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Abstract: We characterize the frequency dependence of symmetrically-
coupled long-range surface plasmon-polaritons (sc-LRSPPs) excited on
double-electrode slab waveguides composed of five layers of insulator(l)
and metal(M) stacked in order of IMIMI. When the core insulator has a
refractive-index larger than the cladding ones, there is no cut-off core-
thickness(D) for sc-LRSPP modesin al frequency range likely for modesin
a conventional dielectric slab waveguide. At a specific frequency of @
which depends on the index difference of insulator layers and the thickness
of metal, the sc-LRSPP modes are non-dispersive at al for change in D.
Furthermore, regardless of D alteration, the modes a @ = @, consistently
maintain a perfect flat-top profile in the core region and identical decay tails
in the cladding. The sc-LRSPP modes with these prominent characteristics
may excite an active medium sandwiched in between the metal layers very
uniformly, therefore it will be interesting to implement such a non-
dispersive flat-top mode for nonlinear applications of SPP waveguides.
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1. Introduction

Surface plasmon-polaritons (SPPs) are surface localized waves propagating on an interface
between a metal and a dielectric. Over a frequency band in which the dielectric constant of
metal is less than minus of that of adjacent dielectric, SPPs are excited by coupling between
collective oscillations of free electrons and evanescent electromagnetic (EM) waves [1,2].
This resonant coupling gives SPPs the peculiar properties of surface localizations and field
enhancements, which make a lightwave be able to interact strongly with nanoscopic structures
by mediating them. For these natures, SPPs have been widely studied since the first optical
observation in the anomalous diffraction from a metallic grating by Wood [3,4] and its causal
explanation by Fano [5]. Applications of SPPs are ranging from colored glasses [6] or
attenuated total reflection (ATR) based devices [7-9] to even potentials for merging photonic
and electronic integrated circuits recently [2,10-13].

One of the active fields regarding SPPs is applications of long-range SPPs (LRSPPS).
LRSPPs are supported by anti-symmetric charge coupling of SPPs on two surfaces of a thin
metal film of which thicknessis comparable to or less than the penetration depth of EM wave.
For its small propagation constant and nearly transversal field components, interna loss
(mainly ohmic loss in the metal) is small and direct end-fire coupling with any fundamental
mode of a conventional dielectric based waveguide is very efficient [1,14,15]. Though
LRSPPs are not so confined modes and the loss is still larger than dielectric waveguides, high
cladding sensitivity and parallelism of optical and electrical signals make them useful for
integrated optical devices. In addition, LRSPP waveguides consisting of about 20 nm thick
and afew um wide metal strips are much easier to be fabricated by conventional lithography
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technique than index-guiding dielectric waveguides which require a wavelength scale depth in
index steps. Many integrated passive and active optical devices based on LRSPPs such as
channel waveguides [16,17], thermo-optic modulators [18-20], directional couplers [21-23],
and Bragg grating filters [24,25] were reported recently in this context.

A double-electrode structure which consists of two metallic thin film had been reported as
a possible waveguide structure supporting LRSPPs quite long time ago [26]. Stegeman et al
pointed out that LRSPPs on a double-electrode waveguide can be controlled more actively by
using electro- or acousto-optic materials as a central dielectric medium because the pair of the
metal film itself offersto supply DC electric field in the core dielectric medium. This structure
has some other advantages over single-film LRSPP waveguides. As any homogeneous change
in the core dielectric material does not break vertical symmetry of the structure, LRSPPs exist
over much broader range of index contrast between the core and the cladding dielectric [26].
Therefore, the structure does not require a nearly free standing metal film for LRSPP based
fluidic sensors, and it can include dielectric grating or photonic crystal structures in the core
dielectric medium. In spite of those advantages, little attention has been paid to a double-
electrode LRSPP waveguide. Dispersion relations and attenuation properties of LRSPPs
excited on a double-electrode waveguide had been reported [26, 27], but decisive questions
for its practical applicability considering dependence of propagation lengths and field
identities on operation frequency have not been addressed so far.

