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Abstract: We investigate in detail the crosstalk between plasmonic slot
waveguides. We show that the coupling behavior of deep subwavelength
three-dimensional (3-D) plasmonic slot waveguides is very different from
the one of two-dimensional (2-D) metal-dielectric-metal (MDM) plasmonic
waveguides. While in the 2-D case the coupling occurs only through the
metal, in the 3-D case the coupling occurs primarily through the dielectric,
in which the evanescent tail is much larger compared to the one in the
metal. Thus, in most cases the coupling between 3-D plasmonic slot
waveguides is much stronger than the coupling between the corresponding
2-D MDM plasmonic waveguides. Such strong coupling can be exploited
to form directional couplers using plasmonic slot waveguides. On the other
hand, with appropriate design, the crosstalk between 3-D plasmonic slot
waveguides can be reduced even below the crosstalk levels of 2-D MDM
plasmonic waveguides, without significantly affecting their modal size and
attenuation length. Thus, 3-D plasmonic slot waveguides can be used for
ultradense integration of optoelectronic components.
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1. Introduction

The capability of guiding light at deep subwavelength scales is of great interest in optoelec-
tronics, in part because such capability may enable ultradense integration of optoelectronic
circuits [1]. This prospect for integration has motivated significant recent activities in exploring
plasmonic waveguide structures [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15]. Among these,
two-conductor waveguide geometries, which are the optical analogue of microwave transmis-
sion lines [16], are of particular interest because they support modes at deep subwavelength
scale with high group velocity over very wide range of frequencies. As a prominent example
of two-conductor waveguide geometries, three-dimensional (3-D) plasmonic slot waveguides,
consisting of a deep subwavelength slot introduced in a thin metallic film, were recently inves-
tigated [12, 13, 14, 17, 18].

To enable ultradense integration, however, a key consideration is the packing density of opti-
cal waveguides and devices. When two waveguides are brought in close proximity, their modes
overlap resulting in coupling and crosstalk between the waveguides [19]. The crosstalk, in gen-
eral, becomes stronger as the distance between the waveguides is reduced. Thus, the coupling
strength between two waveguides sets a limit on their maximum packing density. It is therefore
important to investigate the crosstalk between subwavelength plasmonic slot waveguides. In
previous studies, Zia et al. [9] investigated the coupling between two-dimensional (2-D) metal-
dielectric-metal (MDM) plasmonic waveguides. They showed that such waveguides can be put
at a distance of ∼150 nm without significant crosstalk. In addition, Liu et al. [13] investigated
the coupling between 3-D plasmonic slot waveguides formed on the same thin metal film.

In this paper we investigate in detail the crosstalk between plasmonic slot waveguides. We
first show that for coupled lossy waveguides in general there is a maximum in the power transfer
efficiency from one waveguide to the other. This maximum transfer efficiency is determined by
the ratio of the coupling length between the two waveguides to their mean attenuation length.
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We then consider the coupling between symmetric plasmonic slot waveguides formed on the
same thin metal film. We show that the coupling behavior of deep subwavelength 3-D plas-
monic slot waveguides is very different from the one of corresponding 2-D MDM plasmonic
waveguides. While in the 2-D case the coupling occurs only through the metal, in the 3-D case
the coupling occurs primarily through the dielectric, in which the evanescent tail is much larger
compared to the one in the metal. Thus, the coupling between 3-D plasmonic slot waveguides is
much stronger than the coupling between the corresponding 2-D MDM plasmonic waveguides.
Such a strong coupling can be used to form a directional coupler using slot waveguides. For cou-
pling between asymmetric plasmonic slot waveguides, as well as for vertically-coupled plas-
monic slot waveguides which are formed on parallel thin metal films, we also find that the
coupling through the dielectric is dominant. On the other hand, we show that, by modifying the
metal regions between the two slots, the crosstalk between 3-D plasmonic slot waveguides can
be reduced even below the crosstalk levels of 2-D MDM plasmonic waveguides. Examples in-
clude a structure in which the metal film separating the two slots has an increased thickness, as
well as a structure in which the metal region separating the two slots is I-shaped. We show that
both of these structures greatly reduce the crosstalk between the plasmonic slot waveguides,
without significantly affecting their modal size and attenuation length. Thus, with appropri-
ate design, plasmonic slot waveguides can be used for ultradense integration of optoelectronic
components.

