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Abstract: We numerically show that surface lattice resonances (SLR) in periodic localized
surface plasmon (LSP) waveguides integrated on a dielectric waveguide can be excited via
in-phase evanescent coupling, by incident propagation vector outside the light cone and without
any constraint on the structural symmetry. FDTD simulations show that the coupling between
wideband LSP resonances and narrowband SLR results in a Fano-like resonance, showing few
nanometers large sharp spectral features that may be exploited for achieving new functions for
integrated optics and sensing.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Localized surface plasmons polaritons (LSP) in noble metal nanoparticles (MNP) induce specific
optical properties, such as extinction, absorption, and scattering of the light [1,2], that are
affected by their size, shape, and environment. In 1D or 2D MNP lattice arrangement with
a period near the wavelength, incident light extinction anomalies have been observed. These
anomalies give rise to a very narrow lineshape above the LSP resonance wavelength. They have
been identified as surface lattice resonances (SLR) - or lattice surface mode - by several groups
[3–6]. From a physical point of view, the mechanism underlining the SLR involves grazing
diffraction modes that in-phase interact with localized surface plasmonic resonances. From an
analytical point of view, SLRs appear under conditions that vanish the imaginary part of each
particle polarisability denominator [3,7,8]. These conditions require retardation effects in MNPs
plasmonic resonance occurring for i) sufficiently large MNPs, ii) a lattice period of the same
order as the resonant wavelength, enabling the MNPs far-field coupling, iii) a sufficiently large
number of MNPs [9]. The plasmonic resonance lineshape narrowing is additionally dependent
on MNP environment symmetry which must be compatible with grazing mode propagation
[10]. Extensive work has been performed on these SLRs which enhance sensing sensitivity,
improve emitting tunability [11,12], or conversely affect the visual appearance [13]. But, so far,
only SLRs excited via free-space light have been investigated, in which the incident k-vector
is located within the light cone [4,7,9,14,15]. To the best of our knowledge, systems allowing
SLRs to be excited via in-phase evanescent coupling with purely guided modes have not yet
been investigated. SLRs are compatible with near-field dipolar coupling between MNPs and
thus with collective resonances inside 1D arrays [4,7,16–23] which can also occur with complex
nanoparticle shapes or different resonance modes [24]. When such collective resonances occur
in 1D chains of plasmonic nanoantennas, these cause the structure to behave like a waveguide
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when the corresponding propagation vector is below the lightline. In this case, as for traditional
propagating surface plasmons polaritons modes [25,26], such modes can be efficiently excited by
coupling with a dielectric waveguide which generates hybrid photonic-plasmonic guided modes
[27–31]. Then, depending on the grating period, the LSP chain can behave either as a waveguide
or a diffraction grating acting on hybrid guided modes [32].

Here we numerically show that SLR can be additionally excited from such guided modes,
in the case of spaced and contacting waveguides structures, thanks to the in-phase interaction
between the back-propagating reflected LSP chain hybrid mode and the grazing diffraction mode
occurring at lightline. The LSP collective resonances modify usual photonic properties in systems
they interact with. SLR in such a guiding structure enables sharp spectral features and a very
narrow resonance to emerge. Furthermore, we show that it can be achieved even in presence of
a strong slow light regime occurring due to the interaction between the LSP chain plasmonic
mode and the co and contra-propagating dielectric modes of the Si3N4-waveguide, giving rise
to a wide flat dispersion curve. For example, we show that these offer a new tunability of the
Bragg grating reflectivity in the waveguide. Exploiting these features to control the properties of
waveguiding structures is important for device compactness, tunability in photonic circuits, and
applications like non-linear photonics or sensing. For these demonstrations, we numerically study
the interaction between the dielectric waveguide, the LSP resonances, and the 1D periodic array
diffraction modes near the lightline and near the first Brillouin zone (FBZ) border. While all these
assumptions are supported by the calculations of the dispersion curve of an infinite 1D MNPs
array, the related effects appear also clearly from the observation of transmittance, reflectance,
and power extinction in the case of 50 MNPs chain integrated on a dielectric waveguide. The
paper is organized as follows: the first part is dedicated to the description of the integrated
structure, the design methodology, and the LSP 1D array mode excitation tunability, without
diffraction effect (subwavelength period). SLR excitation is then evaluated in the case of a longer
period plasmonic chain, i) placed at a non-zero distance from, and ii) placed in contact with the
dielectric waveguide.

