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Surface plasmon polariton characteristics and resonant coupling on thin Al, Ag and
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Herein we present surface plasmon polariton (SPP) main characteristics of Al, Au and Ag layers. SPP wavelength,
propagation length, and penetration depths (into the dielectric and into the metal) are evaluated. The resonant coupling
of two excited SPP on both metal/dielectric boundaries of a very thin metal layer is of great importance in the synthesis

of new generation sensors and optoelectronic devices.
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INTRODUCTION

Surface plasmon polariton (SPP) is an
electromagnetic excitation that propagates along the
interface between a metal and a dielectric medium
and whose amplitude decays exponentially with
increasing distance into each medium from the
interface [1]. Surface plasmon polaritons are
generated by resonant interaction between the
surface charge oscillation and the electromagnetic
field of light.

As early as 1950s Ritchie introduced the concept
of SPP [1]. Recently the interest in them was
renewed for various reasons [2]. The use of lasers
in optical experiments also opens up new
opportunities for researchers. Development of
techniques for structuring surfaces with submicron
resolution, allows production of high-quality
devices, working in the visible spectrum. Various
sensors based on SPP resonance were developed
[3-6]. They are one of the possible ways for the
development of nano-optics [7, 8]. The length of
propagation of SPP in certain metals is sufficient to
connect two optical devices in a chip. It is possible
to make optical elements with very small losses,
and hence to permit the propagation of SPP over
several centimeters [9, 10].

The aim of this paper is to present an evaluation
of SPP main characterictcs of SPP with an
emphasis on those aspects that underlie the recent
research interest. Attention will be focused on the
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different length scales that are of practical interest:
the SPP wavelength — Agpp, the SPP propagation
length — Jspp, the penetration depth of the
electromagnetic field associated with the SPP mode
into the dielectric medium — dy, and the penetration
depth of the field into the metal — J,,. Although the
approach we use here is based on some simplifying
assumptions, the presented results clearly indicate
the potential that SPPs offer for subwavelength
optics.

THEORY

Optical excitation of SPP at a metal-dielectric
interface requires matching of the momentum of the
incident light and the SPP. The SPP is characterized
by a complex wavevector kspp. Let us first consider
a very thick metal layer and p-polarized (transverse
magnetic or TM) wave, incident at the metal /
dielectric interface.

For such wave the magnetic vector is
perpendicular to the plane of incidence — the plane
defined by the direction of propagation and the
normal to the surface. Solving Maxwell’s equations
under the appropriate boundary conditions yields
the SPP dispersion relation [7, 11]:
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where ¢, and g4 are the dielectric constants of the
metal and dielectric layers.

When we consider an s-polarized (transverse
electric or TE) wave, it is the electric vector that is
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perpendicular to the plane of incidence. Solving
Maxwell’s equations in this case, it becomes clear
that surface plasmon polariton cannot exist for this
light polarization [11]. Since the momentum of
incident light in air is lower than that given by
Eq. (1), a coupling device is needed. There are
three main techniques by which the missing
momentum can be provided. The first makes use of
prism coupling to enhance the momentum of the
incident light [12,13]. The second involves
scattering from a topological defect on the surface,
such as a subwavelength protrusion or hole, which
provides a convenient way to generate SPPs locally
[14]. The third makes use of a periodic corrugation
on the metal’s surface [15].

Plasmon on the surface of a thin metal layer has
properties that are not observed in SPP propagating
on the interface of a semi-infinite dielectric media.
If the metal is thin enough, then the surface
plasmons of the two surfaces of the metal can
interact and form a connected SPP mode. As we
will show, the thickness of the metal layer must be
of the order of 20 nm or less, in order to observe a
significant binding.

The dispersion relation of SPP for the system:
vacuum ( & =1)/metal layer ( &, )/dielectric (&£, ) in

direction parallel to the interface is given by Zayats
etal [11]:
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Dispersion relations in the cases metal/vacuum
and metal/dielectric are obtained as special cases of
the equation for a thin layer, when the dielectric
layer thicknessd —> 0.