In this paper, we study frequency dispersive characteristics of LRSPPs on double-
electrode waveguides. Dispersion curves and corresponding field identities of the modes are
analyzed according to the structural parameters of core and cladding dielectrics. The analysis
allows us to describe double-electrode LRSPPs in a general manner with the help of definition
of a characteristic frequency by which different core-thickness dependencies are classified.
Several interesting properties such as cut-off core-thickness at the vicinity of which the
attenuation is largely reduced without any need of thinning metallic films, transiently
saturated attenuation which can be used as a switching operation point, and the thickness-
dispersionless flat-top LRSPP which can provide efficient adiabatic mode scaling are
discussed on this basis. In section 2, dispersion relation of double-electrode waveguide
structures is briefly derived. Dispersion curves in terms of frequency and effective-index of
LRSPP modes are presented in Section 3, where dependence of the dispersion relation on the
core-thickness is discussed for both low-index-core and high-index-core structures. The
characteristic frequency that offers a criterion classifying the characteristic groups of LRSPP
modes is described in Section 4. Field identities and atenuation properties at relative
frequencies to @, are investigated in Section 5. Finally we conclude our analysis on double-
electrode waveguide structures in Section 6.

clad (&)
| it

< core (&) Z¢ > ID

clad (&)

metal film
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Fig. 1. Schematic of a double-electrode slab waveguide structure and the shape of magnetic
field profile for asymmetrically coupled LRSPP.

#89161 - $15.00 USD  Received 29 Oct 2007; revised 29 Nov 2007; accepted 29 Nov 2007; published 7 Dec 2007
(C) 2007 OSA 10 December 2007 / Vol. 15, No. 25/ OPTICS EXPRESS 17153



2. Dispersion relation of double-electr ode waveguides

A double-electrode waveguide considered here is illustrated in Fig. 1. It consists of two
identical metal slabs with a dielectric constant &, surrounded by core (&) and cladding (&)
dielectrics. Thickness of the core dielectric and the metal film is D and t, respectively. In
frequency domain, the magnetic field of a transverse magnetic (TM) polarized mode with
propagation constant £ in this structure can be written in general as

H=H,f(y)exp(isx)e,, D
where
cosh(aqy) or sinh(ayy) (0<y<D/2)
f(y) =< Aexp(a,[y—-D/2])+Bexp(-a,[y-D/2]) (D/2<y<t+D/2) (2)
Cexp(—a,[y—-D/2-1]) (t+D/2<Yy)

in the region y > 0. The cosh(ay) or sinh(ay) is taken for a symmetric or an anti-symmetric
mode respectively. The field in the region y < 0 is also provided by continuation of Eg. (2),
and the electric field is given by E = -V xH/(iwe,) for m=1, 2, or 3. The decay constant in
each layer isgiven by

a, =B -¢,k>)"?, m=1 2, or 3. (3)
Requiring continuity of the tangential fields (H, and E,) a the interfaces leads to a

dispersion relation and the amplitudes of a symmetric mode, A, B, and C in Eq. (2), as
follows.

2
a2a3 al“Z aZ a3al
——+—=tanh(D/2)+| —= | tanh(a,t tanh(o,D/2)tanh(e,t) =0 (4
L % 12+ 2| () + 2 (D 2t () <0 (9
1 o le
A==|cosh(¢,D/2)+——sinh(e,D/2)
2 o,le,
B=i[cosh(ap/2)—Mgnh(ap/z)} 5)
2 a,le,
o le :
C =| cosh(e4,D/2)cosh(ext)+ sinh(¢,D/2)sinh(e,t)
a2 82

Expressions for an anti-symmetric mode can be obtained by exchanging cosh and sinh to each
other. The dispersion relation in Eq. (4) gives a complex propagation constant of S=4+i4.
Frequency dependent characteristics of 4 provide a dispersion curve according to D, and
1/(2/3) defines propagation length where the mode intensity is decayed down to its 1/e value
after propagation.

