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In the quest of lossless slow light
at surface plasmons

Korlan Ziyatkhan?, Bakhtiyar Orazbayev"* & Constantinos Valagiannopoulos®™*

Surface plasmons, namely, the waves guided at the boundaries between metals and dielectrics, are
employed in a variety of engineering applications, spanning from photodetection and near-field
scanning to biosensing and medical imaging. The spatial confinement of this effect makes it ideal for a
quest towards low-loss guiding of slow light along the interfaces of similar heterostructures. Numerous
pairs of materials are considered to determine the conditions for the emergence of strong surface
waves, once the visible-light frequency is selected to secure minimum phase velocity or minimum
propagation losses. The reported results can offer multiple optimal alternatives in the forward and
inverse design of photonic components calling for high-intensity, low-loss slow light being guided
across two-dimensional boundaries.

A major discovery in the electromagnetics research of the previous century was the observation of surface waves
across a metal-dielectric interface with arbitrarily large wavenumber. They are called surface plasmons and refer
to trapped electromagnetic fields between the two media because of their interaction with the free electrons
of the conductor!. Such a spatial concentration of the photonic signal was first demonstrated as a matching
regime between thin metallic films and free space® while the frequency dispersion of supported modes was
identified subsequenctly®. The reported effects call for feeding by evanescent waves into a vacuum and, thus, they
get better illustrated in free-standing structures involving total internal reflection like the prisms of Otto* and
Kretschmann®. Interestingly, some of the primitive utilities based on surface plasmons, concerned the accurate
measurement of the optical constants for thin metal foils® and the suppression of damping for the developed
propagated waves, in the vicinity of interfaces’.

This type of surface waves and its technological implications established plasmonics, a new field in material
science, where several old concepts from electronics are revolutionized. Indeed, within the plasmonics framework,
the digital information sent from one point to another could travel with the speed of light®. Such a field made
great strides, in terms of instrumentation development, across various fronts like resonant sensors’, quantum
light generators'® near-field scanners'! and data storage elements'2. Importantly, sub-diffraction-limited
optical imaging'® and sharp photonic switching in biological', chemical'®, and medical'® systems are just few
applications of the same phenomenon. In addition, the influence of the shape of metallic nanoparticles on the
intensity of surface plasmons has been studied!” while the capacities of the effect in monitoring spectroscopically
the molecular interactions in real time have been thoroughly examined!®!°. Interestingly, similar surface waves
can be observed not only across the boundary of metals but also at square holes opened on a conducting surface*
or graphene monolayers sandwiched between two insulators?!.

The effect of surface plasmon keeps delivering surprising physics results and spinning out radical engineering
applications. In particular, judiciously designed plasmonic nanostructures can greatly enhance light absorption
by converting incident photons into hot electrons?? or detecting molecules?*. Surface plasmon setups enable also
superior sensitivity in identifying refractive index?*, photodetection®® and DNA molecule sensing®. Importantly,
surface plasmon resonances allow for optimization of photoabsorbers and photothermal nanoheaters?” while
they can help understanding the activation mechanism of oxygen molecules?®. Moreover, broadband excitation
of these surface waves through rectangular waveguides exhibits a great potential in microwave circuit modeling®,
boosting nonlinearities®® and catalysis engineering®'.

With the rise of metasurfaces, surface waves continue to yield groundbreaking physics insights and drive
innovative technological solutions for wave manipulation, including the spoof surface plasmons®2. Metasurfaces
enable precise routing of electromagnetic signals®, transforming wave properties through gradient metasurfaces
for applications like beam shaping and imaging®!. They also facilitate leaky wave mechanisms for efficient
coupling into radiation modes®®, which is crucial for compact, high-performance antennas with dynamic beam
steering. Additionally, they allow the creation of slow wave structures that enhance wave-matter interactions®,
improving the sensitivity in sensing applications and the performance in delay lines or nonlinear optical effects.
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These versatile properties, that are confined across only two dimensions, render metasurfaces essential for
developing advanced photonic devices and terahertz systems. However, their fabrication is often complex and
challenging, limiting their practical implementation and scalability.

In this work, we consider numerous pairs of metallic and dielectric media across the visible part of the
frequency spectrum to find out which of them are able to host slow light of the highest quality via the developed
surface plasmons when surrounded by a lossless dielectric, with no need of metasurfaces. Slow light, namely
waves with small phase and group velocities, makes a very desirable feature that promotes stronger light-matter
interactions”, offers additional regulation of the operational spectral boundaries and allows for delaying and
temporarily storing light in all-optical memories®®. Usually slow light is observed at photonic crystals exploiting
the dispersion inherited to the effective medium by the perforated structure®; moreover, the increased phase
sensitivity is directly utilized towards decreasing the sizes of many devices, including switches, routers, logical
gates, and wavelength converters®’. In our study, this slow light effect is forced to occur at the interface of two
materials. Therefore, the respective signals are expressed as enhanced surface waves which makes them more
easily recordable without state-of-the-art equipment?! and enables a massively parallelizable analog photonic
processing across multiple interfaces.

