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Abstract: We introduce compact wavelength-scale slit-based structures
for coupling free space light into metal-dielectric-metal (MDM) subwave-
length plasmonic waveguides. We first show that for a single slit structure
the coupling efficiency is limited by a trade-off between the light power
coupled into the slit, and the transmission of the slit-MDM waveguide
junction. We next consider a two-section slit structure, and show that
for such a structure the upper slit section enhances the coupling of the
incident light into the lower slit section. The optimized two-section slit
structure results in ∼ 2.3 times enhancement of the coupling into the MDM
plasmonic waveguide compared to the optimized single-slit structure. We
finally consider a symmetric double-slit structure, and show that for such
a structure the surface plasmons excited at the metal-air interfaces are
partially coupled into the slits. Thus, the coupling of the incident light into
the slits is greatly enhanced, and the optimized double-slit structure results
in ∼ 3.3 times coupling enhancement compared to the optimized single-slit
structure. In all cases the coupler response is broadband.
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1. Introduction

Plasmonic waveguides have shown the potential to guide subwavelength optical modes, the
so-called surface plasmon polaritons, at metal-dielectric interfaces. Several different nanoscale
plasmonic waveguiding structures have been proposed, such as metallic nanowires, metallic
nanoparticle arrays, V-shaped grooves, and metal-dielectric-metal (MDM) waveguides [1–8].
Among these, MDM plasmonic waveguides, which are the optical analogue of microwave two-
conductor transmission lines [9], are of particular interest because they support modes with
deep subwavelength scale over a very wide range of frequencies extending from DC to visi-
ble [10]. Thus, MDM waveguides could provide an interface between conventional optics and
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subwavelength electronic and optoelectronic devices.
For applications involving MDM plasmonic waveguides, it is essential to develop compact

structures to couple light efficiently into such waveguides [11]. Several different couplers be-
tween MDM and dielectric waveguides have been investigated both theoretically and experi-
mentally [11–16]. In addition, structures for coupling free space radiation into MDM waveg-
uides have also been investigated. In particular, Preiner et al. [17] investigated subwavelength
diffraction gratings as coupling structures into MDM waveguide modes. However, in diffraction
grating structures several grating periods are required for efficient waveguide mode excitation,
so that such structures need to be several microns long when designed to operate at frequencies
around the optical communication wavelength (λ0 =1.55 μm). In addition, in several experi-
mental investigations of MDM waveguides and devices, a single slit was used to couple light
from free space into MDM plasmonic waveguides [18–22]. While single slit coupling structures
are more compact, slit-based coupler designs have not been investigated in detail.

In this paper, we investigate compact wavelength-scale slit-based structures for coupling free
space light into MDM plasmonic waveguides. We show that for a single slit structure the cou-
pling efficiency is limited by a trade-off between the light power coupled into the slit, and the
transmission of the slit-MDM waveguide junction. We next consider a two-section slit structure,
and show that for such a structure the upper slit section enhances the coupling of the incident
light into the lower slit section, by improving the impedance matching between the incident
plane wave and the lower slit mode. The optimized two-section slit structure results in ∼ 2.3
times enhancement of the coupling into the MDM plasmonic waveguide compared to the op-
timized single-slit structure. We then consider a symmetric double-slit structure. We show that
for such a structure the surface plasmons excited at the metal-air interfaces are partially coupled
into the slits, and thus the coupling of the incident light into the slits is greatly enhanced. The
optimized double-slit structure results in ∼ 3.3 times coupling enhancement compared to the
optimized single-slit structure. Finally, we show that, while all incoupling structures are opti-
mized at a single wavelength, the operation wavelength range for high coupling efficiency is
broad.

The remainder of the paper is organized as follows. In Section 2, we first define the transmis-
sion cross section of the MDM plasmonic waveguide for a given coupling structure, and briefly
describe the simulation method used for the analysis of the couplers. The results obtained for
the single slit, two-section slit, and double slit coupling structures are presented in Subsections
2.1, 2.2, and 2.3, respectively. Finally, our conclusions are summarized in Section 3.

2. Results

We consider a silver-silica-silver MDM plasmonic waveguide in which the upper metal layer
has a finite thickness (Fig. 1(a)). The minimum thickness of this metal layer is chosen to be 150
nm. For such a thickness, the field profile and wave vector of the fundamental TM mode sup-
ported by such a waveguide at optical frequencies are essentially identical to the ones of a MDM
plasmonic waveguide with semi-infinite metal layers. We consider compact wavelength-scale
structures for incoupling a normally incident plane wave from free space into the fundamental
mode of the silver-silica-silver MDM plasmonic waveguide. In all cases, the total width of the
incoupling structure is limited to less than 1.1μm, which approximately corresponds to one
wavelength in silica (λs = λ0/ns, where ns =1.44), when operating at the optical communica-
tion wavelength (λ0 =1.55 μm).

Due to the symmetry of all coupling structures considered in this paper, the same amount of
power couples into the left and right propagating silver-silica-silver MDM waveguide modes.
In other words, half of the total incoupled power couples into each of the left and right propagat-
ing MDM waveguide modes. For comparison of different incoupling configurations, we define
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the transmission cross section σT of the silver-silica-silver MDM waveguide as the total light
power coupled into the right propagating fundamental TM mode of the waveguide, normalized
by the incident plane wave power flux density [11]. In two dimensions, the transmission cross
section is in the unit of length.