2. Design and LSP chain excitation

The structure under investigation, whose 3D depiction is shown in Fig. 1(a), consists of a single-
mode waveguide with a Si3N4 core (nSi3N4 = 2) coupled to a periodic chain of Ag nanocylinders
(the latter will be referred as the LSP chain), the whole being embedded in SiO2 (nSiO2 = 1.457).
Figure 1(b) shows a portion of the structure viewed from above (in the [xy]-plane), while a sketch
of the structure observed from the side (in the [xz]-plane) is shown in Fig. 1(c). The waveguide
core has a thickness Tg = 250 nm and a width Wg = 300 nm. The LSP chain is composed of 50
elliptic silver nanocylinders having radii ax (fixed to 40 nm) and ay, thickness t = 40 nm and
center to center distance (period) d. The value of ax was set so that the distance between the
chain elements was equal to or greater than 50 nm, a value which has been shown in previous
experimental work to ensure high repeatability of the manufactured samples [28–31]. The bottom
face of the chain nanocylinders and the top face of the waveguide core are spaced by D along the
z-direction. The refractive index of silver has been modeled by fitting ellipsometric data. The
thick horizontal and vertical lines, shown in Fig. 1(c), represent the location of the transmittance
T (green line) and reflectance R (red line) monitors as well as two additional power monitors, σ1
and σ2 (yellow and magenta lines, respectively), for monitoring the out-coupled power along the
z-direction. In the same figure, the dashed vertical line represents the injection position of the
single-mode source. Simulations are performed by using a well-established FDTD commercial
software (Lumerical Solutions). Two different types of calculation have been performed: (i) the
first type consists in modeling the propagation of light through the finite structure and evaluating
the transmittance and the reflectance, within the wavelength range 550-800 nm, through T and R
(see Fig. 1(c)), when the fundamental TE mode is injected in the dielectric waveguide; (ii) the
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second type of simulation setup aims at identifying all the modes of the infinite periodic structure
excited by randomly positioned and oriented dipoles, and at drawing such a way the structure
dispersion curves (see [30] for further details on the calculation).

Fig. 1. (a) 3D sketch of the structure under analysis, consisting of a periodic (unidirectional)
chain of elliptical silver nanocylinders placed near the core of an Si3N4 waveguide. The
entire structure is embedded in SiO2. (b) A portion of the structure is depicted from
above. (c) Side view of the structure. The thick green and red vertical lines represent
the transmittance and reflectance monitors, respectively. The thick yellow and magenta
horizontal lines represent the lower σ1 and upper σ2 scattering monitors, respectively. The
vertical dashed line represents the injection location of the single-mode source, whose modal
distribution is suggested by the bell shape.

Figure 2 shows the FDTD calculated band diagrams for only the dielectric waveguide (a), only
the LSP chain (b), and the whole coupled structures when d = 130 nm and for different values of
D and ay. In Fig. 2(c-f), the observation region is bounded by the wave frequency f between
0.325 and 0.575 PHz and kn between 0.2 and 0.5, where kn = d · k/2π represents the normalized
wavevector. When D is large enough (D → ∞), the band diagram shows the existence of two
distinct, independent modes, the fundamental mode of the dielectric guide (Fig. 2(a)) and the
plasmonic mode of the chain (Fig. 2(b)).

