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PLASMONIC WAVEGUIDES FEATURES CORRELATED
WITH SURFACE PLASMON RESONANCE PERFORMED
WITH A LOW REFRACTIVE INDEX PRISM

Georgiana C. VASILE', Aurelian A. POPESCU?, Mihai STAFE', S.A. KOZIUKHIN’,
Dan SAVASTRU?, Simona DONTU?, L. BASCHIR?, V. SAVA* B. CHIRICUTA",
Mona MIHAILESCU', Constantin NEGUTU', Niculae N. PUSCAS'

The surface plasmon resonance calculations were performed for Kretschmann
configuration. Two of the layers, gold and chalcogenide films (GaLaS), have finite
thickness. The refractive index of coupling prism material is supposed to be lower
than the refractive index of amorphous film which composes a plasmonic
waveguide. The amorphous film thickness for which plasmonic resonances occur
was established. The calculations were performed for TE- and TM- modes (both for
visible and IR domain) concerning the propagation constants, the attenuation
coefficient and the electromagnetic field distribution. The results provide the
conditions for design an optical memory device based on light-light interaction in
plasmonic configuration.
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1. Introduction

The plasmons concept was introduced since the beginning of the XXth
century as an interaction of electromagnetic waves with the plasma electrons from
solid materials (mainly metals) which contain free electrons. Sommerfeld (1899)
and Zenneck (1907) have explained the confined propagation phenomenon of
electromagnetic waves on the metals surface. The phenomenon analysis was
dedicated to wireless telegraph operation, operation based on low frequency radio
waves.

In the optical band the confinement of electromagnetic waves at dielectric-
metal interface was explained by E. Kretschmann and H. Raether [1] in 1968, who
have proposed and experimentally realized a new excitation way of the surface
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plasmons using evanescent waves which form in total reflection conditions or
prism method. Confinement of light propagation is obtained on the metal-air
interface of the metal film deposed on the prism, when the light is directed on the
prism at a resonance angle. The theoretical model used by these authors study a
single interface of two semi-infinite media and is based on solving of the Maxwell
equations in transverse-magnetic (TM) and transverse-electric (TE) cases and
applications of continuity conditions [2].

This analysis leads to the dispersion equation w(k) for the surface

plasmon-polariton. The examination of the dispersion equation obtained in this
case can provide several conditions necessary to realize the confinement of light:
a) the incident light on the prism must be polarized in the incidence plane called
transverse magnetic (TM); b) dielectric constant (real part) of the film must be
negative; c) the dielectric constant of the metal must exceed the dielectric constant
of the material which is in contact with the film. This material is usually the
ambient (air) or dissolved substances in water. Due to the tight confinement of
light on the metal film surface, this configuration has found many applications in
developing of some optoelectronics sensors based on plasmon resonance [3-5]. As
was demonstrated earlier, the surface plasmon resonance (SPR) is very sensitive,

up to 10 ! 10 i changes of the refractive index. The excellent results were
obtained in plasmon resonance applications as biosensors [6, 7].

A new direction in the surface plasmon resonance applications consists in
the deposition on the metal surface of a dielectric film whose properties can be
changed by applying an electric field, illumination s.a. In the chalcogenide glasses
(ChQG) changes of the optical constants arise under the action of light with the
photon energy exceeding the band gap. Stationary and dynamic photoinduced
absorption may be distinguished [8]. The modifications of the optical absorption
correlate with the modifications of the refractive index by Kramers—Kronig
relation. However, the change of the refractive index in chalcogenide films is
small, on the order of 107, and a sensitive experimental method has to be used.
The surface plasmonic resonance is an opportunity to develop new devices. In a
recent investigation the authors [9] proposed and have experimentally
demonstrated the SPR configuration light modulation by use of thin GaLaS
chalcogenide light sensitive amorphous which is deposited on top of silver film
with the thickness of 30-50 nm. In order to satisfy plasmonic resonance conditions
they use a TiO; high refractive index prism. Using the transfer matrix formalism,
in [10] have been elucidated several resonance angles in SPR structure which
contain a metallic and amorphous chalcogenide films with high refractive index
(n=2.47), typical for GaLaS or As,S; compounds. In this paper the case of GaP
prism with refractive index higher (n=3.3) was examined. The results are
explained by coupling of evanescent wave with plasmonic waveguide modes.



Plasmonic waveguides features correlated with surface plasmon resonance performed..... 313

The need to use the high refractive index materials for the prism
manufacture limits the type of usable materials. The fulfilling of this condition is
necessary if one consider the total excitation spectrum of the modes. The
possibility to use the materials with lower refractive index of the prism, for
example BK7 glass (n=1.51), for excitation modes of As,S; plasmonic
waveguide (material with high refractive index) has been established in [11]. In
this paper only the numerical simulations results for TE modes were presented.
The TM modes have not been examined due to the complex character of the
propagation constant and the complex numbers operation.

