therefore, it is difficult
to miniaturize the spectroscopes that use diffraction gratings. Moreover, precise optical axis adjustment
is required for assembling the numerous optical components in the construction of the spectroscopes,
which results in high cost. In industrial fields, colorimeters using spectroscopes are used as devices
for measuring color. To meet the increasing demand for spectroscopic devices, such as the color
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management of products and food quality control, cost reduction and the downsizing of spectroscopic
devices are strongly required.

In recent years, novel spectroscopes fabricated by combining plasmonic color filter array
and photodiode array have been reported [20–26]. A color filter is formed on each photodiode,
and spectral information is calculated using output signals obtained from photodiodes. Such filter
array spectroscopes do not require long propagation distances like the ones using diffraction gratings
and are thought to have the possibility of expanding the range of use of spectroscopic devices as
ultrasmall and inexpensive spectroscopes. However, the wavelength selectivity of color filters used
for the filter array spectroscopes reported are insufficient. Instead, increasing the number of filters
and implementation of an improved calculation algorithm have been attempted to improve the
spectroscopic characteristics of devices [22]. Increasing the number of filters leads to an increase
in the light receiving area, contrary to miniaturization. Also, complicated calculation processing
leads to the load and delay of calculation processing. Therefore, to improve filter array spectroscope
devices, the improvement of the filter characteristics itself is required. Although guided-mode resonant
gratings are known as high-efficiency wavelength selective filters [27–36], they function as reflection
type wavelength selective filters. Transmission type wavelength selective filters are necessary for
application in filter array spectroscopes.

As mentioned above, various plasmonic color filters have been reported so far. However, as far
as we know, there are only few reports on filter array spectroscopes integrating color filters and
photodiodes. Therefore, research on the improvement of their characteristics is required. In this study,
we design and fabricate a filter array spectroscope and evaluate the characteristics of the fabricated
spectroscopic device integrating newly designed color filters and photodiode array. There are no
reports of filter array spectroscopes combining guided-mode resonant gratings and photodiodes,
as far as we know. We have newly designed transmission type wavelength selective filters based on
guided-mode resonant metal gratings with subwavelength two-dimensional (2D) periodic structures
without polarization dependency for normal incident light.

2. Device Configuration

Figure 1a shows a conceptual diagram of the proposed spectroscopic device. A plurality of
color sensors with different spectral sensitivity characteristics, in which metamaterial color filters
having different spectral characteristics are stacked and arranged on each photodiode, are arranged.
Incident wavelengths selected by the color filters enter the photodiodes, the output signals of the
photodiodes are sequentially read out, and the spectral characteristics of the incident light are obtained
by calculation processing. Figure 1b shows the cross-sectional view of a color sensor consisting of a
metamaterial color filter formed on an Si photodiode through a spacer layer. The metamaterial color
filter consists of a guided-mode resonant metal grating covered with a SiO2 layer.

 

(a) (b) 

Figure 1. Schematics of proposed devices. (a) Perspective view in the case of 2 × 2 color sensors;
(b) cross-sectional view of one particular color sensor.
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The guided-mode resonant metal grating consists of a 2D Al grating layer formed on an HfO2

guided layer. The guided layer is formed on the SiO2 spacer layer. Since the effective refractive index
of the guided layer is higher than that of the surroundings, the guided layer functions as a planar
waveguide and strongly confines the resonant wavelength. Transmitted light generates only zeroth
order diffraction because the grating period is smaller than the resonant wavelength. The grating
groove is filled with SiO2. Incident light is impinged from the SiO2 cover layer. Photocurrent generated
in the photodiode is read out as an output signal. By changing the period of the metal grating layer of
each color filter, it is possible to control the resonant wavelength and to extract spectral information
from each photodiode.

3. Design and Numerical Analysis

3.1. Design of Color Filters

Numerical analysis was carried out using rigorous coupled-wave analysis (RCWA), which yields
accurate results using Maxwell’s equations in the frequency domain [37,38]. Figure 2 shows a
calculation model of one color filter element. The electric field, magnetic field, and propagation
direction of incident light are parallel to the x, y, and z axes, respectively. A 50-nm-thick SiO2

cover layer, 30-nm-thick 2D-periodic Al nanodot array, 100-nm-thick HfO2 waveguide layer, and a
150-nm-thick SiO2 spacer are formed on an Si substrate of photodiode. Here, Λ and a are the grating
period and nanodot size, respectively. The color filters have polarization independent because of 2D
subwavelength gratings with the same periods for the x and y directions.

 
(a) 

 
(b) 

Λ
a

z

xy a

Λ

aΛ

Figure 2. Calculation model of one color filter element. (a) Cross-sectional view; (b) top view.

Normally, incident light from outside was made to pass through the cover layer, and transmittance
spectrum at the Si side of the SiO2/Si interface was calculated to obtain spectral characteristics of the
device. For optical designing of the structure integrated with the color filter and photodiode, spectral
characteristics, including the influence of reflection and interference by the Si substrate, were calculated
instead of just obtaining the transmission spectrum of only the color filter. The incident light polarized
along the x-axis was normally incident and the total transmittance obtained by combining all the
transmitted diffracted waves was calculated. Refractive indices of Al, Si, and SiO2 in references [39–41],
respectively, were used for the calculation. Figure 3 shows real and imaginary parts of the refractive
index of HfO2 used for the calculation, which was measured by a spectroscopic ellipsometer.

Figure 3. Refractive index of HfO2 used for calculation.
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Figure 4 shows the calculated transmittance spectra penetrating a Si substrate for several
grating periods. Here, a/Λ was fixed to be 0.8. Figure 4 illustrates that the peak wavelength of
the transmission spectrum can be controlled mainly through the grating period. The peak wavelength
is shifted to the longer wavelength side as the period increases, which agrees with the principle of
guided-mode resonant gratings. From this result, we could design the structures that exhibit functions
of spectroscopes, including a reflection and interference effect, due to the influence of the interface
between the SiO2 space and Si photodiode. The output signal actually obtained by the color sensor
is outputted as a characteristic signal, which is the product of the transmission spectrum shown in
Figure 4 and the spectral sensitivity characteristic of the Si photodiode.

 

Λ

Figure 4. Calculated transmittance spectra penetrating a Si substrate for several grating periods. a/Λ is
fixed to be 0.8.

Figure 5 shows the peak wavelength as a function of the grating period extracted from the
results of Figure 4. It can be seen that the peak wavelength shifts in proportion to the grating
period in the entire visible wavelength range. The linear fitting equation for Figure 5 is given by the
following equation:

λpeak = 1.24 × Λ + 163.4 (1)

Here, λpeak is a peak wavelength.

Figure 5. Peak wavelength as a function of grating period, extracted from the results of Figure 4.

3.2. Spectrum Reconstruction: Principle and Calculation Examples

An output signal from each color sensor is the integrated amount of the energy spectrum received
by each photodiode and it cannot be decomposed into spectral components. Therefore, in order to
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reconstruct the spectral characteristic of the input light from the output signal, calculation between
output signals is required. To solve the inverse problem of determining the input signals (spectrum
of incident light) from the output signals, spectral characteristics are calculated using the Tikhonov
regularization method [42]. Consider a spectroscopic device composed of b color sensors. b is the
number of color sensors. The photocurrent of each color sensor is obtained as a product of the
spectral characteristic of incident light and the wavelength sensitivity characteristic of each color
sensor, integrated over the wavelength. The photocurrent is expressed in matrix format as follows:

O = SI (2)

Here, O (A) is a 1 × b column vector of photocurrent. S (A/W) is a b × c matrix of wavelength
sensitivity, and I (W) is a 1 × c column vector of spectral characteristics of incident light. c is a
wavelength division number. O and S are measured experimentally, and I is to be determined.
In order to solve this inverse problem, I is calculated using the matrix, M, obtained by the Tikhonov
regularization method, as shown below:

I = MO (3)

M is a c × b matrix. Besides, because the spectral characteristic cannot be a negative value,
the following condition is added:

I = I (I > 0) or 0 (I ≤ 0) (4)

Equations (3) and (4) are solved to obtain the spectral characteristics.
Next, several incident light spectra were designed (designed spectra) and compared with the

incident light spectra (reconstructed spectra) calculated using Equations (3) and (4). It should be
noted that b was set to 25 and the calculated wavelength range to be integrated was 400 to 700 nm.
Twenty-five color filters with different grating periods between 210 and 450 nm at intervals of
10 nm were used for the matrix, S. Some of the 25 filter characteristics are shown in Figure 4. Here,
the sensitivity of the Si photodiode is ignored for simplicity.

The calculation results are shown in Figure 6. As shown in Figure 6a,b, the peak positions of the
designed spectrum and the reconstructed spectrum coincide with each other, and the bandwidths
also substantially coincide. However, the sharp edges of the designed spectrum take rounded shapes
like the Gaussian distribution in the reconstructed spectrum. This can be attributed to the coarse
resolution because just 25 filters are provided across a wavelength range of 300 nm. It can be improved
by increasing the number of filters. Moreover, as can be seen from Figure 6c,d, it is possible to
calculate the results for multiple peaks. Figure 6d reveals that as the width of the designed spectrum
becomes narrower, the peak position of reconstructed data is in good agreement with the designed
peak position, but the peak intensity of the reconstructed spectrum decreases. These results suggest
that optical spectra in a wavelength range of 400 to 700 nm can be obtained by using the proposed
devices; however, there is room for improvement.

  
(a) (b) 

Figure 6. Cont.
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(c) (d) 

Figure 6. Simulation of spectral reconstruction (Blue line: Designed spectrum; red line: Reconstructed
spectrum). (a) Single band spectrum near 700 nm in wavelength; (b) single band spectrum at a center
wavelength of 500 nm; (c) multiple band-stop spectrum; (d) multiple peak spectrum.

4. Fabrication

Figure 7 shows the process steps. An n-type Si substrate of a 400 μm thickness is etched by a
fast atom beam (FAB) to form alignment marks (Figure 7a,b). Next, to prevent metal contamination,
an SiO2 protective film with a thickness of 5 nm is formed by chemical vapor deposition (CVD)
(Figure 7c). Then, P ions are implanted into the contact area of electrodes to form n+ -Si (Figure 7d).
After that, ion implantation of B is performed to form p-Si (Figure 7e). Besides, rapid thermal annealing
is performed to activate ions simultaneously with the recovery of crystal from damage due to ion
implanted ions (Figure 7f). Next, as a spacer, SiO2 is formed by CVD (Figure 7g). Then, as a waveguide
layer, HfO2 is deposited by electron-beam (EB) evaporation (Figure 7h).

Figure 7. Process steps.

After that, SiO2 and HfO2 etching is performed to make contact holes (Figure 7i). Next, the Al-Si
(1%) layer with a thickness of 400 nm is formed by sputtering, and wet etching is performed to form
electrodes (Figure 7j). After Al film formation by sputtering, nanodot array structures are patterned by
EB lithography, followed by FAB etching (Figure 7k). Next, an SiO2 cover layer is formed by sputtering
(Figure 7l). Finally, SiO2 in the electrode pad portion is etched (Figure 7m).

