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Surface lattice resonances (SLRs) emerging in regular arrays of plasmonic nanoparticles (NPs) are known to be
exceptionally sensitive to the homogeneity of the environment. It is considered necessary to have a homogeneous
environment for engineering narrowband SLRs, while in a half-space environment, SLRs rapidly vanish as the
contrast between the refractive indices of the substrate and superstrate increases. From this conventional wisdom,
it is apparent that the delicate lattice Kerker effect emerging from SLRs and resonances on constituent NPs should
be difficult to achieve in a non-homogeneous environment. Using a rigorous theoretical treatment with multi-
polar decomposition, we surprisingly find and explain a narrowband substrate-mediated lattice Kerker effect in
two-dimensional arrays of Al nanocylinders in a half-space geometry. We propose to use this effect for sensing

applications and demonstrate its broad tunability across the UV/Vis wavelength range.
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1. INTRODUCTION

In recent years, two-dimensional periodic arrays of plasmonic
and dielectric nanoparticles (NPs) have attracted great interest
due to their unique properties. These structures exhibit so-called
surface lattice resonances (SLRs) [1-12] arising from the inter-
action of the localized resonance of a single particle (localized
surface plasmon resonances in plasmonic and Mie resonances
in all-dielectric NPs) and the Wood—Rayleigh lattice anomalies
[13,14]. SLRs manifest themselves as narrow spectral lines with
an exceptionally high Q-factor [5,6,15-17]. A faitly simple
technology for manufacturing such two-dimensional struc-
tures, as well as an understanding of the control mechanisms
of their optical properties, made it possible to use SLRs in nar-
rowband light absorption [18], sensorics [19], lasers [20-23],
upconversion [24,25], and fluorescence [26-29] enhancement.
The interaction between SLRs with electric and magnetic
resonances of different orders allows to observe the lattice Kerker
effect, comprehensively studied in dielectric structures exhibit-
ing strong electric dipole (ED) and magnetic dipole (MD) and
quadrupole resonances: in single particles [30,31] and in arrays
[32-35]. This effect is poorly studied in plasmonic structures
due to their weak magnetic response, with rare exceptions of
Au [36] and Al [37] NP arrays. Recently, aluminum has been

increasingly used instead of conventional plasmonic materials
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such as silver and gold [38,39], particularly for SLRs in two-
dimensional NP arrays [28,40—44]. However, all these works
are limited to either ED or ED and electric quadrupole (EQ)
interactions. Recently, we have shown that Al NPs support
relatively strong MD and magnetic quadrupole (MQ) reso-
nances compared to conventional plasmonic materials [45].
This feature is of critical importance for harnessing the lattice
Kerker effect in arrays of plasmonic Al NPs [37], originating
from the interaction between SLRs and resonances localized on
single NDs.

SLRs are extremely sensitive to any perturbations in the
homogeneity of the surrounding medium, for instance, high-Q
SLRs are quite difficult [46,47] (yet possible under very cer-
tain circumstances [48-50]) to demonstrate in a half-space
environment. This feature apparently makes it difficult to
observe the lattice Kerker effect in arrays of NPs embedded in
a non-homogeneous medium. Surprisingly, we show below
that the half-space medium provides favorable conditions for a
delicate interaction between the substrate and NPs enabling a
narrowband substrate-mediated lattice Kerker effect [51]. Using
rigorous numerical simulations along with multipole decompo-
sition, we explicitly demonstrate the critical role of the substrate
in mediating the lattice Kerker effect. Furthermore, we suggest
to use a low-cost Al-based NP array as an optical sensor in the
UV/Vis range with 263 nm/RIU sensitivity.
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2. METHODS
A. Simulation Setup

A sketch of the considered structure is shown in Fig. 1(a) for
a homogeneous environment and in Fig. 3(a) for a half-space
geometry. A regular 2D array of Al cylinders with radius R and
height H is located on the Si substrate. The periods of the array
are p, and p, along x and y axes, respectively. The tabulated
values of dielectric constants of aluminum [52] are used.

The total field E and the reflectance spectra of the described
structures are calculated with the commercial finite-difference
time-domain (FDTD) package [53]. Nanostructures are illu-
minated from the top by the plane wave with normal incidence
along z axis and polarization along x axis. Reflection is calcu-
lated at the top of the simulation box. Perfectly matched layer
boundary conditions are used on top and bottom sides, while
the periodic boundary conditions are applied at the lateral
boundaries of the simulation box. An adaptive mesh is used to
reproduce accurately the nanodisk shape.