It is known that four modal solutions exist implicitly in Eq. (4) as SPP modes for a double-
electrode structure [26,27]. Each of them represents a combination out of symmetrically or
anti-symmetrically coupled (sc- or ac-) long-range SPPs (LRSPPs) or short-range SPPs
(SRSPPs). Internal loss is smaller in long-range SPP modes while larger in short-range SPP
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modes since they possess a hode in the metal slabs. Each of the long-range and short-range
SPPs splits again into two separate modes according to their symmetry referenced at the
center of the core dielectric. Only a symmetrically-coupled long-range SPP, sc-LRSPP, mode
whose magnetic field has a profile depicted schematically in Fig. 1 will be considered
hereafter, because an anti-symmetrically coupled long-range SPP may hardly be excited by
direct end-fire coupling and even disappears when the core thickness is less than about the
decay length of SPPs excited on a single-electrode waveguide [ 26].

Complex S which satisfies Eq. (4) is found by 2 stage processes. On the first stage, an
approximate solution is given by observing values of |eft-hand side of Eq. (4). Reciprocals of
absolute square values of the left-hand side of Eq. (4) are evaluated along real f-axis within a
specified domain of 4. A range &%k, < < 2&5M%k, was enough to completely contain the sc-
LRSPP dispersion curve for an arbitrary core thickness over a frequency domain from DC to
visible light. The reciprocal of absolute square value of the equation shows series Lorentzian-
shaped peaks centered a Re{ fcirserp anNd Re{ fssrspr}. The peak center position (5)
closest to &Y%, among them is recognized as an initial guess for £ of the sc-LRSPP. Its full-
width at half-maximum (48) is assigned as an approximate value of 2/4. On the second stage,
Newton method starting at 3 = Ay+iA4/2 is applied to find the exact complex £ for the sc-
LRSPP until the propagation constant converges within |3 ™-8®|/k, = +1.1x10 during
consective iterations. As 3 /13 is an order of 10° or less (S is dominantly real), the first stage
gives awell defined initial guess and provides a good repeatability in finding roots.

3. Symmetrically-coupled long-range surface plasmon-polaritons

Two different cases of low-index-core and high-index-core structures are analyzed to find out
global features of sc-LRSPPs. Let's specify, for smplicity, the metal dlabs by a 20 nm-thick
gold film and the refractive index of the core (cladding) dielectric by 1.45 (1.47) for the low-
index-core structure and by 1.47 (1.45) for the high-index-core structure, as shown in the
insets of Fig. 2. Dispersion curves calculated by Eq. (4) are shown in Fig. 2 for the two core
structures. The effective index of a sc-LRSPP mode is defined as a relative propagation
constant of neg =4 /ko, and the frequency is normalized by the frequency of an electromagnetic
wave whose vacuum wavelength is 1 um. A Drude model fitted to give & = -118+11.58i at
1550 nm vacuum wavelength is used for the frequency dependent dielectric constant of Au
[28].

Figures 2(a) and 2(b) show frequency dispersive characteristics of the effective indices for
the sc-LRSPP modes exited at the two double-electrode waveguide structures with low-index-
core and high-index-core, respectively. The dispersion curves exist only in the shadow regions
as D increases from 0 um to infinity, and those depicted in between the two asymptotic limits
are of the finite core-thickness ranging from 0.2 um to 6.0 gm in 0.2 um steps. It is worth
discussing first the two limits of no core dielectric (D = 0 g#m) and infinitely thick core
dielectric (D—). The dispersion curves and modal properties for any other finite cores will
be addressed in between these two limits as shown in Fig. 2. For the limit case when D = 0
um, the dispersion curves exist over the continuous range starting from the zero freguency for
both core-index structures. This no-core limit is the same as the dispersion of LRSPP modes
for a single-electrode waveguide with a metal thickness of 2t (40 nm). On the other hand, the
dispersion curves when D—w have a characteristic frequency a at the point of 1.47 effective
index. In the frequency range smaller than a, there is no LRSPP mode for the infinite core
thickness. Since when D—-o there is no coupling between the modes on the two metal
waveguides, the dispersion curves shown above the @, are the same as the dispersion of a
asymmetric single-electrode waveguide composed by a metal film with thickness of t (20 nm)
and two different surrounding dielectrics with n =1.45 and n =1.47. In the case of the 20 nm-
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thick Au film sandwiched by two dielectrics with the refractive indices of 1.45 and 1.47, @ is
1.09 x 27/ um and the corresponding vacuum wavelength is 917.08 nm.

