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Abstract

In this work a solitary surface plasmon-polaritoaswbtained by using a frequency-dependent
finite difference time-domain method for the TM-daradially polarized light at 532 nm, which
was propagated through silver nano-elements (a-stippand a nano-ring), placed in an aqueous
medium. The device's height and width were equabtam and 215 nm respectively. The intensi-
ty of surface plasmon-polariton was four times kigthan that of the incident radiation. The full
width at half maximum of the nanojet was 138 nm &68 nm for the case of using a nano-strip
and a nano-ring respectivelyhe results can be used to design devices that @i#épturing and

moving particles in water or other biofluids.
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I ntroduction

Today great attention is paid to such optical plhend
ena as surface plasmon-polaritons (SPPs) whicle g
during interaction of light with the metal and pagate
along the interfaces between metal and dielectrie3].
SPP can be widely used to solve various problems
modern science and technology—{&]. The plasmonic
field represents an exciting new area for the apptn
of SPPs in which surface-plasmon based circuitsyes
the fields of photonics and electronics at the saa®
[9]. The SPPs can serve as a basis for construaing
noscale photonic circuits that will be able to gaoptical
signals and electric currents [10, 11]. SPPs cem sgrve
as a basis for the design, fabrication and chaiiaaten
of subwavelength waveguide components-{18]. In

and silver nano-strips embedded in glass or wates.ef-
fect of SPP's resonance is analyzed using a surfeagal
equation method. They showed the feasibility ofeast

i3 0-fold field magnitude enhancement for local figlchar-

row (5 nm) gap between two metal strips [24]. Butheese
authors didn't investigate another properties oP JiRe
cPéngth and full width at half maximum (FWHM).

In our previous work we have investigated the ampli
tude Fresnel zone plate for focusing of laser lightring

I this study we have found SPP's on surface of sitkef

of this zone plate [25]. In this paper, we usedfteguen-
cy-dependent FDTD-method ((F)D-method) for in-
vestigating the process of SPP's formation on isitego-
strip for the incident TM-polarized light at 532 niwe
estimated spatial characteristics such as length an
FWHM of SPPs which is new investigation up to our

the framework of plasmonics, modulators and swicheknowledge. We also used the (BDP-method for inves-

have also been investigated [16, 17], as well asutfe of
SPPs as mediators in the transfer of energy fronodtm
acceptors molecules on opposite sides of metasfjli8].
Application of SPPs enables subwavelength optigsiin
croscopy and lithography beyond the diffraction ifin
[19, 20]. It also enables the first steady-stateraai
mechanical measurement of a fundamental property
light itself: the momentum of a photon in a dietecte-
dium. Other applications are photonic data storf@jé
and light generation [22].

A large number of works devoted to the modeling
nano-antennas, based on SPP's excitation effec242.3A
Fabry-Perot model was formulated that predicts tbgh
peak position and spectral shape of optical restasafor
short-range SPP. The authors used full-field sitrmra
based on the finite-difference time-domain meth
(FDTD-method) to calculate the parameters for tiglel

[23]. Whereas, some other authors used rectangolar

tigating the process of SPP's formation on silvenm
ring for the incident radial-polarized light at 58th. The
estimation of spatial characteristics such as leragid
FWHM of SPPs also was carried out. In contrasthi t
works described above, silver elements (nano-stng
nano-ring) are placed on a silica glass, whichaasgh
@hfluence on the process of SPP's formation.

Formation of SPPson silver nano-strip
We considered the propagation of a TM-polarizetitlig

ofat 532 nm, which was normally incident on the metaio-

strip placed on a substrate. The optical scherpeesented
on Fig. 1. Height and width of nano-strip &randw respec-
tively. The permittivity of the medium, nano-sta@nd sub-
strate ares, em ande; respectively. The light is propagating

ochlong Z axis. All the simulations were carried out by Full

WAVE (RSoft) based on (FBYD-method. Hereinafter, the
following simulation parameters were used: spaitabs
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were 2 nm, time step was 1 nict, (wherec is speed of
light in vacuumt is a time).
V4

X
Y

w

Em

Ih
75,
Fig. 1. Optical scheme for nano-strip
Silica glass was considered as a material of safiest
Table 1 shows parameters for the Sellmeier's pevityt
model of silica glass [26]:

Ne \?
&(AN)=¢g, +) ——,
(A)=e. Zm:)\z—)\i—i)\nm
wherel is a wavelengths..(x, 2) is the permittivity in the
limit of infinite frequency;Aen is the resonance strength;
Amis the resonant wavelengthy is the Sellmeier damp-
ing factor.

