hv

R Photonics m\l’y

Review

Surface Lattice Resonances in THz Metamaterials

Thomas CaiWei Tan 23, Eric Plum ? and Ranjan Singh 12*

1 Division of Physics and Applied Physics, School of Physical and Mathematical Sciences,
Nanyang Technological University, Singapore 637371, Singapore

2 Centre for Disruptive Photonic Technologies, The Photonics Institute, Nanyang Technological University,
Singapore 637371, Singapore

3 Centre for Photonic Metamaterials & Optoelectronics Research Centre, Zepler Institute,
University of Southampton, Southampton SO17 1B], UK

* Correspondence: ranjans@ntu.edu.sg

Received: 28 May 2019; Accepted: 21 June 2019; Published: 26 June 2019

Abstract Diffraction of light in periodic structures is observed in a variety of systems including
atoms, solid state crystals, plasmonic structures, metamaterials, and photonic crystals. In
metamaterials, lattice diffraction appears across microwave to optical frequencies due to collective
Rayleigh scattering of periodically arranged structures. Light waves diffracted by these periodic
structures can be trapped along the metamaterial surface resulting in the excitation of surface lattice
resonances, which are mediated by the structural eigenmodes of the metamaterial cavity. This has
brought about fascinating opportunities such as lattice-induced transparency, strong nearfield
confinement, and resonant field enhancement and line-narrowing of metamaterial structural
resonances through lowering of radiative losses. In this review, we describe the mechanisms and
implications of metamaterial-engineered surface lattice resonances and lattice-enhanced field
confinement in terahertz metamaterials. These universal properties of surface lattice resonances in
metamaterials have significant implications for the design of resonant metamaterials, including
ultrasensitive sensors, lasers, and slow-light devices across the electromagnetic spectrum.
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0. Introduction

Optical anomalies observed by Robert W. Wood in his diffraction grating experiments [1] in 1902
opened up two interesting research areas, categorized into diffractive anomaly and diffusive anomaly.

The diffractive anomaly refers to discontinuities in reflectivity measurements at unique
combinations of illumination angle and wavelength, which were first observed by Robert W. Wood
as resonant anomalies in grating structures [1]. It was later interpreted by Lord Rayleigh to be a
diffraction order and is referred to as Rayleigh anomaly described by a simple one-dimensional
grating equation [2,3]:

Pn

A = —=(—sin O, + 1), wherei = +1,+2, ... (1)

l
and Ay isaRayleigh wavelength, P is the grating period, n, is the refractive index of the diffracting
medium and ;. is the angle of incidence. This anomalous scattering allows the observation of
extraordinary reflection, transmission, emission of light and nearfield enhancement [4-14].

The diffusive anomaly is closely linked to plasmonics and was explained by Ugo Fano in 1941
to be excitations of surface plasmon polaritons (SPPs) on a periodic metal-dielectric interface [15].
This excitation arises from the coupling of electromagnetic waves to the oscillating electron plasma
in conductors, which is evanescently confined at the metal and dielectric interface.
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Another resonant phenomenon that has been studied extensively and arises from the electron
plasma of conductors is the localized surface plasmon (LSP). It is specific to the scattering of
subwavelength-size conductors and dependent on the geometry of the conducting particle. The
applications of LSPs include subwavelength imaging, sensing, lensing and lasing [16-27].

While LSPs are dependent on geometry, SPP excitation requires momentum matching and the
momentum of a SPP supported by a single continuous metal-dielectric interface is given by the SPP
wave vector Esp [28,29]:

e @
C |&m + &
where w is the SPP’s angular frequency and c is the speed of light in vacuum, while ¢, and &4 are
the permittivity of the metal and dielectric, respectively.

Equation (2) can be extended to a perforated interface that is periodic in one (x, with j = 0) or
two (x,y) dimensions. Since the surface waves are confined to planar interfaces, higher dimensions
are not considered. Using Bloch wave momentum conservation from the grating coupler equation:
Esp = IZH + i@x +j5y, where i,j = 0,11,12, ... are the orders of periodicity, k| = k¢ sin 8; is the in-
plane momentum of the incident light at the metal-dielectric interface, k, is the overall momentum
of the incident light, while G, = i—:f and qu = i—’;y are the reciprocal lattice vectors for the periods

P, and P, along the unit vectors ¥ and J. At normal incidence k;; = 0 and the expression for the
surface lattice resonance (SLR) frequency fsir can be defined to be [30,31]:

3)

where &, = ;"f: is the effective permittivity of the metal-dielectric interface and (i,j) are integer

mTéd

indices defining the SLR order along (x, y). For an interface that is periodic in two dimensions (x, y),
i.e., a 2D grating, both indices can be non-zero. For a 1D grating we have j = 0 and the square root

simplifies to i/P and for a square lattice it simplifies to % Ji2 +j? . This expression can also be

obtained from Equation (1) at normal incidence (6, = 0).

