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Abstract A novel plasmonic structure based on an anticross-
ing bandgap prism coupling technique is proposed. The study
has been carried out using photonic crystals based on
diffraction gratings (bounded by dielectrics with identical
dielectric functions) together with a high refractive index
prism to couple the long-range surface plasmon polaritons
to photons. We analyse the structure and demonstrate the
ability for tuning the propagation constants of plasmon
modes by changing the thickness of the gold grating. The
comparison to non-bandgap techniques is studied, and the
influence of the plasmonic configuration on the plasmon
propagation constant is discussed as well. Experimental
measurements were also carried out to confirm the validity
of our model.

Keywords Anticrossing bandgap - Diffraction gratings -
Gold thickness dependence - Propagation constant - Prism
coupling technique - Long-range surface plasmon polaritons

Introduction

Interest in photonic materials has increased over the last
years due to the potential they offer to control the optical
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properties of materials, such as plasmonic bandgap lasers
[1], amongst others. In essence, photonic crystals consist of
regularly repeating internal regions of low and high dielec-
tric function, which influence the propagation of electro-
magnetic (EM) waves. A corrugated metallic surface may be
used to provide the appropriate periodicity of the photonic
crystal structure, which must be of the same length scale as
half the wavelength of the EM waves, to result in an energy
bandgap in the propagation of the surface plasmon polar-
itons (SPPs) modes. Barnes et al. [2], for instance, presented
an analytic model to describe the existence of photonic
energy gaps in the propagation of surface plasmon polaritons
on corrugated surfaces.

For thin metal layers (<100 nm) embedded by dielectrics
with identical dielectric functions, the single interface SPPs
on the two interfaces are degenerated and will interfere with
each other to form two coupled SPPs, described as the short-
range SPPs (SRSPPs) and the long-range SPPs (LRSPPs).
Thus, at the same in-plane momentum, two coupled SPPs
modes of different frequencies are formed, which are dis-
tinguished by having different surface charge-density distri-
butions [3, 4].

Sarid [5] was the first one to report theoretically that, in
case of a flat thin metal slab, there is a metal thickness
dependence of the difference between the real (effective
refractive index) and the imaginary (attenuation) propaga-
tion constant components of the LRSPPs and the SRSPPs.
Besides, Hooper and Sambles [4] and Chen et al. [3] inves-
tigated the effect of coupled SPPs (the LRSPPs and
SRSPPs) on the optical response of a thin metal film con-
formally and nonconformally corrugated on both surfaces
and bounded by dielectrics with identical dielectric func-
tions. They found that a small additional first harmonic
component, 2K, (where K, is the grating vector), to the
grating shape of a conformally corrugated structure causes
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an anticrossing behaviour where the LRSPPs and the
SRSPPs should cross in the dispersion curves. With increas-
ing slab thickness, this anticrossing behaviour becomes the
same as the bandgaps observed on single interface gratings.

Although different techniques for surface plasmon res-
onance excitation have been applied [6, 7], they have
focused on improving sensitivity and evanescent field
enhancement by optimization of the thickness of the metal
film [8], whereas optimization in terms of the propagation
constant has not been done so far. This will be the aim of
this work. To this end, we use a new four-mode anticross-
ing bandgap plasmonic structure [9], which will allow
tuning the propagation constant of both anticrossing modes,
the long- and short-range surface plasmons by changing the
metal thickness.

Methods and Materials

To open a plasmonic bandgap, there must be standing waves
of surface plasmons, which require interaction between for-
ward and backward propagating plasmons. In our case, this
is produced by thin metal diffraction gratings (bounded by
dielectrics with identical dielectric functions) that do not
have a 2K, component but a high refractive index prism to
couple photons to the LR- and SRSPPs modes (the so-called
bandgap prism coupling technique). Since the fundamental
component, K,, of the grating is not used to couple light in
and out of the sample, it may now be used to produce the
gap [9]. This method allows a significantly stronger cou-
pling between the LR- and SRSPPs modes and photons than
the double grating technique. Note that the double grating
technique is limited to 2K,a;~0.06 for the case of SPs [2],
whereas the K,a, used in this work is 0.093 (a; and a, being
the first-order and the fundamental harmonic amplitudes,
respectively).