B. Multipole Decomposition

The electric far field scattered by any arbitrary object and found
by any available numerical method (in our case, the FDTD
method as described above) can be decomposed into dipole
and quadrupole contributions [Chap. 9 54]. In our particular
case, from the general considerations, we also explicitly add a
contribution of a substrate:
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Here 7 is the distance to the observation point, n is the unit
vector pointing to the observation point, w is the frequency,
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Fig.1. (a) Sketch of 2D array of Al NPs in a homogeneous environ-
ment. Reflectance spectra of arrays with (b) fixed p, =240 nm and
different p, and (c) p, =240 nm and p, = 276.4 nm, corresponding
to the horizontal dashed line in (b). (d) Electric field distribution in xz
planeat A g =411 nm, corresponding to the Kerker effect [highlighted
circle in (b) and red circle in (c)].
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k=w/c is the wave vector, d and m are ED and MD, respec-
tively, and A, is the vector potential of the field mediated by the
substrate. Cartesian components of EQ and MQ are D = Dn,
M = Mn.

ED and MD and quadrupole moments induced on NP are
defined as [54,55]
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while a vector potential of the field created by the substrate is
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Here ¢ is the permittivity of NPs, P= (¢ —1)/47E is a
polarization density, ] = —iwP is the current density, j, are

spherical Bessel functions of the first kind, 7T is a unit tensor,
r =Ir|, and V), and V; distinguish integration over NPs and a
substrate, respectively. The integration in Eq. (3) is performed
numerically over a sufficiently thick (yet finite) part of a sub-
strate just below an array of NPs. The numerical integration is
terminated once A; remains almost a constant as a function of
increasing V; with a predefined accuracy, sufficient for reported
results to be reliable.

3. RESULTS AND DISCUSSION
A. Arrays in Homogeneous Environment

Before going into detail, it is instructive to discuss briefly
the optical response of 2D Al NPs array embedded in a
homogeneous medium with &, =2.25 (optical glass). We
consider cylinders with a fixed radius, R =60nm, and
height, # =120 nm, and calculate the reflection spectra of
the two-dimensional structure. The simulation results are
shown in Fig. 1(b). Narrowband suppression of the reflection
can be observed by varying one of the periods while keep-
ing the other one constant. In particular, the variation of
P« keeping p, = const yields control of the [1; 0] Rayleigh
anomaly (RA) Apa = /&) p,, while varying the lattice period
in the orthogonal direction leads to adjusting the [0; 1] RA
(56,571, Ara = +/€jpy. Similar to the case of spherical

NPs [37], a complete suppression of reflection is observed at
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Fig. 2. Multipole decomposition of extinction efficiency, Qe for
arrays in Fig. 1(b): (a) ED, (b) MD, (c) EQ, and (d) MQ. See Eq. (4) for
details. White dashed lines correspond to a spectral position of [1; 0]
RA, Ara = /€ p+» and highlighted circles are the same as in Fig. 1(b).

Ag =411 nm forarrays of cylindrical NPs with p, = 276.4 nm
and p, =240 nm [Fig. 1(c)]. Importantly, unlike the case of
spherical NPs, an additional suppression band emerges in the
range from 465 nm to 490 nm [Fig. 1(b)]. The amplitude of
the electric field in the xz plane for the unit cell of the array at
Ax =411 nm wavelength, which corresponds to zero reflec-
tion, is shown in Fig. 1(d). It can be seen that the electric field is
enhanced near NPs, while the amplitude of the far field vanishes
along the z axis.

The suppression of reflection at the Kerker effect wavelength,
Ak, can be explained with multipole decomposition (Fig. 2).
The respective extinction cross sections are defined as

4k
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Here Ey and Hj are components of the incident electro-
magnetic field, and g, is the permittivity of the medium that
the incident light is impinging from. The respective extinc-
tion efficiency Q. is defined as the extinction cross section
Oexe normalized to the geometric cross section 7 R? of a single
nanocylinder with radius R. As in the case of spherical NPs [37],
the ED, MD, and EQ modes play the key role in the emergence
of the lattice Kerker effect, while the contribution of the MQ
mode isan order of magnitude smaller [Fig. 2(d)].

B. Arrays on Si Substrate

Consider similar 2D lattices of Al nanocylinders, but on a sil-
icon substrate [Fig. 3(a)], with a superstrate having the same
€, =2.25 as in the previous subsection. Such structures are
quite easy to manufacture, but the presence of the interface near
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Fig.3. (a) Sketch of 2D array of Al NPs on a substrate. Reflectance
spectra of the structure with (b) fixed p, =240 nm and different
P« and () p, =240 nm and p, =265.6 nm, corresponding to the
horizontal dashed line in (b). (d) Electric field distribution in xz plane
at A g = 400 nm, corresponding to the Kerker effect [highlighted circle
in (b) and red circle in (c)].