Table 1. Parameters for the Sellmeier's permittinitodel
of silica glass

7

(1)

m Agm Am, UM Nm, kM

1 0.69616630 0.068404300 0

2 0.40794260 0.11624140 0

3 0.89747940 9.8961610 0
€o=1

Silver was considered as a material of nano-sti#p.
ble 2 shows parameters for the Drude-Lorentz's fperm
tivity model of silver [27]:

En(0) =€, +(W / (~2iv — ) +

3 (A (-6 - 2108, + ), @)
wherew is a frequencymy, is the plasma frequency;is
the collision frequencyAn is the resonance strength;
is the damping factorpy is the resonant frequency.

Table 2. Parameters for the Drude-Lorentz's
permittivity model of silver

m Am Om,, Hz wm, Hz
1 7.924697 19.68071 4,132646
2 0.501327 2.289161 22.6941
3 0.013329 0.329194 41.45307
4 0.826552 4.639097 46.001]
5 1.113336 12.25 102.759
go=1
wWp=41.94605 Hz
v=0.243097 Hz

For the first series of simulation we fixed theigsti

1, au.
60|

401

201

. ] W, nm
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Fig. 2. The SPP's intensity dependence on nano-stip
width for incident light at 532 nm

By comparing the simulation results for light prgpa
tion through the silver nano-strip of various wiltlthe
resonant widthw=110 nm has been selected. Nano-strip
with this width forms a “boundary” SPPs with thelhést
value of the intensity in the central peak. Figh®ws the
intensity distribution obtained at 2 nm above silmano-
strip with width ofw=110 nm.

I au. 7)
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Fig. 3. (a) Intensity distribution at 2 nm abovk/er nano-strip
of width w= 110 nm placed in air (line 1) and on the silica
glass placed in water (line 2). (b) SPP's intendistribution
through the direction of light propagation in thase of using
nano-strip placed in air (line 1) and nano-strip the silica
glass placed in air (line 2) and water (line 3)

Two powerful “boundary” SPP (line 1) with high in-
tensity (68 a.u.) and small FWHM (8 nm) can be seen
from Fig. 3. Fig. 3 shows the intensity distribution in
the SPP along axis of light propagation. Measur¢roén
SPPs “length” showed that the distance of declinat
cident intensity through th& direction is 68 nm, while
through the direction of SPPs propagation it isn6d
(Fig. 3, line 1). The inclination angles of straight which
were coinciding with the directions of SPPs propiaga

height equals tch=20 nm, remove the substrate apdare 112 and 68.

choose air §1-1) as a medium. After each calculatio
we measured the maximum intensity of light at 2
above the nano-strip. Fig. 2 shows the SPP's iityeths-
pendence on nano-strip width. These results are {
sistent with the results of other authors in simdalcula-
tions which have been carried out for nano-stripth w
other dimensions (thickness and width) [23, 24].

1!

For the next simulations the substrate from sijjlzess

mvas added. In this case, the direction of SPPsageton

changed and practically coincided with the directaf

ofight propagation (it was parallel to tieaxis). However,

the presence of the substrate substantially disrthm
formation of the SPP. It leads to fluctuationsheg inter-
face substrate/strip environments, reduces the mani
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intensity and “length” till 20 nm (Fig.I8 line 2) of
“boundary” SPPs.

To compensate this effect, watef £ 1.78) was cho-
sen as a main medium instead of air. In this casasm
urement of SPPs “length” showed that the distarfictee
cline to incident intensity through thg direction is
56 nm (Fig. B, line 3). FWHM of “boundary” SPPs is
75 nm (Fig. &, line 2). The intensity of “boundary” SPP|
is 36 times higher than intensity of incident lightg. 3,
line 2). However, the use of such sharply focusglt lis
complicated by the close proximity of these peaksach
other and the presence of the boundary plasmobs|o
which are formed along the entire nano-strip.

In addition to “boundary” short-range SPPs whi
have a maximum intensity, there are other SPPs.edoV]
er, during the study of dependences of SPP's iityethis-
tribution on the width of nano-strip placed in thé
shows no possibility to obtain a “long” single SPRhe
center of nano-strip. A similar study for the nasiop
placed on the silica glass in an aqueous mediueates
the presence of this “central” SPP. By comparing
simulation results for light propagation througle tilver
nano-strip of various widths, the width=215 nm has
been selected. Fig. 4 shows the intensity disiobuat
6 nm above silver nano-strip with widthwf=215 nm.