Geometry of the System

The optical setup and the geometry used in this study are
depicted in Fig. la, b, respectively. The geometry forms an
optically symmetric metal replica grating with respect to the
refractive index of the Cytop—water medium, needed for the
excitation of LRSPPs. Note that the refractive index of the
Cytop buffer layer (Cytop from Asahi Inc., Japan, with
Ncyop=1.34 at A=633 nm) matches that of aqueous samples
(refractive index of water n,=1.33 at A=633 nm). The
refractive index of the cover material (prism) is np=1.85 at
A=633 nm. Gold was our material of choice for the thin
metallic film deposited on the sensor surface as it is little
affected by oxidation and it provides high sensitivity. The
dielectric function was obtained from Palik’s handbook of
optical constants of solids (n,=0.1+3.57) [10]. In the case
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Fig. 1 a Schematic diagram of the optical setup used in this study. b
Geometry of the bandgap prism coupling technique. This is based on a
prism coupler to resonantly excite LRSPPs and SRSPPs propagating
along optically symmetric thin metal conformal replica grating. It also
included the coordinate system, the polar angle 6, the grating pitch A,
and the thickness of the gold layer z5,. The Cytop and the aqueous
solution form the refractive index symmetrical structure needed for the
excitation of LRSPPs. In the experiments, an index matching fluid is
used between the LASFN9 prism and the substrate of the replicated
metal grating

of gold, interband effects already start to occur for energies
in excess of 1 eV. The main consequence of these processes
concerning surface plasmon polaritons is an increased
damping and a competition between the two excitations at
visible frequencies [11]. We have chosen the coordinate
system such that the z-axis is in the direction of the grooves
and that the y-axis is orthogonal to the plane of the grooves.
The width of the grooves in x direction is the periodicity A,
of the grating. The profile describing the thin metal replica
grating is given by [y1(x)=a, sin(K,x)] for the lower metal—
water interface and [y»(x)=ao sin(Kyx)+74,] for the upper
metal-Cytop interface, where ¢, is the mean gold thickness
between the two surfaces (ranging from 10 to 120 nm), A,=
254 nm is the grating pitch, a, is the fundamental harmonic
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amplitude of the K, component (ao=7.5 or 10 nm), and K,=
27/ A, the grating vector, which runs parallel to the x-axis.
We suppose that a plane wave is incident from above with a
direction located in the x—y plane (i.e. in the plane perpen-
dicular to the grooves) and under the incident angle . The
wavelength of the light in air is A, and we consider the case
of transverse magnetic (TM) polarized radiation incident at
the fixed azimuth angle of ©=0°, where the vector of the
magnetic field H shows in the direction of the grooves, i.e.
in the direction of the z-axis.

Theoretical Simulations

To solve the classical TM case, we have used a finite
element program [12]. The unbounded domain is treated
by coupling with boundary element methods. The z compo-
nent of the incident magnetic field /,™%" used in this code
is normalized and guarantees that the incident light wave has
a fixed intensity (length of Poynting vector) independent of
the cover material. The values of the efficiencies and phase
shifts of the reflected and transmitted plane wave modes are
independent of this scaling. Only the Rayleigh coefficients
depend on this normalization factor. The z component of the
complete field H, satisfies the Helmholtz equation in any
domain of the cross-section plane with constant materials.

Grating Synthesis (Fabrication)

The samples studied experimentally were metal gratings on
silicon—wafer substrates (CrysTec) fabricated in a clean
room (class 100 type). The gratings were made by first
covering a silicon wafer with the primer silane (Microposit
UN 2924, Shipley, Rohm and Haas electronic materials) to
improve its photo-resistance adhesion. After 30 s, the sam-
ple was spin-coated for 1 min at 4,000 rpm to remove the
excess of primer solution. Immediately afterwards, the pho-
toresist was spin-coated on top of the primer (also 1 min at
4,000 rpm). This photoresist was diluted with an equal
volume of Microposit EC-solvent to reduce the viscosity.
An approximately 170-pm-thick layer of photoresist was
deposited. The spin-coated substrates were heated to a tem-
perature of 95 °C for 30 min in a vacuum oven (soft baking)
to remove the remaining solvent. After that, the photoresist
part of the spin-coated substrates were exposed to two coher-
ent expanded interfering HeCd laser beams (A=441.6 nm,
40 mW, 4270 NB helium—cadmium laser, LiCONix, Melles
Griot Inc.), interfering in the plane of the resist layer. After
drying the developed samples in the oven at a temperature of
110 °C for 90 min, the surface corrugation of the resulting
developed samples was transferred into the silicon wafer by
reactive ion etching with a mixture of CF4 and O, in a high
vacuum chamber. The resulting gratings on silicon wafer were
cleaned with acetone. The grating profile was characterised