Figure 8 shows a reflection image of an optical microscope of color filters fabricated on a
photodiode array. The filters are fabricated in 25 patterns, with grating periods between 220 and 460 nm
at increments of 10 nm, which correspond (a) to (y) in the figure. All filters are 150 μm × 150 μm in
size. Although the color filter is designed as a transmissive type, the structural color, which depends on
the period of the structure, can also be confirmed in the reflected images. The wiring pattern connected
from each photodiode can also be confirmed.
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Figure 9 shows scanning electron microscope (SEM) images of the fabricated color filters
corresponding to the symbols (a) to (y) of Figure 8. All filters are designed to be 0.8 of the a/Λ

ratio. It can be seen that all the filters are fabricated accurately.

 

Figure 8. Optical microphotographs of fabricated color filters on the photodiode array. (a) Λ = 220 nm,
(b) Λ = 230 nm, (c) Λ = 240 nm, (d) Λ = 250 nm, (e) Λ = 260 nm, (f) Λ = 270 nm, (g) Λ = 280 nm,
(h) Λ = 290 nm, (i) Λ = 300 nm, (j) Λ = 310 nm, (k) Λ = 320 nm, (l) Λ = 330 nm, (m) Λ = 340 nm,
(n) Λ = 350 nm, (o) Λ = 360 nm, (p) Λ = 370 nm, (q) Λ = 380 nm, (r) Λ = 390 nm, (s) Λ = 400 nm,
(t) Λ = 410 nm, (u) Λ = 420 nm, (v) Λ = 430 nm, (w) Λ = 440 nm, (x) Λ = 450 nm, and (y) Λ = 460 nm.

Figure 9. SEM images of fabricated color filters. (a) Λ = 220 nm, (b) Λ = 230 nm, (c) Λ = 240 nm,
(d) Λ = 250 nm, (e) Λ = 260 nm, (f) Λ = 270 nm, (g) Λ = 280 nm, (h) Λ = 290 nm, (i) Λ = 300 nm,
(j) Λ = 310 nm, (k) Λ = 320 nm, (l) Λ = 330 nm, (m) Λ = 340 nm, (n) Λ = 350 nm, (o) Λ = 360 nm,
(p) Λ = 370 nm, (q) Λ = 380 nm, (r) Λ = 390 nm, (s) Λ = 400 nm, (t) Λ = 410 nm, (u) Λ = 420 nm,
(v) Λ = 430 nm, (w) Λ = 440 nm, (x) Λ = 450 nm, and (y) Λ = 460 nm.
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5. Measured Results and Discussion

Spectral sensitivity characteristics of color sensors were measured using a broadband spectral
response measurement system (CEP-25BXS, Bunkou Keiki Co., Ltd., Tokyo, Japan). In this
measurement, the wavelength resolution was set to 10 nm. Different color sensors exhibited different
spectral sensitivity characteristics. Figure 10 shows the relationship between the grating period and the
peak wavelength of the spectral sensitivity. The peak wavelength is linearly dependent on the grating
period, and the slope of the straight line almost agrees with that of the calculated peak wavelength
shift of the color filters shown in Figure 5. The linear fitting equation for Figure 10 is given by the
following equation:

λpeak = 1.28 × Λ + 105.4 (5)

 

Figure 10. Dependence of the peak wavelength of the spectral sensitivity on the grating period.

When the monochromatic light with wavelengths of 450, 500, 550, 600, and 650 nm is incident, the
spectral characteristics of the incident light are reconstructed from the output signals obtained by the
respective color sensors. Spectral characteristics of the reconstructed incident light are shown with
solid lines in Figure 11. For comparison, spectral characteristics of the incident light measured with
a commercially available spectrometer (HR4000CG-UV-NIR, Ocean optics, Inc., Largo, FL, USA) are
shown as original spectra with dotted lines. The peak wavelength of the reconstructed spectrum can
be confirmed to be near that of the original spectrum. Therefore, we believe that the spectroscopic
measurement was successfully performed using the fabricated device. However, reconstructed spectra
become broader compared to the original spectra. This increment in width can be attributed to
the coarse resolution because only 25 filters are provided across a wavelength range of 300 nm.
The reconstructed spectra can be improved by increasing the number of filters.

 

Figure 11. Spectral reconstruction.
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Figure 12 shows the relationship between the peak wavelengths of reconstructed spectra and the
center wavelength of monochromatic lights extracted from the results of Figure 11. It is found that the
peak wavelengths of the reconstructed spectra are in good agreement with the center wavelengths of
the monochromatic lights.

 

Figure 12. Dependence of the peak wavelengths of reconstructed spectra on the center wavelength of
the incident monochromatic lights.

6. Conclusions

We fabricated a filter array spectroscope consisting of metamaterial color filters and Si photodiodes.
The color filters based on guided-mode resonant metal gratings were newly designed. The peak
wavelength of the transmission spectrum could be controlled mainly by the grating period. The filters
were fabricated in 25 patterns, with grating periods between 220 and 460 nm at increments of
10 nm. SEM images of fabricated color filters confirmed that all the filters were fabricated accurately.
The peak wavelength of the spectral sensitivity was found to be linearly dependent on the grating
period. Several monochromatic lights were made incident on the fabricated device and the spectral
characteristics of the incident light were reconstructed from the output signals obtained from the
respective color sensors. The peak wavelengths of the reconstructed spectra were in good agreement
with the center wavelengths of the monochromatic lights.
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Abstract: Wavelength- or polarization-selective uncooled infrared (IR) sensors have various
applications, such as in fire detection, gas analysis, hazardous material recognition, biological
analysis, and polarimetric imaging. The unwanted modes originating due to the absorption by the
materials used in these sensors, other than plasmonic metamaterial absorbers (PMAs), cause serious
issues by degenerating the wavelength or polarization selectivity. In this study, we demonstrate a
method for eliminating these unwanted modes in wavelength- or polarization-selective uncooled IR
sensors with various PMAs, using a subtraction operation and a reference pixel. The aforementioned
sensors and the reference pixels were fabricated using a complementary metal oxide semiconductor
and micromachining techniques. We fabricated the reference pixel with the same structure as the
PMA sensors, except a flat mirror was formed on the absorber surface instead of PMAs. The spectral
responsivity measurements demonstrated that single-mode detection can be achieved through the
subtraction operation with the reference pixel. The method demonstrated in this study can be applied
to any type of uncooled IR sensors to create high-performance wavelength- or polarization-selective
absorbers capable of multispectral or polarimetric detection.

Keywords: plasmonics; metamaterials; uncooled; IR sensors; wavelength-selective

1. Introduction

Uncooled infrared (IR) sensors with micro-electro-mechanical system (MEMS) based pixel
structures are used in a wide range of applications, such as in security, surveillance, maintenance,
firefighting, and in the automotive industry [1,2]. Recently, there has been increased interest in
developing advanced functional uncooled IR sensors with wavelength- or polarization-selectivity,
especially due to their applicability in fire detection, gas analysis, hazardous material recognition,
biological analysis, and polarimetric imaging [3,4]. The wavelength-selective function is used for
analyzing and recognizing objects by spectral information, and the polarization-selective function can
contribute to enhancing object recognition, such as face recognition using polarimetric information [5].
We have previously demonstrated wavelength- or polarization-selective uncooled IR sensors
using various plasmonic metamaterial absorbers (PMAs), such as plasmonic crystal (PC) [6–9],
metal-insulator-metal (MIM) [3,10], and mushroom-type PMAs [11–13] at the middle-wavelength IR
(MWIR) and the long-wavelength IR (LWIR) regions. The PMAs have periodic metal surface structures,
which support the induced surface plasmon modes and lead to the wavelength- or polarization-selective
absorption. Therefore, the absorption wavelength and the polarization can be structurally controlled by
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the surface patterns of these structures. Such PMAs can realize wavelength- or polarization-selective
functions in uncooled IR sensors without filters or polarizers, which lead to low-cost fabrication and
enable different pixels to be integrated in an array. Moreover, PMAs with smaller and thinner absorbers
have significant advantages over traditional absorbers.

Several researchers have studied the effects of various surface patterns of PMAs to realize
single [14–17], multi-mode [18–23], and broadband absorption [24–28] in broad-wavelength regions
ranging from ultraviolet [29] to terahertz [30,31]. However, only a few investigations have been
performed that demonstrate the application of PMAs in actual devices such as uncooled IR sensors [32].
In some cases, unwanted absorption modes have been observed, which cause additional absorption
of wavelengths, and therefore degenerated performance with regard to wavelength or polarization
selectivity. These unwanted modes cannot be attributed to the propagating or localized surface
plasmon resonance induced by the surface patterns of the PMAs. It is extremely important to eliminate
such unwanted absorption modes to realize high-performance wavelength- or polarization-selective
uncooled IR sensors. In this study, we investigate the origin of unwanted absorption modes and
develop a method to eliminate such absorption modes.

2. Elimination of Unwanted Modes

2.1. Origin of Unwanted Modes

Figure 1a and b shows schematic illustrations of a typical thermopile sensor with the cross-section
of PMAs as uncooled IR sensors and the side view of the PMA sensor with unwanted IR absorptions,
respectively. In this study, we adopted two-dimensional (2D) PC-type PMAs (2D PC-PMAs) with a
thermopile [33] as a MEMS-based uncooled IR sensor. A 2D PC-PMA produces wavelength-selective
absorption at a wavelength nearly equal to its surface period [6,7].

Figure 1. Schematic illustrations of (a) typical micro-electro-mechanical system (MEMS) based
thermopile with 2D PC-PMA and (b) unwanted absorption at the backside and the sides of the
2D PC-PMA.

We had previously demonstrated that the unwanted absorption occurs owing to the absorptions
at the backside and other sides of SiO2 in a 2D PC-PMA (Figure 1b). To address this issue, an Al
reflection layer was inserted at the backside and the sides of the 2D PC-PMAs, which were coated with
Au. This drastically reduced unwanted absorption in the system [7]. Additionally, clear wavelength or
polarization selectivity was achieved by restricting the incident IR ray to only the absorber area using a
pinhole. Without the pinhole, we could still observe unwanted absorption in the LWIR region.

A schematic of the thermopile with the flat mirror surface (reference pixel) prepared in this study
is shown in Figure 2a. Its responsivity and absorbance were measured to investigate the origin of these
unwanted modes. Figure 2b shows the measured spectral responsivity of the reference pixel and the
calculated value of absorption by the 1.5 μm thick SiO2, which corresponds to the actual thickness
of the sensors, as shown in Figure 2a. The details of the fabrication procedure and the measurement
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systems are explained in subsequent sections. As expected, the reference pixel produced no output
signal because the surface mirror and the backside reflector reflected all the incident IR rays, and
there was no absorption of IR rays. The calculations were performed using the rigorous coupled
wave analysis (RCWA) method [34]. RSOFT DiffractMOD software (version 2018.12-1, Synopsys, Inc.,
California, CA, USA) was used for the RCWA calculation. Unexpectedly, responsivity peaks were
observed in the LWIR region, which corresponded to the calculated absorbance of SiO2. The calculated
absorbance spectra were attributed to the thin-film interference in the thickness direction of SiO2.
These results demonstrate that the origin of the unwanted modes can be attributed to the intrinsic
absorption of SiO2 used in the sensor structures as the thermal isolation legs (Figure 2c).

