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ABSTRACT

Hyperbolic metamaterials (HMMs) are anisotropic optical materials supporting highly confined propagating electromagnetic modes. How-
ever, it is challenging to tailor and excite these modes at optical frequencies by prism coupling because of the unavailability of high refractive
index prisms for matching the momentum between the incident light and the guided modes. Here, we report on the mechanism of excitation
of high-index Bloch plasmon polariton modes with sub-diffraction spatial confinement using a meta-grating, which is a combined structure
of a metallic diffraction grating and a type II HMM. We show how a one-dimensional plasmonic grating without any mode in the infrared
spectral range, if coupled to an HMM supporting high-index modes, can efficiently enable the excitation of these modes via coupling to far-
field radiation. Our theoretical predictions are confirmed by experimental reflection measurements as a function of angle of incidence and
excitation wavelength. We introduce design principles to achieve a full control of high-index modes in meta-gratings, thus enabling a better
understanding of light-matter interaction in this type of hybrid structure. The exploitation of the spectral response of these modes can find
applications in bio-chemical sensing, integrated optics, and optical sub-wavelength imaging.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0008687

Manipulation of photons at the nanoscale, well beyond the
diffraction limit of light,'* has become a topic of great interest
for prospects in real-life applications,” such as energy harvesting
and photosensitive chemical reactions,”” subwavelength waveg-
uides,’ nanocavity lasers, "’ opto—electronics,H biochemistry,u and
nanomedicine."” Since the last decade, conventional metallic mate-
rials have been shaped with advanced nanofabrication techniques
in order to create electromagnetically coupled nanostructured sys-
tems, dubbed meta-materials, whose peculiar optical properties arise
from the sub-wavelength confinement of light.'* In this framework,
hyperbolic metamaterials (HMMs) have received great attention
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from the photonics community due to their unusual optical proper-
ties.'””'” HMMs have been shown to enable negative refraction, * *'
resonant gain singularities,”” nanoscale light confinement,” optical
cloaking,l " extreme biosensing,:?’f nonlinear optical phenomena,l‘*
super resolution imaging and superlensing effects,””” plasmonic-
based lasing,”" artificial optical magnetism,” full control of absorp-
tion and scattering channels on the nanoscale,” " etc. They display
a hyperbolic iso-frequency surface,” " which originates from one
of the principal components of their effective permittivity or per-
meability tensor, having the opposite sign to the other two principal

components. When considering the permittivity tensor, HMMs can
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be divided into two types: type I has one negative component and
two positive ones. In contrast, a type II HMM has two negative
components and one positive. In practical terms, type II appears
as a metal in one plane and as a dielectric along the perpendicular
axis, while type I is the opposite, that is metallic along one direction
and an insulator in the plane. Such anisotropic materials can sustain
propagating modes with very large wavevectors, having long life-
times and propagation lengths in comparison to classic plasmonic
materials,”””” leading to a strong Purcell enhancement of sponta-
neous radiation.””"' Beyond the so-called natural hyperbolic mate-
rials, it is possible to mimic hyperbolic properties, for instance of
type II, by using a periodic stack of metallic and dielectric layers*”
that can support surface plasmons and guided optical modes with
large wavevectors'” and whose effective permittivities for different
polarizations have different signs.””*'

In this work, we focus on a one-dimensional (1D) metallic
diffraction grating [sketched in the left-panel of Fig. 1(a)], which
has been coupled to an artificial HMM of type II made of alternat-
ing layers of Au and Al,O3 [depicted in the left-panel of Fig. 1(b)].
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FIG. 1. Sketches of (a) the control 1D metallic grating, (b) the HMM, and (c)
the meta-grating. On the right side of each sketch, specular reflectance spectra
measured with TM-polarized light at incident angle 6 = 60° are shown.
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By using semi-analytical calculations, numerical simulations, and
experiments, we provide a full overview of the main optical effects
arising from the coupling between the 1D grating and a type II arti-
ficial HMM. We call this type of system “meta-grating,” and a sketch
of this architecture is presented in Fig. 1(c).