If the real part of the SPP in-plane eigenfrequency dispersion curves from Equation (2) is below
the vacuum light line while the imaginary part is negligible, this indicates a bounded surface wave
or guided mode resonance. They manifest as a broad resonance peak or dip, while Rayleigh
anomalies are observed as sharp peaks/kinks in the transmission spectrum [32].

Surface waves can exist on periodic corrugated surfaces of any material. They are a result of
diffraction of light from surface structures and also, in case of metals, of SPP excitation, where light
couples to plasmons of the metal. Surface waves can be used to couple to metamaterial resonances,
enabling various optical phenomena that are discussed below.

At terahertz frequencies, metals are very conductive and often taken to be perfect electric
conductors (|ey| » |eq]), as their plasma frequencies are in the visible to ultraviolet part of the

. . cgge_ e . _ E€méd ~
electromagnetic spectrum. Thus, the effective permittivity can be approximated as &, = gn‘:‘—ﬂd =
E'S“Ed = gq at terahertz frequencies [33]. This indicates that due to the high conductivity of metals at

m

THz frequencies, the properties of SLRs only depend on the dielectric that forms an interface with
the metal. This expression can also be extended to periodically arranged metallic metasurfaces, as
one key feature that metasurfaces have in common with gratings is their periodicity. Therefore, the
SLR expression was studied extensively in plasmonics [34] and now could be extended to
metasurface physics. SLRs could be used to couple with the eigen or coupled resonances of
metamaterial structures to show very interesting effects. These effects include extraordinary
transmission, reduction of radiative losses for high quality (Q) factor resonances, electromagnetically
induced transparency and strong coupling physics between SLRs and metamaterial resonances [35-
43]. For a long time, the terahertz region of electromagnetic spectrum was being referred to as
technological gap between the infrared and microwave frequencies, which required more efficient
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and compact terahertz devices, sources and detectors [44]. Now, the terahertz regime could
potentially underpin the next generation of information and communication technology [44,45] as
the communication carrier frequencies have been increasing continuously. Terahertz waves have also
been proven to be beneficial in the medical and biological field as they are non-destructive and able
to observe intermolecular vibrations that other frequency regimes cannot access [46-50]. Another
sector where terahertz waves have tremendous applications is that of homeland security. Due to the
high conductivity of metals, metal detection imaging in airport security can be improved with THz
technology and due to the access to intermolecular vibrations, illegal drugs and explosives can be
easily identified.

This review will cover the important properties of SLRs, starting with the role of the lattice
period which not only determines the frequency of the SLRs but also coherent collective excitations
in metamaterials. We will discuss how coupling of SLRs to metamaterial resonances brings about Q-
factor-enhancement, lattice-induced transparency, and lattice-mediated strong coupling in
metamaterial systems. Finally, we share an outlook on the role of lattice coupling in metamaterial
devices which can greatly benefit from the more unique and advantageous properties of SLR effects.