Figure 2. (a) Schematic illustration of a typical MEMS-based thermopile with flat mirror (reference pixel)
and (b) its measured spectral responsivity and calculated absorbance of 1.5 μm thick SiO2. (c) Schematic
illustration of unwanted absorption by the SiO2-thermal isolation legs in typical MEMS-based uncooled
IR sensors.

The thermal isolation legs are typically used in most MEMS-based uncooled IR sensor structures.
Therefore, the unwanted absorption by the thermal isolation legs is a common obstacle to realizing
high performance in wavelength- or polarization-selective uncooled IR sensors. It is extremely difficult
to block the top surface, the sides, and the backside of the thermal isolation legs to avoid any unwanted
absorption in these sensors, and therefore we present a subtraction operation for eliminating the
unwanted modes.

2.2. Subtraction Operation Using Reference Pixel

Figure 3a shows the proposed concept to eliminate unwanted modes using a subtraction operation
with the reference pixel. The sensor with PMAs has a wavelength-selective detection peak caused
by the plasmonic resonance in PMAs and relatively broad detection in the LWIR region owing to the
absorption by the SiO2 present in the thermal isolation legs. The reference pixel was designed with the
same sensor structure except for the absorber surface in which a flat mirror was used as the absorber
surface instead of PMAs. Therefore, the reference pixel shows the same unwanted absorption modes
as the sensor with PMAs, which is caused by the SiO2-thermal isolation legs. Figure 3b shows the
configuration of the sensor with PMA and the reference pixel with a flat mirror for the subtraction
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operation. The output signal between Pad 1 and Pad 2 was measured, whereby the subtraction voltage
(VS –VR) between the output voltage of the sensor with the PMA (VS) and that of the reference pixel
(VR) was obtained.

Figure 3. (a) Demonstration of the concept to eliminate the unwanted modes using a subtraction
operation with a reference pixel. (b) Configuration for the subtraction operation between a thermopile
with PMA and a reference pixel with flat mirror.

3. Sensor Fabrication

Figure 4 shows the actual configuration of the sensor with 2D PC-PMAs and the reference pixel.
The signal lines to measure voltages were connected as shown in Figure 3b.
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Figure 4. Schematic illustration of the sensor with 2D PC-PMA and the reference pixel, in which the
output signal was produced from the subtraction operation between them.

Figure 5a shows the fabrication procedure of the sensors with 2D PC-PMAs and the reference pixel
with the subtraction operation. The sensors with 2D PC-PMAs and the reference pixels were fabricated
on a six inch silicon (Si) substrate using a standard complementary metal oxide semiconductor (CMOS)
process, the details of which have been reported in our previous studies [7–9,20]. A series of p- and
n-type poly-Si regions formed thermocouples, and a selected amount of ion implantation controlled
their resistivity. An Al layer was deposited under the absorber area as a backside reflective layer, and
holes for cavities were formed via reactive-ion etching (RIE). Subsequently, a 1.5 μm thick SiO2 layer
was deposited on the absorber area (Figure 5a, i). Following this, the 2D PC-PMA structures were
fabricated over the SiO2 layer of the IR absorber area of the sensors by using the RIE process (Figure 5a,
ii), whereas no pattern was formed in the reference pixels. Next, a 50 nm thick Cr adhesive layer and
250 nm thick Au surface plasmon resonance layer were deposited by sputtering on the entire surface
of the wafer. The Au layer was sufficiently thicker than the skin depth of the IR wavelengths, therefore,
absorption of the incident IR rays by the Cr and SiO2 layers beneath the Au layer could not occur.
The Cr and Au layers were selectively etched using a wet etchant, except the part of the layers covering
the 2D PC-PMA and flat mirror regions. (Figure 5a, iii). We confirmed that the Cr and Au layers were
uniformly coated using scanning electron microscopy observation. Each wafer was then diced into
chips. The Si of every chip was anisotropically etched through the holes using tetramethylammonium
hydroxide (TMAH), as shown in Figure 5a, iv. The backside reflective Al layer was not etched because
TMAH was doped with Si. The thermally isolated freestanding structure was completed in the cavity
under the IR absorber area.
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Figure 5. (a) Fabrication procedure of a MEMS-based thermopile with PMAs and a reference pixel.
(b) Optical microscope image of the developed sensor with PMAs and the reference pixel.

Figure 5b shows the optical image of the fabricated sensor with 2D PC-PMA and reference pixel.
The absorber area is 300 × 200 μm2. Pad 3 (in Figure 5b) was added in the actual system for measuring
the output voltage of the sensor with the PMAs (VS) and the reference pixel (VR) independently, as
shown in Figure 3b. It should be noted that the surface pattern of the 2D PC-PMA is too fine to be
observed using an optical microscope. The diameter and the period of the dimples in 2D PC-PMA
were defined as d and p, respectively. The depth of the dimples was fixed at 1.5 μm in this study.
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We fabricated three kinds of the 2D PC-PMA sensors with d and p values of 4.0 and 5.0 μm, 4.0
and 5.5 μm, 4.0 and 6.0 μm, 4.0 and 6.5 μm, and 7.0 and 8.0 μm, which are labeled as sensors A, B,
C, D, and E, respectively. The same reference pixel was used for comparison with each sensor. The
sensors, A, B, C, D, and E, were expected to have wavelength-selective absorptions at 5.0, 5.5, 6.0, 6.5,
and 8.0 μm, respectively, depending on their surface period.

4. Measurement and Results

To measure the spectral responsivity, the sensors with 2D PC-PMAs and the reference pixel
were set in a vacuum chamber with a Ge window. The sensors with 2D PC-PMAs and the reference
pixel were irradiated simultaneously with IR radiation from a blackbody at a temperature of 1000 K
through a narrow bandpass filter. The incidence angle was normal to the 2D PC-PMA sensor and the
reference pixel. The output voltages such as VS, VR, and (VS –VR) were monitored using a computer.
The responsivity (V/W) was calculated as the ratio between the difference in the output voltage for
the on and off states and the input power. The measurement system used in this study is the same
as the one reported in our previous studies [6–9,20], except for the use of pinholes included in this
study. The input power was calculated from the spectral radiant emittance equation at the evaluated
wavelength, with the measurement system parameters such as transmittance of the IR ray power from
the blackbody to the sensor through the air, narrow bandpass filters and the Ge window, and the
absorber area of the sensors, as previously reported [6–9,20].

Figure 6a,b shows the normalized spectral responsivity of sensor B and the reference pixel, and
the normalized spectral responsivity after the subtraction operation, respectively. It is worth noting
that the responsivity was normalized with respect to the maximum value in order to avoid any
misleading results because the absorption peak caused by surface plasmon resonance was so sharp
that wavelength resolution of the measurement system was not sufficient to precisely determine
the maximum value. Nevertheless, we confirmed that the developed sensor exhibited comparable
responsivity to conventional thermopiles. For example, a maximum responsivity of 100 V/W was
achieved. Figure 6a shows clearly that the unwanted modes were produced in the LWIR region, and the
wavelength-selective detection was degenerated by these unwanted modes. The wavelength-selective
detection was clearly observed at 5.5 μm after the subtraction operation, as evident in Figure 6b.
Figure 6c–e show the normalized spectral responsivity of sensors A, C, D, and E with the subtraction
operation, and the wavelength-selective detection was clearly observed at approximately 5.0 μm,
6.0 μm, 6.5 μm, and 8.0 μm, respectively. It should be noted that the normalized responsivity peak of
sensor C can be considered to be at 6.0 μm because the peak wavelength can be determined at between
5.5 μm and 6.5 μm due to the asymmetric shape of the peak. The five detected peak wavelengths for
each sensor are approximately equal to the p-values, which corroborates the theoretical results [6,7].
These results present direct evidence that the unwanted modes were successfully eliminated using the
subtraction operation with the reference pixel.
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Figure 6. Normalized spectral responsivity: (a) of the sensor with PMA and the reference pixel, (b) after
the subtraction operation for sensor B (p = 5.5 μm and d = 4.0 μm), (c) after the subtraction operation
for sensor A (p = 5.0 μm and d = 4.0 μm), (d) after the subtraction operation for sensor C (p = 6.0 μm
and d = 4.0 μm), (e) after the subtraction operation for sensor D (p = 6.5 μm and d = 4.0 μm), and (f)
after the subtraction operation for sensor E (p = 8.0 μm and d = 7.0 μm).

5. Conclusions

In this study, we present a method for the elimination of unwanted modes in a wavelength-selective
uncooled IR sensor, using a subtraction operation with a reference pixel. To this end, MEMS-based
wavelength-selective uncooled IR sensors using 2D PC-PMAs with reference pixels were fabricated
using CMOS and micromachining techniques. The reference pixel possessed the same sensor
structure, except a flat mirror was used on the absorber surface instead of PMAs. The spectral
responsivity measurements demonstrated that single-mode detection was achieved through the
subtraction operation with a reference pixel. It is important to consider the absorptions in other
regimes by the PC-PMA-based uncooled IR sensors from an application standpoint. The concept
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demonstrated in this study can be applied to any type of uncooled IR sensor, such as bolometers [35],
silicon-on-insulator diodes [36,37], ferroelectrics [38], and photomechanical sensors [39,40] with
wavelength- or polarization-selective absorbers that are capable of multispectral or polarimetric
detection, and also to any type of PMAs such as PC, MIM, mushroom, and other types of structures.
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Abstract: Electromagnetic wave absorbers have been investigated for many years with the aim of
achieving high absorbance and tunability of both the absorption wavelength and the operation
mode by geometrical control, small and thin absorber volume, and simple fabrication. There is
particular interest in metal-insulator-metal-based plasmonic metamaterial absorbers (MIM-PMAs)
due to their complete fulfillment of these demands. MIM-PMAs consist of top periodic micropatches,
a middle dielectric layer, and a bottom reflector layer to generate strong localized surface plasmon
resonance at absorption wavelengths. In particular, in the visible and infrared (IR) wavelength
regions, a wide range of applications is expected, such as solar cells, refractive index sensors,
optical camouflage, cloaking, optical switches, color pixels, thermal IR sensors, IR microscopy
and gas sensing. The promising properties of MIM-PMAs are attributed to the simple plasmonic
resonance localized at the top micropatch resonators formed by the MIMs. Here, various types of
MIM-PMAs are reviewed in terms of their historical background, basic physics, operation mode
design, and future challenges to clarify their underlying basic design principles and introduce various
applications. The principles presented in this review paper can be applied to other wavelength
regions such as the ultraviolet, terahertz, and microwave regions.

Keywords: plasmonics; metamaterials; metal-insulator-metal; absorbers

1. Introduction

Electromagnetic (EM) wave absorbers are drawing significant interest from aspects of both
fundamental science and industry applications. Typical EM wave absorbers are essentially based on
the intrinsic loss of the material and thus require a long optical path, which results in large volume and
poor design flexibility. EM wave absorbers with absorption properties that can be efficiently controlled
by their structures have thus been studied for many years. Such EM wave absorbers were first
studied in the microwave range and are roughly classified into two groups, according to Reference [1],
as broadband absorbers and resonant absorbers. The broadband absorbers are further categorized
into two groups: geometric transition absorbers and low-density absorbers [1]. Geometric transition
absorbers consist of two-dimensional (2D) periodic pyramids that cause a gradual change in the
dielectric constant from the free space to the absorbers [2,3]. Low-density absorbers utilize porous
materials [4,5] and the multi-reflections that occur in these pores has led to significant absorption,
which was realized using thin absorbers.