nanocylinders can lead to partial or complete suppression of
SLRs [46,47], and as a consequence, a vanishing of the Kerker
effect due to the phase mismatch between the wave scattered
from the NPs and the substrate. To investigate the influence of
the substrate on the Kerker effect, we calculated the reflection
spectra similar to Fig. 1(b), but for arrays on the Si substrate
[Fig. 3(b)]. It can be seen that the half-space environment
significantly changes the optical response of arrays of NPs.
In contrast to the structures in a homogeneous environment
(Fig. 1), the presence of a substrate provides a higher reflection
coefhicient at A > 420 nm. In other words, in this wavelength
range, such a structure acts almost like a mirror. Nonetheless,
the Kerker effect is preserved, which is seen from the suppression
of the reflection at A g = 400 nm for p, = 265.6 nm [Fig. 3(c)].
The respective field distribution at the Kerker effect wavelength
is shown in Fig. 3(d). The field profile in this case is similar to
the field distribution in arrays embedded in a homogeneous
medium [Fig. 1(d)], with the only difference that the field does
not penetrate into the substrate in Fig. 3(d).

To understand nontrivial interaction of the electromagnetic
fields in the NP array with the substrate, we plot multipole
decomposition (ED, MD, EQ, MQ) of the amplitudes and
phases of the reflected field in Figs. 4(a) and 4(b). Unlike the
total suppression of backscattering due to the destructive
interference of ED and MD + EQ resonances in NP arrays
immersed in a homogeneous environment [37], the amplitudes
of MD and EQ resonances are too low compared with ED
[Fig. 4(a)]. Moreover, the phase difference [Fig. 4(b)] between
multipoles cannot lead to full suppression of the reflection. The
critical role of the substrate in emergence of the Kerker effect is
clearly seen in Figs. 4(b) and 4(c). Indeed, the m-phase differ-
ence [Fig. 4(b)] between the field mediated by NPs and the field
reflected by the substrate only along with equal values of their
amplitudes [Fig. 4(c)] at A x & 400 nm leads to full suppression
of the backscattered light. We emphasize that it is a delicate
electromagnetic interaction among (i) localized resonances in
single NPs, (ii) collective coupling between NPs (i.e., SLRs), and
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Fig. 4. Detailed analysis of the field scattered from arrays consid-
ered in Fig. 3(c): (a) multipole decomposition of the electric field, |E|,
induced on NPs; (b) phase difference between multipole contributions
(ED, MD, EQ, MQ) in field scattered by NPs and field scattered by a
substrate (sub); (c) contributions to the total (tot) electric field from
nanoparticles (NP) and substrate (sub).

(iii) field reflected from a substrate, which allows the emergence
of the substrate-mediated lattice Kerker effect.

C. Sensing Applications

The very presence of a half-space geometry and the existence
of a narrowband dip in the reflectance spectra suggest to use
considered arrays for sensing purposes [58-61]. Essentially, the
sensing mechanism represents a spectral shift of the dip caused
by the variation in the refractive index, 7,, of the superstrate
(analyte). In our case, the sensitivity is determined as

dhg

dn,’

S (5)

where A ¢ is awavelength of the respective Kerker effect.

It can be seen in Fig. 5 that the change of the refractive
index, 7,, of the analyte results in significant variation in
the reflectance spectra. For instance, Ax =354nm for
n, =1.33, and Ax =372.4nm for n, = 1.4, which results
in § =263nm/RIU sensitivity. The Kerker effect emerging
in the near UV and blue spectral ranges is promising for appli-
cation in the spectroscopy of biomaterials with characteristic
absorption bands in the respective part of the spectrum [62].
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Fig. 5. (a) Reflectance spectra of the structure with fixed

py =240nm and p, =265.6nm for different values of the ana-
lyte refractive index: n, =1.33, 1.35, 1.37, 1.4, 1.45, and 1.5.
(b) Dependence of the Kerker effect wavelength, A ¢, on the refractive
index of the analyte, 7,.

4. CONCLUSION

To conclude, we have demonstrated the emergence of the
substrate-mediated lattice Kerker effect in Al cylindrical NP
arrays located on a dielectric substrate. The full suppression
of reflection is explained by the destructive interference of
electromagnetic waves scattered by NPs and the substrate. It
is worth noting that a substrate usually suppresses SLRs, but
we show that, on the contrary, the occurrence of a narrowband
Kerker effect is possible due to the presence of the substrate.
Importantly, in conventional plasmonic (Au, Ag) NPs, the
Kerker effect is possible only in the visible and near-infrared
spectral ranges [36], while Al NPs have pronounced spectral
response in UV range, which allows to use them in a wide variety
of applications. For instance, we have shown that the Kerker
effect could be used for refractive index sensing applications
with ~ 263nm/RIU sensitivity in the UV spectral range.
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