1. Effects of Packing Densities in Metamaterials

The periodicity of metamaterials controls their SLRs; however, it also determines the packing
density of resonators, which has additional effects on metamaterial properties. Periodically arranged
subwavelength resonators collectively respond to incident light but only a finite number of
resonators is coupled in this collective resonant effect. The arrangement of resonators affects the
resonance linewidth and depth as well as nearfield subradiant coupling [51-56]. Though the lattice
period is used in investigating the metamaterial collective responses, the SLR is not required. To
avoid SLR effects, J. Keller et al. used a silicon membrane instead of a thick silicon substrate to detune
the SLR away from their metamaterial’s resonance at 1.12 THz [55]. The metamaterial structure is a
complementary split ring resonator (SRR) or “Babinet structure”, consisting of an array of resonating
apertures in a continuous copper film. Varying the lattice period between P = 40 and 180 um, they
observed a resonance linewidth narrowing as the lattice period increased as shown in Figure 1. Here,
the resonance narrowing is not through resonant coupling to a SLR (which will be reviewed in the
next section) but is due to the decrease of the meta-atom density as the resonator arrays become
sparser. This linewidth (Af) narrowing of a resonance at frequency f; can be quantified in terms of
the Q-factor, Q = f,/Af, or the related decay rate given by, I' = fym/Q. A linear dependence of the
decay rate T' on the resonator density p = 1/P? and the square of the wavelength, 1%, was observed
(Figure 1c). This linear effect was interpreted as “Dicke superradiance” that arises from the coherent
collective coupling of electric dipoles in the metamaterial system. A Lorentzian line shape is observed
for the homogenously broadening resonance when the resonators are densely packed. In contrast,
Gaussian line shapes would be expected due to spectral broadening in inhomogeneous systems. A
signature of superradiance in the linewidth broadening in metamaterials was also reported by R.
Singh et al., where asymmetric line shapes of resonances were observed for larger lattice constants
due to weak SLR coupling [56]. Another study, by V. A. Fedotov et al., investigates the collective
response of metamaterials as a function of the number of resonators and observes Q-factor-saturation
at hundreds of metamolecules in a coherent metamaterial. This indicates the number of resonators
that can be coupled to determine the overall response of a coherent collective system and plays a role
in engineering resonance characteristics, e.g., for lasing spasers [51].
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Figure 1. Split ring resonator (SRR) arrays with different packing densities. (a) Transmission
amplitude of complementary SRR arrays for lattice periods varying from, P =40 to 180 um.
Transmission for P = 180 um is multiplied by 10 to be visible on the same scale. (b) Normalized
intensity transmission spectra for P = 40,100 and 180 pm with their respective full width at half
maximum. (c) The decay rate I' as a function of the resonator density p multiplied by the square of
the wavelength A for the measured sample and simulations for three SRR geometries [see panel (d)].
Measurements are for a Si-membrane with Cu resonators and simulations assume a conductivity of
2.5 x 107 Sm™? for copper or a perfect electric conductor (PEC) as indicated. (d) Simulated electric
field enhancements for P = 40 pm for the three SRR geometries. Adapted with permission from ref
[55], John Wiley and Sons.

2. High-Q Resonances

Metamaterial resonances are generally constrained by losses, which can be classified as radiative
and non-radiative. Non-radiative losses are mainly due to the lossy nature of materials. Therefore,
material selection plays an important role in reducing non-radiative losses and use of
semiconductors, optimized resonator geometries and gain media has been proposed to reduce or
compensate such losses [57-59]. Among metals, those with high conductivity, e.g., silver and gold,
have low scattering rates of free electrons leading to low non-radiative losses, also known as resistive
or ohmic losses [58]. However, the oscillation of the free electrons couples easily to free space causing
metal structures to have large radiative losses. When radiative losses dominate, their reduction will
enable the metamaterial to trap energy for a longer duration, resulting in an improved quality factor
of metamaterial resonances. Radiative losses can be reduced via smart array designs and, in this
review, we will discuss how this can be achieved by resonant coupling of localized metamaterial
responses with SLRs that are inherent to the periodic nature of metamaterials. Such coupling can be
achieved by adjusting the SLR-wavelength (frequency) by varying the period P of the metamaterial
array according to Equation (3), such that the SLR’s spectral position becomes similar or identical to
that of the metamaterial resonator’s structural resonance, Ayy [38]. As shown by A. Bitzer et al. for
the simplest case of normal incidence illumination of an array of point scatterers in vacuum, when
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P = Ay, scattered field is trapped in the plane of the metamaterial array (lobes parallel to the y-axis
of Figure 2). The trapped fields radiate along the plane of the array and can couple with localized
metamaterial resonances, enhancing the localized fields within the metamaterial. This causes a
reduction of radiative losses and can be observed as narrowed linewidth of the metamaterial
resonances in the far-field. For example, this increases the resonance Q-factors of a simple split ring
wire resonator supporting an inductive-capacitive (LC) mode and a quadrupole mode. Lattice mode
coupling is very versatile and has been demonstrated on different types of metamaterial [35-39,41,42]
and plasmonic resonances [16-18,34,43,60-72]. This review highlights the SLR coupling to LC, dipole
and hybridized modes of metamaterial resonators.
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Figure 2. Scattering along periodic interfaces. Far-field intensity distribution of scattered light
calculated for 1D arrays with different periodicities P, located in the xy-plane and illuminated along
z. Adapted with permission from ref AMM [38], The Optical Society.