The remainder of this paper is organized as follows. In Section 2 we provide a general analy-
sis of the coupling between lossy waveguides. In Section 3 we describe the simulation methods
used for the analysis of the coupled plasmonic waveguides. In Section 4 we investigate various
cases of coupling between plasmonic slot waveguides. In Section 5 we propose and analyze
structures which reduce the crosstalk between plasmonic slot waveguides. Finally, our conclu-
sions are summarized in Section 6.

2. Coupling between lossy waveguides

Since a key goal in this paper is to evaluate crosstalk and to develop ways to suppress it, we
will be considering the coupler formed between two identical waveguides such that phase-
matching is automatically satisfied. This corresponds to the strongest coupling [19], and there-
fore the worst-case scenario for crosstalk. Thus, we start from a single-mode waveguide struc-
ture, and consider a coupler structure consisting of two such waveguides, which satisfies the
mirror symmetry relation εr(x,y) = εr(−x,y), where εr is the dielectric function. We assume
that the waveguide is uniform along the z direction. Such a coupler supports two eigenmodes
with either symmetric (Es(x,y)) or antisymmetric (Ea(x,y)) electric field distribution with re-
spect to the y axis. Due to the mirror symmetry of the structure, the two modes are orthogonal,
i.e., ∫

1
2

Re[Eν ×H∗
μ · ẑ]dS = δνμ , ν,μ = s,a,

where Hs(x,y) (Ha(x,y)) is the magnetic field of the symmetric (antisymmetric) mode. The
total electric field is given by

E(x,y,z) = cs(z)Es(x,y)+ ca(z)Ea(x,y), (1)

where the modal field amplitudes cs(z), ca(z) are given by cs(z) = cs(0)exp(−γsz), ca(z) =
ca(0)exp(−γaz), and the modal propagation constants γ s, γa are in general complex, i.e.,
γs = αs + iβs, γa = αa + iβa. The properties of the eigenmodes of the coupler completely de-
termine the transfer behavior between the waveguides. To see this, we define the electric field
distributions

El(x,y) ≡ Es(x,y)/
√

2+Ea(x,y)/
√

2, (2)

#90188 - $15.00 USD Received 27 Nov 2007; revised 29 Jan 2008; accepted 29 Jan 2008; published 31 Jan 2008

(C) 2008 OSA 4 February 2008 / Vol. 16,  No. 3 / OPTICS EXPRESS  2131



Er(x,y) ≡ Es(x,y)/
√

2−Ea(x,y)/
√

2, (3)

which are highly concentrated either on the left (E l(x,y)) or on the right (Er(x,y)) waveguide.
Note that the left and right field distributions in Eqs. (2) and (3) are also orthogonal to each
other. For weakly-coupled waveguides these field distributions are almost identical to the field
distribution of an isolated waveguide. The total electric field in Eq. (1) can then also be written
as

E(x,y,z) = cl(z)El(x,y)+ cr(z)Er(x,y). (4)

Using Eqs. (1)-(4) we obtain

[
cl(z)
cr(z)

]
=

[
1√
2

1√
2

1√
2

− 1√
2

][
cs(z)
ca(z)

]
, (5)

and
|cl(z)|2 + |cr(z)|2 = |cs(z)|2 + |ca(z)|2.

We now consider the case where only E l(x,y), which is highly concentrated on the left
waveguide, is excited at z = 0, i.e. cl(0) = 1, cr(0) = 0. Using Eq. (5), the power coupled
into the right field distribution after a distance L is evaluated to be

|cr(L)|2 = |1
2
[exp(−γsL)− exp(−γaL)]|2. (6)

For lossless waveguides, i.e. γs = iβs, γa = iβa, using Eq. (6), we obtain

|cr(L)|2 = sin2(
βs −βa

2
L) = sin2(

π
2

L
Lc

),

where we defined the coupling length as

Lc ≡ π/|βs−βa|. (7)

We observe that, in the case of coupled lossless waveguides, power is transferred completely
from the left to the right waveguide for a distance L equal to the coupling length L c. Thus, in
order to limit the crosstalk between two adjacent lossless waveguides, we must have L � L c.