First, we consider a 1D metallic grating made of gold with a
grating period of 450 nm, PMMA stripe dimensions of 250 nm
(width) and 60 nm (thickness), and a 20 nm gold layer on top
[Fig. 1(a)]. In the right panel of Fig. 1(a), we plot the experimen-
tal reflectance of this system, which has been fabricated by using a
combination of e-beam evaporation and lithography techniques (see
the supplementary material for more details) as a function of the
wavelength of the incident transverse magnetic (TM, p-polarized)
light at the representative incident angle 6 = 60°. The choice of the
angle is arbitrary; in our experimental setup the measurements can
be performed at whatever angle between 15° and 75°. As can be seen
by looking at the reflectance spectrum, no special features appear
in the wavelength range 1000 nm-1750 nm. Similarly, if we con-
sider the experimental reflectance of an HMM [Fig. 1(b)] made of
eight alternating layers of Au (15 nm) and A,O3 (30 nm) with an
additional dielectric spacer (Al,Os3, thickness 10 nm) on top, we can
see that no features are present in the same spectral range [right
panel of Fig. 1(b)]. Furthermore, the sample is highly reflective in
the near-infrared region, as already demonstrated in previous works
on similar systems.” Although the 1D metallic diffraction grating
does not support any propagating plasmon in this range of wave-
lengths, the HMM can indeed support confined modes, which are
not excitable by direct coupling of the HMM with external radia-
tion. If we combine the 1D metallic grating and the HMM crystal,
sharp and intense modes appear in the spectral region of interest
[right panel of Fig. 1(c)].

It is important to note that with transverse electric (TE, s-
polarized) incident light, no modes are observed in the meta-grating
(see Fig. S1 of the supplementary material).

To get more physical insight into the observed effects, we have
calculated, using a transfer matrix method (see the supplementary
material for additional details), the dispersion of the modes that can
be potentially excited in the HMM multilayer [Fig. 2(a)]. Under cer-
tain experimental conditions (such as the prism-coupling technique
or high-energy electron beams), we can excite two Surface Plasmon
Polariton (SPP) modes, indicated with S1 and S2, one at the interface
with air and the other at the interface with the glass substrate, respec-
tively. Nevertheless, these modes fall outside the spectral region we
are interested in and are not the focus of this study. Interestingly,
we can observe confined propagating modes, which are propagating
within the multilayered structure. These modes, labeled Bn (where
n=1,2,3,...),are known as Bloch Plasmon Polaritons (BPPs) and
are the eigenmodes of an HMM multilayer.” We now consider the
dispersion relation of a diffraction grating, that is, ky = A sin 6 + mG,
where A = 2m/\ () is the wavelength of the incident light), G = 2n/a
(a is the grating period), 0 is the angle of incidence, and m is an
integer number, either positive or negative."”*" If we calculate the
geometrical dispersion of a grating with period 450 nm and an angle
of incidence of 60° for different values of m, for instance, —1, 1, and
2, we end up with the red lines in Fig. 2(a). As can be noticed, these
curves intersect the BPP mode dispersion curves at precise energy
values in the near-infrared spectral range, which we highlight with
colored dots in Fig. 2(a). If we focus our attention on the grating
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FIG. 2. Results of Fourier modal calculations for the meta-grating system. (a)
Modal dispersion diagram in terms of incident light energy E vs transverse
wavevector k. Thin blue lines are modes calculated for the HMM structure without
the grating using the optical transfer matrix approach. The modes are labeled as
follows: Sn (n = 1, 2) are SPPs and Bn (n = 1-6) are BPPs. The red dashed lines
correspond to energy-wavevector relations for different diffraction orders: (-1, 0),
(1, 0), and (-2, 0). The intersection of these relations and the energy at each min-
imum highlighted in panel (b) is shown as a colored dot. Note that the dots do not
perfectly overlap with the calculated mode lines because the actual mode posi-
tions are shifted slightly in the presence of the grating. Curves corresponding to
SPP propagation in air and glass are drawn in gray. (b) Reflectance vs wavelength
for an angle of incidence of 60°. Three BPP modes (B1 at 1370 nm, B2 at 1520
nm, B3 at 870 nm and 1680 nm, and B4 at 1840 nm) are highlighted. For each
of the modes B1 and B3 highlighted in panel (b), the transverse Poynting vector
component vs height within the structure is shown in panels (c), (), and (g). [(d),
(f), and (h)] The corresponding fractional contribution of each diffraction order to
the field within the structure. The dominant contributions are from orders (0, 0),
(1, 0), (=1, 0), and (-2, 0). The other orders are summed together and labeled
“other.”