In particular, we investigate two slabs from these media, connected back-to-back, while being unilaterally
excited by oblique waves propagated into a dense dielectric matrix. Naturally, due to the opposite signs of the
real parts of the two permittivities, the magnetic field gets locally maximized across the interface. We search
for the wavelength that leads to either the slowest or the least lossy plasmonic resonance and optimize the
dimensions of the layers to give the largest field enhancement at their common boundary. In this sense, the
obtained optimal layouts meet the necessary requirements to guide strong waves that are spatially confined to
the interface. The reported designs are translated to extra degrees of freedom in the fabrication process of setups
serving a wide range of applications from optical sensing and field localization to chemical reaction monitoring
and data storage. Indeed, multiple alternative and efficient solutions are available, from which one may pick
those that respect additional constraints such as media availability, construction cost or chemical compatibility
and stability.

Results

Problem statement

We consider the simplest possible structure of two thin adjacent slabs with sizes h1 and h2, respectively (see Fig. 1a,
where the Cartesian coordinate system (x, y, z) is also defined). The two rectangular regions are filled with materials
of relative complex permittivities €1 and €2, respectively. The whole structure is placed into a lossless dielectric of
relative permittivity € >> 1, where the exciting wave travels along a direction that makes angle  with the normal-
to-interface axis. The incident magnetic field expressed as Hinc = 9 exp(—ikoz+/€ cos 8 — ikox+/csin §),
of unitary magnitude 1 A/m. The symbol kg = 27/ is used for the wavenumber into free space; similarly,
(g0, pto) correspond to the permittivity and permeability of vacuum. Harmonic time dependence of the form
exp(4iwt) is used and suppressed throughout the analysis, where w = 27 /(\\/€oft0) = 2mc/ X\ is the angular
frequency of the signals and ¢ = 1/,/€opo is the speed of light into vacuum.

As mentioned above, such a structure has been used to formulate the principles of a major discovery in
the research on matter-wave interactions, in the midst of the last century: the surface plasmon resonance! 3.
In particular, it was found that at an interface between two media whose real parts of dielectric functions are
of opposite sign (Re[e1]Relez] < 0), coherent electron oscillations can be hosted. In this way, surface waves
across the boundary are excited with magnetic field along y axis and propagation along x axis obeying to a factor
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Figure 1. (a) A simple bilayer comprising a semiconducting slab of thickness k1 and relative permittivity

€1 as well as a metallic layer of thickness h2 and relative permittivity 2. The structure is placed into a dense
dielectric of relative permittivity € and gets obliquely illuminated by a plane wave of light with wavelength

A that propagates along a direction making angle 6 with the normal direction. The setup is designed to host
surface plasmon resonances regarding the magnetic field magnitude |H(z)| along the interface between

the two media (z = 0). (b) The variation of the decimal logarithm of the normalized propagation constant
log(B/ko) across the map of the two permittivities (€1, €2) of the used media. Lossless designs are considered
(Im[e1] = Im[e2] = 0).
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exp(—ifx). That breakthrough enabled information transfer at the nanoscale, similarly to photonics but by
means of surface plasmons; thus, the respective research area is referred to as plasmonics.
Importantly, the demand for dying fields away from the interface (z = 0), forces the propagation constant 3

to be given by:
_ . _ | e1e2
B =Re[f](1 —1 tand) = ko e (1)

which routinely leads to slower waves than those traveling into vacuum (8 > ko). Indeed, in Fig. 1b, we represent
the decimal logarithm of the normalized propagation constant log(5/ko) with respect to the permittivities
(Re[e1], Re[ez2]) = (1, £2) inalossless scenario (Im[e1] = Im[e2] = 0). Itis clear that the conditions 162 < 0
and €1 + €2 < 0 should be mutually satisfied, while the represented quantity increases unboundedly as one
approaches the line 2 = —e1. However, the employed materials, and especially the epsilon-negative metals,
are characterized by losses which inherits £ with an imaginary part. As indicated in (1), the propagating surface
wave exhibits losses expressed by the quantity tan § = —Im[3]/Re[g].