2.1. Fundamental Resonances (Dipole and LC)

A simple metallic bar resonator oriented parallel to the incident polarization is able to support a
dipole resonance mode characterized by charge oscillations, LSPs, along the bar. A simple split ring
guides these charge oscillations along an inductive loop with a capacitive gap as shown in Figure 3a.
N. Xu et al. demonstrated Q-factor-enhancement of normal modes of a SRR through coupling to a
lattice mode by varying the lattice period [37]. Resonator arrays with different periods excited by
THz waves of appropriate polarization were used to couple a lattice mode to the metamaterial’s LC
mode (n = 1), dipole mode (n = 2) and quadrupole mode (n = 3). The LC and quadrupole modes
are excited by incident light that is polarized perpendicular to the resonator’s symmetry axis while
the dipole mode is excited by light polarized parallel to the symmetry axis. Figure 3b shows the
resonance line-narrowing and broadening of each mode as the lattice period increases from P =
40 pm to P = 200 pum, where the narrowest linewidth occurs when the lattice mode matches the
resonance frequency of the respective metamaterial mode. At these critical periods (P, , P , P:3), the
Q-factor is maximized due to the reduction of loss in the system, as shown in Figure 3c. This coupling
enhances the Q-factor of the fundamental modes (LC and dipole mode) up to fifteen-fold and six-
fold, respectively.
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Figure 3. Enhancing split ring resonances using lattice modes. (a) Optical microscope images of the
LC resonator metamaterial with its fixed resonator dimensions and varying period from 40 to 180 pm
shown in the insets. (b) Simulated (i)-(iii) and measured (iv)—(vi) normalized transmission amplitude
spectra showing different resonance modes (n =1,2,3) for different periods. The resonant
transmission minima were aligned to highlight the narrowing of the resonance linewidth. (c) Q-factor-
enhancement in lattice-matched split ring resonator arrays. Q-factor of the (i) LC (n = 1), (ii) dipole
(n = 2) and (iii) quadrupole (n = 3) modes as a function of lattice period. The polarization of the
incident field is shown in the insets and the critical periods P, where the lattice mode couples to the
metamaterial resonance, are indicated by dashed lines. Adapted with permission from ref [37], AIP

Publishing.
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2.2. Hybridized Resonances

In metamaterials, split modes or hybridized modes arise from nearfield coupling of neighboring
elements (called meta-atoms) in the same unit cell. Typical hybridized modes are characterized by
symmetric and anti-symmetric charge oscillations in the meta-atoms. While symmetric and anti-
symmetric resonant modes can, in principle, exist in entirely symmetric systems, excitation of anti-
symmetric hybridized modes requires some form of symmetry breaking. Such symmetry breaking
arises from pairing meta-atoms of slightly different size or geometry [73] as well as meta-atom
arrangements or illumination conditions (e.g., direction or polarization) that result in different
excitation of the coupled meta-atoms [74-76]. For example, a difference in geometry detunes the
resonance frequencies of the meta-atoms to be non-degenerate, thereby splitting the resonances into
symmetric and anti-symmetric modes, which are separated by an amount quantified by their
coupling strengths. This is an analogue of electromagnetically induced transparency (EIT) in atomic
systems [77-80]. For example, T. CW. Tan et al. used a ring resonator with a second split (compared
to the LC resonator of Figure 3) that was shifted away from the central axis of the resonator to
introduce an asymmetry [36]. The resulting unit cell has resonator arms of different length, lifting the
degeneracy of resonance frequencies that would be present in a symmetric structure. Using different
lattice periods, the SLR frequency was then adjusted to match each of the hybrid mode frequencies
and resonance line-narrowing and Q-factor enhancement was observed, see Figure 4. A maximum
Q-factor of 113 was obtained when the lattice matched the lower frequency hybridized mode
(LFHM), which is one order magnitude higher than without lattice matching.
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Figure 4. Coupling of hybridized resonator modes to a lattice mode. (I) The unit cell with dimensions
in um. (a—h) Experimental (black spheres) and simulated (red solid lines) transmission amplitude of
a terahertz asymmetric split ring resonator array with the lattice period varying from P=70 to 120 pm.
The split modes, low frequency hybrid mode (LFHM) and high frequency hybrid mode (HFHM), are
indicated alongside the lattice-induced transparency (LIT) in (a). The fundamental lattice mode (0,1)
and the (1,1) order lattice mode are indicated by the dark blue and green triangles, respectively. (i,j)
Q-factor of the HFHM and LFHM of the asymmetric metamaterial for varying periodicities. Adapted
with permission from ref [36], AIP Publishing.
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3. Lattice-Induced Transparency (LIT)