mode (-1, 0), we observe that it crosses the curves of the first four
BPPs at 1370 nm (red dot—B1), 1520 nm (green dot—B2), 1680 nm
(orange dot—B3), and 1840 nm (purple dot—B4). These results
have also been confirmed through a scattering matrix method."* By
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considering also the grating structure on top of the HMM multilayer,
it results in the blue curve in Fig. 2(b), which reproduces well the
experimental curve reported in the right panel of Fig. 1(c). The slight
difference between the experimental and calculated spectral posi-
tions of the dips, as well as the relative spectral separation between
them, is due to the difference in the values of the dielectric constants
of the deposited materials and those used for the calculations.”””’
Nevertheless, it is clear that our theoretical results and our simple
argumentation (grating dispersion coupled to BPP dispersion) con-
firm the idea that the presence of a metallic diffraction grating on
top of an HMM multilayer is responsible for the excitations of these
modes in the near-infrared.

We also analyzed in detail how the different diffraction orders
contribute to the excitation of these BPP modes. The B1 mode at
1370 nm [Fig. 2(c)] and the B3 mode at 1680 nm [Fig. 2(e)] are
examples of the simplest scenario: one diffraction order is domi-
nant throughout the interior of the HMM [see the (—1, 0) curve in
Figs. 2(d) and 2(f)]. On the contrary, the mode B3 excited at 870 nm
[Fig. 2(g)] is a bit more complicated because while the diffraction
order (2, 0) is the largest contribution throughout most of the HMM,
there is also a significant contribution coming from the diffraction
order (1, 0). Thus, we get a mode with roughly the characteristics of
B3 [compare Figs. 2(e) and 2(g)] based on the shape of the Poynt-
ing vector distribution [see the negative Sy peaks in the dielectric
layers in Fig. 2(g)], but mixed with counter-propagating modes (pos-
itive peaks) excited via (1, 0). In this geometry and spectral range,
the study-case “B3” is an important example of how the same BPP
mode can be excited by using two different diffraction orders at two
different wavelengths [see Figs. 2(a) and 2(e)-2(h)]. This result is
also important since it demonstrates that by engineering the metal-
lic diffraction grating geometry, one can achieve on-demand mul-
tiple excitations of the same mode, and thus of its peculiar field
distribution, in different spectral ranges.

Although out of the scope of the current work, which is focused
on the excitation of BPP modes by coupling with a metallic grating,
it is worth noting that in Figs. 2(e)-2(h), an additional contribution
coming from the diffraction mode (-1, 0) close to the multilayer/air
interface is clearly present. This might come from the SPP mode
excited by the grating at around 900 nm close to the B3 mode at
870 nm, which is clearly present also in the experimental curves
shown in the right panels of Figs. 1(a) and 1(c).

After this analysis, we have performed angle and wavelength
resolved experiments to prove the picture we have developed so
far. In Fig. 3(a), we show a representative AFM (top panel) and
SEM (bottom panel) image of a FIB-milled cross section on the
experimentally realized meta-grating.

The experimental reflectance spectrum of the fabricated meta-
grating as a function of the wavelength and the incident angle of the
impinging TM-polarized far-field radiation is plotted in Fig. 3(b).
Four dips are clearly visible in the studied spectral range. These
modes are also highlighted with colored circles at 6 = 60° (for more
details about the optical measurements, see the supplementary mate-
rial). Because the angle of incidence and the grating geometry are
known, we were able to extract the real part of the effective index
[phase velocity of the mode divided by the speed of light, see points
in Fig. 3(c)] of each mode from the experimental reflectance mea-
surements in Fig. 3(b). We have also made a direct comparison with
our theory [see the colored lines in Fig. 3(c)], thus confirming that

5,076109-3
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image of the gold/PMMA grating sur-
face (the rest of the figure is a sketch
of the HMM multilayer). Bottom panel:
colorized SEM image of a FIB trench
on the metallic grating made of PMMA
(60 nm thick) on an HMM multilayer
covered with 20 nm of Au. (b) Experi-
mental reflectance as a function of the
wavelength and the incident angle of
the incoming TM-polarized light. The four
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the excited BPPs are high-index modes (n > 2) and that at each
mode, they correspond to a specific modal index.