For a finite core-thickness in the low-index-core structure shown in Fig. 2(a), there is no
low frequency cut-off in the dispersion curve as D increases up to 1.0 gm. For a core-
thickness larger than 1.0 um, on the other hand, low-frequency cut-off appears and it
approaches @, as D increases. Therefore the core-thickness dependent characteristics of sc-
LRSPP modes is quite different according to the relative position of the frequency to a.. For a
fixed frequency lower than @, as D gets larger, the effective index decreases down to the
cladding index of n; (1.47) as D approaches a particular value, Dy, and the sc-LRSPP
modes disappear when D>Dg.o. That is, there is a range of the core thickness that supports
sc-LRSPPs when @ <a.. This behavior of the effective index is shown in Fig 2(c). Dashed
and dash-dotted line represents D-dependent effective index at two different frequencies
below @ Corresponding vacuum wavelength is 1550(@,) and 1100(@;) nm, respectively.
Please note that grey lines below 1.47 indicate not true solution but initial guesses given by
peak positions of reciprocal value of the dispersion equation. There is no S satisfying Eq. (4)
below effective index of 1.47. It is confirmed that the effective index decreases for increasing
D and finaly disappear for D > Deyt.off. Deutoft 1S 1.340 pm for @y and 1.688 um for a». For a
core thickness just below Do, the mode size diverges to infinity since the decay constant in
the cladding given by a5=[ 32-ns%k,*]Y? is about to vanish and therefore the decay length of the

2.0 2.0
—_ g Do
§ 1.5 3 15}
R E :
ﬁ — D=0
> 1.0 > 1.0t @
< =
§ g b=0 ng=1.45
05 0.5} -
g g n=1.47
- e n;=1.45
0.0 ; : ‘ : 0.0 : - ; -
145 146 147 148 149 150 1.51 1.45 1.46 1.47 148 1.49 150 1.51
effective index effective index
(a) (b)
103
< 1.49 o, o k
o = v ~ - - -~
-g Dcut-off 0)2 § T~ ~. \\
= 1.48} . ~ \
g @, K 10° L 1
£ e o = @
3] T~ ‘%-:_ I : [+
L 147 e " 1 R N |
& < " 10 = L wz
no true solution Lo (- ’
1.46 hd 107 P T ;
0 1 2 3 4 0 1 2 3 4
D () D (um)

(c) (d)

Fig. 2. The dispersion curves of sc-LRSPPs for two different cases of (a) low index core
(n;=1.45, n;=1.47) and (b) high index core (n;=1.47, n;=1.45). Two asymptotic limitsof D =0
umand D = « are indicated by two thick curves on the boundaries of grey regions, and the
dispersion curves in the grey region are of the core thicknesses ranging from 0.2 zmto 6.0 zm
in 0.2 um step. Please note that the core is thicker as the curve approaches the boundary of the
grey region marked by ‘D = «’. (c) and (d) shows thickness dispersive characteristics of
effective index and /3 for several frequencies below a, respectively. Relative locations in the
dispersion diagram for ey and @, areindicated by horizontal linesin ().
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evanescent tail (1/ os) stretched into the cladding diverges to infinity. The energy dissipated as
ohmic loss in the metal will vanish too as shown in Fig 2(d). Therefore, it is expected that the
propagation length will be largely extended just before the mode cut-off. Dgy.or bECOMES
larger for a higher frequency and infinite when w= @.. For w>a: there is no cut-off core
thickness and therefore no drastic extension in the propagation length is expected over the
frequency range higher than a..