On the contrary, when D decreases, as these two modes intersect thanks to their very different
slopes, they interact and couple, giving rise to two distinct supermodes. For small enough
D, a strongly coupled regime manifests in the opening of a gap near the intersection of their
dispersion curves [30] (see the anticrossing appearing in Fig. 2(c-f)). In particular, due to the
subwavelength regime in our frequency range of interest, this crossing occurs far from the FBZ
edge (smaller k-vectors) and below the SiO2 lightline (within the guided mode region). In these
band diagrams, plasmonic resonance is hinted at by a blurred, weaker (brighter) curve portion
indicating the spectral broadening due to high ohmic losses. In particular, the position of the
LSP chain resonance is highlighted by a blue arrow marker and a thin dashed horizontal line. It
is worth noting that, near the collective plasmonic resonance occurring at λc, the chain mode
assumes a nearly horizontal slope and becomes increasingly slower as it approaches the edge
of the FBZ. In the vicinity of this region, the plasmonic character of the mode is pronounced,
with characteristic strong field confinement in a subwavelength volume. Conversely, far from
the plasmonic resonance, the chain mode lies close to the SiO2 lightline, where it exhibits a
less plasmonic character, with much less confined fields. Finally, modes that are more localized
within the dielectric waveguide core are indicated by thinner and more intense (darker) features,
indicating lower or no ohmic losses. By inspecting Fig. 2, we can observe that an increase in ay
or decrease in D results in a redshift of the LSP chain resonance. The values of λc, as a function
of ay and D, are given in Table 1.
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Fig. 2. FDTD calculated band diagrams for an infinitely long structure, with a subwavelength
periodicity d = 130 nm. Band structure (a) of only the dielectric waveguide and (b) of only
the LSP chain. (c-f) Band structure of the coupled structures. (c) and (d) are calculated when
D = 50 nm (spaced waveguides), while in (e) and (f) D = 0 nm (contacting waveguides).
(c) and (e) are calculated when ay = 40 nm, while in (b), (d), and (f) ay = 55 nm. The
continuous red line and the dashed green line represent the trace of the SiN and the SiO2 light
cones, respectively. The thin dashed blue lines, terminated on blue arrow markers, indicate
the position of the LSP chain resonance λc. In (a) the red circle identifies the fundamental
mode TE00 of the dielectric waveguide.

Table 1. The spectral position of the LSP chain collective
plasmonic resonance as a function of ay and D.

D=∞ D=50[nm] D=0[nm]

ay[nm] f [PHz] λ [nm] f [PHz] λ [nm] f [PHz] λ [nm]

35 0.546 549 0.544 551 0.481 623

40 0.518 578 0.516 581 0.457 656

45 0.482 622 0.481 623 0.423 709

50 0.459 653 0.457 656 0.406 737

55 0.438 685 0.436 688 0.389 771

Since the losses in the dielectric waveguide core are negligible, the LSP chain excitation degree
can be as well hinted at by its extinction, that is the sum of the optical power absorbed within
and of that scattered/diffracted out of the structure (i.e. 1-T-R). Near the phase matching of the
structure coupled modes, which occurs close to the LSP chain resonance wavelength λc, the
transmission through the waveguide shows a dip due to maximal energy transfer from the core to
the LSP chain. Figure 3 depicts the transmission spectra for a 10 elements long chain, having a
period of 130 nm (no diffraction in the visible range) and ax = 40 nm, ay = 50 nm, in the case of
four increasing D values. The rapid change in the wavelength corresponding to a transmittance
minimum illustrates the high sensitivity of the LSP resonance to the immediate environment
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(surrounding optical index, proximity of interfaces). However, for D ⩾ 50 nm, the LSP chain
resonance is no longer strongly influenced by the immediate presence of the dielectric waveguide,
and the excitation efficiency decreases because of the weaker waveguides coupling. It is worth
noticing that, for these values of D, the refractive index profile in the immediate vicinity of the
LSP chain can be approximated as being symmetric. Conversely, the spectrum for D = 0 nm is
strongly red-shifted because of the high-index waveguide core touching the MNPs, leading to a
very asymmetric environment surrounding the chain. Besides, the same curve shows an irregular
shape due to the occurrence of different excitation regimes of the chain [28,30]. Hereinafter, we
will refer to both these configurations as the spaced (D = 50 nm) and the contacting (D = 0 nm)
configurations.

Fig. 3. Transmittances, calculated for different values of D, when a subwavelength period
d = 130 nm and 10 MNPs having ax = 40 nm, ay = 50 nm, are considered.