We now consider coupled lossy waveguides. Using Eq. (6) we obtain

|cr(L)|2 = exp(−2
L

Lp
)|1

2
[exp(−γ−L)− exp(γ−L)]|2, (8)

where Lp ≡ 2/(αs + αa) is the mean attenuation length, and γ− = (αs −αa)/2+ i(βs −βa)/2.
Eq. (8) suggests that, unlike lossless waveguides, for coupled lossy waveguides complete trans-
fer of power from one waveguide to the other is not possible, since loss is always present during
the transfer process. Instead, for coupled lossy waveguides there is a maximum in power cou-
pled from one waveguide to the other:

pmax ≡ max
L

|cr(L)|2. (9)

As it turned out, for the structures considered in this paper |α s −αa|/2 � |βs −βa|/2, so that

γ− � i(βs −βa)/2. (10)
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We found that in all cases considered in this paper, the approximation of Eq. (10) results in less
than 1% error in the calculated maximum transfer power p max. Inserting Eq. (10) into Eq. (8)
we obtain

|cr(L)|2 � exp(−2
L

Lp
)sin2(

π
2

L
Lc

),

and

pmax � exp(−2xarctan(x−1))
1+ x2 , x = 2Lc/(πLp). (11)

Therefore, under the approximation of Eq. (10), the maximum transfer power p max is only
a function of Lc/Lp (Fig. 1). When the coupling length Lc is much smaller than the mean
attenuation length Lp, the maximum transfer power approaches 1, similar to the lossless case.
In the opposite limit, when the coupling length Lc is much larger than the mean attenuation
length Lp, the maximum transfer power approaches 0 (Fig. 1). In this case, there is almost no
power coupled from one waveguide to the other, irrespective of L. In addition, since there is
almost no coupling between the waveguides, the power in each waveguide attenuates with the
attenuation length of an individual plasmonic slot waveguide.
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Fig. 1. Maximum transfer power pmax as a function of Lc/Lp, under the approximation
γ− � i(βs − βa)/2 (see Section 2). Here Lc is the coupling length, and Lp is the mean
attenuation length. In all cases considered in this paper, this approximation results in less
than 1% error in the calculated pmax.

We would like to emphasize that the above analysis is exact, as long as the propagation
constants of the eigenmodes γs and γa are known. Therefore, in this paper we will employ
numerical methods to evaluate γs and γa directly, and from these we will determine the coupling
behavior.

3. Simulation method

We use a full-vectorial finite-difference frequency-domain (FDFD) mode solver [20, 12] to cal-
culate the symmetric (Es(x,y), Hs(x,y)), and the antisymmetric (Ea(x,y), Ha(x,y)) eigenmodes
of coupled waveguides (Sec. 2), and the corresponding modal propagation constants γ s and γa

at a given wavelength λ0. For waveguiding structures which are uniform in the z direction, if an
exp(−γz) dependence is assumed for all field components, Maxwell’s equations reduce to two
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coupled equations for the transverse magnetic field components Hx and Hy [20]. These equa-
tions are discretized on a non-uniform orthogonal grid resulting in a sparse matrix eigenvalue
problem of the form Ah = γ 2h, which is solved using iterative sparse eigenvalue techniques
[21]. The discretization scheme is based on Yee’s lattice [20]. To calculate the bound eigen-
modes of the coupled waveguides, we ensure that the size of the computational domain is large
enough so that the fields are negligibly small at its boundaries [22], while for leaky modes we
use perfectly matched layer absorbing boundary conditions [21]. An important feature of this
formulation is the absence of spurious modes [22]. In addition, the frequency-domain mode
solver allows us to directly use experimental data for the frequency-dependent dielectric con-
stant of metals [23, 24], including both the real and imaginary parts, with no approximation.
Once the modal propagation constants γs and γa are calculated, the coupling length Lc between
the two plasmonic slot waveguides is calculated using Eq. (7), and the maximum transfer power
pmax using Eqs. (8) and (9).

4. Coupling between plasmonic slot waveguides

Using the analytic theory in Section 2 and the numerical methods in Section 3, we consider
coupling between deep subwavelength plasmonic slot waveguides. We focus on the optical
communication wavelength (λ0 =1.55 μm), where subwavelength plasmonic slot waveguides
have attenuation lengths of tens of micrometers [12, 18]. Our reference structure is a symmet-
ric plasmonic slot waveguide [18] consisting of a slot of width w =50 nm in a silver film of
thickness h =50 nm embedded in silica (ns =1.44).