with an atomic force microscope, being the shape of the
profile obtained purely sinusoidal [9]. These master gratings
were replicated to obtain identical samples, i.e. with the same
grating constant and depth. For this purpose, a layer of gold
was evaporated onto the surface of the master gratings. Spin-
coated Cytop was onto the evaporated side, and a thickness of
1,000 nm was fixed. The lower part of this Cytop film
acquires the shape of the grating whereas the upper part is
flat. To remove the remaining solvent in the Cytop, the sam-
ples were gently heated. The coated flat side of the Cytop’s
film was glued (Epotec 377, Polytec) on a cleaned glass slide,
which was made of high refractive index LASNF9-glass
(npasnro=1.85 at A=633 nm, Schott Glass GmbH), with a
size of 25x25x 1 mm’. Again the samples were placed in a
vacuum oven. The removal of the silicon wafer (master grat-
ing) leaves a gold replica grating on the Cytop glued to the
glass substrate. In the experiments reported here, we used the
replicas of the etched samples which had a low roughness due
to the stripping process. The sinusoidal replica gratings had a
Ay 0f 254 nm, a grooved depth (2a,) of 15 and 20 nm and a
gold thickness (¢5,) of 40 nm.

Results and Discussion

In reflection, the single diffracted SPPs modes of a metal
grating are shown as reflectivity minima in the zero-order
beam, since the re-radiated light is in anti-phase with the
specularly reflected light [13]. If the metal grating film
embedded by dielectrics with identical dielectric functions
is thin enough (less than 100 nm for light in visible and near
infrared part of spectrum), the evanescent wave penetrates
through the metal film and couples with a surface plasmon
at the outer boundary of the metal film (LR- and SRSPPs).
Because of the attenuation through the film, any re-radiated
SPP light scattering from the second surface is much weaker
than that re-radiated from the first surface, and so both the
SR- and LRSPPs are still seen as reflectivity minima.
Hence, by measuring the reflectivity data as a function of
wavelength (600 nm<\y<925 nm) at various fixed polar
angles (41°<6<52°) and noting all the reflectivity minima,
the wavelength-angle dispersion curves of the SPPs modes
associated with the structure for TM polarized radiation
incident at ¢=0° are obtained. The plasmons on each inter-
face of the thin metal film are not separately excited, and
therefore, the observed dispersion relation does not depend
on the illuminated interface.

Simulations
The propagation constants of plasmon modes of the consid-

ered structure can be found from the dispersion relation
curves. Hence, we simulate the dispersion curves of the
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LR- and SRSPPs of our system for different slab thickness
ranging between 10 and 120 nm and an amplitude of
7.5 nm. This is shown in Fig. 2 where the wavelength—
polar angle dispersion curves for slab thickness of 20 nm
(a), 40 nm (b) and 60 nm (c) are given.

In Fig. 2c, a total of four different modes can be identified.
The two approximately vertical branches are due to the prism
that couples the photons to the thin metal slab plasmons and

Wavelength (nm)

i
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41 43 45 47 49
Polar angle (degree)

o

Wavelength (nm)

41 43 45 47 49
Polar angle (degree)

(9]

Wavelength (nm)