On the other case of the high-index-core structure, frequency dependence of the sc-LRSPP
modes is quite interesting as shown in Fig. 2(b). All curves are crossing at a single position at
(ng, @) regardless of the value of D. When w= . the propagation constant of sc-LRSPP
mode is non-dispersive on D. Any cut-off core thickness does not exist over the full frequency
range, so the internal loss of the sc-LRSPP modes never decreases extremely low. For w <a,
the effective index has a value less than n; (1.47) and gradually approaches n; as D increases,
while for @ >, dependence of the dispersion relation on D is similar to the low-index-core
case. The sc-LRSPP mode with a larger core thickness reduces to a fundamental mode of
dielectric slab waveguide which consists of the same core and cladding dielectrics without
metal. A physical origin of existence of the crossing point at (ng, @) in the high-index-core
structure can be clearly found by requiring Eg. (4) to be specified at the condition that 5= n;ky
and ¢4 = 0. Under this specific condition, the dispersion relation is reduced to (as/ &) + (/&)
tanh(est) = 0, and therefore it has no dependence on D. It can be deduced that eigen
frequencies of the sc-LRSPP modes which have the effective index equal to the core index
must keep in congtant to be @, even for core-thickness variation.

Now we would like to summarize the frequency-dependent characteristics of sc-LRSPP
modes excited on double-electrode structures as follows: In low-index-core case shown in Fig.
2(a), a cut-off core thickness exists for sc-LRSPP modes at a frequency range less than the
characteristic frequency @, and mode size and propagation length become extremely extended
just before the cut-off. For w>w,, on the other hand, a sc-LRSPP mode can always be
supported for arbitrary core thickness without a drastic extension of its mode size and
propagation length. In low-index-core case shown in Fig. 2(b), when @ <@, sc-LRSPP modes
approach a fundamental mode of dielectric dab waveguide gradually from a single-electrode
LRSPP mode as D increases. At w= a the propagation constants of sc-LRSPP modes are
non-dispersive and egqual to niky even for core-thickness variation. For @ >a, the frequency-
dependent characterigtics are the same as the low-index case.

4. The characteristic frequency

The characteristic frequency @ can be derived from the dispersion relation when propagation
congtant has no dependence on D, (aa/ &) + (ea/ &) tanh(ost) = 0, as follow.

. =E_ 1 — tanh—l _gz(wc)|: &8 :| (6)
t [gl_gz(wc)] & [&-&(@)

To extract the value of @, in terms of the three dielectric constants and the metal thickness
is not straightforward, but it is plausible to estimate its dependence on the index contrast, An =
ns-ny, between the dielectric layers. If 4n =0 (viz. &-& = 0), @, = 0 obvioudly. For a non-
zero or even alarge 4n, intuitively @, can be estimated from the dispersion diagrams in Fig.
2(b). In fact, the reduced eguation of (ca/&;) + (05l &) tanh(ost) = 0 is exactly the same as the
dispersion relation of LRSPPs excited on a single-electrode waveguide consisting of a single
metal slab with thickness of 2t surrounded by dielectric with &. @ is the frequency of the
LRSPP mode on this single-el ectrode waveguide when the relation 8= nik, satisfied.
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Fig. 3. Dependences of the characteristic frequency on the index difference for severa
refractive indices of the cladding (a) and some thicknesses of the metal slab (b). The Au
thickness is fixed at 20 nm for (&), and the refractive index of the cladding is fixed at 1.45 for
(b) respectively.

Therefore, for the structures considered in Fig. 2, @, is a point corresponding to the effective
index of ny. If ny increases, @, increases aong the curve for D = 0 um. For a large 4n, a,
approaches a cut-off frequency of the single-electrode LRSPP, that is a)c—>a)p/(1+53)1’2.