In the present paper we investigated both TE and TM modes by numerical
simulations. We determined the structure parameters for which the coupling of
free electromagnetic wave to the confined modes of the planar plasmonic
waveguide can be realized.

2. The plasmonic waveguide structure with GalLaS chalcogenide film

The typical plasmonic planar waveguide consists of a structure of long and
large layers in the plane yz. In each region the refractive index may be considered
as constant. The constituent regions are as follows:

- a substrate made from oxide glass (BK7) which may be considered semi-
infinite;

- a thick enough gold film which have a complex refractive index;

- a dielectric film made of GalLaS which is the waveguide;

- a cover region considered semi-infinite (air).

The model of the structure that carry resonance light coupling in
plasmonic waveguide is shown in Fig. 1. Here, n, denotes the real part of the
refractive index of the metallic layer. The refractive indexes of the layers at two
wavelengths are given in Table 1. One can see that the optical waveguide layer
has the largest index Ns = N = Na. According to the matrix calculations, the
thickness of the gold film could be around 50 nm in order to achieve 100%
resonant coupling of the incident radiation to the waveguide.

We may take into account also that due to skin-effect the penetration depth
of light in gold is about 20 nm. It means that in visible and near IR spectral
domain the metallic film can be considered to be thick enough so as the substrate
material didn’t significantly alter the waveguide mode spectrum. In the same time
the waveguide field may have a weak coupling with evanescent wave on the
prism base. Meanwhile the waveguide field may have a weak coupling with the
evanescent wave on the prism.
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Fig.1. Plasmonic waveguide structure (a) and the reflective index profile (b).

The real value of the complex metal refractive index is presented in Fig.
1(b). The cover (air) and substrate (BK7) regions are much thicker than A and we
consider these regions as semi-infinite. Such an approximation considerably
simplifies the form of the dispersion equation and also the finding of solutions in
the complex plan. Finally, we will write the electromagnetic field relations for the
3-layer waveguide system as the fields are weakly linked with the prism medium.
The parameters values that were used in calculations are shown in the table below.

Table 1. The layers refractive index at two working wavelengths

No. Incident laser Air refractive Gal.aS refractive Gold refractive

wavelength (nm) index index [13] index [12] "
1. 633 1 2.48 0.197 - 3.091
2. 1310 1 2.38 0.48 - 8.751

' We use the convention (n-ik) for the complex refractive index as the plane wave

below are taken in the form of e[i ('BZ —a)t)].

The metallic substrate lies in the region x<0 and the air cover lies in the
region x>d. The film thickness d is varied between 0.1 and 1.6 um which is
comparable to the laser wavelength.

3. Light propagation in plasmonic waveguides: numerical simulation for TE-

modes case

The electric fields of the propagating TE modes in the three regions can be

written as follows:

Ey waveguide (x,z)=(A- e'** 4 B .e—ikzx)e—iﬂz (1a)

KiX —i
Ey metalfilm (x.2)=C-e** e/

By _cover (X, Z) =D -e_kl(x_d)e—lﬂz

(1b)

(Ic)
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Here, k, =+ n%kg - ﬁz is the transversal wave number within the optical

waveguide along the x direction. The wave numbers for the cover and the metallic

regions are given by the relations Kk =4 ﬁ2 —nfk& and Ky = ,82 —n_%kg,

respectively. Ay =27/kg=c/w is the wavelength of the incident radiation. The
propagation constant £ along the z direction is the same in the three layers of the

waveguide due to the continuity condition of the -electromagnetic field
components at the waveguide boundaries. The dispersion equation for the TE
modes can be obtained from the continuity conditions of the electric field Eand

of the magnetic field H, (proportional to the derivative 0E, of electric field) at
the two boundaries of the waveguide. As we are interested to the relative field
distribution, we may consider one of the integration constant equal to unity. By
excluding the other constants, the following equation may be obtained:

o-2idk, _ (ikz +ki )(sz +k3) Q)
(iky —k; ik —ks)
Taking into account that :
| p2idk,
tanh(idk, ) = s and tanh(idk; ) =i-tan(dk, ), 3)
1+e 1%
the following relation between transverse wave numbers Kj (i =1,2,3) may be
obtained:
tan(kzd ) = M (4)