The resonance absorbers are classified into three types, according to Reference [6]. Figure 1a–f
shows schematic illustrations and the reflectance of the Salisbury screen, Jaumann absorber, and circuit
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analog (CA) absorber. All of these resonance absorbers use a quarter-wavelength gap from the top
material to the bottom substrate. The Salisbury screen uses a non-periodic resistive sheet in front of a
ground plate [7]. The Jaumann absorber uses two or more resistive sheets in front of each other and
is a basic resonance absorber [8]. These two absorbers use purely resistive sheets. The CA absorber
uses a periodic surface made of a lossy material with three layers: the top periodic metal patterns,
a middle dielectric layer, and a continuous metallic bottom layer [6]. The concept of CA absorbers
is the basis of recent metamaterial absorbers for a wide range of wavelength regions, from visible to
microwave wavelengths.
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Figure 1. Schematic illustrations and reflectance of resonant absorbers: (a,b) the Salisbury screen; (c,d)
the Jaumann absorber; and (e,f) the circuit analog CA absorber. “d” represents the quarter-wavelength
gap [6].

Recent advances in plasmonics [9] and metamaterials [10] research together with the progress
in nanotechnological fabrication techniques has led to novel EM absorbers at visible and infrared
(IR) wavelengths. These absorbers uses localized surface plasmon polaritons (LSPPs) [11] with a
metamaterial concept to achieve much smaller absorber volumes, sufficient performance, and design
flexibility based on geometry rather than the materials used. SPPs are the collective oscillation of
electrons between metals and dielectrics that can go beyond the diffraction limit [12]. LSPPs are key
to realizing small and thin absorbers for the visible and IR wavelength regions. Therefore, much
significant research has been performed on EM wave absorbers using SPPs or LSPPs at visible and
IR wavelengths.

There are roughly two categories of absorbers that employ plasmonics and metamaterials:
conventional periodic structures such as plasmonic crystals [13–15] and gratings [16–19],
and metamaterial-based structures, where periodicity has less impact on the optical properties [20].
In particular, metal-insulator-metal-based plasmonic metamaterial absorbers (MIM-PMAs) are the
most promising and widely studied for a wide range of wavelengths due to their high performance,
such as high absorbance, incident angle, and polarization insensitivity, as well as their design flexibility
and simple fabrication. Although their fundamental principles are basically the same, a wide range of
applications is expected, such as solar cells [21], refractive index sensors [22], optical camouflage [23],
cloaking [24], optical switches [25], color pixels [26,27], thermal IR sensors [28–31], mechanical thermal
sensors [32], surface-enhanced spectroscopy [33,34], and gas sensing [35]. Therefore, this review paper
aims to clarify the fundamental principle, characteristics, possibilities, and challenges of MIM-PMAs
at visible and IR wavelengths to contribute to future research and the expansion of their applications.
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Please note that MIM-based thermal emitters are considered as MIM-PMAs at IR wavelengths [36]
because absorbance is equal to emissivity, as given by Kirchhoff’s law. To the best of our knowledge,
MIM-PMAs were first demonstrated as thermal IR emitters by Puscasu and Schaich [37].

2. Structures and Materials

In this section, the fundamental structures and materials of MIM-PMAs are explained with a
simple introduction of the basic optical properties. The detailed optical characteristics are discussed in
a later section.

MIM-PMAs consist of three layers: a bottom metal layer, a middle dielectric layer, and a
top periodic metal micropatches. Figure 2a,b shows schematic illustrations of conventional
MIM-PMAs with two-dimensional (2D) and one-dimensional (1D) periodic micropatches, respectively.
The absorption wavelength is fundamentally defined by the micropatch size. The 2D configuration is
symmetric for two orthogonal directions, the x and y directions; therefore, the optical properties are
polarization insensitive. On the other hand, the 1D configuration is asymmetric in the x and y directions,
so the optical properties are polarization sensitive. Figure 2c,d shows cross-sectional views of the
conventional MIM-PMAs with flat and isolated dielectric layers, respectively. The middle dielectric
layers underneath the micropatches are required, so that both structures function as MIM-PMAs.

Figure 2. Schematic illustrations of metal-insulator-metal-based plasmonic metamaterial absorbers
(MIM-PMAs); oblique view of (a) two-dimensional (2D) and (b) one-dimensional (1D) periodic
micropatches. Cross-sectional views of (c) continuous and (d) isolated middle dielectric layers.

The thickness of the metal in the bottom layer and the top micropatches is required to be more
than twice the depth of the operating wavelength region, e.g., 100 nm thickness is sufficient for the
IR wavelength region [38]. The thickness of the middle dielectric layer can be less than the operating
wavelength/50 due to the strong confinement of the waveguide mode of SPPs [39].

The possible lattice structures for 2D periodic micropatches are square, triangular, and honeycomb.
However, the lattice structures have less impact on absorption properties because each micropatch
acts as a single isolated resonator [40].

The shape of micropatches are roughly classified into symmetric in the two orthogonal
directions, such as squares [28,41], circles [42], and crosses [38,43], and nano-particles [44–46],
or asymmetric, such as ellipses [47], rectangles [48], wedges [49], bow-ties [50], split-ring resonators [51],
and asymmetric crosses [52,53]. Nanocubes have also been used as micropatches [54,55]. The shape
of the corners and the sidewall angles have an important role in defining single and multiband
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resonances [56]. The end shape of the micropatch produces the difference of optical modes formed
in the middle dielectric layer because MIM structures can be considered as waveguides and the
shape of the waveguide end defines the waveguide mode [57]. The first three micropatch shapes
are symmetric in the x and y directions, and absorption occurs at a single wavelength. On the other
hand, the latter four micropatch shapes are asymmetric in the x and y directions and produce two
absorption wavelengths. As discussed in Section 4, the symmetry is an important parameter for
polarization dependence.

It is also important to consider the temperature tolerance and compatibility of the complementary
metal oxide semiconductor (CMOS) process for the choice of materials used for MIM-PMAs [43,58].
Tables 1 and 2 show the properties of the metals and dielectrics used in MIM-PMAs [43].

The top and the bottom layers are typically based on metals such as gold (Au) [38,41], silver
(Ag) [49], and aluminum (Al) [28], which are common materials for SPPs. Titanium nitride (TiN) [59,60],
molybdenum (Mo) [43], and tungsten (W) [58], or highly-doped silicon (Si) [61], can be used for the
bottom and top micropatches. Graphene can also be used for top micropatches in the IR wavelength
region [62]. TiN or Mo have recently been used for thermal IR emitters due to requirements of
high-temperature tolerance. However, absorbers require less temperature tolerance. Therefore, Al is
widely employed due to its compatibility with the CMOS process and its low cost.

Table 1. Properties of metals used in MIM-PMAs. Adapted with permission from Reference [43].
© 2017 American Chemical Society. (CMOS: complementary metal oxide semiconductor).

Material
Melting

Point
(◦C)

Electrical
Conductivity

(×107 S/m @20 ◦C)

Plasma
Frequency
(×1015 Hz)

Thermal
Expansion
Coefficient

(CTE; ×10−6 K−1)

Young’s
Modulus
(E; GPa)

CMOS
Compatibility

Al 660 3.5 3.57 24 70 yes
Au 1000 4.52 2.2 14 78 no
Pt 1770 0.944 1.25 8.8 168 no

TiN 2930 0.87 1.84 9.35 251 yes
Mo 2620 1.9 1.8 4.8 329 yes

Table 2. Properties of insulators used in MIM-PMAs. Adapted with permission from Reference [43]. ©
2017 American Chemical Society.

Material
Melting

Point
(◦C)

Young’s
Modulus
(E; GPa)

Poisson Ratio
(μ)

CTE
(×10−6 K−1)

Thermal
Conductivity

(W/m·K)

AlN 2200 344.8 0.287 4.6 285
SiO2 1600 70 0.17 0.5 1.4

Al2O3 2072 353.1 0.22 4.5 25.08

The middle layer is roughly classified into two groups: oxides or nitrides such as Al2O3 [41],
SiO2 [40], CeO2 [63], SiN [28], and AlN [43], and semiconductors such as Si [64], germanium (Ge) [65],
and ZnS [66]. Another material often used is MgF2 [33]. Phase transition materials of germanium
antimony telluride [67] and VO2 [68] have been used for thermal switching. The loss is an important
factor of the middle dielectric layer, as discussed in a later section. Lossless materials such as Si, Ge,
ZnS, and CeO2 should be used for the IR wavelength region in the vicinity of 10 μm to maintain
the linear tunability of the absorption wavelength. However, these materials are not compatible
with the CMOS process. The alternative choice to avoid the influence of intrinsic loss materials is
mushroom-PMAs, where small post structures connect the micropatches and the bottom layer without
a continuous middle dielectric layer [69–71].

A perforated metal plate can be used as a top layer, which is a complementary structure of
periodic micropatches [72] that provides optical properties similar to MIM-PMAs. However, there
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is less design flexibility due to the need for periodicity. 1D grating structures with ultra-narrow
groove widths (ca. 100 nm) and high aspect ratios (>10) [16,18,73] can be classified as MIM-PMAs
because such a slit is considered to be the waveguide, which is equivalent to the insulator layer in
MIM structures [74,75]. However, high aspect ratios and narrow groove widths require complicated
fabrication procedures. In this paper, these structures are excluded and instead focus is made on the
conventional MIM-PMAs, shown as Figure 2. Other structures such as core-shell nanoparticles [76] and
multi-flat-layer structures [77–79] can be considered to have a principle similar to that of MIM-PMAs.

3. Basic Optical Properties

3.1. Principle

Figure 3a shows the operating principle of MIM-PMAs for incident EM waves. Figure 3b–d shows
the calculated electric and magnetic fields, and the power distribution of MIM-PMAs at the absorption
wavelength, respectively [41].

Figure 3. (a) Schematic illustration of the operating principle of MIM-PMAs. E, H, and p represent the
electric displacement vector, magnetic field, and current, respectively. Calculated results: (b) magnetic
field; (c) electric field; and (d) power distribution. The color maps represents the amplitude of each
distribution. (b–d) are reprinted from Reference [41] with the permission of AIP Publishing.

As shown in Figure 3a, a pair of anti-parallel oscillating currents is induced in both the bottom
layer and the top micropatches, and significant magnetic resonance is produced. Dipole electric
resonance is formed accordingly between the edge of the micropatches and the near bottom layer.
LSPPs are induced by the incident light at the absorption wavelength. This principle is confirmed by the
calculated electromagnetic field distribution, as shown in Figure 3b–d [41]. The electric displacement
vectors in the bottom layer and the micropatches are opposite to each other, which generates a strong
magnetic response [80] (Figure 3b). Strong electric dipole resonances are observed at the sides of the
micropatches (Figure 3c). The reflectance can be completely cancelled in the far field by the interference
of these two dipoles due to the π shift phase [65]. Strong absorption is thus attributed to these localized
magnetic and electric dipole resonances, which provide sufficient time to consume light energy by the
ohmic losses in the metals (Figure 3d).
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3.2. Wavelength Selectivity

Figure 4a,b shows the calculated and measured optical properties of MIM-PMAs in IR
wavelengths [38]. Wavelength selective absorption is clearly obtained at 6 μm, which is a typical
wavelength-selective absorption property of MIM-PMAs. The main absorption wavelength is always
longer than the period of the micropatches because wavelengths smaller than the period are diffracted.
Figures 4c [41] and 4d [81] show the calculated absorbance as a function of the wavelength and the
micropatch size (w) in the near-IR wavelength region, as well as the measured relation between the
micropatch size and the absorption wavelength in the IR wavelength region.