41 43 45 47 49
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Fig. 2 The simulated optical response as a function of wavelength
(nanometres) and polar angle 6 (degrees) on a conformal, sinusoidal
corrugated, thin gold grating slab of 7.5 nm fundamental harmonic
amplitude and 254 nm pitch, embedded by dielectrics with identical
dielectric functions and in the Kretschmann configuration. Results of
three different thicknesses are plotted: a 20 nm, b 40 nm and ¢ 60 nm.
b The different crossing points of plasmon modes are denoted as /
SRG-LRp intermode bandgap, I/ SRG—LRg crossing point and 717
small gaps in the LR branch caused by diffraction from the higher-
order Fourier components. ¢ The notation of the different assigned
modes is included
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are denoted with the subscript P [9]. As mentioned above, the
gold slab was thin enough for the surface plasmons on both
interfaces to interact, resulting in two modes: The one on the
right side is the SRp and the one on the left side the LRp (see
Fig.2c). On the other hand, due to the corrugation of the
thinner gold gratings (subscript G), two approximately hori-
zontal modes are also obtained [9]. The upper one is the SRg
and the lower one the LRg. The assignment of the different
modes has been done using both their frequencies (energies)
and widths. The prism and grating modes were differentiated
according to recent simulations in this system for a flat metal
slab [9]. The LR and SR modes, on the other hand, were
assigned according recent experiments on a prism—grating
system [3]. The higher-frequency mode corresponds to the
LRSPP, whereas the lower-frequency mode corresponds to the
SRSPP [3]. Additionally, the widths of the modes verify the
good assignment of the LR and SR modes, i.e. the sharper
resonance corresponds to the LR mode.

At first sight, we can observe in Fig. 2 that, for a fixed gold
thickness, the wavelength values of the SR branch initially
increase with the incident polar angle (group velocity, v,<0).
At the LRp—SRg anticrossing point, the v, becomes zero
(vg=0), and subsequently, after the LRp—SRg coupling, the
wavelength decreases (v,>0). Hence, the SR wavepacket
accelerates. On the other side, for a fixed gold thickness, the
LRp group velocity decreases until it reaches a uniform motion
after the LRp—SRg coupling.

In the dispersion maps of Fig. 2, there are different
crossing points of plasmon modes. Whether there is a
bandgap at each crossing point and its behaviour depends
on the film structure and therefore on the metal thickness.
The biggest bandgap observed for all of the gold thicknesses
corresponds to the anticrossing point (k,#0) of the LRp
mode and the SRg mode (denoted as “I” in Fig. 2b). This
interaction originates an infermode bandgap because of the
interaction between the forward and backward propagating
plasmon. On one side, the prism coupler is used to reso-
nantly excite LRp modes propagating along the metal film at
R{Bp} = Z np sin 6, where 3 is the propagation constant. On
the other side, as the metal film is corrugated with a period
A,, these modes cannot be excited at wavelengths where the
propagation constant of the SRg modes fulfil the Bragg-
scattering condition: 2R{f;(1)} = 2—’; In this case, the LRp
will be the upper anticrossing bandgap branch and the SRg
the lower anticrossing bandgap branch.

Another phenomenon that can be observed is the change
in the direction of the SRg branch when the LRg mode
interacts with it (crossing point named as “II” in Fig. 2b).
This fact will be analysed and discussed in the next section.

Additionally, very small gaps in the LRg branch caused
by diffraction from the higher-order Fourier components of
the grating profile are observed (denoted as “III” in Fig. 2b).
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These very small plasmonic bandgaps appear for gratings
that have no 2K, components and no prism is used,
regardless of the relative phase of the gratings on each
interface. They are originated at least through two diffrac-
tion processes. Although these processes are quite weak,
these bandgaps (III) are smaller in wavelength units than
the biggest bandgap (I), indicating stronger cross coupling
between the modes [1, 14].

Experiments

The aim of our experiments is to measure the dispersion
curve of our system, thus allowing the experimental results
to be compared to those found in the numerical simulations.
We have carried out a series of detailed experiments to
precisely determine the dependence of the LR- and SRSPPs
propagation, at normal incidence to the grooves, upon the
gold thickness of the grating, 4,=40 nm. The incidence
angle for the experimental case must be corrected if we want
to compare both dispersion curves properly. This is due to
the fact that the incidence angle in the simulations corre-
sponds to that at the prism—Cytop dielectric interface while
in experiments is that at the air—prism interface. After this
correction, the dispersion curve shown in Fig. 3a is obtained.
Experimental results are in good agreement with those from
our simulations (see Fig. 3b), verifying the validity of our
model for gratings with a pitch of 254 nm, a grooved depth
(2ap) of 20 nm and a gold thickness (¢4,) of 40 nm. Hence, it
proves that our code is suitable when applied to this specific
problem.