3 = kaks
Equation (4) constitutes the dispersion relation k; = f (). For the

convenience of numerical solution, Eq. (4) may be inverted and written in the
form:

ky-d = arctan(ﬁj + arctan(ﬁJ +mzx (5)
ky k

In Egs. (3-5), m represents the mode number and d is the film thickness,

which play the role of parameter. This equation related to lossless waveguides

was obtained by Marcuse [14, 15] for the first time. All the wave numbers ware

considered as reals. In our case of contrary, the transversal wave number as well

as the propagation constant £ should be considered as complex number and

suitable solution methods may be applied.
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Fig. 2. Ey field of different TE modes across the three regions of the waveguide for a film
thickness of 0.25 pum (a, b) and 0.5 um (c-f) at 633 nm wavelength.
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Fig. 3. Ey field of different TE modes across the three regions of the waveguide for a film

thickness of 0.25 pum (a) and 0.5 um (b, c¢) at 1310 nm wavelength

The numerical solutions of Eq. (5) and the electromagnetic fields in the
three regions given by Eq. (1) were determined by using Matlab. The results
corresponding to A;=633 nm are presented in Figs. 2, 4 and 6, whereas the results

for 2p=1310 nm are presented in Figs. 3, 5 and 7. The electric field Ey across the
waveguide (i.e. as a function of transverse x direction) for the TE propagating
modes at A;=633 nm is given in Figs. 2(a, b) for d=0.25 um, and in Fig. 2 (c-f)
for d=0.5 um, respectively. For incident radiation at 1310 nm wavelength, the
electric field Ey across the waveguide for the TE propagating modes is given in

Figs. 3(a) for d=0.25 pum, and in Fig. 3 (b, ¢) for d=0.5 um. One can observe that
the number of propagating modes is two times smaller in case of 1310 nm
wavelength as compared to 633 nm radiation.
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Fig. 4. Intensity of the TE modes in xz section of the waveguide for a film thickness of 0.25 pm (a,
b), and 0.5 um (c-f) at 633 nm wavelength.
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Fig. 5. Intensity of the TE modes in xz section of the waveguide for a film thickness of 0.25 um
(a) and 0.5 pum (b, c¢) at 1310 nm wavelength.
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The light intensity distribution in Xz cross section of the waveguide for the
two propagating modes (TEy and TE,) in the 0.25 pm waveguide is given in Figs.
4(a, b). The 0.5 um thick waveguide enables propagation of four TE modes,
namely TE(-TE;. The light intensity distribution in Xz cross section of the
waveguide for these modes is given in Figs. 4(c-f). The light intensity distribution
in Xz cross section of the waveguide for the propagating mode (TEy) in the 0.25
um waveguide is given in Fig. 5(a). The 0.5 um thick waveguide enables
propagation of two TE modes, namely TE,, TE,. The light intensity distribution in
Xz cross section of the waveguide for these modes is given in Figs. 5(b, c).
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Fig. 6. The real (a) and imaginary (b) parts of the effective refractive index as a function of
waveguide thickness, for the first four TE modes at 633 nm wavelength.
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Fig. 7. The real (a) and imaginary (b) parts of the effective refractive index as a function of
waveguide thickness, for the first three TE modes at 1310 nm wavelength.

Figs. 6 and 7 present the real and imaginary parts of the effective
refractive index f/k, of the waveguide as a function of waveguide thickness for

different TE modes at 633 nm and 1310 nm wavelength radiation. The dispersion
curves in Fig. 6(a) indicate that the 0.25 um thick waveguide enables propagation
of two TE( and TE; modes at 633 nm wavelength, whereas Fig. 7(a) indicates that
only one mode (i.e. TE() can propagate at 1310 nm wavelength. A closer analysis
of these figures demonstrates that the effective index of the TE modes increases
asymptotically from 1 to 2.48 at 633 nm (respectively 2.37 at 1310 nm
wavelength), i.e. between the smallest refractive index (the cover’s) and the
highest refractive index (the film’s), when increasing the waveguide thickness.

By analysing the Figs. 6(b) and 7(b) one can see that the attenuation of the
propagating modes is stronger for the propagating modes at 1310 nm as compared
to 633 nm. For example, for the thicknesses 0.25 and 0.5 pum, the imaginary
effective refractive index (which also gives the attenuation coefficient along the z



320 Georgiana C. Vasile et al.

direction) for the TEy mode is approximately four times smaller at 633 nm than
1310 nm wavelength. This can also be seen in Figs. 4(a) and 5(a).
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Fig. 8. The real (a-c) and imaginary (d-f) parts of the effective refractive index as a function of
incident wavelength, for different propagating TE modes.