EIT is a phenomenon whereby an absorbing medium becomes transparent to a resonant probe
beam under the influence of the stronger control or pump beam, resulting in a narrow transparency
window. Within the transparency window, light experiences an anomalous phase change because of
a steep dispersion. The induced steep dispersion of the medium can slow the propagation of light
pulses by several orders of magnitude [41,81-83] and enhances nonlinear interactions [84]. Such
narrow and highly dispersive transparency windows possess a high Q-factor and are a promising
platform for sensing and nonlinear applications. M. Manjappa et al. demonstrated a different
phenomenon that introduces a sharp transmission peak by coupling the broad dipolar resonance of
an asymmetric square resonator to the first order lattice mode as shown by Figure 5a [35]. Previous
understanding of metamaterial EIT is based on the nearfield coupling of asymmetric metamaterial
resonators: One so-called “bright” mode resonator will be coupled directly to the incident field and
will have a broader resonance line width. A nearby so-called “dark” mode resonator is excited
through nearfield coupling from the “bright” mode resonator [85,86]. The bright mode is usually
represented in the spectra as a bright dipolar resonance and the dark mode as an interference in the
dipolar continuum resulting in a Fano resonance or EIT. This bright-dark mode coupling can be
theoretically modeled as two coupled classical oscillators [87]. Manjappa et al. observed that the
lattice mode, in addition to the asymmetric dark mode, is also involved in inducing a narrow
transparency peak termed lattice-induced transparency (LIT). The lattice mode can be modeled as
another dark mode oscillator, as the energy diffracted from the incident field is being trapped within
the near field of the metamaterial array and is not coupled to free space. Hence, the LIT system can
be theoretically modeled using three coupled oscillators as seen in the insert of Figure 5b and the
corresponding equations of motion are:

(—w? — iwy, + w2)x, + 2%, = E(w), (4a)
(—w? — iwypy + Wiy) Xy + 015, — 05%, = 0, (4b)
(—w? —iwyg + w3)Xy + Q5% =0 (40)

where (%, X1m, X4), (Wp, Wiy, wg) and (Vp, Yy, Ya) are the amplitudes, angular resonance, and the
damping frequencies of the bright, lattice, and dark modes, respectively. £2; and 2, are the bright-
lattice and dark-lattice mode coupling strengths, respectively. In this model, the lattice mode is
mediating the coupling between the bright mode and the asymmetric dark mode as expressed in
Equation (4b). The lattice mode is an additional dark mode that induces strong nearfield coupling
between the bright dipole and the asymmetric dark mode, thereby enhancing the sharpness (Q-
factor) of the induced transparency peak. Under resonant conditions, w; = wyy and y; = yy, the
scattering amplitude of the bright eigenmode can be obtained from Equations (4a)-(4c). The
transmission amplitudes in Figure 5b were obtained for realistic parameters of 2, =, =
102 (rad/s), wp = 6.9 X 102 (rad/s), y, = 102 (rad/s) , y.uy = 0.15 x 102 (rad/s), E = 0.17 (V/
m) and different lattice mode frequencies, w;,. As the SLR frequency is varied across the dipolar
spectrum, the transparency peak is weakest at either side of the dipole spectrum and strongest when
wm = wp. The model does not include inter-unit cell coupling. These results demonstrate a unique
phenomenon of inducing a narrow transparency peak, with Q-factors ranging from 25 to 91 extracted
from Figure 5a. This method also facilitates the frequency agility of the sharp transparency peak,
which can be positioned precisely over a broad frequency range by choosing the lattice period. M. C.
Schaafsma et al. [41] reported lattice-enhanced transparency and slow-light effects in a periodic array
of detuned dipole resonators. They considered metallic rods of two different sizes, in which the
coupling of these metal rods with the lattice modes results in enhancement of the transmission
window. Narrow transmission resonances mediated by the lattice may have applications in the slow-
light devices [88-90] and as optical routers or light modulators for communication networks.
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Figure 5. Lattice-induced transparency. (a) Transmission around a LIT resonance as a function of
frequency and lattice constant for split rings as in Figure 4I. The red dashed-dot curve indicates the
first order lattice mode (0,1). (b) Transmission amplitude of the associated resonances extracted from
the three-oscillator model of Equation (4) for varying lattice mode frequencies. For lattice modes in a
silicon substrate, “;% =0.9,1.084 and 1.2 THz correspond to lattice periods of P =95, 80 and 65 pm,
respectively. The schematic shows the underlying classical bright-dark-dark coupled oscillator
model. Adapted with permission from ref [35], American Physical Society.