Figure 4. Calculated spectra for (a) absorption, reflection, and transmission; (b) Comparison of the
measured and calculated absorption spectra; (c) Absorbance as a function of the wavelength and
the micropatch size (w) in the near-IR wavelength region; (d) Relation between the micropatch size
and the absorption wavelength in the IR wavelength region. (a,b) are adapted with permission
from Reference [38]. © 2010 American Physical Society. (c) is reprinted from Reference [41] with the
permission of AIP Publishing.

The absorption wavelength is almost proportional to the micropatch size in the near-IR
wavelength region. In contrast, the relation between the micropatch size and the absorption wavelength
is non-linear in the IR wavelength region, which is attributed to the loss of the middle dielectric
layer [40]. Most oxides become lossy in the vicinity of 10 μm, where no absorption occurs, and this
causes the non-linearity between the micropatch size and the absorption wavelength, as shown
in Figure 4d. This is an important point for the design of MIM-PMAs for use at IR wavelengths.
The thickness of the middle dielectric layer has less impact on the absorbance and the absorption
wavelength, and can thus be optimized for the operating wavelength [41].

3.3. Incidence Angle Dependence

Figure 5a,b shows the calculated incident angle dependence of the absorbance as a function of the
wavelength for the transverse-electric (TE) and transverse-magnetic (TM) modes, respectively [22].
The calculated model is for an MIM-PMA with 2D circle-shaped micropatches.
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Figure 5 shows that the absorption can be realized at almost the same wavelength for a wide range
of incidence angle up to approximately 70◦ for both TE and TM modes. This property is attributed to
the strong LSPPs, as shown in Figure 3. The incident angle independence is an important advantage
for device applications such as solar cells, IR image sensors, and biological sensors.

Figure 5. Calculated absorption for the (a) transverse-electric (TE) and (b) transverse-magnetic (TM)
modes. Figures are adapted with permission from Reference [22]. © 2010 American Chemical Society.

3.4. Polarization Dependence

In this section, the coordinate system is set as shown in Figure 3c,d. When the electric field of
the incident light is in the x or y direction, the absorption wavelength is defined by the side-length
of the micropatches in the x or y direction, respectively [39]. Each side-length of the square-shaped
micropatches in the x and y direction is the same. Thus, the absorption wavelength is also the same for
each polarization. MIM-PMAs with this configuration are polarization insensitive.

Different side lengths, such as ellipse [47] or asymmetric-cross-shaped [52] micropatches, produce
dual band absorption, as discussed in the next section. The 1D periodic configuration shown in
Figure 3b also produces two absorption modes. However, when one side-length is much longer
than the other, the other absorbance is outside the operation wavelength region, which results in
polarization-selective absorbers. Polarization-selective absorbers can be applied to IR polarimetric
imaging [82,83] to enhance object recognition ability such as distinct human trace in a natural
environment and human facial recognition [84].

3.5. Inductor-capacitor (LC) Circuit Model

The operation principle of MIM-PMAs is sometimes explained using the LC equivalent circuit
model. This may be due to the influence of CA absorbers mentioned in the introduction section.
Figure 6 shows a schematic illustration of the LC equivalent circuit for MIM-PMAs [40,63]. Two models
are considered, with or without the loss of the insulator layer. The frequency that gives a total
impedance of zero is the absorption frequency.
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Figure 6. Schematic illustration of the LC equivalent circuit for MIM-PMAs. Figures were adapted
with permission from Reference [40]. © 2013 Optical Society of America.

4. Multi-Band and Broadband Operation

The strategies of multi-band and broadband absorption are classified into three groups:
asymmetrically-shaped [47,52,85–89] or multi-size [42,65,66,90–94] micropatches, multi-layers of
MIM structure [95–100], and embedded in dielectric materials [57,101,102]. The first two are based
on multi-resonance that produces multi-mode absorption. Each absorption mode becomes close,
which results in broadband absorption [103]. Figure 7a–d shows MIM-PMAs with two-types of
asymmetrically shaped micropatches, such as cross [52] and elliptical shapes [47], for dual-band
operation. This dual-band absorption is designed in consideration of the polarization dependence for
the two orthogonal directions.

Figure 7. Cont.
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Figure 7. Schematic illustration of an MIM-PMA with asymmetric cross-shaped micropatches for
dual-band operation. (a) Electric field distribution for modes I and II; and (b) the corresponding
reflectance spectrum. (c) Schematic illustration and (d) SEM image of an MIM-PMA with an elliptical
nanodisk array. Calculated absorbance for (e) TE and (f) TM modes. (a,b) are adapted with permission
from Reference [52]. © 2012 American Chemical Society. (c–f) are adapted with permission from
Reference [47]. © 2011 Optical Society of America.

Figure 8a,b shows oblique and the cross-sectional schematic illustrations of an MIM-PMA with
1D stripe-shaped multi-size-micropatches (w1 to w4), respectively [65]. Figure 8c,d shows a schematic
illustration and magnetic field distribution of an MIM-PMA with 2D multi-size micropatches and the
corresponding absorption spectrum, respectively [66]. The absorption spectrum is the summation of
the absorption wavelengths generated by each micropatch resonator. Figure 8d shows that the distance
between each resonant wavelength becomes close, which results in broadband absorption.

Figure 9a,b shows a schematic illustration of a multi-layer MIM-PMA and the calculated
absorption spectrum, respectively [95]. Each MIM layer produces multi-plasmonic-resonances at
different wavelengths and each resonance is coupled, so that broadband absorption occurs [103].

Broadband absorption is also achieved by MIM-PMAs with single or multi-layers embedded
in lossy dielectrics such as amorphous Si [57] and SiN [101]. The resonances of MIM-PMAs can be
broadened by lossy materials, which results in broad absorption. However, these structures increase
the thickness and volume of the absorbers, and cause difficulties for fabrication. Care should be taken
in applying them to practical devices by comparison with other convenient structures such as simple
multi-flat-layer structures [77–79] or gold black [104,105] in terms of their thickness, ease of fabrication,
and cost.
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Figure 8. Schematic illustrations of MIM-PMAs with multi-size micropatches having (a,b) 1D and
(c) 2D periodic configurations. (d) Calculated and measured absorption spectra for the 2D periodic
configuration. (a,b) are reprinted from Reference [65] with the permission of AIP Publishing. (c,d) are
adapted with permission from Reference [66]. © 2012 Optical Society of America.

Figure 9. (a) Schematic illustration of a multi-layer MIM-PMA and (b) the calculated absorption
spectrum. Figures are adapted with permission from Reference [95]. © 2012 Optical Society of America.

5. Advanced Structures and Applications

In this section, we briefly outline the advanced MIM-PMAs structures and applications other
than absorbers to clarify the future research of MIM-PMAs. There has been growing interest in mainly
three categories of advanced MIM-PMAs: flexible devices, the combination of graphene and other 2D
materials, and metalenses.

One of the advanced structures is the flexible MIM-PMA [86,106,107], as shown in
Figure 10 [86]. Flexible substrates such as Kapton film [86], polyethylene terephthalate (PET) [106]
or polydimethylsiloxane (PDMS) [107] have enabled flexible MIM structures. MIM-PMAs coated on
such flexible substrates can thus realize flexible and stretchable devices such as flexible solar cells,
health care systems for the human body, and the cloaking of non-flat objects [108].
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Figure 10. (a) Schematic illustration and (b) SEM image of a flexible MIM-PMA. Figures are adapted
with permission from Reference [86]. © 2011 American Chemical Society.

The combination of graphene [109] and other 2D atomic layer materials [110] such as MoS2 and
WSe2 with MIM-PMAs [55,81,111–115] is also drawing significant interest because these 2D atomic
layer materials can strongly interact with plasmonic resonance [116]. Figure 11 shows a schematic
illustration of graphene coated on an MIM-PMA (GMIM-PMA).

Figure 11. Schematic illustration of a graphene-coated MIM-PMA.

MIM-PMAs serve as a platform to enhance graphene absorption and realize high-performance
graphene-based photodetectors [81,111,112,114]. The Fermi level of graphene can be electrically tuned
according to the applied voltage; therefore, the absorption wavelength [117], reflection angle [118],
and phase [119,120] can be electrically tuned by the applied voltage for graphene.

Metalenses are a new type of flat lens based on geometrical phase control [121–123]. MIM-PMAs
are considered as an array of optical resonators that can introduce a desired spatial profile of the
optical phase and consequently mold the wavefront [123]. Figure 12 shows a schematic illustration of a
metalens or reflector using MIM-PMAs [123]. The MIM-PMA structures control the reflection and their
phase by phase gradient surface structures with different sized micropatches on the planar surface.
Strong plasmonic resonance can change the phase of the reflection and thereby realize geometrical
control of the phase. As a result, a flat metalens can be realized.
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Figure 12. (a) Schematic illustration of a flat metalens using MIM-PMAs. (b) Schematic illustration of
the unit cell of a reflector array lens. (c) SEM image of the metalens surface. Figures are adapted with
permission from Reference [123]. © 2016 Optical Society of America.

There are other rapidly growing research fields of MIM-PMAs, such as the non-linear response of
second [124,125] and third [126] harmonic generation, and reflection control [127]. As discussed in this
section, although MIM-PMAs are simple structures, they have significant potential for novel physics
and applications.

6. Conclusions

MIM-PMAs have been reviewed here in terms of their structures, basic principles of absorption,
materials used, absorption properties of incident angle and polarization dependence, and strategies
of multiband or broadband operation to clarify the design strategies for visible and IR wavelengths.
The same principles can be applied for a wide range of wavelength regions such as the ultraviolet [128],
terahertz [129–132], and microwave [133–135] regions.

A single MIM structure can be considered as a single optical antenna with strong LSPPs.
Therefore, MIM structures are free from the restriction of periodicity and beyond the diffraction
limit, making them able to realize strong absorption and geometrical tunability of the absorption
wavelength with a much thinner and smaller absorber volume than conventional EM absorbers.
Such controllability opens up a new stage of EM absorber research and many novel applications
are expected.

In the future research of MIM-PMAs, flexible structures are also important to expand applications,
such as health care devices for human sensing. The combination of new materials such as graphene
and other 2D atomic materials with MIM-PMAs gives rise to the electrical tunability of the absorption
wavelength, the phase, and the reflection angle because their optical constant can be tuned according
to the applied voltage. MIM-PMAs can control other wavelengths than the absorption wavelength
used. Thus, MIM-PMAs can be used for flat metalenses that can go beyond the diffraction limit.

