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Four-channel multiplexer on surface plasmon
polaritons development and research
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Simulation of the surface plasmon polariton (SPP) distribution in the 10 pm long four-channel multiplexer is conducted in present paper. The exci-
tation of the SPP was done using the 632.8 nm pulse laser with 50 fs pulse duration. The simulation processes of the SPP propagation in the four-
channel multiplexer were performed for the latter switched as a splitter as an adder. Though the obtained signal strength is low due to ohmic losses
and signal reflections in the middle of the waveguide it is possible to registrate it. The detailed procedure of waveguides preparation, analysis and reg-
istration of SPP propagation is described in the paper. For the proposed model verification the two-channel 20 pm long splitter was formed by optical
projection lithography. Studies have shown that the SPP is distributed throughout the whole structure of the 20 pm long two-channel splitter with

a partial extinction due to ohmic losses.
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Introduction

It can be seen that throughout the past several years a very
active research aimed at the study of surface plasmon po-
laritons (SPP) is conducted, which opens up the prospect
of a new generation of optical devices [1].

Various approaches to achieve effective excitation of
SPP are proposed to date [2-5]. Geometrically limited
channels for SPP distribution are also considered [6,7].
Manufacturing of nanoscale waveguides that provide a sim-
ple and cost-effective way to achieve strong side retention
of SPP and implementation of integrated components are
still in a state of ongoing research.

An SPP represent coherent oscillations of surface elec-
trons of the metal at the interface metal-insulator and
caused great interest in various fields of research in recent
years [8]. An SPP with frequencies below the surface plas-
mon resonance of the metal-insulator transition are limited
and can propagate along the waveguide. The SPP excitation
on the metal surface opens up new possibilities for the use
of their properties: for sensing and detection of single mol-
ecules in chemistry, biology and medicine, electronics, and
information and communication technologies [9].

Side constraints in the plane of the metal surface, per-
pendicular to the direction of the SPP propagation are nec-
essary to implement the compact plasmon devices and
circuits.

Based on the full-wave finite-difference time-domain
(FDTD) method, we carry out the numerical simulation
on the transportation of SPP by using a commercial soft-
ware package (Lumerical, FDTD_Solutions).

The simulated propagation of the SPP in the four-chan-
nel multiplexer using 632.8 nm laser as a source of the op-
tical signal is demonstrated in current paper and it was
experimentally demonstrated that SPP can propagate in the
dual-channel splitter geometrically bigger.

Modeling of the SPP propagation

A physical model of the system based on dot-dipole ap-
proach was applied to explain the processes that occur dur-
ing the formation of SPPs on the surface of nanosized metal
film [10]. This method has some limitations, but this re-
striction allows to bypass the problems associated with en-
ergy scattering at the interface dielectric-film basis and take
into account only the energy transfer between the particles.
The surface of the nanostructured metal film of gold
was presented as a chain of strongly interacting atoms. The
light is directed to the first atom in chain, the remaining
are irradiated by the scattering energy from the first one.
The polarization of the external field can be either S, or P.
Thus, Maxwell’s equations can be used to describe such a
physical system and calculation could be carried out using
Green function. The electric field in such a structure can
be determined from the Lipmann-Schwinger equation:

E(r)=E°(r) + kYN, fvi G(r,m) (e, — 1)E(r)dr (1)

where E° — external electrical field in the starting point,
ko — ballistical wave vector,

N — whole number of the particles in the chain;

V; — volume, which particle takes with inumber;
G(r,7) - Green's tensor;

g, — dielectric constant Au.
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The light propagation without particles is described
by the Green's tensor G(r,7). In the dipole approxi-
mation, each nanoparticle is seen as a dipole reflector
with dipole moment, which can be obtained by solving
the following equations:

- o k§ . g
p1 = & E° () + g_a1G (r,m)py +
i)

2 ~ ~
"";_229;1 a[G°(r, 1) + G5 ()] p)s )
k§ . .o
pi = gaiG (rm)pi +
2 ~ ~
V2B a6 () + 6 ()] i =2, N, ()

wherer; = (x;; y;; 2;) — radius-vector of the i—th particle;
&y — dielectric constant;
a; — dimensionless tensor of the i—th particle.

Given the identity of the spherical particles with half-
axis hy, hy, h, and that they are parallel to the coordinate
axes (see Fig.1), the polarization tensor in the long-wave
approximation is[11]:

a = (a,2% + a,99 + a,22), (4)
where X, , Z - coordinate unit vectors,

_ &V(ep-1)
- 1+(£p—1)m1'

. T=x,9,2 (5)
where V = 4mh,h,h,/3 — particle volume,
my, m,, m,— depolarization ratio.