The influence of the incident laser wavelength on the propagation of the
TE modes in waveguides of different thicknesses is given in Fig. 8. The
dependence of refractive indexes Ny =n¢ and n3 =np, of the dielectric film and

metallic layer on wavelength is taken from [12, 13]. The figure indicates that for
the full range of wavelengths under study here (500-1400 nm) the effective index
decreases with wavelength. Moreover, the figures demonstrate that the TE; mode
can propagate in waveguides thicker than 0.25 pum (Fig. 8(a)), TE; mode needs
thicknesses larger than 0.5 um (Fig 8(b)), and TE, mode needs waveguide
thicknesses larger than 1 um (Fig 8(c)). Figs. 8 (d-f) show that the attenuation of
the TE modes along the z direction becomes stronger as the wavelength increases.
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4. Light propagation in plasmonic waveguides: numerical simulation
for TM-modes case

The electric fields of the propagating TM modes in the three regions can
be written as follows:

H y_waveguide(xa z)= (A "X+ B .e—lkzx)e—i,b’z (6a)

oy i
HY_metaIfiIm(XaZ):C‘e XTI (6b)

_ —k,(x—d) ,—ipz

Hy_cover(xaz)_D'e 1 )e (6¢)
The dispersion equation for the TM modes can be obtained from the

continuity conditions of the magnetic field Hy, and of electric field E,

components at the two boundaries of the waveguide. Performing the same steps as
above, the dispersion relation may be obtained:

2 2

ny k ny K
k, -d = arctan —3—1 +arctan —%—3 +mx %
n{ k2 ny k2

In Egs. (6,7), m represents the mode number and d is the film thickness.
The form of the equation is the same as was obtained in [14] when the media were
considered lossless, meaning that the material parameters were considered real.
Based on the plasmonic structure presented in Figs. 1 a), b) the numerical
simulations were performed in Matlab and some results are presented in Figs. 9,
10, 11 and 12.

The distribution of the magnetic field Hy across the three regions of the
waveguide (i.e. the transverse x direction) for the TM propagating modes is given
in Figs. 9 (a,b) for d=250 nm and in Figs. 9 (c-f) for the 500 nm film thickness,
respectively. The metallic film lies in the region X<0 and the air cover lies in the
region xX>d.
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Fig. 9. TM modes for a film thickness (d) of 250 nm (a,b) and 500 nm (c-f)

Figs. 9 (a, ¢) indicate a sharp spike of the magnetic field of TM, mode at
the film-metal interface. In other words, there is a strong confinement of the mode
in ~50 nm thickness of film near the film-metal interface. In fact, TMy modes
correspond to surface wave modes. Thereby, it is expected that the TMy mode
propagation and attenuation to be practically independent of film thickness when
thickness is larger than ~100 nm. This is demonstrated in Fig. 10, which presents
the real and imaginary parts of the effective refractive index of the waveguide as a
function of waveguide thickness for the TM, mode.

Fig. 10 also indicates that the 250 nm thick waveguide enables
propagation of two modes: TM, and TM; modes. The light intensity distribution
in Xz cross section of the waveguide for these modes is given in Fig. 11 (a,b). The
500 nm thick waveguide enables propagation of four TM modes, namely TMj-
TMs. The light intensity distribution in Xz cross section of the waveguide for these
modes is given in Fig 11 (c-f).
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A closer analysis of Fig 10 a) demonstrates that the effective index of the
TM;-TM3; modes increases from 1 to 2.48, i.e. the refractive indices of cover and
film. The effective refractive index corresponding to the TM, modes increases
rapidly with film thickness to a value larger than the 2.48. Fig. 10(b) indicates
also that the attenuation of the TMy mode along the z direction is ~ 1 order of
magnitude higher than for the other modes. This is consistent with the results
presented in Figs. 11 (a,c) which demonstrate the TM, mode propagate on
distances of the order of 400 nm along the z axis, whereas Fig. 11 (b,d-f)
demonstrate that the other modes propagate over distances of the order of 4 um.
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5. Conclusions

The investigations of the guided modes provided the numerical
simulations of plasmonic waveguide structure. The structure is composed by gold
film, chalcogenide GaLaS amorphous film of finite thickness and semi-infinite
cover, air for instance. The analysis showed the field distributions, attenuation for
different mode and effective index value necessary for coupling the light into
plasmonic waveguide via prism with low refractive index. For example, the film
thickness must be in a narrow region of 120-180 nm (Fig.10) in order to excite
TM; mode. Or, in a narrow band from 180 to 240 nm (Fig. 6) at the wavelength
633 nm for coupling of light into TE; mode. A space resolution as low as 400 nm
may be realized for the TM, mode. The resolution increases at longer wavelength
in the IR region.
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