We also performed an alternative mode analysis, based on the
finite element method (see the supplementary material for more
details), to further support the results of our semi-analytical mod-
eling developed so far. In the top panels of Fig. 3(d), we have plot-
ted the near-field distribution of the first four BPP modes excited
with TM-polarized light at 6 = 60° by using the same geometrical
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parameters of the fabricated structures. As can be inferred by look-
ing at the field distributions within the HMM plotted in these four
panels, the peculiar field distributions we have found by using the
transfer matrix method appear at the wavelengths where the grating
mode crosses the BPP modes. These are exactly the field distribu-
tions we obtained by solving numerically the eigenvalue problem
of a multilayered HMM on a glass substrate without the diffraction
grating on top of it [bottom panels of Fig. 3(d)], which also perfectly
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match the distribution of the Poynting vector obtained by using the
transfer matrix approach used in Figs. 2(c)-2(h). This proves that
although no SPP modes are supported by the diffraction metallic
grating in this wavelength range, the presence of a diffraction order
allows the excitation of the BPP modes, which cannot be excited by
directly coupling the far-field infrared radiation with the multilayer
in the absence of the grating itself. If we look at Fig. 3(d), we can
also observe that the field distribution at the grating level is almost
the same for all four the cases, indicating that (i) it is only one grat-
ing mode, which is actually contributing to the excitation of the BPP
modes (thus confirming the diffraction orders’ contribution analysis
made in Fig. 2) and (ii) the mode is almost localized.

To prove the latter hypothesis, we have also calculated the
reflectance of four meta-gratings where we considered different
types of gratings on top of the HMM. In Fig. 4(a), we plot the four
geometries considered (included the one used in the experiments),
along with the calculated reflectance spectra at 6 = 60° and the near-
field distributions for a representative mode, in this case, the B2
mode. The choice of this mode is arbitrary, and the same analysis
can be applied to all the other three modes studied here. By directly
comparing the response of the four meta-grating cases presented in
Fig. 4, it turns out that it is a localized diffraction mode at the thin
Au stripe edges, which is the main responsible for the excitation of
the BPP modes. Moreover, by comparing the responses of the Au
grating on top of PMMA stripes with a dielectric spacer (simula-
tion of the experimental case—top-left panel) and the case of the
Au layer on top of the PMMA stripe (top-right panel), it is clear
that the underlying gold layer is also important, since the absorp-
tion efficiency is maximized only in this case. We then considered
an ideal grating, namely, a grating made of pure gold (bottom-left
panel) and also an Au thin film with a stripe etched within it (anti-
stripe geometry, bottom-right panel), and again we can excite the
B2 mode, although in these two cases, the efficiency is very low.
All these observations become clearer by looking at Fig. 4(b), where
we plot the related calculated absorption efficiencies in the wave-
length range where the B2 mode is excited using these four different
diffraction gratings. By playing with the grating geometry, we can
either achieve a negligible absorption (pure gold grating case) or
a huge absorption (>99%) in the case of the Au film deposited on
top of a PMMA stripe, which is the same for our experimental case,
although there we reach an absorption efficiency of ~90% mostly due
to structural defects. Similar effects were also recently observed in
the visible spectral region by Azzam et al. who studied the formation
of hybrid photonic-plasmonic modes when coupling a 1D metal-
lic grating with a dielectric optical waveguide.”' In that study, the
plasmonic propagating modes can be excited directly by coupling
with far-field radiation, and they hybridize with the cavity modes
in the waveguide, while in our case, it is crucial to couple the two
systems, which are not displaying any plasmonic mode (in the case
of the grating) or bright mode (in the case of the HMM) if taken
separately.

After this analysis, we have also studied, from a pure numeri-
cal point of view, how the thickness of some important components
of either the HMM multilayer or the grating on top of it can affect
the dispersion of the modes. We focused our parametric study on
the role played by the thickness of the PMMA bar, the Al,O3 spacer,
and the metal/dielectric layers. In Fig. 5, we display the calculated
reflectance of the meta-grating as a function of the wavelength of the
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FIG. 4. (a) Calculated near-field distribution of the B2 mode excited in four different
meta-gratings: experimental case (top-left), namely, a PMMA stripe with a gold thin
film (thickness 20 nm) on top, a gold stripe on top of a PMMA bar, and no gold on
top of the dielectric spacer (top-right), a pure gold grating (bottom-left), and an
anti-stripe geometry (bottom-right), namely, a gold film with a stripe etched on it.
The excitation wavelengths of the B2 mode in each case are marked in panel (b),
which shows the corresponding calculated absorption efficiencies.