We first consider the coupling between two such symmetric plasmonic slot waveguides which
are formed on the same thin silver film (Fig. 2(b)). In general, the coupling length L c decreases
as the distance D between the slots decreases (Fig. 2(e)). The presence of the left slot imposes
a dielectric perturbation on the propagation of the bound mode of the right plasmonic slot
waveguide and vice versa. It can be shown that, for weak coupling, the coupling length L c

between two waveguides is inversely proportional to the overlap integral of their field profiles
in the perturbed region [19]. In the case of plasmonic slot waveguides formed on the same metal
film, Lc will therefore be inversely proportional to the modal field amplitude of the plasmonic
slot waveguide on the adjacent slot. Since far from the slot the modal field amplitude decays

asymptotically as ∼ exp(−αρ)/
√ρ , where α = Re

√
−γ2 − ( 2πns

λ0
)2 [12], the coupling length

Lc will increase with D as ∼ √
Dexp(αD). We have indeed verified that this is the case for

D >200 nm, where the coupling between the waveguides is weak.
In Fig. 2(f) we show the maximum transfer power p max between the two plasmonic slot

waveguides as a function of D (Fig. 2(b)). As expected, p max decreases as D increases. For
D >0.94 μm we have pmax < 10−3, so that the crosstalk between the two plasmonic waveguides
is negligible. As mentioned above, pmax is a function of the ratio of the coupling length Lc to
the mean attenuation length L p (Eq. (11)). In the weak coupling regime (D >200 nm) the mean
attenuation length Lp of the modes supported by the structure is insensitive to D, since the
fraction of the optical power in the metal is not affected by the coupling. Thus, in this regime
pmax is solely determined by Lc.

In the strong coupling regime (D <200 nm) the coupling length is in the order of a few mi-
crons (Fig. 2(e)), and the maximum transfer power p max approaches 1 (Fig. 2(f)). In this regime,
the structure of Fig. 2(b) can be used as a directional coupler to perform power division, power
coupling and switching [19]. In the strong coupling regime, as D decreases, there is an increase
in the fraction of the modal power in the metal region separating the two slots for the mode
with symmetric electric field distribution (Es(x,y)). Consequently, the attenuation length of
this mode decreases significantly as D is decreased. This results in decreased mean attenuation
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Fig. 2. (a) Schematic of two coupled 2-D MDM plasmonic waveguides. (b) Schematic
of two coupled symmetric plasmonic slot waveguides which are formed on the same thin
metal film. (c) Schematic of two vertically-coupled symmetric plasmonic slot waveguides
which are formed on parallel thin metal films. (d) Schematic of two coupled asymmetric
plasmonic slot waveguides which are formed on the same thin metal film. (e) Coupling
length Lc as a function of the distance D between two coupled plasmonic waveguides. Re-
sults are shown for 2-D MDM plasmonic waveguides (green line), symmetric plasmonic
slot waveguides formed on the same metal film (red line), vertically-coupled symmetric
plasmonic slot waveguides formed on parallel metal films (blue line), and asymmetric plas-
monic slot waveguides formed on the same metal film (black line). In all cases, the slot
widths are w =50 nm, the metal film thicknesses are h =50 nm, and the operating wave-
length is λ0 =1.55 μm. (f) Maximum transfer power pmax as a function of the distance D
between two coupled plasmonic waveguides. All other parameters are as in (e).

length Lp and faster decay of the total power in the system of coupled slot waveguides when
compared with an isolated waveguide. In addition, in this regime the behavior of the coupling
strength with respect to the distance D cannot be inferred directly from the field profile of an
isolated plasmonic slot waveguide.

In the strong coupling regime the coupler can be used for power division. However, we note
that an alternative way to perform power division is to use a splitter. Such a device is extremely
compact and has almost zero splitting loss [25].

The behavior of coupling in 3-D plasmonic slot waveguides turns out to be completely differ-
ent from the one of the corresponding 2-D MDM plasmonic waveguides. In Figs. 2(e) and 2(f)
we also show Lc and pmax, respectively, for a corresponding 2-D MDM plasmonic waveguide
coupler with the same dielectric layer width w (Fig. 2(a)). We observe that for the coupled 3-D
plasmonic slot waveguides, Lc is order of magnitudes smaller, and pmax is order of magnitude
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larger than the quantities of the corresponding 2-D MDM plasmonic waveguides. For example,
a minimum distance of Dmin =0.16 μm between 2-D MDM plasmonic waveguides is sufficient
to maintain negligible crosstalk (pmax < 10−3), while for 3-D plasmonic slot waveguides the
corresponding minimum distance is Dmin =0.94 μm (Fig. 2(f)). We emphasize that, while in
the 2-D case the coupling occurs only through the metal, in the 3-D case the coupling occurs
primarily through the dielectric, in which the evanescent tail is much larger compared to the
one in the metal.