We hope that this review paper will contribute to the development of advanced MM-PMAs and
the expansion of their fields of application.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The present paper is dedicated to an evaluation of novel cellular metamaterials based
on a tensegrity pattern. The materials are constructed from supercells, each of which consists of a
number of simplex modules with different geometrical proportions. Mechanical properties of the
metamaterial can be controlled by adjusting the level of self-equilibrated forces or by changing the
properties of structural members. A continuum model based on the equivalence of strain energy of the
3D theory of elasticity with a discrete formulation is used to identify the qualitative properties of the
considered metamaterials. The model allows the inclusion of nonlinearities related to the equations of
equilibrium in actual configuration of the structure with self-equilibrated set of normal forces typical
for tensegrities. The lattices are recognised as extreme metamaterials according to the eigensolution
of the equivalent elasticity matrices of the continuum model. The six representative deformation
modes are defined and discussed: stiff, soft and medium extensional modes and high (double) as
well as low shear modes. The lattices are identified as unimode or nearly bimode according to the
classification of extreme materials.

Keywords: metamaterial; tensegrity lattice; extreme material

1. Introduction

Identification of unusual mechanical properties of tensegrity structures is one of the interesting
challenges of exploring the mechanics of engineering metamaterials. Metamaterials are usually defined
as man-made composites that do not exist in nature and have atypical or unusual properties [1,2].
In recent years, there have been many significant and important scientific studies in the field of
metamaterials with unusual mechanical properties [2] such as: negative Poisson’s ratio, atypical
dynamic characteristics, unusual volume changes and expansion modules, very light materials,
ultra-stiff or ultra-soft materials. Smart materials are defined as those in which one form of energy
(mechanical, magnetic, electrical, etc.) is transformed into another one in a reversible and repeatable
way [3]. Smart structures are capable of diagnosing changes in the environment and reacting to them
in an adaptive way [4]. These features distinguish them from typical structures, whose main purpose
is to provide load capacity and to ensure the safety of people. At the same time, we observe the
adaptability to functional needs, modifications of the shape of the structure, changes of stiffness or
damping properties, in order to minimize deformation and possible damage. Taking into account
the above definitions, a smart metamaterial should be regarded as a smart structure rather than as a
smart material.

An interesting idea of modern research in this field is metamaterials based on origami
patterns [5,6], which are inspired by the ancient art of paper folding. One of the most popular and
effective patterns are the Miura-Ori folds. Similarly to the origami patterns, tensegrities seem to show
a great potential for construction of metamaterials with non-typical mechanical characteristics [7–9].
For the purpose of the present work, tensegrities are defined as cable-strut systems with a special
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configuration of nodes. They are statically indeterminate structures in a stable equilibrium. Struts form
a discontinuous system of members under compression that is surrounded by a continuous system of
elements in tension, which exhibit no compressive stiffness. Particular features of tensegrity structures
are infinitesimal mechanisms, balanced with self-stress states [10]. Occurrence of a self-stress state
in a structure indicates that there is a certain set of internal forces in structural members, which are
independent from external loading and boundary conditions because they are in self-equilibrium.

The main advantages of pin-joined tensegrity structures are: high stiffness-to-mass ratio, controllability,
reliability and deployability [11,12]. Furthermore, tensegrities exhibit some special features, which are a
result of the occurrence of infinitesimal mechanisms that are stabilized by the system of normal forces
in self-equilibrium. One can control their static and dynamic characteristics with an adjustment of the
pre-stressing forces [13,14].

As was presented in reference [11], there are some particular features of tensegrity structures
following which one can classify them as smart structures. These features are: self-control, self-diagnosis,
self-repair and self-adjustment (active control) with the use of self-stress as well as geometrical properties
of the structure.

The term “tensegrity metamaterial” was first introduced in reference [15] for the dynamics of
the chain of tensegrity prisms and developed in references [16,17]. A similar concept was analyzed
in reference [18]. Self-similar tensegrity columns of order 1 and higher order were proposed in
reference [19]. The paper reference [20] is dedicated to the morphological optimization of tensegrity-type
metamaterials with a prototypical model of an infinite slab. The formulation of the novel class θ = 1
units was presented in reference [21] with the discussion of potential of such structures for mechanical
metamaterials. Geometrically nonlinear behavior of uniformly compressed tensegrity prisms with extreme
softening/stiffening response is recognized in reference [22] with relation to the design and manufacture
of tensegrity lattices and innovative metamaterials. An interesting method to construct 3D tensegrity
lattices from truncated octahedron elementary cells was proposed and discussed in reference [23] and
extended for phase transition in reference [24]. Various automatically assembled tensegrity lattices were
proposed in reference [25] for large scale structures. Metal rubber was introduced into the struts of a
tensegrity prisms in references [26,27]. Both the theoretical and experimental data show the significant
improvement of energy absorption and tunable dynamic properties to create an efficient mechanical
metamaterial. Smart properties as well as a negative Poisson’s ratio were observed in reference [28] for
the orthotropic metamaterial based on the simplex tensegrity pattern. To conclude, great potential and
dynamic development of the tensegrity based metamaterials have been observed in the literature of the
last few years.

The concept of extreme materials was introduced in reference [29]. They are defined as extremely
stiff materials under the action of certain stresses, or extremely compliant in other orthogonal cases
of stresses. Extreme materials often have negative Poisson’s ratios. The study of extreme properties
of materials is based on the analysis of elasticity tensor. As is known, it must be positive definite
and in the theory of elasticity it shows certain types of symmetries. This tensor can be diagonalized
by orthogonal transformation. If we present the components of the elastic tensor in the Voight’s
form as a square matrix E of dimensions 6 × 6, its diagonal representation is the set of eigenvalues
λi > 0 (i = 1, 2, . . . , 6), and orthogonal eigenvectors wi describe the appropriate forms of deformation.
One can classify materials as nullmode, unimode, bimode, trimode, quadramode, pentamode or
hexamode [29,30] depending on the number of eigenvalues λi that are very small. Such a classification
is often used in determining the properties of metamaterials, as long as the elastic matrix E is known.

The present paper is dedicated to the analysis of the tensegrity inspired metamaterials in view of
possible extreme properties. The continuum model of mechanical properties of tensegrity lattices is
used to define the equivalent elasticity matrix E. The proposed continuum model [28,31] is applied
to identify the extreme properties of the proposed metamaterial. Its extreme characteristics can
be controlled with the self-stress state and cable to strut properties ratio, following the features of
smart metamaterials. Three representative tensegrity lattices based on the 4-strut simplex module
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are discussed. According to the best knowledge of the authors there are no papers in this field in the
available literature.

2. Continuum Model of a Tensegrity Lattice

The continuum model is based on the comparison of the strain energy of a tensegrity structure
defined using a discrete model and the strain energy of a solid determined according to the symmetric
3D elasticity theory [28,31].

A discrete model describes a tensegrity pin-joined truss structure which is composed of e straight
and prismatic bars of the lengths lk, cross sections Ak and Young’s modulus Ek. The bars are connected
in nodes in which a number of s nodal displacements qj and nodal forces Qj are defined (see [32,33]
for details). Axial forces Nk can be expressed by the extensions of bars Δk in the form Nk = Ek AkΔk/lk.

The extensions Δk are a combination of nodal displacements Δk =
s
∑

j=1
Bkjqj, J = 1,2, . . . ,s. Bkj is

a compatibility matrix of projection of nodal displacements for the directions of bar axes [32,33].
Additionally, the self-equilibrated system of axial forces Sk, which satisfy the homogeneous set of

equilibrium equations
e
∑

k=1
BjkSk = 0, is considered. If one considers the equations of equilibrium in

the actual configuration, the moment Mk = Sklkψk is acting on each bar. Angles of bar rotations ψk

can be expressed as a combination of nodal displacements ψk = 1
lk

s
∑

j=1
Ckjqj. Ckj is an algebraic

matrix of a projection of nodal displacements for the directions perpendicular to bar axes [34].

The above formalism leads to the linear system of algebraic equations
s
∑

j=1
(kij + kG

ij )qj = Qi, in which

the linear stiffness matrix kij and geometric stiffness matrix kG
ij can be expressed in algebraic form

kij =
e
∑

k=1
Bki

Ek Ak
lk

Bkj, kG
ij =

e
∑

k=1
Cki

Sk
lk

Ckj (see references [33,34] for further details). The approach is not

dependent on any approximation typical for the finite element method.
In a discrete model (DM), the strain energy of a tensegrity truss can be expressed in the matrix

notation as a quadratic form of nodal displacements q:

EDM
s =

1
2

qTKq, (1)

where: K = KL + KG, KL-global linear stiffness matrix, KG-global geometric stiffness matrix.
The self-equilibrated system of axial forces of the structure is represented by the geometric stiffness

matrix and is related to the equations of equilibrium in the actual configuration of the lattice.
The strain energy of a solid according to the symmetric geometrically linear 3D elasticity theory

(ET) [35] can be expressed as:

EET
s =

1
2

∫
V

εTEε dV, (2)

where: ε-vector of strain components, E-elasticity matrix.
In order to analyze mechanical properties of the material, it is proposed to compare the strain

energy of an unsupported tensegrity to the strain energy of a cube, with an assumption that the strain
energy of the cube is constant in its volume. In a general case both the analyzed structure and the solid
can have arbitrary dimensions. However, in order to show how the continuum model is constructed, a
typical tensegrity module inscribed into a cube of edge length a is considered (presented in Figure 1 of
reference [28]).
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With the above assumptions, the strain energy of the cube of edge length a, according to the
symmetric 3D elasticity theory (ET):

EET
s =

1
2

∫
V

εTEε dV =
1
2
εTEε a3. (3)

To compare the energies and build the equivalent elasticity matrix, the nodal displacements of the
structure are expressed by the average mid-values of displacements and their derivatives in the center
of the cube of edge length a, with the use of Taylor series expansion. Nodal coordinates of the analyzed
tensegrity structure can be expressed using the parameter a, which corresponds to the edge length of
the cube:

{
αxia, αyia, αzia

}
. Then, the parameters of the node i (for example nodal displacements) can

be described as:Δxi = αxia, Δyi = αyia, Δzi = αzia.
The next step of the analysis is a substitution of the determined nodal displacements in the

formula (1). As a result, an expression containing a constant part (independent of a) and terms with a
factor an, n ∈ {1, 2, . . . } is obtained. However, in the case of small values of a, terms with the factor an

can be regarded as higher order terms in the Taylor series expansion and should be omitted. Small
values of the module dimension a should be considered as relative to the total dimensions of the
metamaterial. Moreover, the mentioned terms contain displacement derivatives greater than the first
one, which is beyond the scope of the symmetric theory of elasticity.

Comparison of strain energies (1) and (3) leads to the determination of coefficients of the matrix E.
In a general case of an anisotropic structure, the obtained elasticity matrix in Voight’s notation [32] has
the following form:

E =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

e11 e12 e13 e14 e15 e16

e22 e23 e24 e25 e26

e33 e34 e35 e36

e44 e45 e46

e55 e56

sym. e66

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

. (4)

It contains 36 coefficients, including 21 independent ones. The above matrix can take different and
particular forms, with the type depending on eight possible symmetries [36]. The proposed continuum
model is non-linear in the sense of equations of equilibrium considered in actual configuration.
Numerical simulation and validation of the proposed continuum model is presented in the Appendix A
at the end of the present paper. Other possible continuum models of the lattices are discussed in
references [37,38].