SR (Lower Anticrossing Bandgap Branch) and LRg
Branches

Now we will focus on the analysis of the anticrossing
interaction “I” between the LRp and the SR and the cross-
ing interaction “II” between the LR and the SRg modes of
the simulated wavelength-angle dispersion curves for differ-
ent slab thicknesses. Our results will be compared to the
cases of systems with either only a prism (superscript P, see
Fig. 6b) or only a grating (superscript G, see Fig. 4b), where
no anticrossing bandgap is possible.

To understand the anticrossing interaction, it is useful to
investigate separately the dispersion curves of the modes
involved. Firstly, we will focus on the wavelength-angle
behaviour of the lower anticrossing bandgap branch, SRg,
as a function of the gold thickness (see Fig. 4a). Note that
this branch can be divided into three different sections: on
one hand, the part of the SRg curves at lower angles (ap-
proximately horizontal) that is not affected by the LRp and
which follows a phonon-like behaviour and on the other
hand, the other two parts of the SR curves on the right
(angles higher than the total reflection angle 6;; =arcsin
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Fig. 3 a The experimental optical response of the system: A,=254 nm,
ap=10 nm, t5,=40 nm (solid squares). This response is in good agree-
ment with numerical simulations (empty circles) of the LRp and the SRg
curves on a conformally corrugated thin metal slab with the same param-
eters using the bandgap prism coupling technique (b)

(Mcytop/Mprism) =46.4° approximately) that can be affected
by the LRp (anticrossing point “I”’) and LR (crossing point
“II”), respectively, and which follows a photon-like behav-
iour. These regions will be denoted as 1, 2 and 3 as indicated
in Fig. 4a.

To analyse the effect of the gold thickness on the behav-
iour of the SR curves, we have considered that each of the
three regions mentioned above can be fitted to a straight line
with slope: m(tx,) =% . The variation of m with thickness
tau 1s plotted in Fig. 5 and points out that m can be fitted to a
potential-type equation: m oc £, where b=1, —2.51 and
—2.86 for the first, second and third sections, respectively,
and 7,,>20 nm:

1. Analysing the effect of the gold thickness in the first
region, for angles below 60;; =46.4° (exception at f5,=
10 nm), we observed that the SRg curves have similar
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Fig. 4 a Wavelength-angle curves of the lower anticrossing bandgap
branch, SRg, as a function of the gold thickness. b Comparison
between the behaviour of SRg at the two different structures: prism +
grating (without superscript, empty symbols) and only grating (super-
script G, solid symbols)

slopes m (tay) = (dA/df), o< 0.027 - to,(nm), which
are almost independent on the thickness of the gold.
This slope is also similar to those of the LR mode (at
every polar angle) of our system and the SRg mode (at
every polar angle) excited in a system only formed by a
grating without a prism (see Fig. 4b). This is due to the
fact that the angle at this region is smaller than the
critical angle (6<46.4°), and therefore, no LRp modes
can be excited. The propagation constant will remain
almost constant by changing the gold thickness.
Moreover, for a fixed incidence angle, the SRg goes
to lower wavelengths as the gold thickness increases.
For #4,=100 nm, the A values in “region 1” using our
system are about 130 nm higher than in the only-grating
configuration. On the top of that, the wavelength values
change as much as 300 nm in the case of #4,=10 nm.
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In the case of the only-grating configuration, it is the
grating the responsible to fulfil the phase matching con-
dition whereas, in our configuration, is the high refractive
index prism (Mprism > Mcyiop) the responsible to increase
the propagation constant of the photons. Hence, the re-
fractive index involved in the coupling in the four-mode
plasmonic structure is higher than that of the only-grating
configuration. Since the propagation constant is propor-
tional to the refractive index and inversely proportional to
the wavelength and that the propagation constant of the
photons must reach the same propagation constant of the
plasmon propagating at the Cytop—gold interface, we can
understand that the use of a high refractive index prism
implies an increase of the incident light wavelength used
for the coupling, compared to that in the only-grating
configuration.