Figure 3 shows dependence of @, on the index contrast 4n and the metal thickness t. In
Fig. 3(a), the cladding index n; is chosen from some typical dielectric materials like silica
(1.45), LiNbO; (2.2142), and silicon (3.4764) taken in the Ref. 40 by interpolating at Ao =
1550 nm, while the metal thicknessisfixed at 20 nm. It can be confirmed that @, converges to
@y (1+&5)"? for alarge index contrast. In the order of n; = 1.0, 1.33, 1.45, 2.2142, and 3.4764,
the values of cop/(1+.93)1’2 normalized by 2zc/um are 5.00, 4.25, 4.01, 291, and 1.95,
respectively. In the same order of n; 4n that gives @, corresponding to the vacuum
wavelength of 1550 nm is 2.14x10° 5.09x10°, 6.62x10°, 2.44x10% and 1.30x10%
respectively. For nz = 1.45, the @, dependence on the metal thickness is shown in Fig. 3(b). As
An increases, @, converges to a constant value of 6.62x10° even for the different thickness,
but @, grows more rapidly for a smaller t. It is confirmed that . is tunable over broad
spectrum from an optical communication to whole visible frequency range with acceptable
index differences of 10° ~ 1.

5. Propagation lengths and field profiles

Figures 4(a) and 5(a) show propagation length defined by 1/(24) for sc-LRSPP modes excited
on the two double-electrode structures with low-index core and high-index core, respectively.
D varies from 0 um to 8 um. Three representative vacuum wavelengths (4q) of 667 nm, 917
nm, and 1550 nm are selected to compare the propagation lengths for three different frequency
regions of W< ., = . (= 3.27x10% rad./s), @ > w, respectively. In case of low-index core
shown in Fig. 4(a), frequency characterigtics of sc-LRSPP propagation length dependent on D
variation are clearly recognizable with the three black line curves. At 4o = 1550 nm (w < ax,
dashed black line), the propagation length increases exponentialy for a small core thickness
up to 0.7 um before the transient saturation at the vicinity of 1 4m, and it gradually diverges
without any supported sc-LRSPP mode after 1.33 gm. The behaviors of the exponential
increase and the transient saturation are also seen at Ao = 917 nm (w = @, dash-dotted black
line) bellow the 1.5 um core-thickness. The two grey curves near the solid black line of 917
nm represent those for the frequencies adjacent to a, for instance, @, - 0.17x10° rad./s for the
upper grey and a, + 2.07x10° rad./s for the lower grey line. At A, = 667 nm (@ > @), on the
other hand, the propagation length keep in constant for large D variations. It is noted that,
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Fig. 4. (a). Dependences of the propagation lengths of sc-LRSPPs on the core thickness for the
case of low index core at several wavelengths. The vacuum wavelengths are selected as
representatives for w<a, (dashed line), w=a (black solid line) and o>, (dash-dotted line).
Each of the upper and the lower grey solid curve represents just below and over the
characteristic frequency respectively, and the corresponding differences from a. are -0.17 and
+2.07 x10°rad./s. (b) Fidd profiles (H,) of asc-LRSPP at w=a for the case of low index core.
The inset shows the profiles normalized by its value at the core-metal interface in the metal
film. In the inset, grey region indicates the metal film.

a o= ., the propagation length does not go to infinity abruptly after the transient saturation
but increases exponentially and that the propagation behavior suffers from a sudden
divergence or abound limit even for asmall amount of frequency deviation from a..