There are two main approaches to find the
dispersion equation of the SPP. One of them is to
use Maxwell equations and boundary conditions, as
described above. However, in case of complex
systems, consisting of more than one thin layer, it is
better to use a second method based on the Fresnel's
formulas for reflection/transmission. This results in
complex transcendental equations which can be
solved only numerically.

Below we present a numerical analysis of the
following key characteristics:

e the SPP wavelength — Agpp,

e the SPP propagation length — dspp,
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e the penetration depth of the SPP mode into

the dielectric medium — dq4, and

e the penetration depth of the field into the

metal — Jy,.

Wavelength of SPP depends on the period of
oscillation of the surface charges. The SPP
wavelength and the SPP propagation length, may
be found from the dispersion equation for two
semi-infinite media, by wusing the real and

imaginary part of the wave vector k ;PP and k;PP
[16]. When‘&‘;‘ >> |€d|, the real part of the wave
vector of the SPP is:

k:SPP =k, )
Hence
Aspp =4y @)

The ratio between the wavelength of the
plasmon and the wavelength in vacuum is:

)

The SPP propagation length is another
characteristic and it is calculated from the
imaginary part of the wave vector of the plasmon. It
is the distance in which the power or intensity of
the mode is reduced to 1/e of its initial value.

Taking into account that 6‘;, << ‘gm , from the
dispersion equation Eq. (1) follows that:
3
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The SPP propagation length Ogpp is given
by Sgpp = 1/2k;PP ,and is:
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The penetration depths of the SPP mode into the
dielectric medium J4, and into the metal J,, are
found similarly and they are:
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RESULTS AND DISCUSION

The first basic characteristic of SPP is the ratio
between the wavelength of the plasmon Aspp and the
wavelength in vacuum /4y. We can calculate it from
Eq. (5) for metal layer (in this case silver)
bordering either with air or with polycarbonate as
used in [16-18]. Results in the range 400-1200 nm
(VIS and NIR) are shown in Fig. 1.
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Fig.1. Dependence of the SPP wavelength on the
wavelength in vacuum. The dielectric is air (solid line)
or polycarbonate (dashed line).

In the case when the dielectric media is air with
e4=1 (solid line in Fig. 1), the wavelength of the
plasmon is very close, but always smaller than the
wavelength in vacuum. When ¢4 # 1 (Fig. 1, dashed
line), the wavelength of the plasmon is always less,
but approaches the wavelength in the corresponding
dielectric. The important conclusion from these
data is that if we want to control the SPP by a
periodic structure, then its characteristic length
should be of the order of the SPP wavelength.

The next characteristic important for the
practical applications of the surface plasmons is the
SPP propagation length O spp - As mentioned in the
theoretical section, this characteristic can be
determined by Eq. (7).

In Fig.2 the dependences of the SPP
propagation length on the wavelength in vacuum

140000 -
120000 -
100000 -
80000 -
60000 -
40000 -
20000 +

Al layer

Bepp [nm]

400 600 800 1000 1200

160000

140000+ Ay |ayer
120000 -
"E' 100000 |
=
2 80000
& 60000 |
40000 -
20000
0 T ,
400 600 800 1000 1200

A, [nm]

300000
250000 AQ layer

200000 +

150000

sep (MM

100000}

50000 -

—————

400 450 500 550 600 650 700 750
A, [nm]

Fig. 2. Dependence of the SPP propagation length on
the wavelength for Al, Au and Ag. The dielectric is air
(solid line) or polycarbonate (dashed line).

for three metals: aluminum, gold and silver (Al, Au
and Ag) are shown.