We also note that, as h → ∞, the modal propagation constant of a 3-D plasmonic slot
waveguide approaches asymptotically the modal propagation constant of the corresponding 2-D
MDM plasmonic waveguide ( lim

h→∞
γ3D(h) = γ2D) [18]. Similar asymptotic behavior is observed

in the coupling length Lc and the maximum transfer power pmax between 3-D plasmonic slot
waveguides ( lim

h→∞
Lc,3D(h) = Lc,2D and lim

h→∞
pmax,3D(h) = pmax,2D). However, while the modal

characteristics of 3-D plasmonic slot waveguides converge fast to the corresponding charac-
teristics of 2-D MDM waveguides (γ3D(h = 100nm) � γ2D) [18], in the case of coupled 3-D
plasmonic slot waveguides, the convergence of Lc,3D(h) and pmax,3D(h) to the corresponding
2-D MDM quantities Lc,2D and pmax,2D is much slower and does not occur until h >1μm. This
is again due to the fact that the coupling through the dielectric is much stronger than the cou-
pling through the metal, so that only when the metal film becomes quite thick does the coupling
through the dielectric become negligible.

Since the coupling in 3-D plasmonic slot waveguides occurs primarily through the dielectric,
the asymptotic behavior of vertically-coupled structures (Fig. 2(c)) is very similar to that of
horizontally-coupled structures (Fig. 2(b)). The coupling length L c for the vertically-coupled
waveguides also increases with D as ∼ √

Dexp(αD) for D >200 nm (Fig. 2(e)), since far
from the slot the modal field amplitude decays asymptotically as ∼ exp(−αρ)/

√ρ in both the
horizontal and vertical directions [12]. In addition, in the weak coupling regime (D >200 nm)
the dependence of the maximum transfer power p max on D for the vertically-coupled plasmonic
slot waveguides is similar to the one of horizontally-coupled waveguides (Fig. 2(e)). There are,
on the other hand, some differences between these two systems. In general, the coupling is
stronger for horizontally-coupled plasmonic slot waveguides, since, for a given distance D, the
modal field amplitude is larger in the horizontal than in the vertical direction. In addition, for
D <200 nm the modes of the vertically-coupled plasmonic slot waveguides leak into one of
the modes of the dielectric-metal-dielectric-metal-dielectric (DMDMD) structure formed by
the two parallel metal films. Thus, the vertically-coupled slot waveguides cannot be used as
an efficient directional coupler, since the leakage of power to the modes of the corresponding
DMDMD structure eliminates the guiding.

In Figs. 2(e) and 2(f) we also show the coupling length L c and maximum transfer power
pmax, respectively, between two asymmetric plasmonic slot waveguides [18] formed on the
same thin silver film (Fig. 2(d)). Each waveguide consists of an air slot in the silver film which
is deposited on silica. Since ns =1.44>1, the field decay rate is larger in air [12]. Thus, in the
case of coupled asymmetric plasmonic slot waveguides, the coupling occurs primarily through
the dielectric substrate. In addition, since ns =1.44>1, the effective index of the mode of an
asymmetric plasmonic slot waveguide is lower than the effective index of the mode of the
corresponding symmetric plasmonic slot waveguide [18]. Thus, the field decay rate in the far
field of the slot (D >500 nm) is smaller in the asymmetric case, resulting in stronger coupling
(Figs. 2(e), and 2(f)). Note also that in the strong coupling regime the mode with antisymmetric
electric field distribution (Ea(x,y)) may become leaky into the substrate. More specifically, if
the mode of the asymmetric slot waveguide with width 2w and height h is leaky, then for the
coupled asymmetric slot waveguides of width w and height h (Fig. 2(d)) there exists a cutoff
distance Dcutoff below which the antisymmetric mode becomes leaky.
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Fig. 3. (a) Schematic of a structure consisting of two coupled plasmonic slot waveguides,
in which the metal film separating the two slots has an increased thickness hi. (b) Coupling
length Lc as a function of hi (solid line). The distance between the two plasmonic slot
waveguides is D =150 nm. All other parameters are as in Fig. 2(e). Also shown are the
asymptotic value of Lc for hi → ∞ (dash-dotted line), and Lc for two coupled 2-D MDM
plasmonic waveguides with the same w and D (dashed line). (c) Maximum transfer power
pmax as a function of hi (solid line). Also shown are the asymptotic value of pmax for
hi → ∞ (dash-dotted line), and pmax for two coupled 2-D MDM plasmonic waveguides
with the same w and D (dashed line). All other parameters are as in (b).