It should be stressed that, in order for a surface wave to be developed at z = 0 of Fig. 1a, the excitation should
have components with the same x-dependence, namely, exp(—ifx). It can be achieved if evanescent incoming
waves are created with use of certain configurations like Otto* and Kretschmann® prisms. However, we certainly
can observe the effect for the obliquely incident plane wave of Fig. 1a, as long as:

kosinf’

for low-loss plasmons. One may point out that slow propagation of light is by default feasible, in case dense
dielectrics with £ >> 1 are available, as indicated in (2); importantly, Re[3] < 1/ since the surface plasmon
is fed only by the parallel to x axis wavenumber. Indeed, the developed surface plasmon has larger phase
velocity v = w/Re[f] = ¢/(y/€ sin ) than that of a plane wave traveling into the background medium (¢/+/e
). However, we aim at compressing slow light along the interface of two media and, to achieve this, we used
as vessel the well-known surface plasmons. The reason for such a choice pertains to the squeezed nature of
surface effects that admits the parallelization of photonic signal processing while being behind the idea to use
collectively several interfaces, one feeding the next one.

Thus, a good indicator of the intensity of the effect would be the squared magnitude of the magnetic field
evaluated at the boundary z = 0, compared with the respective quantity at the front interface z = —h;. In this
sense, we can define our metric Q = |H(0)|?/|H(—h1)|* which should be optimized when searching for the
most powerful surface wave. We impose the necessary boundary conditions at z = —h1, 0, h2 and the magnetic
field everywhere in space is determined. In this way, the considered metric takes the form:

2,‘4,182

Q:

— — koy/e—ikpeg cos (3)
e—r1h1 (5162 — 5281) —+ etrih1 (5152 —+ 5261) — 2e—r2h2 528161m

where ¢; = cosh(k;h;) and s; = sinh(k;h;) for j = 1, 2. The symbols x; = koy/esin® @ — £, describe the

waves into each material (j = 1, 2). The first layer will be the semiconducting one and the second the metallic
one since, otherwise, the penetration to the interface will be p00r42. Indeed, due to the huge textural mismatch
between air and the metallic layer, such a choice would lead to substantial reflections back to the source®?. On
the contrary, if Rele1] > 0 with relatively suppressed thermal effects (|Im[e1]| < Re[e1]), the dielectric slab of
suitable size h1 will match the incoming wave, minimize reflectivity and enable the magnetic field to concentrate
across the boundary*.

Our mission would be to maximize the metric Q by respecting additional constraints related to the propagation
constant 3 of the surface wave, as defined by (1). In Fig. 2a, we show the typical variation of Q from (3) across the
map of the physical thicknesses of the two layers (h1, h2); the obtained pattern is practically independent from
the incidence angle 6 since the metric Q measures a relative signal level at z = 0 compared to the respective entry
quantity at z = —h1. One directly observes that there is an optimal size h; that maximizes Q while the influence
of the thickness of the metallic layer h is rather weak; for this reason, we fix that parameter at ho = 200 nm
which is enough to capture the global maximum in most designs. As far as the incoming angle 6 is concerned, it
is picked based on how substantial is the ratio |[H(0)|/|Hinc|, where |Hinc| = 1 A/m.

In Fig. 2b, we represent that quantity with respect to the physical size of the dielectric k1 and the angle 0
; we also realize that the field strength appears at 8 = 45° which would also be our choice in the considered
examples. The additional constraints concern how slow and how low-loss are the surface waves that may be
developed across the interface. In particular, in the quest of slow plasmons, we will study the system for an
operational wavelength A at which the normalized propagation constant Re[3/ko] > 0 from (1) becomes
maximum. Similarly, when searching for the least lossy plasmons, we will pick a wavelength ), where the loss
tangent tan § > 0, again from (1), gets minimized.

The quantity Re[3/ko] equals to the confinement factor of the surface plasmon, which represents (in
dimensionless terms) the reduced plasmon phase velocity relative to the speed of light, namely, expresses
the wavelength shrinkage to lengths smaller than that of a free-space photon®. As far as the losses tan § are
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Figure 2. (a) Typical variation of metric Q = [H(0)|?/|H(—h1)|?, as defined by (3), with respect to the
thickness h1 of the semiconducting layer and the thickness hz of the metallic layer. The response is practically
independent from the angle of incidence 8 due to the implicit permittivity selection (2) and the relative nature
of metric Q. (b) Typical representation of relative magnetic field |H(0)|/|Hinc| , with respect to the thickness
h1 of the semiconducting layer and the incidence angle 6. Note that € varies with respect to 6, according to (2).

concerned, they are inversely related to the propagation length which equals to 1/(2Im[3]) and shows how
weak is the damping of the developed surface wave®S. In this sense, the quantities that will be optimized in
the following are neither new nor original; however, the simultaneous optimization of the relative strength Q
of the field concentration across the interface certainly is a feature that leads to meaningful results. Another
novel aspect of our research has to do with the consideration of a set of available media, that can be arbitrarily
expanded, to provide upper limits for the related performances across the regarded visible-light spectrum. In
this way, multiple alternatives of bilayers are given to the designer that are optimally operated at different bands.
Hence, extra degrees of freedom enrich the fabrication and testing processes which will be executed despite
emerged availability, cost or compatibility constraints.