4. Lattice-Mediated Strong Coupling in Metamaterials

Due to the versatility and simplicity of the lattice mode, it can be coupled to many kinds of
periodic systems as discussed above. In case of LIT, a new mode or a split mode emerges when the
SLR couples to the metamaterial and the coupling strength can be varied to observe different
characteristic behaviors. If the splitting matches an avoidance crossing or anti-crossing eigensolution
of a coupled oscillator mode and the coupling strength of the system is greater than the damping rate
(2 > y), the system is said to be strongly coupled. This can be achieved through coupling of a lattice
mode to different metamaterial systems, directly, or indirectly, e.g., in case of LIT. Direct coupling of
a lattice mode to a single mode resonance resulting in a splitting and anti-crossing was observed by
A. Bitzer et al., see Figure 6. The anti-crossing is between the (0,1) lattice mode and the split ring’s
n = 3 plasmonic structural resonance. The splitting occurs at point B in Figure 6b, which marks the
strong radiative coupling as shown inAMM [38].

(a) Experiment 13) 12) (b) Simulation
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Figure 6. Strong coupling between a single resonance and a lattice mode. Dispersion diagrams
obtained from (a) measured and (b) simulated transmission spectra. The lattice constant, P, varies
from 380 to 1200 pm while P, is kept constant at 380 pm. Plasmonic structural resonances are
indicated by the gray dotted lines and the lattice modes by green and blue solid lines. A and B mark
weak and strong radiative coupling for the n = 3 structural mode and a pure lattice mode is marked
by C. Adapted with permission from refAMM [38], The Optical Society.
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J. Keller et al. employ a complementary LC metamaterial resonator that supports a single,
narrow resonance [39]. Similarly, they observed a splitting in the LC resonance when it is coupled to
the lattice mode. As their system is also strongly coupled, they were able to observe energy exchange
between the modes in terms of resonance transmission amplitude at different lattice spacings, see
Figure 7. An anti-crossing between the split LC mode and the SLR was also observed and modeled
with a two-coupled oscillator model.
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Figure 7. Lattice-induced resonance splitting. (a) Sample illumination for dipole mode (x-direction)
and LC mode (y-direction) excitation. (b) Scanning electron micrograph of one split ring resonator
with indicated dimensions. (c) (Left) Normalized transmission spectra of the measured (red solid
lines) and simulated (blue dashed lines) metamaterial arrays at different lattice periods P, = P, .
(Right) Simulated electric field distributions plotted in the y-z plane cut in the gap of the resonator.
The field maps show the respective split modes for the lattice constants indicated on the right.
Adapted with permission from ref [39], AIP Publishing.

The lattice mode involvement in the hybridization of modes and lattice-induced transparency
in arrays of coupled pairs of distinguishable resonators could be described by a three coupled
oscillator model, see Equation (4) [35,36]. T. CW. Tan et al. [36] extracted the eigensolution from the
model to fit the resonances of the coupled hybridized and lattice modes for asymmetric split ring
resonator arrays with different periods. The model shows an anti-crossing that is also seen in
simulations, see Figure 8. Some deviation between model and simulated resonance frequencies for
the smallest lattice periods may be due to inter-unit cell coupling that is not considered in the
analytical model.
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Figure 8. Analytical model of a lattice-induced anti-crossing. Resonance frequency of the split modes
(LFHM and HFHM) of Figure 4 alongside the lattice mode frequency (blue dashed line) as a function
of the lattice period according to the simulations of Figure 4 (green squares) and the fitted analytical
eigensolution of the three-oscillator model (red circles). An anti-crossing is seen at the intersection of
the dipole mode of 1.1 THz (cyan dashed line) and the calculated lattice mode. Adapted with
permission from ref [36], AIP Publishing.

5. Future Outlook

5.1. Engineering Resonance Linewidths

Taking advantage of the periodicity of metamaterials, scientists have found that the highly
confined surface lattice modes are useful for controlling metamaterial resonances. As reviewed in the
previous sections, several resonance characteristics such as narrow spectral width of absorption
resonances, narrow transparency windows, and electric field confinement as well as enhancement
can be controlled, which is beneficial for micro/nano lasers, sensors, filters and slow-light applications
[25-27,91-95]. Lattice-enhanced narrow resonances could also be used to couple to primary
excitations such as excitons or phonons, as they have comparable linewidths [96-99].

5.2. Low-Threshold Micro/Nano Lasers

In conventional lasers, the basic components are a pump source, an active gain medium and a
resonating cavity. The resonating cavity could be replaced with a metamaterial array, which would
change the Fabry-Perot cavity effect into a collective response of the metamaterial array. Assuming a
gain medium with suitable transitions, the operating wavelength of conventional lasers is determined
by a resonance of the Fabry-Perot cavity, while the operating wavelength of a metamaterial-based
laser could be controlled by the meta-atom geometry and periodicity. A thin, layered structure and
flexible control over the emission wavelength by scaling the metamaterial geometry would make
metamaterial-based lasers versatile and desirable for on-chip device integration, as proposed by N.
I. Zheludev et al. [93] The metamaterial array for lasing should support a high-Q mode for light
emission with high spatial and temporal coherence. The importance of the high-Q mode is linked to
Fermi’s golden rule, where the rate of spontaneous emission is proportional to the local density of
optical states which can be enhanced in an optical microcavity by the Purcell factor