3. SLR in spaced configuration (D = 50 nm)

Figure 4(a-c) shows the transmittance, the reflectance, and the power extinction spectra calculated
for the structure under investigation, in the case of a 50 period long MNPs chain having a period
of 225 nm, for the spaced configuration (D = 50 nm). In particular, these quantities are shown as
a function of the MNPs radius ay, when ax is fixed at 40 nm. In accord with the results shown in
Fig. 2, the coupling between the dielectric waveguide and the plasmonic chain modes is expected
to be weaker with respect to the contacting configuration (D = 0 nm) because of the higher
separation distance D. By inspecting Fig. 4(a-c), it is possible to observe a strong dependence of
the spectral features on ay. This behavior is expected, since, as we have shown, ay affects the
spectral position of the LSP chain resonance. Conversely, a very narrow unexpected line can be
clearly observed close to 726 nm (0.413 PHz) for the three maps that does not depend on ay: it
marks a strong dip or peak on transmission, reflection, and extinction spectra.

In order to fully identify these behaviors, it is essential to analyze the band diagrams of the
infinite structure. Figure 5 shows a band formation scheme via hand-drawn (Fig. 5(1u-4c)) and
actual band diagrams calculated via FDTD (Fig. 5(a-d)) when D = 50 nm and d = 225 nm. It
is worth pointing out that, in this case, the period is comparable to the minimum wavelength of
interest, λ/d = 550 nm/225 nm ≈ 2.4. Figure columns refer to different value of ay = 40, 45, 50,
and 55 nm. To better visualize the most important features, the figure only shows the region
bounded by f between 0.325 and 0.575 PHz and kn between 0.4 and 0.5. The dashed green and
the solid red superimposed lines stand for the silica and the Si3N4 waveguide core lightlines,
respectively. The position of the lightlines allows us to identify the region of guided modes,
which lies below the first folding of the SiO2 lightline, labeled as FL (indicated by a circular mark
in Fig. 5(1u) and reported in Table 2) and occurring at 0.457 PHz (656 nm), and the region of
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Fig. 4. (a)(d) Transmittance, (b)(e) reflectance and (c)(f) power extinction spectra, calculated
for a 50 elements long chain (having ax = 40 nm and d = 225 nm) when (a-c) D = 50 nm
and (d-f) D = 0 nm, as a function of the radius ay directed along y-direction of the MNPs
elliptical section.

radiative modes (leaky modes), spectrally located above FL. This is in good agreement with
Figs. 4(a-c) which show an area of high transmittance, low reflectance, and moderate extinction,
corresponding to the region of guided modes, and an area of high extinction, low reflectance, and
weak transmittance corresponding to the region of radiative modes.

Table 2. Spectral position of points FL, X, and FWG .

FL X FWG

f [PHz] 0.457 0.428 0.413

λ [nm] 656 700 726

The first and second figure rows are referred to structures taken individually (uncoupled case,
see Fig. 5(1u-4u)) and to structures placed at a finite distance (coupled case, see Fig. 5(1c-4c)),
respectively. The purpose of these first two figure rows is to help in identifying the different
modes that can be observed in FDTD band diagrams and to explain how they interact resulting
in gap formation. In the first figure row, the thick continuous magenta and cyan lines represent
the ideal dispersion curves of the LSP chain and of the dielectric waveguide, respectively, when
artificially folded at the FBZ edge to fit the given period d = 225 nm. These folding occur at FL
for the LSP chain and at about 0.413 PHz (726 nm) for the dielectric waveguide, a point we label
as FWG and indicate by a circular mark in Fig. 5(1u) (its spectral position is reported in Table 2).
Since the dispersion curve of the LSP chain exists only when its collective resonance exists,
folding will not be observed above the plasmonic resonance maximum frequency. Additionally,
Fig. 5(1u) shows that for ay = 40 nm the crossing between the two modes occurs very close
to the lightline at 0.428 PHz (700 nm), near a point denoted as X (see Fig. 5(1u), the spectral
position is also reported in Table 2) and defined by the intersection of the SiO2 lightline and
the folded branch of the fundamental mode dispersion curve of the dielectric waveguide. In
this case, the LSP chain resonance is located at 0.516 PHz (581 nm), i.e. significantly higher
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Fig. 5. (1u-4c) Hand-drawn band diagram schematics of the dispersive behavior of the
(1u-4u) uncoupled (infinite D) and (1c-4c) coupled (finite D) modes of the LSP chain and
dielectric waveguide. (a-d) FDTD calculated band diagrams for the spaced configuration
when D = 50 nm and d = 225 nm. The continuous red line and the dashed green line
represent the SiN and the SiO2 lightlines, respectively. (a), (b), (c) and (d) correspond to
ay = 40, 45, 50, and 55 nm, respectively.