We expect that our study will inspire further experimental efforts to develop slow light at interfaces between
several couples of media in bilayer configurations. In an analogous fashion, alternative plasmonic materials*’
have been compiled to provide advantages in device performance, design flexibility, fabrication, integration, and
tunability. Especially for slow light, our study can have an impact by offering several successful designs towards
electromagnetically induced transparency in optomechanical considerations*® and tunable all-optical delays
in optical fibers?. Importantly, the provided multiple alternative bilayers being able to host vanishing wave
velocities, can be critical towards enabling the development of whispering-gallery modes in microgear photonic
crystal rings® or studying topological effects with counter-propagating waves for the active control on a chip®®.

Optimal material pairs

This strategy will be adopted in the following numerical results, where the quest for strong surface plasmon
resonances takes place. In particular, we will consider a list of ordinary semi-conductors (e1) including elements
like carbon and crystalline silicon or compounds like arsenides and phosphides, which exhibit significant
dispersion in the visible (400 nm < A < 700 nm). When it comes to the plasmonic rear layer (e2), we regard a
set of commonly used metals of various levels of Im[e2], under visible light. The outcome of our optimizations
is presented in Tables 1 and 2, where all the combinations of the aforementioned materials are examined: each
dielectric corresponds to one row and each metal to one column with increasing losses from silver (least lossy)
to permalloy (most lossy). Each box of both the Tables is color-coded to the corresponding wavelength of visible
light at which optimal plasmons arise. In addition, the field enhancement metric Q, the maximum relative
propagation constant Re[3/ko] or the minimum loss tangent tan d, together with the operational wavelength A
are mentioned for each couple of media.

In Table 1, where the optimization results regarding Re[3/ko] are presented, we clearly see that numerous
pairs of materials lead to slow light over two dozen times stronger than the incoming field. Thus, Table 1 can
serve as a library of optimal designs that can absorb any deficiencies in a laboratory regarding the availability of
materials or cost of fabrication. It can be noticed that the plasmons able to develop across the interface between
two layers can be up to 95 times slower than the electromagnetic waves into free space (GaP/Ag bilayer). It
should be remarked that the superiority of that specific design could not be predicted based on the mild lossy
behavior of both the incorporated media due to the following reasons. (i) The recommended frequency of
operation (A = 538 nm) does not coincide with that minimizing the overall losses of the two materials. (ii)
Other designs exhibit much higher performance Q at alternative wavelengths than the one that GaP/Ag bilayer
is optimally working.

One can also observe the preference of silver-based designs for yellow color, the trend of platinum-based
bilayers to host plasmons at the green color of the visible spectrum, and a similar behavior of copper, gold,
titanium and permalloy regarding red color, as well. Interestingly, for structures comprising aluminum, it is
the dielectric that decides at which band the setup will be operated in an optimal manner, and, in most cases, it
regards blue rays. It should be also noted that suitably backed carbon and gallium phosphide semiconducting
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Permalloy

Py)

Silver Copper Gold Platinum Titanium Aluminium
(Ag) (Cu) (Auw) Pt) (Ti) (AD

Carbon 0~635 0=86 02389 044 0=21 0296 0222
(© Re[£]210.78|Re[£] 22 4.16 [Re[£]=4.32 |Re[£] 23.12 [Re[£] = 2.45 |Re[£] 223.00 REIAEERE
A=431nm | A=582nm | A=557nm | A=426nm | A =620nm | A =400 nm EVEESRIILE

Silicon 0=66.0 0=36.7 0=333 0=19 0=94 0=21

(Si) LEPAERVENRe[£] = 12.79 Re[£] = 12.10 LEFIEREN Re[ £ =~ 3.61 RUIIERKPE Re[£] = 3.81
A =594 nm EVESKTPATIVESETIRIGIM A =510 nm EWESGERETM A = 458 nm [EENGRN ]
Aluminium | Q=335 02319 02283 019 0=42 0x~21
Antimonide  Re[£] = 13.02EFAESIRINEIAESPELI Re[ 2] = 6.72 BEFAEENTN Re[£] = 6.16 REFIEER)
(AISb) IRVl A —666nm A =666nm [WEREATE A —700nm WESEIEN A =683 nm
Gallium 0~128 0138 0129 017 0=~36 019
Arsenide  |Re[£]=8.41 REFAEERIEIIEF BT Re[£]23.48 RUPIEERRIY Re[£] = 3.67
(GaAs) VIRl A =668nm A = 669 nm A =700nm WWESFLHFVW A = 700 nm