2. For incident angles larger than 0;; =46.4, the SR presents
a new-linear photon-like behaviour which depends on the
gold thickness (m, = (d1/df), o< £,2°"). The difference
with the previous behaviour is a consequence of the cou-
pling between the SR and the LRp branches, which is
responsible of the anticrossing bandgap. This coupling
becomes weaker as the 75, increases since the coupling
angle of the bandgap moves to higher values (see Fig. 8).
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This can be also seen in Fig. 4a in which, by increasing z,,
the slope of the “region 2” becomes closer to that of
“region 1 because the bandgap does not affect the SRg.
A dramatic decrease of the propagation velocity is obtained
as the #,,, is decreased.

3. The slope of the different curves changes once more due
to the coupling between the SR branch and the LRg
branch (region 3). This new coupling is weaker than the
SRG-LRp coupling and is also dependent on the gold
thickness. The slopes of the SR curves after this sec-
ond coupling are described by the following potential
equation (m3 = (dA/df); o 1,25).

In “region 2” and “region 3,” at a fixed gold thickness,
the lower anticrossing bandgap branch, SRg, moves to
smaller wavelengths as the angle increases. This is the
opposite behaviour of that observed for angles smaller than
46°. An exception is obtained at 10 nm gold thickness, in
which the anticrossing bandgap branch in “region 3” shows
a positive A(0) slope. At a fixed wavelength, the SRg goes
to bigger incidence angles as the gold thickness increases.
As the amount of the shift increases with increasing ampli-
tude of the grating surface, the phase velocity of the SRg
oscillations slows down.

As a general behaviour, it can be said that the LRg branch
follows a linear behaviour over the whole range of angles
studied independently on the thickness of the gold (see
Fig. 2). This is due to the fact that, in our particular system,
the LR will not coupled to any prism mode, and therefore,
its propagation constant will not be affected by the change
of gold thickness. At a fixed gold thickness, the LR branch
goes to higher wavelengths as the angle increases, like the
SR for <6 (same slope). Moreover, the LRg and the
SR modes approach each other in wavelength as the grat-
ing thickness increases, becoming a unique branch (surface
plasmon, SPg) for #4,>110 nm. Hence, the gold’s thickness
allows to control the distance between both curves (LRg and
SR). On top of that, the two modes move at a different rate:
(a) the upper SR branch moves to lower A faster than the
lower LR branch moves to higher wavelengths, as the £,
increases. The lower branch (LRg) moves only slightly to
higher wavelengths, being almost independent on the gold’s
thickness. As mentioned above, this is due to the fact that in
our particular system, the LR is not coupled to any prism
mode, and therefore, its propagation constant is not affected
by the change of gold thickness.

LRp (Upper Anticrossing Bandgap Branch) and SRp
Branches

Now we will focus on the wavelength-angle behaviour of
the upper anticrossing bandgap branch, LRy, as a function of

the gold thickness (see Fig. 6a). In order to analyse the effect
of our four-mode plasmonic structure on the LRp mode, we
will compare our results to those obtained in a system with
only a prism (absence of a bandgap). The wavelength-angle
curves corresponding to the LRp can be defined by an expo-
nential decay function A***(nm) = A, +exp(4 — B -0),
where B is the so-called decay constant. It is important to
remind here that all the LRp curves are located at incidence
angles higher than the total reflection angle. The interaction
between the LRp branch and the SRg causes the significant
changes in their wavelength-angle curves in the range 46—
51° and produces the anticrossing bandgap. These changes
from photon-like to phonon-like behaviour are clearly de-
pendent on the gold thickness and take place at smaller
wavelengths and bigger incident angles for thicker gold
gratings.
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Fig. 6 a Wavelength-angle curves of the upper anticrossing bandgap
branch, LRp, as a function of the gold thickness. The curves have been
fitted to an exponential decay function (solid lines) as defined in the
text. The values of the fitted parameters A\, A, B are collected in
Table 1. b Comparison between the LRp behaviour in two different
configurations: prism + grating (without superscript, empty symbols)
and only prism (superscript P, solid symbols)
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We define A, (LRp), by comparison with polaritons in
crystal lattice, as the transverse optical phonon wavelength
in the absence of coupling with photons. This corresponds
to the minimum wavelength of the LRp branch. \,, (LRp) is
obtained by fitting to an exponential decay function the
curves of Fig. 6. The thicker the grating is, the lower the
value of ... All the fitted parameters (A, 4, B) for different
gold thicknesses are collected in Table 1. From these
data, it can be inferred that A\, decreases at a slower
rate for thicker gratings. It is remarkable that this rate is
approximately similar to that at which the SRg moves
down in wavelength as the 75, is increased from 10 to
120 nm. For the sake of comparison, in Fig. 6b, we
have represented the long-range mode of the prism
(LRE) of a system consisting only of a prism, without
a grating. Therefore, the combination of prism plus grating,
compared to a system which is only formed by a prism,
increases the wavelength of the LRp.