than the FL point. Moreover, near the X point, the effective index of the LSP chain mode is
very close to the index of the surrounding medium (silica), revealing a very weak plasmonic
character. This implies that the LSP chain mode has no way of being efficiently excited by the
fundamental mode of the dielectric guide and, therefore, it does not result in a gap opening.
In fact, when the structure begins to weakly couple, such as in Figs. 5(1c) and 5(a), only two
edge-type small band-gaps may open at FL and FWG. Moreover, the dielectric branch weakly
interacts with the plasmonic one, and crosses the lightline at X point, becoming slightly lossy.
The band-gap occurring at FWG results in a reflectivity peak (due to the occurrence of the Bragg
grating condition for the given d) observed in Fig. 4(b) for the same value of ay. On the contrary,
near the X point and above, an increased reflectance and extinction denote the excitation of a
radiative, counter-propagative mode on the LSP chain having a weak plasmonic character, as
hinted by the absence of a neat extinction peak. Finally, in Fig. 5(a) the LSP chain mode, near
the FL point, manifests as a weak lossy resonance and no real gap features are visible. In contrast,
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above the FL point (for high f and low k), the plasmonic branch manifests as a very faint blurred
shadow indicating conspicuous ohmic and radiation losses.

In Figs. 5(2u), 5(,2c), 5(b) and Figs. 5(3u), 5(3c), 5(c), corresponding to ay = 45 nm and
50 nm, respectively, an inner-type band-gap opens nearby the point X as the result of the
counter-propagative interaction between the folded branch of the dielectric waveguide mode and
the LSP chain mode. This happens because λc redshifts and, as a result, the intersection of the
dispersion curves of the two modes occurs in a region where the plasmonic character of the LSP
chain is stronger. It is worth noting that the dielectric branch "folds" toward the plasmonic branch
and becomes strongly lossy (blurred), due to radiation losses as within the light cone, and to
ohmic losses due to the stronger hybridization with the plasmonic mode. In Fig. 4, for the same
values of ay, we can observe the spectral signature of the two gaps, which manifest as a dip in
transmittance and a peak in reflectance. We can also observe that, in Figs. 5(2u), 5(2c), and 5(b),
near the inner-type gap, supermodes dispersion curves (see green and orange curves in Fig. 5(2c))
form two regions with near-zero slope. The lower one manifests in Fig. 4(c) as an extinction
peak due to a counter-propagating slow light regime. The same spectral signature is observed for
the lower edge of the gap near FWG. Surprisingly, the upper counterpart of the gap near FWG,
manifests itself with a very narrow dip in extinction and peak in transmittance, both spectrally
located slightly above the FWG point.

Finally, in Figs. 5(4u), 5(4c), 5(d), corresponding to ay = 55 nm, the stronger redshift results
in a receding of the mode crossing point from the lightline. In particular, for this specific
geometrical configuration, the two-modes crossing occurs right at the point FWG, resulting in
three parallel branches. It is worth noticing that the central branch is now an almost spectrally
flat line connecting the SiO2 lightline to the FBZ edge. This flat branch occurring at 0.413 PHz
(726 nm) is the result of hybridization between the plasmonic and dielectric waveguide modes,
and it was expected to have a strongly plasmonic character, characterized by substantial losses and
further enhanced by the almost-zero group velocity. However, observation of the transmittance,
reflectance, and power extinction maps in Fig. 4 shows that, in the immediate vicinity of this
band feature, the behavior deviates from expectations. Instead, a 2 nm-wide symmetric dip in the
power extinction appears, which is matched by a symmetric peak in both the transmittance and
the reflectance. We attribute this behavior to the excitation of an SLR mode.

By further increasing the value of ay, due to the additional redshift, the crossing point moves
below the first branch of the lightline. As already studied in [30], this will result in strong,
co-propagative coupling.