5. Reducing crosstalk between plasmonic slot waveguides

In the previous section we saw that the coupling behavior of deep subwavelength 3-D plas-
monic slot waveguides is very different from that of 2-D MDM plasmonic waveguides, and
the minimum distance required for negligible crosstalk is therefore much larger in the 3-D
case. Here we show that, with appropriate design, the crosstalk between deep subwavelength
3-D plasmonic slot waveguides can be reduced even below the crosstalk levels of 2-D MDM
plasmonic waveguides.

As a starting point, to reduce the coupling through the dielectric, we increase the thickness h i

of the metal film separating the two slots (Fig. 3(a)). We observe that as h i increases, the cou-
pling strength between the slots decreases, so that Lc increases (Fig. 3(b)), and pmax decreases
(Fig. 3(c)). As hi → ∞, both Lc and pmax approach constant values. In addition, for h i >0.9
μm, we have Lc,3D(hi) > Lc,2D and pmax,3D(hi) < pmax,2D, i.e. the crosstalk between 3-D plas-
monic slot waveguides is reduced below the crosstalk levels of the corresponding 2-D MDM
plasmonic waveguides. The use of a thicker metal region in the center provides two effects that
help to suppress the crosstalk. First, the thicker metal film removes part of the dielectric be-
tween the slots. Since the field decays much slower in the dielectric compared to the metal, the
dielectric region between the slots should be most critical to the coupling. Therefore, replacing
the dielectric between the slots by metal greatly reduces the crosstalk. Second, the use of a
thicker metal film breaks the local symmetry in each individual slot. As a result, compared with
the mode in an individual slot (Fig. 4(a)), the mode in the coupler is actually pushed away from
the central metal region (Fig. 4(b)). (Similar modal pattern is also observed in plasmonic strip
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waveguides [18].) Consequently, the coupling between 3-D plasmonic slot waveguides can be
even weaker compared with the coupling between the corresponding 2-D MDM structures.

The crosstalk between the waveguides can be further reduced by using an I-shaped central
metal region (Fig. 5(a)), which further reduces the coupling through the dielectric. In Figs.
5(b) and 5(c) we show the coupling length Lc and maximum transfer power pmax, respectively,
between the two plasmonic slot waveguides as a function of w i (Fig. 5(a)). We observe that, for
a given thickness hi, as wi increases, the coupling strength between the slots decreases, so that
Lc increases (Fig. 5(b)), and pmax decreases (Fig. 5(c)). As wi → ∞, both Lc and pmax approach
constant values. In addition, we observe that the additional metal films do not significantly
modify the modal power density profile (Figs. 4(b), 4(c)). We also found that the presence of
the additional metal films modifies the attenuation length of the supported modes by only∼ 1%.
In other words, the I-shaped metal region further reduces the crosstalk between the plasmonic
slot waveguides, without significantly affecting their modal size and attenuation length.

(b) (c)

(a)50 nm 0

Smax

Fig. 4. (a) Power density profile of the fundamental mode of a symmetric plasmonic slot
waveguide consisting of a slot of width w =50 nm in a silver film of thickness h =50
nm embedded in silica (ns =1.44). (b) Power density profile of the mode with symmetric
electric field distribution (Es(x,y)), supported by the structure of Fig. 3(a) for hi =1 μm.
All other parameters are as in Fig. 3(b). Since the coupling between the two plasmonic slot
waveguides is negligible for hi =1 μm (Figs. 3(b), 3(c)), the power density profiles of the
symmetric (Es(x,y)) and antisymmetric (Ea(x,y)) modes are almost identical. (c) Power
density profile of the mode with symmetric electric field distribution (Es(x,y)), supported
by the structure of Fig. 5(a) for wi =150 nm. All other parameters are as in Fig. 5(b). Since
the coupling between the two plasmonic slot waveguides is negligible for wi =150 nm
(Figs. 5(b), 5(c)), the power density profiles of the symmetric (Es(x,y)) and antisymmetric
(Ea(x,y)) modes are almost identical.