Nanoparticles are at the basis of the dielectric, the

Green tensor will G°(r,7) and G*(r,r’). The compo-

GO(r, ) defi al f th lectri

nent G°(r,7) defines a value of the constant electric

field, and G*(r,7’) represents the field that is scattered
on the metal-insulator transition.

Accordingly, the electric field on the metal surface
can be described by the equation:

E(r) = k3 XL, [GO(r,m) + G5 (r, 1) (6)

G°(r,1) tensor can be solved analytically [11]. In
general, taking into consideration that particles in the
chain are close to the interface and have size smaller than
the wavelength, it makes mathematical method much
simpler. In particular, if the distance between the source
and the observation point is less than 200 — the Green
tensor has the exact meaning, including all methods of
dispersion and only part of the surface plasmon is
approximated. Numerical calculations using this method
is 5-7% accurate.

The alternative method to describe processes in wave-
guides through which SPP propagates, is the Monte Carlo
method using the Green function [13].

SPP propagation modeling in the four-channel
multiplexer

The 10 pm x 5 pm structure with 200 nm channel thick-
ness and 180 nm height is proposed to simulate the process

of SPP propagation in a multiplexer. The distance between
the channels is 1.5 pm (see Fig. 2).

As a result of the simulation process of the SPP propa-
gation in the four-channel multiplexer switched as a split-
ter, the dependence of the SPP intensity on the distance is
obtained. Entry of the splitter is excited with the 632.8 nm
pulse laser and 50 fs pulse duration. SPP propagates in all
four-channels of the multiplexer, although intensity slightly
decreases at the distance of 6 pm (Fig. 3).

The simulation result shows that the output intensity
is attenuated due to the ohmic losses and split of the SPD,
but received signal strength will be sufficient to identify it.

A modeling process of the SPP propagation in a muldi-
plexer when it is switched as adder was also conducted.
Each channel (there are four-channels) was excited by
632.8 nm pulse laser with 50 fs pulse duration and at a cer-
tain time. Each channel is allocated 50 fs of exposure time

z

Fig. 1. Schematic drawing: long linear chain of identical
spheroidal particles of gold [12]
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Fig. 2. Structural scheme of the multiplexer
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Fig. 3. The distribution of the intensity of SPP propagation
along the four-channel multiplexer applied as a splitter
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Fig. 4. The distribution of the SPP intensity within the four-
channels multiplexer applied as an adder.

and 50 fs time interval between channels. The 50 fs time
between pulses is chosen by experimentation. Thus time
division of channels is applied. The distribution of SPP in-
tensity in this scheme (as an adder) is shown in Figure 4.

The results suggest that the right distance was chosen
between pulse duration and pulse signal which results in
the correct form of the signal. The received signal strength
is low due to ohmic losses and signal reflections in the mid-
dle of the waveguide, but enough to identify it.

Experimental details

A glass substrate which will form the waveguide must be
cleared first, because it affects the quality of the results. The
glass surface was cleaned by ultrasonic waves directed from
the generator in a bath filled with acetone. Glass immersed
in acetone for 30 seconds. Then washed in distilled water.

To obtain a sample on a glass substrate, 50 nm thick
gold deposition process was conducted in a vacuum. Silver
deposited with thickness of 1 pm was applied to manufac-
ture a mask. Desired thickness of the metal film can be con-
trolled by the time of deposition.

A template was created using application package CAD
(CorelDRAW) to form channels of the corresponding con-
figuration setting parameters of line thickness, a desired
pattern in a circle of 20 cm radius is formed.

A pattern was printed with the ink-jet printer on a film.
After the pattern was formed, a visual qualitative analysis
of the unexpected or unnecessary sections of white lines
had to be carried out.

The next step was the application of the positive pho-
toresist 1813 mark by spin-coating. for quality application
of photoresist and to obtain the desired height of polymer
(1550 nm) it was necessary to follow certain parameters
namely: the speed of rotation of the glass to set the spin-
coating - 3000 rpm and rotating time of glass - 30 s. Graph
of the height of the polymer forming dependance on the
speed of rotation of glass is shown in figure 5.

After completing the process of applicationof the posi-
tive photoresist, the prototype had to be held ac 115° for
50 s, then the process of polymerization could already
begin, which was made using a light source with a wave-
length of 410 nm and a lens in scale 1:10 (see Fig.6).
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8000 - : - : !
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Fig. 5. The polymer thickness dependance (51813) on the
rotation speed of the glass [14]

Fig. 6. Scheme of exposure process of waveguides images
in the scale of 1:10 : a) light emitting diode with a wave-
length of 410 nm; b) lens; ¢) pattern of 20 cm diameter;
d) obtained mask 2 cm in diameter

To obtain a ready mask after irradiation with light, the
polymerized polymer had to be removed with organic sol-
vent (15 s), and after etching of silver - in hydrochloric acid
(20-30s).