The SPP propagation length sets an upper limit
on the size of the structures that can be used. One

way to increase Ogpp is by using coupled modes

that are present in the thin metal layers. The SPP
propagation length is significantly greater (about
10+ 10° times) than the wavelength of the
plasmon. Hence, diffraction gratings with period on
the order of the SPP wavelength can be used to
control the plasmon propagation, provided that
interaction with the SPP over several periods of the
structure is ensured.

Other basic characteristics are the penetration
depths of the plasmon in the metal and in the
dielectric. Their dependences on the wavelength are
shown in Fig.3 and Fig.4. They are very
important, in order to determine whether coupling
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Fig. 3. Dependence of the SPP penetration depth in the
dielectric on the wavelength for Al, Au and Ag layer.
The dielectric is air (solid line) or polycarbonate
(dashed line).

of plasmons from both sides of the metal layer is
possible. They are calculated using Eq. (8).

The SPP penetration depth into the
dielectric is a measure of the distance at which the
SPP mode is sensitive to changes in the refractive
index of the dielectric layer.

As seen in Fig. 4, penetration of the SPP
into the aluminum layer on the two boundaries is
approximately 16 nm (the value obtained for the
longer wavelengths is used), i.e. coupling between
the plasmons on both sides of the thin layer may be
expected for thickness less than 32 nm. In the case
of gold and for wavelengths above 600 nm
coupling of the plasmons can be expected in films
with thickness below 48 nm.
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Fig. 4. Dependence of the SPP penetration depth in the
metal on the wavelength for Al, Au and Ag layer. The
dielectric is air (solid line) or polycarbonate (dashed
line).

Note that for the  combination
gold/polycarbonate, there is a sharp dip in the
penetration depth around 500 nm, i.e. the SPPs
remain localized. At this wavelength the numerator
in Eq. (8) becomes close to zero, due to the value of
the dielectric constant of polycarbonate. Penetration
on the two boundaries for silver is approximately
22 nm and coupling of the plasmons is possible for
thickness less than 44 nm.

CONCLUSION

We have numerically solved equations that give
some SPP main characteristics. We have shown
that for large wavelengths, i.e. in the NIR region of

the spectrum, O, asymptotically approaches a
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different limit for each metal. In our case, the
penetration depth is smallest for aluminum and
highest for the noble metals especially for gold,
which is also confirmed in the literature.
Knowledge of the basic characteristics of the SPP is
important and necessary for a deeper understanding
of resonance processes in the studied structures. In
this manner, one can optimize the individual
elements in the realization of the various sensing
devices.
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I[NTOBBPXHOCTHU INIABMOH-ITOJIAPUTOHHI PE3SOHAHCHU
TP TBHKU Al, Ag 1 Au CJIOEBE

. Y. Hazsposga, JI. JI. Hexgemues, I1. C. llapnanmxues

Hnemumym no Onmuyecku Mamepuanu u Texnonozuu, bBvieapcka Axademus na Hayxume, yn. Axao. I'. bonues, o1.
109, 1113 Cogus, Bvreapus

Iocrpnuna ua 17 oktomBpu 2013 r.; kopurupana Ha 25 HoemBpH, 2013 .

(Pe3rome)

B Ttasu crartus pasriekigaMe OCHOBHHTE XapaKTePHCTUKU Ha MOBBPXHOCTHHUTE Imia3MoH-mniosiaputonn (III1IT) 3a
cinoeBe oT Al, Au m Ag. JIpmxuHata Ha BbiaHata Ha [IIII1, memxwHATA Ha paslMpocTpaHEHHWE W ABIOOYMHHUTE Ha
MIPOHMKBAHE B MeTaJla U B 1uenekTpuka. Bzaumoneicreuero Ha nsa I1III1 ot aBeTe rpaHULid HA MHOTO THHBK CJIOH € OT
TOJISIMO 3HAYEHHE 32 CHHTE3UPAHETO Ha HOBO TIOKOJIEHUE CEH30PH U ONTOCIEKTPOHHHU YCTPOWCTBA.
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