To better visualize and explain the different mechanisms occurring near the two-modes crossing,
in Fig. 6(a-c), zoomed spectra extracted from Fig. 4(a-c) are overlaid for nine discrete values
of ay. For ay = 45, 47.5 and 50 nm, it is possible to identify the power extinction peaks
occurring at about 704, 710, and 716 nm, respectively, as the signature of the lower branch of the
two-modes anticrossing. When ay increases, the transmission and reflection spectra deviate from
the typical profiles observed in short Bragg gratings (50 periods) into enhanced and asymmetric
shapes, as long as the plasmonic resonance approaches the FWG point. These asymmetrical
shapes can be attributed to Fano-like resonances, due to the coupling of the narrowband SLR
and the broadband plasmonic resonance which act respectively as the sharp and broad modes
as extensively described and analyzed in [33]. Finally, for ay = 55 nm, Figs. 6(a-c) show an
enhanced reflectance and power extinction on the whole considered spectral range except for
a 2 nm-wide (Q ≈ 380) symmetric peak or dip. We attribute this behavior to the fact that at
this peculiar point, the crossing of the two modes occurs precisely at FWG, which represents the
boundary between the co-propagating and counter-propagating coupling regimes.

Here, an SLR is coupled to and upheld by a collective non-propagating plasmonic resonance
of the LSP chain. The perfect phase matching between the co- and contra-propagative hybrid
modes and the collective LSP resonance generates the flat dispersion curve of the SLR inside the
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Fig. 6. (a)(d) Transmittance, (b)(e) reflectance and (c)(f) power extinction spectra of a 50
element long chain (having ax = 40 nm) when (a-c) D = 50 nm and (d-f) D = 0 nm,
calculated for different values of ay.

grating gap from the FBZ border down to the lightline. Since the phase matching between the
three components (propagating hybrid modes and LSP chain resonance) is a quite constraining
condition, it occurs at a specific frequency and the SLR appears, as expected, at a narrow
bandwidth.

These simulation results demonstrate thus the possible excitation of SLR in a 1D LSP array
integrated on a dielectric waveguide, by a hybrid photonic-plasmonic mode of the coupled
waveguides, in a quasi-symmetric environment. SLR is excited through a wavevector below the
lightline, parallel to the array axis, and with a polarization perpendicular to it.

Besides, in addition to this SLR excitation Figs. 6(a-c) also show that in the case of moderate
Bragg reflector (ay = 45 nm, maximum reflection = 0.5) the contribution of the plasmonic
resonance induces significant reflection enhancement (increasing R up to 0.8, for ay = 55 nm)
without modification of the central frequency. This is also an interesting property of this LSP
chain to tune independently characteristics of Bragg reflectors.

4. SLR in contacting configurations (D = 0 nm)

A similar study can be performed in the case of a plasmonic chain directly in contact with the
dielectric waveguide (D = 0 nm). In that case, a stronger coupling occurs between the dielectric
waveguide and the plasmonic waveguide [28,30]. Due to the direct contact between the bottom
surface of the chain MNPs and the Si3N4 core of the dielectric waveguide the plasmonic resonance
undergoes a strong redshift. In particular, when ay spans from 35 nm to 50 nm, the LSP chain
resonance shifts from 0.481 PHz (623 nm) to 0.406 PHz (737 nm) (see Table 1). Since the
period is unchanged (d = 225 nm), the position of the X, FL, and FWG reference points remains
unchanged. This has a direct impact on the spectral features of the structure which, as we can see
from Figs. 4(d,e,f) and Figs. 6(d,e,f), occur at the same frequencies as in the spaced configuration
(Figs. 4(a,b,c) and Figs. 6(a,b,c)) but for smaller values of ay. Nevertheless, the effect of the
reduction of D manifests itself in a different intensity distribution observed in these power spectra.
Band diagrams in Fig. 7 also show similar characteristics as in the case D = 50 nm, with stronger
couplings: for ay = 35 nm, the two-modes gap begins to open at the X point and becomes wider,
progressively moving away from point X, as ay increases. The stronger two-mode coupling,
which manifests with the formation of wider gaps, is due to the more efficient excitation of LSP
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chain modes, which leads to an almost complete power transfer from the dielectric waveguide to
the plasmonic 1D array within a very short length [28].