The next step was the process to reduce the size of the
waveguide to the scale of 1: 100 and to create a prototype.
The process to make a prototype on gold is similar to the
process of making a silver mask, but in this case the nega-
tive polymer was used (mark mr-NIL 6000.1E). light-emit-
ting diode with a wavelength of 365 nm and a system of
lenses were used as the source of illumination. polymer film
with the thickness of 100 nm was deposited by The
method of spin-coating. the rotation speed was 3000 rpm
for 30 s [15]. After completing the polymerization process
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polymerized polymer has to be removed in a solution of
tree chloromethyl and experimental sample has to be rinsed
in distilled water.

The resulting waveguides had the length of 50 pm and
a width of 150 nm to 450 nm (see Fig.7).

Figure 8 shows schematically the SPP excitement
process. To excite an SPD, the laser with the wavelength of
632.5 nm and a pulse frequency of 250 fs was applied.
Beam was directed perpendicularly to the top of the wave-
guide.

Figure 9a shows the SPP propagation in the formed lin-

ear waveguide using LR microscope [16]. The presence of
this wave confirms the Fourier image on Figure 9b.

For the 150 nm wide waveguide the greatest intensity
of SPP is observed at the distance of 10 pm from the be-

40 pm

made using an electron microscope.

excitation
laser
beam

wrg

Fig. 8. Schematic representation of SPP excitation.
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Fig. 9. Images made by LR microscope: a) SPP propagation
through the waveguide, b) Fourier image
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Fig. 10. The intensity of SPP propagation along the wave-

guide. The solid line — experimental data, dashed line
— theoretical calculation of SPP attenuation

Fig. 11. The SPP propagation in dual channel splitter: a) —
the image of the 20 um long splitter; b) — SPP propagation
in the splitter made by LR microscope [16]

ginning of the excitation, respectively with the distance in-
crease the SPP intensity decreases. The best case of SPP
propagation was observed in the 200 nm wide waveguide
while the highest intensity was on the path of - 20 pm (see
Fig.10).

Figure 10 shows the SPP intensity: measured for the
200 nm thick waveguide (solid line) and calculated SPP at-
tenuation (dashed curve) depending on the propagation
length. The graph shows that the experimental results are
consistent with theoretical calculations.

Investigation of the SPP propagation
in two-channel splitter

The above-described method employing optical lithogra-
phy was chosen to create the two-channel multiplexer.

The 20 pm long two-channel multiplexer was formed
with the Width between the branches of 5 pm and a thick-
ness of 500 nm (see Fig.11a)

The SPP excitation was carried out with 632.8 nm laser
and is held perpendicular to the entry of the splitter. The
laser beam was focused in the center of the entry point of
the splitter, as it shown in Figure 11a.

Figure 11b shows SPP propagation within the splitter.
It is demonstrated that the SPP propagates in two-channels
of the splitter on the entire length of 20 pm and partially
is attenuated by ohmic losses and split the SPP.

The investigated splitter properties open the possibility
to create more splitters, including Four-channel that will
be the light controlled. Application of these splitters is pos-
sible in nanocircuits where large signal losses occur when
converting optical signals into electrical signals.
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Conclusions

The SPP propagation through the 10 pm x 5 pm four-
channel multiplexer is simulated in the paper.

A phased optical lithography technology, which makes
it possible to reduce the cost and simplify the process of
obtaining the dielectric inhomogeneous structures to form
nanoscale waveguide’s is proposed in current paper. Sam-
ples obtained by optical lithography, have clear lines, steep
walls od exposed or polymerized photoresist which con-
firms the ability to form a conductive channels of various
configurations.

20 pm x 5 pm Two-channel multiplexer was formed by
optical lithography to test the adequacy of the model. It is
shown experimentally that the SPP divides into two-chan-
nels and passes with no significant attenuation to the end
of the waveguide.

It was experimentally confirmed that the 150 nm wide
waveguide’s greatest intensity of SPP is observed at a dis-
tance of 10 pm from the beginning of the excitation and
therefore SPP intensity decreases with a distance. The best
case of the SPP propagation was observed in the 200 nm
wide waveguide, high intensity distribution - 20 pm.

Figure 3 and 4 shows that the SPP fades during propa-
gation in the multiplexer due to ohmic losses and the re-
flection in the mid-section of the multiplexer and split, but
this intensity is sufficient to identify it on output.

The results presented in the Article will be employed to
create compact elements for optical information processing,
as well as a new class of devices for information and com-
munication systems.

Thus the new four-channel multiplexer on SPP is ob-
tained for processing and transmission of information in
nanooptical schemes.
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