1 au.
3l
o
1t
7] . 4 T
-0.5 -03 -01 01 03 05

Fig. 4.Intensity distribution 6 nm after silver nano-strip
with width of w= 215nm o silica glass in water

Fig. 4 shows that the “boundary” SPPs is alm
completely absent. FWHM of “central” SPP is 138 n
The intensity of “central” SPP is four times highban
intensity of incident light (Fig. 4). The measurethef
SPP “length” showed that the decay length to inidie-
tensity througt? direction is 54 nm. The “central” SPP i

also observed on the silver nano-strip with width |o
w=215 nm placed on silica glass in air, but “bountiafy

SPPs are also present and their intensity is caabfern
with the intensity of “central” SPP.

Formation of SPPs between silver nano-srips

In this part we considered the propagation of a T
polarized light at 532 nm, which was normally iregit on
the gap between two metal nano-strips placed obstrate.
The optical scheme is presented on Fig. 5. Heightvédth
of nano-strips arh andw respectively. The width of the ga
iswh. The light is propagating alorbaxis.

The height of nano-srtips was fixed at 10 nm as
[24]. By comparing the simulation results for ligitopa-
gation through the gap between two silver nang-gifi
various widths, the resonant widths of strigs55 nm

(2]

o

m

S

(=]

and gapwh=6 nm have been selected. Gap with this

)SE

width forms a SPPs with the highest value of therigity
in the central peak. Simulations were carried outbioth
cases in air and in water. Fig. 6 shows the intgmstri-
bution obtained at 2 nm above silver nano-strips.

V4
s lnE

752 7
Fig. 5. Optical scheme for two nano-strips
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Fig. 6. Intensity distribution at 2 nm above silvemo-strips
of width w= 55 nm with gap of 6 nm between them. Strips are
on the silica glass placed in air (line 1) or in wa{line 2)
Powerful “boundary” SPPs with high intensity
(6.2 a.u. in air and 13.3 a.u. in water) and srRsHM
(2—3 nm) can be seen from Fig. 6. Unfortunately, meas-
urement of SPPs “length” showed that the distarickeeo
cline to incident intensity through th&direction is near
10 nm. This radiation is “gripped in a vice” of rakt
strips.

Formation of SPPs on silver nano-ring

In previous part we show the presence of “cen®&P
on silver nano-strip with width of 215 nm in aqusaue-
dium. In this part we considered the formation agritral”
SPPs on silver nano-ring placed on a substratecoffgid-
red the propagation of light at 532 nm, which naisnal-
‘ly incident on the metal nano-ring. The radial paktion
is selected to satisfy the condition of formatidnS®Ps.
The optical scheme is presented on Fig. 7. Heifjhino-
ring is h. Width and internal radius (the distance from the
centre of symmetry to the center line of the ceyubf
nano-ring aravc andR respectively. The permittivity of the
medium, nano-ring and substrate afeen ande, respec-
tively. The light is propagating alorgyaxis. All the simu-
lations were carried out by FUullWAVE. Hereinafténe
following simulation parameters were used: stepspiace

nwerer/30 nm, time step was/ 60 nm €Y).

n

Fig. 7. Optical scheme for nano-ring: light propaga
from the bottom up
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The incident field was calculated in MATLAB an
was set from file into FUllWAVE to produce radiallpr-
ization. The calculation was carried out by usirextn
equations for each component of the field:

2\/5 ><+y2

E =

X

X +y2 (3)

zﬁ

Ey
whereE, and Ey are the components of electric fieldis
the waist of Gaussian beam.

The radius of waist of both Gaussian beams Hor

and E, components) was chosen equal to 0.5 um and

maximum intensity was normed to 1 a.u. Fig. 6 shthaes
incident light for simulation.

It can be seen from the Fig. 8 that the maximum
input intensity is at the radius of Oun, so the internal
radiusR=0.5um is chosen to ensure that the maximy
intensity of the radiation fell on the circle.