Indium 048 053 052 0227 013 0=22 015
LNSC T U Re[£]225.79 Re[£]=5.63 Re[£]=25.66 RUIIEERIN Re[£] 2328 ROPIEERAN Re[£] =344
(InAs) A=654nm A=700nm A=700nm [EISRLIRTM A —700nm WESEELFVWN A =700 nm

Gallium Indium| Q=17.2 0158 0147 049 019 0=42 (=W)
Phosphide  |Re[£]2:8.60 REPAEERFITIIER EXY Re[£] = 5.49 REFIEEEIN Re[£] = 5.53 REFAEER]
(GaInP) ST A =656nm A =656nm [EESRUARTIE A =676nm EESERIFTE A =670 nm

Gallium 0=~954 02327 02233 0=78 019 0=74 022
Phosphide  [Re[£] 2 18.00[Re[£] = 10.42|Re[£] 228.98 |Re[£] 2 6.14 [Re[£]=3.26 |Re[£] 2 6.63 [Re[£]=3.42
(GaP) A=538nm | A=619nm | A=618nm | A=473nm | A =620nm | A=417nm | A =575 nm

Table 1. Optimal designs hosting the slowest (maximal Re[3/ko]) surface plasmons. The enhancement metric
Q = |H(0)|?/|H(=h1)|? from (3), is optimized.

Platinum
(Pt)

Silver
(Ag)

Permalloy
(Py)

Titanium
(Ti)

Carbon 0221 0724 ESEY 0223 02344 02332
(©) tand =2 0.12 tand =20.004 tand =20.01 tand=0.11 tand=0.01 tand =0.01
A=700nm A=700nm A=700nm A=700nm A=700nm A =700nm
Germanium 0=1.5 0221.6 0243 0=1.7
(Ge) tand = 0.59 tand =1.51 tand =0.23 tand = 0.60
A=700nm A=700nm A=700nm A =700nm
Gallium Indium RO 02761 0122 022 022286 02277
Phosphide tand = 0.27 tand =20.01 tand=0.02 tand=0.25 tand =20.04 tand =0.05
(GalInP) A=700nm A=676nm A=700nm A=700nm A=700nm A =700nm
Gallium 020 02627 0125 0222 02296 02286
Phosphide tand = 0.23 tand =0.01 tand=0.02 tand=20.22 tand =20.03 tand =0.03
(GaP) A=700nm A=700nm A=700nm A=700nm A=700nm A =700nm

Table 2. Optimal designs hosting the least lossy (minimal tan § = |Im[3]|/Re[g]) surface plasmons. The
enhancement metric Q = |H(0)|?/|H(—h1)|? from (3), is optimized. Gray boxes correspond to poor
performance Q.

slabs can support slow surface waves even at short wavelengths corresponding to the violet part of the spectrum.
Additionally, among the various pairings, silicon and aluminium antimonide demonstrate the most favorable
results when combined with several metals while the silicon/silver couple yields very high enhancement Q and,
at the same time, a substantial wavenumber of Re[3/ko] =2 17.3 (second only to GaP/Ag design).

In the context of investigating minimally lossy plasmons, Table 2 presents a comprehensive compilation
of results analogous to Table 1 but focusing on minimum tan § this time. Once again, every cell of Table 2 is
associated with the wavelength of visible light, at which plasmons exhibit minimal loss. By inspection of Table
2, one sees that all the successful records (gray-colored boxes indicate poor performance Q) concerns red light
excitation. Indeed, the higher the oscillating frequency gets, the more suppressed the losses become; it is not
a coincidence that the vast majority of the designs prefer the largest possible wavelength A = 700 nm of our
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visible band. When it comes to the used media, once again bilayers with silver screen exhibit the highest signal
enhancements at the semiconductor/metal interface (z = 0) compared to the entry level at z = —h1. On the
other hand, both phosphides (GaInP and GaP) and carbon deliver very successful designs when paired with
gold and copper; in this way, the number of alternative bilayers that host highly-efficient surface plasmons gets
increased significantly. Special mention deserves to C/Ag bilayers that deliver a giant relative strength Q@ > 72,
combined with almost lossless behavior (tan d = 0.004).