3
VA RILY

where Q is the cavity quality factor, V,0qe is the mode volume, 4 is the resonant wavelength and n
is the refractive index of the medium. Increasing the local density of optical states not only improves
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the rate of spontaneous emission but also stimulated emission which is required for lasing. Due to
the ultrasmall mode volume of metamaterial resonators, the local density of optical states can be
increased up to 1000 times. Together with a thin layer of gain medium, it is possible to achieve
emission amplification by orders of magnitude [100]. Use of a SLR with an array of metamaterial
resonators could potentially improve the lasing mechanism, as recent results on plasmonic
nanoparticle arrays indicate. As shown by Figure 9, a plasmonic dispersion is obtained from the
scattering of lattice plasmons of a nanoparticle array on a glass substrate [95]. When covered with a
gain medium and illuminated by pump pulses of suitable energy, the structure exhibits a narrow
emission line that corresponds to the lattice plasmons. Amplification of lattice plasmon emission was
seen for pump energies > 0.23 m] cm™? and saturated at > 0.5 mJ cm™2. A four level semi-quantum
framework was used to simulate the interaction between the electromagnetic fields and the active
gain medium. Below threshold, spontaneous emission dominated, but above threshold stimulated
emission was several orders of magnitude higher than spontaneous emission. The nanolocalization
of electromagnetic fields in lattice plasmons stimulated excited state molecules in the active medium
to transfer energy into plasmons, thus enabling the lasing action. Similarly, lasing has also been
demonstrated at the SPP resonance of a metasurface consisting of a hole array in a metal film that is
supported by a semiconductor gain layer [101].
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Figure 9. Lasing in nanoparticle arrays. (a) Schematic of a nanoparticle array laser. (b) Measured
extinction spectra as a function of incident angle 6 for a two-dimensional Au nanoparticle array
(inset) under transverse-magnetic (TM) illumination. (c¢) Spectra of light emitted normal to the
nanoparticle array for different pump energies. Pulsed laser light of 800 nm wavelength was used to
pump the sample array with an IR-140 dye gain medium at an incident angle of 45°. Adapted with
permission from ref [95], Springer Nature.



Photonics 2019, 6, 75 13 of 20

5.3. Sensing

The high Q-factor obtained in SLR-coupled metamaterial resonances reveals the low radiative
losses of such metamaterial systems. These low losses make SLR-coupled resonances sensitive to
external perturbations and therefore suitable for sensing. The ability to detect a change in refractive
index, An, through a change in resonance wavelength, A4, is given by a figure of merit (FoM) for
sensing, FoM = (AA/An)(1/Aw), where AA/An is the spectral shift per refractive index unit and Aw
is the full width at half maximum of the resonance [27]. Since SLR-coupling of metamaterial
resonances reduces Aw, it can be used to increase the FoM significantly, thus improving the sensor’s
performance. Sensing capabilities of SLRs coupled to LSP resonances of nanoparticles [67] as well as
sensing capabilities of high-Q metamaterial resonances have already been reported [19-21,27].
Further improvements may be expected from sensing with a SLR coupled to a metamaterial
resonance due to Q-factor enhancement and enhancement of confined fields in the resonator that are
easily perturbed by a change in environment such as the introduction of an analyte.
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Figure 10. Refractive index sensing. (a) Optical microscope image of the terahertz asymmetric
resonator array with dimensions. Illustration of the illumination conditions for excitation of the
metasurface’s (b) quadrupole and (c¢) Fano resonances alongside transmission spectra of the (d)
quadrupole and (e) Fano resonances with and without an analyte layer. Simulated amplitude
transmission spectra of (f) quadrupole resonance and (g) Fano resonance when a 4-pum-thick analyte
coating with different refractive indices is placed on an asymmetric split ring metasurface. (h) Shift of
the quadrupole and Fano resonances as a function of refractive index. Adapted with permission from
ref [102], AIP Publishing.