We also note that, even though the dimensions of the I-shaped metal region (∼400 nm)
are not deep subwavelength, the lengthscale of interest is the distance D (pitch) between the
slots. Thus, with appropriate design, plasmonic slot waveguides can be very densely packed
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in a planar plasmonic integrated optical circuit with a pitch of only ∼150 nm. In addition, the
proposed geometries consist of a number of interconnected metal regions. We note that the
current electronic integrated circuit technology already uses nanoscale metallic structures as
interconnects. It should therefore be possible to fabricate the proposed geometries with CMOS-
compatible fabrication techniques, using lithography and etching processes.

Silver

Silica
w

D

h i

w  i

h t

h 

(a)

0 0.2 0.4 0.6 0.8 1
10

100

200

500

 w
 i
 (μ m)

C
ou

pl
in

g 
L

en
gt

h 
(μ

 m
)

(b)
0 0.2 0.4 0.6 0.8 1

10
−2

10
−1

 w
 i
 (μ m)

M
ax

im
um

 T
ra

ns
fe

r 
Po

w
er

10
−3

(c)

Fig. 5. (a) Schematic of a structure consisting of two coupled plasmonic slot waveguides,
in which the metal region separating the two slots is I-shaped, and includes two additional
metal films of thickness ht. (b) Coupling length Lc as a function of wi (solid line). The
metal film thicknesses are hi =400 nm, ht =50 nm. All other parameters are as in Fig.
3(b). Also shown are the asymptotic value of Lc for wi → ∞ (dash-dotted line), and Lc

for two coupled 2-D MDM plasmonic waveguides with the same w and D (dashed line).
(c) Maximum transfer power pmax as a function of wi (solid line). Also shown are the
asymptotic value of pmax for wi → ∞ (dash-dotted line), and pmax for two coupled 2-D
MDM plasmonic waveguides with the same w and D (dashed line). All other parameters
are as in (b).

6. Summary

In this paper we first showed that for coupled lossy waveguides in general there is a maximum
in the power transfer efficiency from one waveguide to the other. This maximum transfer effi-
ciency depends on the ratio of the coupling length between the two waveguides to their mean
attenuation length.

We then investigated in detail the crosstalk between plasmonic slot waveguides. We calcu-
lated the eigenmodes of coupled plasmonic waveguides at a given wavelength using a full-
vectorial FDFD mode solver. We first considered the coupling between symmetric 3-D plas-
monic slot waveguides formed on the same thin metal film. We showed that the coupling be-
havior of deep subwavelength 3-D plasmonic slot waveguides is very different from the one of
corresponding 2-D MDM plasmonic waveguides. While in the 2-D case the coupling occurs
only through the metal, in the 3-D case the coupling occurs primarily through the dielectric,
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in which the evanescent tail is much larger compared to the one in the metal. Thus, the cou-
pling between 3-D plasmonic slot waveguides is much stronger than the coupling between the
corresponding 2-D MDM plasmonic waveguides. Such a strong coupling can be used to form
a directional coupler using slot waveguides, to perform power division, power coupling and
switching.

We also considered the coupling between asymmetric plasmonic slot waveguides, as well as
vertically-coupled plasmonic slot waveguides which are formed on parallel thin metal films.
In the case of coupled asymmetric plasmonic slot waveguides, the coupling occurs primarily
through the dielectric substrate. In addition, the field decay rate in the far field of the slot is
smaller in the asymmetric case, resulting in stronger coupling compared to the symmetric case.

Finally, we showed that, by modifying the metal regions between the two slots, the crosstalk
between 3-D plasmonic slot waveguides can be reduced even below the crosstalk levels of 2-D
MDM plasmonic waveguides. Examples include a structure in which the metal film separating
the two slots has an increased thickness, as well as a structure in which the metal region sep-
arating the two slots is I-shaped. We showed that both of these structures greatly reduce the
crosstalk between the plasmonic slot waveguides, without significantly affecting their modal
size and attenuation length. Thus, with appropriate design, plasmonic slot waveguides can be
used for ultradense integration of optoelectronic components.
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