The Tables 1 and 2 contain the bilayers leading to the most enhanced surface plasmons that achieve the
slowest phase velocities and the weakest thermal effects respectively, given the list of materials that one has
available. A higher score is only feasible if additional media are employed or more complicated structures are
incorporated; in this sense, the setups described by Tables 1 and 2 work in the best possible way and the exhibited
performances constitute upper bounds characterizing the functionality of such a simplistic layout. Indeed, only
hybrid optical waveguides, comprising dielectric nanowires in the vicinity of a metallic surface, lead to stronger
coupling between the two parts and enable energy storage allowing for effective sub-wavelength transmission
in non-plasmonic regions®%. In addition, these unique optical properties of metallic nanostructures enable
routing and manipulation of light at the nanoscale®® that pave the way towards applications in light-emitting
diodes, solar cells, low threshold laser, biomedical detection, and quantum information processing54. Similarly,
nanochips based on surface plasmons have been proposed to contain plasmonic circuits that are very efficient in
performing basic operations such as switching, summation and Boolean algebra®. Finally, more sophisticated
setups than the ones investigated in our study enable local detection of electromagnetic energy transport below
the diffraction limit>® and plasmonic lasing at the nanoscale®’.

With this work, we do not claim a trailblazing degree of novelty regarding the physical effects; as noted
above, the surface plasmons and the related phenomena are well-known for many decades. On the other hand,
we make a systematic engineering effort of optimizing this simple setup and give an expandable catalog of
structural components being able to host slow light across interfaces between two media; we advocate that such
a compilation of optimal regimes is of some usefulness by itself. Furthermore, certain conclusions can be drawn
regarding the highly-efficient layouts described by Tables 1 and 2. In Fig. 3a, we represent each and every design
from Table 1 on the plane of real permittivities (Rele1], Re[e2]) of the two media; each marker is painted in
the color of visible light at which optimal operation is achieved. Naturally, the larger the Re[e1] gets, the more
negative Re[ez] is needed so that 8 from (1) blows up. Bilayers operated at the violet color call for moderate
Rele1], |Im[e1]| while the designs preferring green or blue color demand higher dielectric and plasmonic effects.
In Fig. 3b, we show the optimized setups on the losses map (Im[e1], Im[e2]) of the two materials. It is clearly
inferred that several designs from all colors of the visible spectrum are crammed at the upper right corner of
the graph; therefore, we can say that the reported bilayers of Table 1 develop slow light combined by suppressed
thermal effects.

Moreover, in Fig. 3¢, we represent the contents of Table 2, working all under red illumination, on the same
map as in Fig. 3a. It is noteworthy that the points are not scattered like in the case of slow light designs but form
a line which can be characterized as a parametric boundary that gives low-loss plasmons. The locus comprises
an almost vertical part where Re[e1] is smaller combined with less negative Re[e2] and an almost horizontal one
declaring that most of the setups require Re[e2] & —5 no matter what is the magnitude of 12 < Re[e1] < 18
. That is another interesting feature hidden in the Table 2: visible-light surface plasmons with diminished losses
change their behavior at a threshold of dielectric layer permittivity Re[e1] 22 12. In Fig. 3d, where the same
layouts are shown across (Im[e1], Im[e2]) map, the results are even more meaningful. Again the formulated
line is composed of a vertical and a horizontal part which match with the respective ones of Fig. 3c. In other
words, the optimal designs into Table 2 either call for a plasmonic medium with e2 = —5 — 5i combined with
significantly lossy first layer or characterized by lower losses: —5 < Im[e2] < —1 paired to lossless dielectrics.

Field spatial distribution

It would be informative to investigate the spatial distribution of the electromagnetic signal in order to demonstrate
the concentration of the field across the interface between semiconducting and metallic layers. In Fig. 4, we
choose some of the characteristic bilayers from Table 1 of slow surface plasmons and show the magnitude of the
magnetic field, normalized by the unitary incoming magnitude |H(z)|/|Hinc|. It is represented as a function
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Figure 3. Representation of all the optimal designs from Tables 1 and 2 across planes of the constituent
characteristics of the two media. Each marker is painted in the color of visible light at which optimal operation
is achieved. (a) Bilayers of Table 1 across (Re[e1], Re[e2]) map, (b) bilayers of Table 1 across (Im[e1], Im[e2])
map, (c) bilayers of Table 2 across (Re[e1], Re[e2]) map, (d) bilayers of Table 2 across (Im[e1], Im[e2]) map.

Scientific Reports |

(2024) 14:29191 | https://doi.org/10.1038/s41598-024-78231-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

03

——GaP/Ag Si/Ag

——ClAg ——si/Cu

AlSb/Ag —Si/Al
] ]
I 0.06F jee]
— s
T T

0.01 :
- -5 0 5 10 15 5 10 15
z (nm) z (nm)
(@) (b)

Figure 4. Variation of relative magnetic field magnitude |H|/|Hin| along axis z for: (a) Ag-based designs

and (b) Si-based designs, operated at three different colors of the optical wavelengths ), as indicated by the
respective color of the curves. Maximum Re[3/ ko] bilayers are used from Table 1. Vertical black dashed lines
denote the interface in-between the two media while colored dashed lines correspond to the front boundary of
the used semiconducting slab.