Fig. 7. FDTD calculated band diagrams for the contacting configuration, when D = 0 nm
and d = 225 nm. The continuous red line and the dashed green line represent the SiN and
the SiO2 lightlines, respectively.: (a), (b), (c) and (d) correspond to ay = 35, 40, 45, and
50 nm, respectively.

For ay = 45 nm, in Fig. 7(c), the two-modes crossing occurs in the vicinity of the point FWG.
Also in this strongly asymmetric environment, the coupling balance results in three parallel
branches. The central one, occurring close to 0.413 PHz (726 nm), connects the SiO2 lightline to
the FBZ edge. Figure 4 shows that, even for D = 0, a 2 nm-wide symmetric dip in the power
extinction appears, together with corresponding symmetrical peaks in both transmittance and
reflectance, which we attribute to the excitation of the SLR mode. To further shed light on the
nature of this feature, we also studied the scattering of light along the z-axis by calculating the
power spectra along the two horizontal monitors indicated as σ1 and σ2 in Fig. 1. Figure 8(a)
shows two sets of curves: (i) the transmittance (multiplied by 100), the reflectance, and the
power extinction spectra, shown as solid curves; (ii) the outward power spectra through the two
aforementioned horizontal monitors (multiplied by 10) and the overall power leaving the system
(denoted as σ0), shown as dashed curves. Scale factors have been added to display all different
quantities on the same figure. From these spectra, we observe that at the FWG point the dip in
the extinction is accompanied by a dip in the curves representing the power leaving the system
along the z-direction and by an increase in the power leaving the system along the direction
parallel to the LSP chain. Finally, Figs. 8(b,c) show the distributions of the Poynting vector
x-component and of the electric field y-component phase calculated at 0.413 PHz (726 nm).
From the Poynting vector, it is possible to observe that, at this frequency, the LSP chain shows a
steady-state resonance, with the energy surrounding the chain directed co-propagatively inside



Research Article Vol. 30, No. 4 / 14 Feb 2022 / Optics Express 5845

the MNPs and counter-propagatively outside them. Furthermore, from the phase map, we observe
that the equiphase fronts of the hybrid wave are perfectly planar and in phase with the resonance
of the LSP chain, as expected for an SLR mode.

Fig. 8. (a) Transmittance T (multiplied by 100), reflectance R and power extinction E
calculated for the contacting configuration when D = 0 nm, d = 225 nm and ay = 45 nm
(blue, red and black solid curves, respectively); outgoing power spectra through the two
horizontal monitors σ1 and σ2 (multiplied by 10) and the overall power leaving the system σ0
(violet, green and cyan dashed curved, respectively). (b) Distributions of the x-component
of the Poynting vector and of (c) the phase of the electric field y-component, both calculated
at 0.413 PHz (726 nm).

Furthermore, since the whole hybrid modes are involved in the excitation of the SLR, the
phenomenon is quite robust with respect to the spacing D between the waveguides: SLR can
appear as long as the hybrid modes exist.

5. Conclusion

As shown in this paper, 1D surface lattice resonances can be excited from hybrid photonic-
plasmonic guided modes, below the light line, by design parallel to the periodic LSP chain
axis, in spaced or contacting waveguides configurations. In this fully waveguided structure,
the grazing diffraction mode coupled to LSP chain collective resonance is excited when the
photonic and plasmonic dispersion curves cross at the first Brillouin zone border, generating a
wide k-band flat branch, which in turn crosses the light line. This specific phase-matched slow
light results in a 2 nm-wide symmetric dip in the power extinction spectrum, which is matched by
a symmetric peak in both the transmittance and the reflectance of the functionalized waveguide.
Such optical response can be exploited for high-sensitivity sensors or non-linearity enhancement
in case of interaction of the LSP chain with coating materials. The guiding configuration ensures
the focused and efficient excitation of the involved plasmonic structures. Besides, even out of
the "perfect" phase-matching leading to SLR, we have shown that the Bragg grating reflectivity
can be significantly enhanced by the plasmonic resonance, without modification of its spectral
position. These results open the road to new integrated photonic functions exploiting slow light
or finely tuned mirror reflectivity based on localized surface plasmon resonances.
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