The parameter, B, will allow evaluating the strength of
the anticrossing coupling, providing some information
about the “extra force” that acts on the LRp wavepacket.
The decay constant, B, of the upper LR, anticrossing
bandgap branch is represented in Fig. 7 as a function of
the gold thickness. An increase of 74, entails a decrease of
B, which tends to 1. In the case of the LRp wavepacket, it
reaches a uniform motion after this coupling (I). However,
note that in the case of the system consisting only of a prism,
B® increases for thinner gold gratings only down to fx,=
30 nm, where B® reaches its maximum value. Below this
point, B falls abruptly to 1. The increase in B" is due to the
backbending [13], as it can be seen in Fig. 5b for 40 nm gold
(LRp). Nevertheless, the increase of B in our system with
decreasing the gold thickness is due to the presence of the
bandgap. Since some wavelengths are no more allowed to

Table 1 Fitted parameters in the exponential decay function that
define the behaviour of wavelength-angle curves of the LRp mode:
Ay A and the decay constant B, for different gold thicknesses

Gold thickness Ao (Nm) A B

10 nm 872.4+0.9 297+2 6.30+0.8
20 nm 785.4+0.8 243+2 5.10+£0.13
30 nm 756.6+0.7 178.4+1.5 3.7£0.2
40 nm 745.8+0.7 131.3+1.1 2.66+0.06
50 nm 735.4+0.7 101.4+0.9 2.020+0.033
60 nm 734.0+0.7 82.1+0.9 1.607+0.018
70 nm 729.7+£1.2 72.7+1.1 1.409+0.024
80 nm 730.7+0.7 67.5+0.6 1.299+0.014
90 nm 731.1+£0.8 67.995+0.006 1.307+0.022
100 nm 731.0+0.8 54.8+0.5 1.026+0.011
120 nm 730.0+0.8 53.8+0.3 1.006+0.015
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propagate the LRp mode, its group velocity increases to
reach faster the uniform motion (v,=0). Therefore, a stron-
ger coupling is obtained for values larger than 1 (B> I). For
tAu<100 nm (region of LRp modes), the decay constant is
correlated with the gold thickness (see inset Fig. 7). The
product B - ta, gives a constant value for both cases (the
bandgap and non-bandgap structures). However, although in
both cases the LRp goes to smaller wavelengths when the
angle increases, as a consequence of the coupling between
the LRp and the SR in the bandgap structure, the correlation
factor differs. Thus, in the bandgap case, B - 14,=104.7+1.7,
whereas in that of the structure based only on a prism B” - £4,=
79+2. The constant value of P + G configuration is therefore
approximately 25 % larger as a consequence of the anticross-
ing coupling between the LRp and the SR modes.

Finally, we have determined the position of the anticrossing
coupling point by calculating the bisection of the two straight
lines that would define the LRp branch behaviour at lower and
higher incidence angles. Thus, the anticrossing coupling wave-
length (lklé"c) presents an exponential dependence on the gold
thickness: Ayor (nm) = 731(4) + ¢3746(3)-0.08202) ta

The upper anticrossing LR}) coupling angle, on the other
hand, follows a linear behaviour with 74, as depicted in
Fig. 8. The lower anticrossing SRE data are also represented.
Both dependencies are linear and have exactly the same
correlation 6 o< 0.0440(8) - t4,. The positions of the reflec-
tion minima displace to larger resonance angles 6 with
increasing ¢4,. Therefore, the LRp and SR phase velocities
decrease with increasing gold thickness due to the multiple
scattering. In Fig. §, the SRg coupling angle is also plotted.
As it can be seen, it follows the same tendency as the LR}, and
SRg, coupling angles.
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curves would only cross at different polar angles. Therefore,
plasmons with the same propagation constant at a fixed gold
thickness could only be excited for different polar angles.