3. Simplex-Based Tensegrity Lattices

The metamaterial considered in this paper is constructed from one of the most popular tensegrity
modules—a 4-strut simplex (see references [7,9,28] for geometrical details). It is a typical tensegrity,
which consists of four separate struts surrounded by the continuous system of twelve cables [7,8].
The 4-strut simplex module is obtained from a regular prism by rotating one of its bases 135 degrees
clockwise or counter clockwise.

One of the special characteristics of tensegrity structures are infinitesimal mechanisms that are
balanced with a self-equilibrated system of normal forces [7,8,10]. The considered simplex module has
one infinitesimal mechanism and one corresponding self-stress state—self-stress is expressed by the
relative forces in struts and cables with a multiplier S0 (see reference [28] for the detailed description).

It should be noticed that the proposed unit cell is an anisotropic structure. However, it is proved
below that the metamaterial based on such unit cells exhibits orthotropic properties.

Simplex tensegrity modules described above can be arranged in different patterns to form a
material with certain properties. Depending on the type of the module used (with the basis rotated
clockwise or counter clockwise) and the way in which the modules are connected, a material with
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different mechanical characteristics can be obtained. In the present paper a material with orthotropic
properties is proposed, as it exhibits some special features (negative Poisson’s ratio as an example [28]).

A system that consists of four simplex modules joined together by common cables of the lower
bases and common nodes of the upper bases is presented in Figure 1a. The modules are arranged
alternately: a module that is rotated clockwise is put next to the module with the counter-clockwise
rotation. Although a single simplex module is anisotropic, the whole structure has orthotropic
properties. Following this method, a regular eight-module supercell (Figure 1b [28]), constructed
using two four-module layers, was considered. The upper layer of the supercell was built from the
four-module layer turned upside-down and connected with the bottom layer using common cables.

(a) (b)

Figure 1. Geometry of a regular supercell (R): (a) A four-module supercell; (b) An eight module supercell [28].

The elasticity matrix ER obtained from the continuum model of the considered regular supercell
has the following form:

ER =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

eR11 eR12 eR13 0 0 0
eR11 eR13 0 0 0

eR33 0 0 0
eR12 0 0

eR13 0
sym. eR13

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

, (5)

with the coefficients [28]:

eR11 =
2EA

a2 (0.314815 + 0.960318 · k − 0.0794978 · σ),

eR12 =
EA
a2 (0.2962963 + 0.353553 · k − 0.0134742 · σ),

eR13 =
EA
a2 (0.740741 + 0.268328 · k + 0.17247 · σ),

eR33 =
2EA

a2 (0.592593 + 1.07331 · k − 0.17247 · σ),

where: k =
(EA)cable
(EA)strut

, (EA)strut = EA, σ = S
EA .

The volume of the regular lattice is VR = aAstrut(48.00 + 62.15k).
Two other tensegrity lattices inscribed into a cube 2a × 2a × 2a are considered: with a small and

large height-to-base area ratio of the module (Figures 2 and 3).
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Figure 2. Tensegrity lattice with low modules (L).

Figure 3. Tensegrity lattice with high modules (H).

Self-equilibrated forces for (L) and (H) models differ from the ones presented in Figure 1.
The elasticity matrices EL and EH have orthotropic structures as before, but with different coefficients:

eL11 =
2EA

a2 (2.00729 + 2.67837 · k − 0.135911 · σ),

eL12 =
EA
a2 (1.88921 + 1.06066 · k + 0.223898 · σ),

eL13 =
EA
a2 (0.524781 + 0.576035 · k + 0.0479246 · σ),

eL33 =
2EA

a2 (0.0466472 + 0.256015 · k − 0.0479246 · σ),
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with the volume VL = aAstrut(112.00 + 125.21k) and

eH11 =
2EA

a2 (0.0971325 + 2.28422 · k − 0.217699 · σ),

eH12 =
EA
a2 (0.0914188 + 1.06066 · k − 0.134146 · σ),

eH13 =
EA
a2 (2.05692 + 0.279923 · k + 0.569545 · σ),

eH33 =
2EA

a2 (14.8098 + 10.0772 · k − 0.569545 · σ),

with the volume VH = aAstrut = 307.35 + 260.26k.
The supercells are representative because the mechanical properties described in elasticity matrices

do not change in repetitive bigger volumes.
The proposed tensegrity metameterials (L), (R) and (H) will be compared and analyzed in the next

chapter according to the eigenvalues and eigenvectors of the elasticity matrices under the assumption
of an equal total volume.

4. Extreme Properties of Tensegrity Lattices

The eigenvalues λi > 0 (i = 1, 2, . . . , 6), and orthogonal eigenvectors wi of elasticity matrices of
the proposed metamaterials depend on the parameters k and σ. The eigenvalues in this chapter are
calculated for the (L) and (H) elasticity matrices calibrated to an even volume of the material in each
lattice (as in the metamaterial (R)).

Let us start the analysis from the lowest eigenvalues. The elasticity matrices are positive definite
so only positive eigenvalues are to be considered. The values of λmin for k ∈ (0, 1) and σ ∈ (0, 1) for
low (L), regular (R) and high (H) metamaterials are presented in Figure 4.

(a) (b) (c)

Figure 4. Distributions of lowest eigenvalue for: (a) Low; (b) Regular; (c) High metamaterial.

In the (L) metamaterial (Figure 4a) the lowest eigenvalue does not change the mode of deformation
within the considered area. The metamaterial is unimode according to the classification of reference [29].
In the (R) metamaterial (Figure 4b) the change of the mode of deformation of the lowest eigenvalue is
observed but far from the zero line. The material is also unimode for selected parameters. In the (H)
metamaterial (Figure 4c) the change of the mode of deformation of the lowest eigenvalue is observed
close to the zero line. It means that the material is close to bimode [29]. The lines of zero values
representative for unimode soft deformation are presented in Figure 5 for all metamaterials together.

The highest eigenvalues of the matrices E depend on the parameters k and σ to a small extent
(a couple of percent), therefore the analysis is not considered in this paper.

The second part of the analysis is proposed for the parameter k = 0.1 which is typical for
standard cable-strut structures. The values of self-stress parameters necessary to obtain the zero lowest
eigenvalue are then the following: σL = 0.35856, σM = 0.37317 and σH = 0.76479. The sets of six
eigenvalues are presented in Figure 6.
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Figure 5. Lines of zero value of the lowest eigenvalue.

Figure 6. Distribution of eigenvalues for (L), (R) and (H) metamaterials.

As it can be noticed, the most extreme metamaterial is (H). One eigenvalue is high, three are
relatively small and two are close to zero. The (H) metamaterial is nearly bimode. The materials (L)
and (R) can be defined as unimode. The sequence of eigenvectors in the (L) metamaterial is different
than in the others—the double eigenvalue which is responsible for shear vertical deformation is next
to the zero eigenvalue in the material (L) and next to the highest eigenvalue in the materials (R) and
(H). Six deformation modes can be defined in the metamaterials: stiff (extensional), soft (extensional),
named “easy” in [29], medium extensional, high shear (double) and low shear. The results are
presented graphically in Tables 1–5.

The analysis carried out above for the parameter k = 0.1 differs for other k values. A similar
analysis can be performed on the basis of the matrix inverse to E, defining others that can be called
stress modes instead of deformation modes.
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Table 1. Stiff (extensional) mode of deformation.

λ1L = 2.90631 λ1R = 2.36011 λ1H = 5.09819

w1L =

⎡
⎢⎢⎢⎢⎢⎢⎣

5.444189
5.444189

1
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎦

w1R =

⎡
⎢⎢⎢⎢⎢⎢⎣

0.654487
0.654487

1
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎦

w1H =

⎡
⎢⎢⎢⎢⎢⎢⎣

0.0819302
0.0819302

1
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎦

Table 2. Soft (extensional) mode of deformation.

λ6L ∼ 0 λ6R ∼ 0 λ6H ∼ 0

w6L =

⎡
⎢⎢⎢⎢⎢⎢⎣

−0.0918408
−0.0918408

1
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎦

w6R =

⎡
⎢⎢⎢⎢⎢⎢⎣

−0.763957
−0.763957

1
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎦

w6H =

⎡
⎢⎢⎢⎢⎢⎢⎣

−1
−1

0.16386
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎦

Table 3. Medium extensional mode of deformation.

λ2L = 1.04074 λ4R = 0.435737 λ4H = 0.0365033

w2L = w4R = w4H =

⎡
⎢⎢⎢⎢⎢⎢⎣

1
−1
0
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎦
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Table 4. High shear modes of deformation.

λ4L = λ5L = 0.26249 λ2R = λ3R = 0.831934 λ2H = λ3H = 0.412162

w4L = w2R = w2H =

⎡
⎢⎢⎢⎢⎢⎢⎣

0
0
0
0
1
0

⎤
⎥⎥⎥⎥⎥⎥⎦

w5L = w3R = w3H =

⎡
⎢⎢⎢⎢⎢⎢⎣

0
0
0
0
0
1

⎤
⎥⎥⎥⎥⎥⎥⎦

Table 5. Low shear mode of deformation.

λ3L = 0.908675 λ5R = 0.326623 λ5H = 0.015517

w5L = w5R = w5H =

⎡
⎢⎢⎢⎢⎢⎢⎣

0
0
0
1
0
0

⎤
⎥⎥⎥⎥⎥⎥⎦

5. Conclusions

The present paper focuses on the analysis of a novel cellular metamaterial based on the simplex
tensegrity pattern recognized as a metamaterial. Three tensegrity lattices are proposed, which differ in
geometrical proportions. The authors use a continuum model of the lattices to estimate the influence of
self-equilibrated normal forces and geometrical parameters on the behavior of the system. Moreover, a
spectral analysis of the elasticity matrices, with the condition of the equal total volume of the lattices,
is presented as a tool for comparing the metamaterials and defining their extreme properties.

The performed analyses allowed the authors to identify six typical deformation modes in the
lattices, which were named stiff, soft and medium extensional modes, as well as high (double) and low
shear modes. The proposed novel simplex based metamaterials can be regarded as extreme materials
with unimode or nearly bimode mechanical properties. The occurrence of soft (easy) as well as stiff
deformation modes allows for classifying the developed materials as smart tensegrity metamaterials,
which is very promising as far as the engineering applications are concerned.
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Appendix A. Validation of the Continuum Model

In order to verify the proposed continuum model, its validation on an orthotropic structure was
performed. The structure that was chosen for the verification of the model has a simple geometry and
therefore, its behavior is easy to understand. The results obtained from the continuum model were
compared with the ones from the discrete analysis. The calculations were made in the Mathematica
software. The validation was performed on a space truss (Figure A1) shaped in such a way that it is an
orthotropic structure. The orthotropy was obtained through diversification of the stiffness of particular
truss members: members parallel to the axis x—stiffness EA, members parallel to the axis y—stiffness
2EA, members parallel to the axis z—stiffness 3EA, diagonal members—stiffness EA.

To validate the model, the following mechanical characteristics were compared: Young’s moduli,
Poisson’s ratios and shear moduli. In the validation a geometric stiffness matrix representing the
self-stress of the truss was considered. In order to simplify the calculations, so that the results could
easily be compared, a certain level of self-stress σ = S/EA = 0.5 was assumed.