incident light (for 6 = 60°) and the thickness of the Al, O3 layers.
We maintained fixed the value of the thickness of the Au layers in
each panel, and we considered four different Au thicknesses (5 nm,
15 nm, 25 nm, and 35 nm, the latter comparable with the skin depth
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of gold in the near-infrared). As can be seen, there is a threshold dic-
tated by the experimental value of 15 nm, above which the four BPP
modes merge and disappear. Moreover, already for an Au thickness
of 25 nm, the intensity of these four modes strongly drops for values
of the AL, O3 thickness below 30 nm. We then calculated the depen-
dence of the BPP mode dispersion on the PMMA bar and Al,O;
spacer thicknesses. We left the Au film thickness constant and equal
to 20 nm in all the cases. In Fig. 6, we report the reflectance of the
meta-grating for 6 = 60° and for different values of the PMMA bar
thickness as a function of the wavelength of the incident light and
of the AL, O3 spacer thickness. As can be inferred from the plotted
maps, to achieve a proper coupling between the metallic grating and
the HMM multilayer, the PMMA bar thickness has to be larger than
the Au film thickness, that is, we need to separate well the top part of
the grating from its bottom part. Indeed, only for thicknesses above
40 nm, we start to see the appearance of the four BPP modes. It is also
interesting to note that for PMMA bar thicknesses above 60 nm (as

in the experimental case), the dispersion of the four BPP modes is
not strongly modified.

Moreover, it is also important to note that the Al,O3 spacer
thickness should not be larger than 20 nm-30 nm because for thick-
nesses larger than this value, the reflectance dips become less intense,
which is a signature that the coupling between the grating and
the HMM multilayer is not optimal. Nevertheless, keeping a larger
spacer thickness might be useful for achieving a sharper mode width,
thus a better quality factor.

The two analyses we have done so far are important since they
show how, by playing with either the geometry of the grating or the
thickness of the HMM layers, we can tune the spectral distance, the
position, and the intensity of the modes (see Figs. 4 and 5). More-
over, it is worth mentioning that a geometry-dependent width of the
modes, as shown in Figs. 5 and 6, has an important repercussion on
the quality factor of the resonant mode. Consequently, the Purcell
factor of an emitter placed either inside or close to the cavity can
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be strongly modified by the interaction with a specific BPP mode.
Depending on the quality factor of such a mode, one can obtain a tai-
lored modulation of the Purcell factor of the emitter and manipulate
its emission properties.””*"?*

Finally, as already shown in Fig. 3(c), it is also important to
note that the BPP modes supported by the HMM multilayer display
different refractive indices depending on the order of the mode."
These indices are known as modal indices and affect both the prop-
agation and penetration distance of the confined BPP waves within
the multilayer. In Figs. 7(a) and 7(b), we report the calculated real
and imaginary part, respectively, of the modal index of the first seven
modes supported by the HMM for the representative wavelength of
1500 nm. It is important to notice that although the absolute val-
ues might change by considering different wavelengths, the overall
trend, which is monotonic in the spectral region where the HMM
shows a hyperbolic dispersion [see also Fig. 3(c)], is the same. As the
number of the mode increases, also the losses [plotted in Fig. 7(c)]

increase. For comparison, we also plot the calculated modal indexes,
along with the other quantities, of the two SPP modes at the air
and glass interfaces (blue and yellow lines, respectively). By increas-
ing the modal index, we can also slow down radiation velocity
[see Fig. 7(d)] within the structure. This is an important feature in
view of practical photonic applications where tunable lifetimes are
needed on the same platform, and our architecture might repre-
sent an interesting candidate to achieve this functionality. Finally,
it is worth mentioning here that high-index and slow photonics
modes like these can be used for enhancing nonlinear interactions
as well as in optical circuitry, especially for buffering, switching, and
time-domain processing of optical signals.”* >

In conclusion, we have demonstrated the excitation mecha-
nism of Bloch Plasmon Polariton modes in the near-infrared using
a meta-grating approach, that is a metallic diffraction grating cou-
pled to an artificial hyperbolic material of type II. Due to the cou-
pling between the dark Bloch modes supported by the multilayered
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hyperbolic structure and the diffraction modes of the grating, the
nature of the modes is exchanged at given spectral points, giving
rise to sharp modes with geometry-tailored quality factor and tun-
able spectral position, lifetimes, and group velocities. These modes
are characterized by high absorption efficiency (>99%) in the near-
infrared spectral region, making them perfect candidates for appli-
cations in tunable-threshold lasers, sharp spectral filters, perfect
absorbers, enhancement of nonlinear phenomena, and biochemical
Sensors.

See the supplementary material for methods such as sample
fabrication, optical measurements, and numerical simulations and
for the angular dependence of the meta-grating for TE-polarized
incident light.
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