The shady region in Fig. 9a corresponds to a collection
of propagation constants of LRp modes supported by a
gold grating in our four-mode anticrossing bandgap plas-
monic structure. At fixed gold thicknesses, the modes will
pass through all values of this area when the polar angle
changes from 47.27° to 49°. From that figure, it can be
inferred that, for fixed propagation constant, one can
choose the right LRp mode with the deepest plasmon
resonance by tuning the 74, and polar angle. This reso-
nance presents a balance between radiation losses and
dissipative losses for polar angles that range from 44.25° to
49° [13]. In the same way, one can choose the deepest SRg,
SRE or LR} modes (see Fig. 9b, c).

Therefore, whereas the tuning effect for SRg modes
(Fig. 9c¢) is pronounced for thinner gold gratings (this is
also the case of SPs in Abeles configuration [6]), the
tuning effect for LRp modes is more pronounced for gold
gratings thicker than 20 nm (Fig. 9b). Hence, the restric-
tion related to the percolation threshold is not important
in the case of LRp. Nevertheless, we have used for our
simulations the safe value of 10 nm as a minimum gold
thickness [15, 16].

Note also that in our four-mode anticrossing bandgap
plasmonic structure, for a fixed Cytop thickness, the LRp
modes with the same propagation constant at a different
wavelength can only be excited for different thicknesses
of the metal grating (see Fig. 10). The same assertion is
true for SPs at different thicknesses of the bimetallic film
in an Abeles configuration [6]. On top of that, our con-
figuration allows changing the propagation constant of the
LRp modes at fixed wavelength by changing the thickness
of the gold grating. This gives us the opportunity to find
the mode with the deepest LRp resonance. What is more,
this resonance can also be found for a fixed gold thick-
ness by tuning the incident wavelength. Hence, not only
in the Abeles configuration is it possible to achieve sim-
ilar values of the plasmon propagation constant at differ-
ent wavelengths [6, 17]. For instance, the points marked
on Fig. 10b correspond to the same propagation constant
of the different LRp modes obtained for diverse gold thick-
nesses, but at different wavelengths, in our four-mode anti-
crossing bandgap configuration.

Therefore, our four-mode plasmonic structure presents
several advantages. Up to four different surfaces plas-
mons can be excited simultaneously at a single location
on the sensor, and it can be used in both angular and
wavelength interrogation techniques. What is more, the
appearance of bandgaps can be useful on different fields
as photonics materials or outperforming traditional sensors
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due to the increase of the density of the modes on the band
edge [18].

Conclusions

We have proposed a novel plasmonic structure based on an
anticrossing bandgap prism coupling technique for tuning the
propagation constants of long- and short-range surface polar-
itons by changing the gold thickness of the grating. The prism
was used to couple the LRSPPs modes to photons, whereas the
grating gives rise to the gap. The good agreement between the
experimental and theoretical data supports the validity of our
code for this study. The propagation of the different modes
(LRg, SRg, LRp and SRp) is found to be highly dependent on
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the gold thickness of the slab. Thus, the variation of A with
tau In the three regions of the SR mode can be described
by a potential-type equation: A/6 oc £, where b informs
about the possible coupling. The LRp mode, on the other
hand, was fitted to an exponential decay function and its
decay constant B=104.7/t5, suffers an increase of approxi-
mately 25 % as a consequence of the coupling between the
LRp and SRg. These facts allow controlling the distances
between branches and the coupling interaction. Moreover,
our results have been compared to not only those systems
were only the prism or the grating was used but also those
systems in Abeles configuration, giving physical insight into
the role of each component and the balance between radia-
tion and dumping losses. Our structure provides lower and
optimized propagation constants compared to those previ-
ously reported [6] and entails a lower attenuation. However,
further studies are needed to evaluate the contribution of the
different system parameters and increase the sensitivity and
resolution of potential plasmonic bio-sensors.
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