R. Singh et al. demonstrated planar metamaterial sensing using a Fano resonance and the lattice-
induced transparent quadrupole mode, as shown in Figure 10 [102]. The authors have shown a
frequency shift of the resonance modes with the refractive index of an analyte coating on the
metasurface. The electric field of the resonant metamaterial is strongest in the gaps of the SRR. Once
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the analyte is coated over the resonators and fills the gap, the analyte behaves as a dielectric layer
which increases the capacitance of the gaps and enhances the electric field. In their findings, the Fano
resonance shows the strongest electric excitation and the field confinement in the gap is further
enhanced by the introduction of the analyte. This is responsible for the Fano resonance’s higher
sensitivity to its external surroundings and its larger redshift with increasing refractive index in
comparison to the quadrupole mode. However, the sensitivity of the structure for refractive index
sensing could be enhanced further by coupling the Fano resonance to the SLR, which also depends
strongly on changes of the refractive index of the surrounding medium.

5.4. Slow Light

The strong coupling and LIT effect of the SLR is accompanied by steep dispersion, which
increases the group index and reduces the group velocity, slowing down light in the medium. In
terahertz spectroscopy, the transmission amplitude is expressed as

igr ,
=~ E(f)e i‘i (f)(f) — _ED) _Ling(r) 6)
ref(f)e "ref Eref(f)
where A@(f) = ¢'(f) — drer(f) is the phase delay, E(f) is the transmitted field through the sample
and E.¢(f) is the transmitted field through the bare substrate. The THz extinction spectrum of the
sample is given as S = 1 — [t|. Figure 11 shows the extinction spectra, phase delay, and group index
of metamaterials from M. C. Schaafsma et al. [41]. The spectra correspond to metamaterials based on

either symmetric pairs of dipole resonators (equal length, blue) or asymmetric pairs of dipole
resonators (different length, red). The symmetric structure has a broad extinction maximum at 0.45
THz, see Figure 11a. Asymmetry causes a transparency window to open within the broad resonance.
The corresponding frequency-dependent phase delays A¢(f) obtained from the Fourier transforms
of the THz pulses are shown in Figure 11b. The blue curve representing the symmetric resonators has
the characteristics of a damped harmonic oscillator: the phase changes sign at the extinction
maximum. In contrast, the red curve representing the asymmetric resonators changes sign twice near
the transmission window, resulting in large positive and negative group indices n,, which can be
calculated from the phase delay A¢

() = Co _C_odk(f)_ ¢ dAg(f)
"VITN () "2 df  2nl df

where ¢ is the speed of light in vacuum, v,(f) is the group velocity, phases are in units of radians

+1 (7)

and L is the thickness of the resonator array. Figure 12c shows the group index of the symmetric
(blue) and asymmetric (red) nanowire metamaterials. The maximum group index for the latter
exceeds 6 X 10* with a group velocity of only 5000 m/s at 0.45 THz. At this frequency, the wave is
delayed by scattering within the array before it is reradiated in the forward direction. Strong
enhancement in the group delay and group index was also reported by M. Manjappa et al. [35] for an
array of asymmetric SRRs (with dimensions similar to Figure 4I), where they report a record group
delay of 28 ps (Figure 11d) for THz pulses and a group index of 4.5 x 10%, at a LIT peak for P = 80
pum [35].
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Figure 11. Slow light. (a) Extinction, (b) phase delay and (c) group index spectra of arrays of pairs of
identical “symmetric” (blue) and distinguishable “asymmetric” (red) gold nanorods. The vertical
dotted line at 0.45 THz indicates the frequency of the induced transparency in the asymmetric array.
Adapted with permission from ref. [41], American Chemical Society. (d) Numerically obtained (main
graph) and experimental (inset) group delays for asymmetric split ring metamaterials with lattice
constants P = 65 and 80 um. Adapted with permission from ref [35], American Physical Society.

6. Conclusions

In conclusion, the topic of surface lattice resonances has evolved from an anomaly seen in
diffraction gratings into an extensive field of research that has generated numerous advances in
plasmonics and now in metamaterials. SLRs are inherent to any periodic structure and can therefore
be exploited to enhance collective resonances of any periodic metamaterial. Placing engineered
metamaterial resonators in a lattice and matching the resonant response of the individual resonator
to a SLR offers reduced radiative losses, resonances with narrower linewidth and thus increased Q-
factor and local field enhancement, as well as phenomena such as lattice-induced transparency,
strong coupling, extremely slow light propagation, and giant Purcell enhancement of light emission.
Arguably, lattice modes may be exploited to enhance the performance of any periodic array of
resonators and therefore they provide an optimization strategy for any resonant metamaterial
application, and for coupling of periodic structures to other excitations, such as excitons and
phonons. In particular, SLRs provide opportunities for resonant metamaterial applications such as
metamaterial-based sensors, lasers, and slow-light devices. While the focus of this review is on
electromagnetic metamaterials, we note that the concepts are more widely applicable as lattice modes
are a general consequence of waves in periodic media.
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