A reason exhibiting the transient saturation near the core thickness of about wavelength
scale can be found from transition property of the mode profiles as D varies. Figure 4(b)
shows the normalized H, components of sc-LRSPP modes when D = 0.3, 1.0, and 4.0 um,
where the surface normal position a 0 x#m means the center of the core dielectric and those at
the peaks indicate the positions of the metal slabs. The inset in Fig. 4(b) is the magnified H,
profiles around the 20 nm-thick metal embedded in between the core (n;) and the cladding
(ng). All the mode profiles reveal necessarily exponentia decay in the cladding and
hyperbolic-cosine distribution in the core, but the ratio of the field amplitudes at the two
metal-dielectric interfaces is quite different with each other. At D = 0.3 um, before the
transient saturation in propagation length, the field amplitude is smaller at the metal-core
interface and it grows up inside the metal layer as approaching the metal-cladding interface.
At D = 1.0 gm within the transient saturation region or a D = 4.0 ym after it, on the other
hand, the field amplitude, decreases down toward the metal-cladding interface. This
difference in the field profiles can be understood by atransition property of the mode profiles
between two limiting cases of D = 0 and D—-0: When the core thickness shrinks to be zero the
field profiles on two metal slabs combine together to make a single hyperbolic-cosine form,
therefore the field amplitudes on both sides of the metal-dielectric interfaces become higher
than that in the middle of the metal layer. If the core thickness is large enough not to allow
any field coupling between the two metals, the field in each metal slab has a larger amplitude
on the metal boundary facing the dielectric with a lower refractive index since the evanescent
tail of the field profile is stretched further into the lower dielectric.

In case of the high-index core shown in Fig. 5, change in the propagation length as D
varies is moderate with no drastic increase for all three wavelengths. (Note that the vertical
scale is linear, not logaritmic as in Fig. 4(a)). For 4, = 1550 nm the propagation length
decreases gradually down to a minimum at D = 3 um before its increase. The normalized H,
profiles for D = 0.3, 3.0, and 8.0 um depicted in Fig. 5(b) imply tha the energy portion
localized in the core region becomes larger as increasing D and the mode approaches to a
fundamental mode of dielectric dab waveguides. Also, the field amplitudes inside the metal
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Fig. 5. (a). Dependences of the propagation lengths of sc-LRSPPs on the core thickness for the
case of high index core at several wavelengths. The vacuum wavelengths are selected as
representatives for w<a. (dotted line), w=ax (solid line) and @ > (dash-dotted line). Please
note that, differently from Fig. 4(a), the vertical axisis not logarithmic but linear scale. (b), (c),
and (d) shows the field profiles (H,) of sc-LRSPPs for several core thicknesses at w<a,
w=a, and w>a. respectively. The inset in each figure shows the profiles normalized by its
value at the core-metal interface in the metal film (grey region).

layer always grow up as approaching the metal-cladding interface as shown in the inset of Fig.
5(b).

For Ao = 917 nm (w = @), dependence of the propagation length on D and evolution of the
field profiles are quite interesting as depicted in Figs. 5(a) and 5(c), respectively. The
propagation length is linearly proportional to D. Regardless of the core thickness, the field
amplitude is uniform over the whole core region and the normalized field profiles around the
metal layers are exactly matched with each other as shown in the inset of Fig. 5(c). These
distinctive characteristics a w= @, are caused by the fact that f= niky thus oy = 0O for
arbitrary core thickness. The non-dispersive property of the propagation constants on D aso
insists that o» and a3z must be constant, therefore, not only the decay lengths to the core and
cladding dielectrics but aso the amplitudes of the exponents given in Eq. (5) should be
congtant. It must be emphasized that this particular property is very desirable for adiabatic
coupling between optical modes with different lateral sizes via waveguide tapering. Adiabatic
coupling is reasonable under the condition that the elkonal parameter defined by
tan(¢)[d(1/53)/dD] should be much less than 1, where ¢ is a taper angle [29]. The eikonal
parameter is zero for sc-LRSPP modes with the characteristic frequency, resulting that a very
large tapering angle can be acceptable for an efficient mode coupling. Moreover, the flat-top
profiles of the field amplitudes in the core are sustained even for a large core-thickness
variation. This may offer a noble method for flat-top beam shaping of light radiated from a
conventional waveguide or a point-like source.