1()l F 1 1 1 Sr 1 T
—C/Ag . : ——C/Au : . :
GalnP/Ag I I GalnP/Au| | .
! ! GaP/Au_ | ! 1
1 I 1
]
] ]
s an
= 10 = If
T : ; T
1 1
1 1 1
1 1 1 | 1
1 1 1 | 1
1 1 1 | [l
1 1 1 | "N
10—1 L 1 1 0.2 L . L ]
-250  -200 -150  -100 -50 0 50 -250  -200 -150  -100 -50 0 50
z (nm) z (nm)
(a) (b)

Figure 5. Variation of relative magnetic field magnitude |H|/|Hin| along axis z for: (a) Ag-based designs
operated at red color and (b) Au-based designs operated at three different colors of the optical wavelengths A,
as indicated by the respective color of the curves. Minimum tan ¢ bilayers are used from Table 2. Dashed lines
are sketched as in Fig. 4.

of the coordinate z in the vicinity of z = 0 and the color of each curve corresponds to the color of light under
which the respective design works optimally. With colored dashed lines we indicate the respective front interface
that meets first the incident wave while the black dashed line is used for the common surface between the two
materials.

In Fig. 4a, we pick three silver-based designs working at the corresponding wavelengths of the visible light.
In all the considered scenarios, the signal gets locally minimized when entering the structure and increases
rapidly within the semiconducting part; this feature makes the setups befitted to operate as sensors that sustain
Fano resonances. Such a behavior is related to half-wave loss; indeed hen light enters optically dense media
from optically dilute media, the field strength usually becomes minimized at their interface. Once the wave
penetrates the metallic layer, the signal decreases exponentially and exhibits a substantial maximum across the
interface z = 0. The developed local field can be over nine times the magnitude of the incident wave. In Fig.
4b, we regard another triplet of designs that incorporate a silicon slab and similar conclusions are drawn; notice
that the derivative of the represented quantity is not continuous at z = 0; it is an outcome of the different sign of
the permittivities (Re[e1]Re[e2] < 0), as dictated by Fig. 1b. Interestingly, the magnetic field at z = 0 is a non-
negligible fraction of the incident signal (30%-50%) which renders the device suitable to transform a sizable
portion of the incident power into surface waves, within an ultrathin volume.

In Fig. 5a, we regard three of the most successful designs (all with silver mirrors) hosting low-loss plasmons
from Table 2; as indicated above, they are all operated at red color (A = 700 nm). One directly notices that the
bilayers are much thicker than the ones of Fig. 4 achieving large Re[/ko]. Indeed, losses are usually increasing
with frequency and, inevitably, physical sizes get enlarged with wavelength. Due to the big spatial window we
consider, one may observe the standing wave-like patterns into the dense dielectrics (2 < —h1), which are
different for each case; the permittivity € is proportional to the supported Re[3/ko], as shown by (2). It is also
noteworthy that the field at z = 0 is much stronger compared to the incident wave amplitude; such a finding
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can be particularly important if local intensity enhancement is necessary for activation of nonlinearities and
gyrotropies®®. In Fig. 5b, we consider three scenarios materialized with gold-based setups and represent again
the relative signal |H|/|Hinc| as a function of normal coordinate z; the conclusions are similar with those drawn
from Fig. 5a.

Wavelength dispersion

In Fig. 6a, we pick five designs from Table 1, where the slow surface plasmons are achieved, and represent the
strength of their plasmons Q as a function of the operational wavelength A across entire the visible part of
wavelength spectrum. We notice that the points indicated by circular markers, which correspond to the optimal
operations, do not necessarily coincide with the peaks of the curves. Indeed, the proposed wavelength is the one
leading to maximum Re[3/ko], not Q; that is why the operational points emerge at slightly higher \. As expected
from the scores included in Table 1, the most powerful surface wave is excited between gallium phosphide an
silver layer, under green light illumination; on the contrary, the weakest plasmon appears at blue color within
the Si/Al optimal bilayer. With Fig. 6a, we demonstrate the potential of our optimized designs to work as sharp
filters for incoming light since they exhibit a single and significant resonance, each one at the prescribed color.

In Fig. 6b, we repeat the calculations of Fig. 6a but for designs taken from Table 2, where the least lossy
plasmons are reported. It is obvious that all of them work under red light (optimized at the maximum visible
wavelength A = 700 nm), according to the results included in Table 2. Once again, huge scores Q are feasible
when somehow shorter wavelengths are utilized, while substantial selectivity with respect to frequency is
recorded since only red/infrared radiation is regarded (600 nm < A < 800 nm), which is a much shorter band
compared to that of Fig. 6a. Especially between carbon and silver, one can observe ¢ > 130, meaning that
|H(—h1)| — 0; therefore , it makes an exceptional Fano-resonant filter with alternative utilities for switching
and sensing.