Figure A1. Space truss with 8 nodes and 24 degrees-of-freedom.

In the continuum analysis the structure was not supported, as it is not required in the proposed
model. The following elasticity matrix E was obtained for the analyzed truss using the continuum
model with self-stress included :

E =
EA
a2

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

2 ×
(

2 +
√

2 + 2σ
) √

2 − 2σ
√

2 − 2σ 0 0 0

2 ×
(

4 +
√

2 + 2σ
) √

2 − 2σ 0 0 0

2 ×
(

6 +
√

2 + 2σ
)

0 0 0
√

2 + 14σ 0 0√
2 + 14σ 0

sym.
√

2 + 14σ

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (A1)
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The inverse matrix H = E−1, with the assumption σ = 0.5 is the following:

H =
a2

EA

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

0.113565 −0.00357947 −0.00270719 0 0 0
−0.00357947 0.0781267 −0.0018349 0 0 0
−0.00270719 −0.0018349 0.0595351 0 0 0

0 0 0 0.118847 0 0
0 0 0 0 0.118847 0
0 0 0 0 0 0.118847

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

. (A2)

Mechanical characteristics were calculated from the matrix H (A2), using the relations described
in terms of mechanical coefficients of orthotropy [28,35]. For example, the analysis of a state σy

= const leads to the determination of: Young’s modulus E2 and Poisson’s ratios ν21 and ν23 in the
following way:

1
E2

= 0.0781267
a2

EA
⇒ E2 = 12.7997

EA
a2 , (A3)

−ν21

E2
= −0.00357947

a2

EA
⇒ ν21 = 0.04582, (A4)

−ν23

E2
= −0.0018349

a2

EA
⇒ ν23 = 0.02349, (A5)

In the same way, all other mechanical characteristics can be determined by analysing different
stress states. The following values of mechanical properties were obtained:

E1 = 8.8055 EA
a2 ,

E2 = 12.7997 EA
a2 ,

E3 = 16.7968 EA
a2 ,

G1 = 8.41421 EA
a2 ,

G2 = 8.41421 EA
a2 ,

G3 = 8.41421 EA
a2 ,

ν12 = 0.03152,
ν13 = 0.02384,
ν21 = 0.04582,
ν23 = 0.02349,
ν31 = 0.04547,
ν32 = 0.03082.

(A6)

Six typical stress states were analyzed using the discrete model. In each state the structure was
supported in nodes in such a way that proper deformations could occur. The applied load caused in
each case the stress of a unit value. The concentrated forces P = 1·a2

4 were applied to the proper nodes
of the truss. For all analyzed stress states nodal displacements of the structure were determined and
mechanical characteristics were calculated. In the analysis self-stress of the truss on the level of σ = 0.5
was applied.

Figure A2 shows the deformed truss in one of the analyzed states: σy = const, which corresponds
to the uniform tension in the direction y. The adopted support scheme enables a free deformation of
the structure in the considered uniform tension state.

The following values of nodal displacements were obtained in the analyzed state (the above
values are divided by the factor a3/EA):

q1 = −0.00358,
q4 = −0.00358,
q7 = 0,
q10 = 0,
q13 = −0.00358,
q16 = −0.00358,
q19 = 0,
q22 = 0,

q2 = 0,
q5 = 0.07813,
q8 = 0.07813,
q11 = 0,
q14 = 0,
q17 = 0.07813,
q20 = 0.07813,
q23 = 0,

q3 = 0,
q6 = 0,
q9 = 0,
q12 = 0,
q15 = −0.00183,
q18 = −0.00183,
q21 = −0.00183,
q24 = −0.00183.

(A7)
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Figure A2. State σy = const—a deformed structure

The presented state σy = const was used to determine the values of: Young’s modulus E2 and
Poisson’s ratios ν21 and ν23 in the following way:

E2 =
σy

εy
=

1 · a
q5

=
1 · a

0.07813
· EA

a3 = 12.7997
EA
a2 ,

ν21 = − εx

εy
= − q1

q5
= −−0.00358

0.07813
= 0.04582,

ν23 = − εz

εy
= − q15

q5
= −−0.00183

0.07813
= 0.02349.

(A8)

It should be noticed that the above results are equal to the ones from the continuum model.
Similar calculations were performed for other five stress states, in each case the results obtained from
both analyses were fully consistent.

The validation of the proposed continuum model performed on a simple truss proved that it
gives reliable results and therefore, it can be used to analyze extreme properties of various types of
structures with self-stress.

References

1. Cui, T.J.; Smith, D.R.; Liu, R. Metamaterials. Theory, Design and Applications; Springer: London, UK, 2010.
2. Singh, G.; Ni, R.; Marwaha, A. A review of metamaterials and its applications. Int. J. Eng. Trends Technol.

2015, 19, 305–310. [CrossRef]
3. Akhras, G. Smart materials and smart systems for the future. Canad. Milit. J. 2000, 1, 25–32.
4. Al Sabouni-Zawadzka, A. Active control of smart tensegrity structures. Arch. Civ. Eng. 2014, 4, 517–534.

[CrossRef]
5. Schenk, M.; Guest, S.D. Geometry of Miura-folded metamaterials. Proc. Natl. Acad. Sci. USA 2013, 110,

3276–3281. [CrossRef]
6. Lv, C.; Krishnaraju, D.; Konjevod, G.; Yu, H.; Jiand, H. Origami based mechanical metamaterials. Sci. Rep.

2014, 4, 5979. [CrossRef] [PubMed]
7. Skelton, R.E.; de Oliveira, M.C. Tensegrity Systems; Springer: New York, NY, USA; Dordrecht,

The Netherlands; Heidelberg, Germany; London, UK, 2009.
8. Motro, R. Tensegrity: Structural Systems for the Future; Kogan Page Science: London, UK, 2003.
9. Wroldsen, A.S. Modelling and Control of Tensegrity Structures. Ph.D. Thesis, Department of Marine

Technology, Norwegian University of Science and Technology, Trondheim, Norway, August 2007.

111



Materials 2019, 12, 187

10. Calladine, C.R.; Pellegrino, S. First-order infinitesimal mechanisms. Int. J. Solids Struct. 1991, 27, 505–515.
[CrossRef]

11. Gilewski, W.; Al Sabouni-Zawadzka, A. On possible applications of smart structures controlled by self-stress.
Arch. Civ. Mech. Eng. 2015, 15, 469–478. [CrossRef]

12. Adam, B.; Smith, I.F.C. Self-diagnosis and self-repair of an active tensegrity structure. J. Struct. Eng. 2007,
133, 1752–1761. [CrossRef]

13. Al Sabouni-Zawadzka, A.; Gilewski, W. Inherent smartness of tensegrity structures—Structural elements
applications. In Proceedings of the International Association for Shell and Spatial Structures (IASS),
Amsterdam, The Netherlands, 17–20 August 2015.

14. Al Sabouni-Zawadzka, A.; Gilewski, W. Inherent smartness of tensegrity structures. Appl. Sci. 2018, 8, 787.
[CrossRef]

15. Fraternali, F.; Carpentieri, G.; Amendola, A.; Skelton, R.E.; Nesterenko, V.F. Multiscale tunability of solitary
wave dynamics in tensegrity metamaterials. Appl. Phys. Lett. 2014, 105, 201903. [CrossRef]

16. Fabbrocino, F.; Carpentieri, G.; Amendola, A.; Penna, R.; Fraternali, F. Accurate numerical methods for
studying the nonlinear wave-dynamics of tensegrity metamaterials. Eccomas Procedia Compdyn. 2017.
[CrossRef]

17. Amendola, A.; Krushynska, A.; Daraio, C.; Pugno, N.M.; Fraternali, F. Tuning frequency band gaps of
tensegrity mass-spring chains with local and global prestress. Int. J. Solids Struct. 2019, in press. [CrossRef]

18. Wang, Y.T.; Liu, X.N.; Zhu, R.; Hu, G.K. Wave propagation in tunable lightweight tensegrity metastructure.
Sci. Rep. 2018, 8, 11482. [CrossRef] [PubMed]

19. De Tommasi, D.; Marano, G.C.; Puglisi, G.; Trentadue, F. Optimal complexity and fractal limits of self-similar
tensegrities. Proc. R. Soc. A 2016, 471, 20150250. [CrossRef]

20. De Tommasi, D.; Marano, G.C.; Puglisi, G.; Trentadue, F. Morphological optimization of tensegrity-type
metamaterials. Compos. Part B 2017, 115, 182–187. [CrossRef]

21. Modano, M.; Mascolo, I.; Fraternali, F.; Bieniek, Z. Numerical and analytical approaches to the
self-equilibrium problem of class teta = 1 tensegrity metamaterials. Front. Mech. 2018, 5, 5.

22. Fraternali, F.; Carpentieri, G.; Amendola, A. On the mechanical modeling of the extreme softening/stiffening
response of axially loaded tensegrity prisms. J. Mech. Phys. Solids 2015, 74, 136–157. [CrossRef]

23. Rimoli, J.J.; Pal, R.K. Mechanical response of 3-dimensional tensegrity lattices. Compos. Part B 2017, 115,
30–42. [CrossRef]

24. Salahsoor, H.; Pal, R.K.; Rimoli, J.J. Material symmetry phase transitions in the three-dimensional tensegrity
metamaterial. J. Mech. Phys. Solids 2018, 119, 382–399. [CrossRef]

25. Zhang, L.Y.; Li, S.X.; Zhu, S.X.; Zhang, B.Y.; Xu, G.K. Automatically assembled large-scale tensegrities by
truncated regular polyhedral and prismatic elementary cells. Compos. Struct. 2018, 184, 30–40. [CrossRef]

26. Zhang, Q.; Zhang, D.; Dobah, Y.; Scarpa, F.; Fraternali, F.; Skelton, R.E. Tensegrity cell mechanical
metamaterial with metal rubber. Appl. Phys. Lett. 2018, 113, 031906. [CrossRef]

27. Ma, Y.; Zhang, Q.; Dobah, J.; Scarpa, F.; Fraternali, F.; Skelton, R.E.; Zhang, D.; Hong, J. Meta-tensegrity:
Design of a tensegrity prism with metal rubber. Compos. Struct. 2018, 206, 644–657. [CrossRef]

28. Al Sabouni-Zawadzka, A.; Gilewski, W. Smart metamaterial based on the simplex tensegrity pattern.
Materials 2018, 11, 673. [CrossRef]

29. Milton, G.; Cherkaev, A.V. Which elasticity tensors are realizable? J. Eng. Mater. Technol. 1995, 117, 483–493.
[CrossRef]

30. Kadic, M.; Buckmann, T.; Stenger, N.; Thiel, M. On the practicability of pentamode mechanical metamaterials.
Appl. Phys. Lett. 2012, 100, 191901. [CrossRef]

31. Kasprzak, A.; Gilewski, W. 3D continuum model of tensegrity modules with the effect of self-stress.
In Proceedings of the 11th World Congress on Computational Mechanics (WCCM XI, ECCM V), Barcelona,
Spain, 20–25 July 2014.

32. Pellegrino, S.; Calladine, C.R. Matrix analysis of statically and kinematically indeterminate frameworks.
Int. J. Solids Struct. 1990, 22, 409–422. [CrossRef]
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