#89161 - $15.00 USD  Received 29 Oct 2007; revised 29 Nov 2007; accepted 29 Nov 2007; published 7 Dec 2007
(C) 2007 OSA 10 December 2007 / Vol. 15, No. 25/ OPTICS EXPRESS 17160



Finally over a higher frequency range of w>a., core-thickness dependence of the
propagation length in Fig. 5(a) and the mode profiles in Fig. 5(d) are not so different from
those of the low-index-core case. The modes converge to a decoupled LRSPP mode from a
sc-LRSPP asincreasing D with no distinct feature in between.

It may be worth considering whether such a crossing in dispersion curves as shown in Fig.
2(b) also takes place in a two dimensional guiding structure, like a cylindrical plasmonic
waveguide consisting of a metal coated high-index dielectric wire surrounded by a low-index
cladding [30]. Actually the SPP mode represented by n = 1 in a higher branch of dispersion
curve of the cylindrical plasmonic waveguide, where n is the number of azimuthal oscillation,
also has a crossing point near the core light line. According to Ref. 30, dispersion curves for
higher branch of n = 1 modes cross core light line and curves for different core diameter
intersect with each other. Therefore, it can be concluded that there exists flat-top modes (o =
0) and nearly non-dispersive characteristics on core diameter. But unfortunately, we have
found that the crossing point does not always correspond to the core light line after an
intuitive consideration as follow: Noted that one of the physical origins of the non-dispersive
characteristic at w= . results from the separable property of the exponential functions in
Egs. (4) and (5) so as to satisfy exp[zou(D+t)] = exp(zauD)exp(xost). These separable
functions guarantee to eliminate the term exp(ze,D) in Egs. (4) and (5), and only the
exponents having +osD argument among the D dependent terms survive before they
disappears when o1 = 0 at w= @.. However, such elimination is not possible in a cylindrical
plasmonic waveguide because its mode expression does not consist of exponential functions
any more but modified Bessel functions of second kind. Therefore, a flat-top mode existsin a
cylindrical plasmonic waveguide, but it does not always have non-dispersive characteristic on
core diameter. Though the two noble properties do not always coincide with each other, it will
be interesting to find out other 2-dimensiona structures that support efficient flat-top
collimation or coupling between optical source and um-scale waveguide.

6. Conclusion

For double-electrode plasmonic waveguide structures, modal properties of the sc-LRSPPs
have been described comprehensively by investigating frequency dependence of the
dispersion relation and the mode profiles consistently. We have found out that the sc-LRSPP
modes excited on a double-electrode plasmonic waveguide can be classified by four groups of
distinctive characters according to their dependence on the core thickness D. For the low-
index-core structure, the propagation length can be largely extended at a particular core
thickness of wavelength scale at a frequency range lower than the characteristic frequency @
which depends on the index difference in the core-cladding layers and the thickness of the
metal. The characteristic of drastic increase in the propagation length may be used not only
for refractrometric sensors or non-linear ATR devices but also variable optical attenuators by
incorporating media for active index modulation as a core dielectric [19]. For a frequency
range higher than @, the sc-LRSPP mode converts its moda property moderately from
symmetrically coupled to decoupled as D increases. For the high-index-core structure, on the
other hand, there is no cut-off core thickness in overall frequency range. For w< @, the sc-
LRSPPs with alarge D converge to a mode of conventional dielectric sab waveguides, but at
o= @, the sc-LRSPP modes are completely non-dispersive for change in D. Regardless of D
alteration, the modes at w= @, consistently maintain a perfect flat-top profile in the core
region and identical decay tails in the cladding. 2-dimensiona extension of this prominent
characteristic may provide us a novel means for uniform dimension-scaling and flat-top
profile-shaping of an optical mode tightly guided by plasmonic waveguides. Thus it will be
worth to find out conditions for flat-top modes in a cylindrical waveguide with metal coated
dielectric core. The flat-top sc-LRSPP modes may excite an active medium sandwiched in
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between the metal layers very uniformly, therefore it will be interesting to implement such a
non-dispersive flat-top mode for nonlinear applications of SPP waveguides.
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