1.2[T .
o= 0.5
0.8}
0.4
. r, um
0 1 2 3 4 5

Fig. 8. Input radial polarized light with waigi= 0.5 pm
distribution along the radius r

A similar to previous study for the nano-ring pldamn
the silica glass in an aqueous medium revealegitbs-
ence of this “central” SPP. By comparing the sirtioka
results for light propagation through the silvenoing of
various widths, the widtlv=215 nm has also been seleg
ed. Fig. 9 shows the intensity distribution %t15 nm
above silver nano-ring with width @=215 nm.

Fig. 9a shows that the “central” SPP is evenly locat
on the whole surface of the circle. Figp $hows that the
“boundary” SPPs is almost completely absent. FWHM
“central” SPP is 158 nm. The intensity of “centr@PPs

atA/15 nm above silver nano-ring is three times higlher

than intensity of incident light (Fig. 9).

The measurement of SPPs “length” was also car
out. Fig. 10 shows the longitudinal distribution lafht
(distribution along th& axis). It shows that the “length’
of SPP througiz direction is 100 nm.

Conclusion

In this work the process of SPPs formation on isitego-
strip for TM-polarized light at 532 nm is studidithe spatial
characteristics of SPPs like “length” and FWHM wenees-

I energy in any substrate. Unfortunately the presehseveral
dielectrics with different values of permittivityn ischeme
brings a disturbance in the process of SPP's farmiétt leads
to fluctuations of field of light intensity at thiterface sub-
strate/strip environments, reduces the maximunmsitteand
“length” of SPP's. To compensate this effect, thatew
(e1=1.78) was chosen as a main medium instead ohdirid

case measurement of SPPs “length” showed thatehgth”

of SPP through th& direction is 56 nm (Fig.k8 line 3).

FWHM of “boundary” SPPs is 75 nm (Figa,3ine 2). The
intensity of “boundary” SPPs is 36 times highentirdensity
of incident light (Fig. &, line 2).

of

m

0

(. S L
b) -4 -2 2
Fig. 9. Intensity distributior/ 15 nm after silver nano-ring
with width of w= 215 nm on the silica glass placed in water:
distribution at XY-plane (a) and along the radiuer y=0.5
(line 1) andx=0.5 (line 2)

1, au. — ]
i} =
ed 3 1
\
2H J
0o \
\ TN
1} ‘\ _____ ~ ~\\\\ E
0 Z Irrr?
ied 04 0 s 1 2 1. 6 2.0

Fig. 10. SPP's intensity distribution through thiedtion of SPP's
propagation in the case of using nano-ring placedte silica
glass in water fixingx,y) at (0, 0.5) (line 1) and at (0.5,0) (line 2)
Analogous investigation for narrow gap between two

nano-strips was carried out. Powerful “boundary’PSP
with high intensity (13.3 a.u. in water) and smalVHM
(2—3 nm) was obtained. The intensity of this SPPs 1
times bigger than the intensity of SPPs in [24]levlthe

tigated by using (FIBYD-method. In contrast to the [23, 24|, nano-strips were considered to be placed on gjlass.

where silver nano-strips were considered to beeglatto any
media (water or silica glass), we consider therbetplaced
on a silica glass in air or water. In this casecar use the en-
ergy of SPPs for different application as optigadzers or

Simulations by (FDATD-method showed presence of
“central” SPP for silver nano-strip placed in wateWHM
of "central" SPP is 138 nm. The intensity of “calitSPPs
is four times higher than the intensity of inciddigtht

microscopy while using of scheme from [23, 24] vet this

(Fig. 4). The “boundary” SPPs is almost completaiy
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sent. This result was generalized for 3D caseddiaf po-
larized light and nano-ring. Simulations by (FTI)-
method showed presence of “central” SPP for sihato-
ring placed on silica glass in water. FWHM of “ceaiit
SPP is 158 nm. The intensity of “central” SPPsasr f
times higher than the intensity of incident ligkig; 10).
The “boundary” SPPs are also almost completely rabg
Unlike plasmonic lens with Archimedes spiral sltthed
on it [28, 29], a nano-strips and nano-ring are/ éasnan-
ufacture and also focuses light in a narrower atha:
FWHM is 0.26\ (FWHM is 0.35\ in [28, 29]).

Investigation of convergence of solutions was a6
ried out. Reducing of the dimensions of the griccéndid
not lead to significant changes in the resultshefgimula-
tion. In particular, the FWHM of the focal spot ot
changed, and the maximum intensity is slightly dased.

The results can be used to design devices thaw a
capturing and moving the particles in water or pthie-
fluidics [30, 31].
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