In Fig. 7a, we consider the same layouts as in Fig. 6a but represent their response across a map whose
horizontal axis indicates the Re[3/ko] and vertical the basic metric Q, while the oscillation wavelength X is
implicitly swept, across the entire visible spectrum. It is clear that the selection of the slowest surface wave has
been made for each design and, accordingly, the phase velocity of plasmons increase away from the optimal
operational regime. Moreover, the relative intensity Q can be more significant for shorter A but, beyond the
represented peak, drops more rapidly.

In Fig. 7b, we show how the loss tangent tan § of the created surface wave changes when the oscillating
wavelength is moving across the visible band, together with the well-known (from Figs. 6a, 7a) Q = Q(X)
variation. Interestingly, if one increases the oscillating wavelength A, one can achieve relatively powerful surface
plasmons (high Q) combined with low losses (diminished tan §). In this way, the robustness of all the beneficial
features of the surface wave (substantial intensity Q, small phase velocity Re[3/ko] and low losses tan d) is
directly demonstrated for a variety of working wavelengths .

In Fig. 8a, we regard the designs of Fig. 7b and represent their outputs on a performance map similar to
Fig. 7a. Since one sweeps the visible part of the spectrum (400 nm < A < 700 nm) and all the shown setups
are optimized at A = 700 nm, we assume only shorter wavelengths than the optimal one and, accordingly, we
obtain function-like lines of bigger and bigger Re[3/ko]. As far as the metric Q from (3) is concerned, we record
the same behavior of Fig. 6; in particular, the peak appears again at a wavelength shorter than the optimal, which
is accompanied by a higher Re[3/ko]. Special mention deserves the extreme change in Re[3/ko] exhibited by
C/Ag bilayer, which also makes the most successful design. In Fig. 8b, we show the same setups but across the
(tan d, Q) performance plane, where the least lossy features of the picked layouts is demonstrated. The similarity
of the behavior of the curves between Fig. 8a, b is noteworthy which means that if one requires slower surface
plasmons, inevitably has to cope with more pronounced thermal effects.
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Figure 6. The enhancement metric Q as function of oscillating wavelength A. (a) Bilayers from Table 1. (b)
Bilayers from Table 2. The optimal points are denoted by circular markers. The colors of the curves indicate the
respective color of the visible spectrum.
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Figure 7. Trajectories of optimal designs from Fig. 6a along the planes of surface plasmons quality, as the
operational wavelength is being swept across the entire visible spectrum 400 nm < A < 700 nm. Bilayers
from Table 1 on maps with vertical axes representing the enhancement metric Q and horizontal axis
measuring: (a) the plasmon wavenumber Re[3/ko] and (b) the loss tangent tan d. The optimal operational
points are denoted by circular markers.
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Figure 8. Trajectories of optimal designs from Fig. 6b along the planes of surface plasmons quality, as the
operational wavelength is being swept across entire the visible spectrum 400 nm < A < 700 nm. Bilayers
from Table 2 on maps with vertical axes representing the enhancement metric Q and horizontal axis
measuring: (a) the plasmon wavenumber Re[3/ko] and (b) the loss tangent tan §. The optimal operational
points are denoted by circular markers.

Conclusion and discussion

Various metal/dielectric bilayers are located into a dense dielectric bath and get obliquely illuminated; in such
a scenario, the magnetic field becomes maximized at the interface, leading to the development of surface
plasmons. Therefore, one can identify which combinations of thicknesses and wavelengths provide strong local
field enhancement and, accordingly, guidance of powerful surface waves. The followed process guarantees
additionally minimum speed for the emerged surface plasmons or minimum attenuation as they propagate.
Therefore, numerous optimal designs with several beneficial features (strong intensity, lossless, slow light) are
obtained and can give extra degrees of freedom in the process of fabricating the respective setups.

An interesting expansion of the present work would be to consider metal/dielectric interfaces of finite extent
able to host surface waves, incorporating cylindrical volumes®*. In this way, the aim of inverse design for
photonic metamaterials®® will be well-served since the constituent bilayer meta-atom of the respective efficient
structure would have been thoroughly optimized. Importantly, one can study additional components in the near
field of the optimal bilayers62’63, able to create the essential evanescent waves that excite the surface plasmons and
demonstrate the performance superiority of the corresponding designs. Integral equations provide a versatile
and powerful formulation tool that can encompass all the previous scenarios and can be treated with a variety of
method: from semi-analytical expansions of scattering integral®® and entire-domain basis functions® to surface
current approximations®. Such extra steps will admit the analyzed structures to be tested as parts of more
complex systems, where the increased field localization, the sharp spatial variation and the propagating qualities
of surface plasmons, are vital.
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