We use a two-dimensional finite-difference frequency-domain (FDFD) method [23, 24] to
numerically calculate the transmission in the MDM plasmonic waveguide. This method allows
us to directly use experimental data for the frequency-dependent dielectric constant of metals
such as silver [25], including both the real and imaginary parts, with no approximation. Per-
fectly matched layer (PML) absorbing boundary conditions are used at all boundaries of the
simulation domain [26]. We also use the total-field-scattered-field formulation to simulate the
response of the structure to a normally incident plane wave input [27].

2.1. Single slit coupler

                                                                                                                     

            

 

 

 

 

 

 

 

                                                                                                

Fig. 1. (a) Schematic of a structure consisting of a single slit for incoupling a normally
incident plane wave from free space into the fundamental mode of a MDM plasmonic
waveguide. (b) Transmission cross section σT of the MDM plasmonic waveguide in units of
w for the structure of Fig. 1(a) as a function of the slit width d and length h calculated using
FDFD. Results are shown for a silver-silica-silver structure with w = 50 nm at λ0 =1.55
μm. (c) Transmission cross section σT for the structure of Fig. 1(a) as a function of the
slit length h calculated using FDFD (red circles) and scattering matrix theory (black solid
line). Results are shown for d = 220 nm. All other parameters are as in Fig. 1(b). (d) Profile
of the magnetic field amplitude for the structure of Fig. 1(a) for d = 250 nm and h = 205
nm, normalized with respect to the field amplitude of the incident plane wave. All other
parameters are as in Fig. 1(b).

We first consider a structure consisting of a single slit for incoupling a normally incident
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plane wave from free space into the fundamental mode of the silver-silica-silver MDM plas-
monic waveguide with dielectric core thickness w. The slit extends half way into the dielectric
core of the MDM waveguide (Fig. 1(a)). In Fig. 1(b), we show the transmission cross section
σT of the silver-silica-silver MDM waveguide in units of w for the single slit structure of Fig.
1(a) as a function of the width d and length h of the slit. For the range of parameters shown,
we observe one transmission peak. The maximum cross section of σT ∼ 4.67w is obtained for
such an incoupling structure at d = 250 nm and h = 205 nm (Fig. 1(b)).

Both the silver-silica-silver MDM waveguide and the silver-air-silver slit have subwave-
length widths, so that only the fundamental TM mode is propagating in them. Thus, we can
use single-mode scattering matrix theory to account for the behavior of the system [28]. We
use FDFD to numerically extract the transmission cross section σT1 of a silver-air-silver MDM
waveguide with air core thickness d (Fig. 2(a)). We also use FDFD to extract the complex mag-
netic field reflection coefficient r1 and transmission coefficient t1 of the fundamental mode of
a silver-air-silver MDM waveguide at the T-shaped junction with a silver-silica-silver MDM
waveguide (Fig. 2(b)), as well as the reflection coefficient r2 at the interface between the silver-
air-silver MDM waveguide and air (Fig. 2(c)).

 

 

 

        

     

Fig. 2. (a) Schematic defining the transmission cross section σT1 of a semi-infinite MDM
waveguide when a plane wave is normally incident on it. (b) Schematic defining the re-
flection coefficient r1, and transmission coefficient t1 when the fundamental TM mode of a
metal-air-metal waveguide is incident at the junction with a metal-dielectric-metal waveg-
uide. (c) Schematic defining the reflection coefficient r2 of the fundamental TM mode of
a MDM waveguide at the waveguide/air interface. (d) Schematic defining the transmission
cross section σT2 of two semi-infinite MDM waveguides when a plane wave is normally
incident on them. (e) Schematic defining the reflection coefficient r3, and transmission co-
efficients t2, t3 when the fundamental TM mode of a metal-dielectric-metal waveguide is
incident at the junction with a metal-air-metal waveguide. (f) Schematic of a structure con-
sisting of two semi-infinite MDM waveguides defining the reflection coefficient r4 of the
fundamental TM mode of one of the MDM waveguides at the waveguide/air interface, and
the transmission coefficient t4 into the other MDM waveguide.

The transmission cross section σT of the silver-silica-silver MDM waveguide for the single
slit structure of Fig. 1(a) can then be calculated using scattering matrix theory as [28]:

σT = σT1ηres1Tsplitter, (1)

where Tsplitter=|t1|2 is the power transmission coefficient of the T-shaped junction of Fig. 2(b),
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ηres1 = | exp(−γ1h)
1−r1r2 exp(−2γ1h) |2 is the resonance enhancement factor associated with the silver-air-

silver slit resonance, and γ1 = α1 + iβ1 is the complex wave vector of the fundamental propa-
gating TM mode in a silver-air-silver MDM waveguide with air core thickness d. We note that
ηres1 is a function of the reflection coefficients r1 and r2 at both sides of the silver-air-silver
slit. We also observe that the resonance enhancement factor ηres1 exhibits a maximum when the
slit Fabry-Pérot resonance condition arg(r1)+ arg(r2)−2β1h =−2mπ is satisfied, where m is
an integer. Thus, for a given silver-air-silver slit width d, the transmission cross section σT of
the silver-silica-silver MDM waveguide is maximized for slit lengths h which satisfy the above
Fabry-Pérot resonance condition.

In Fig. 1(c), we show the transmission cross section σT of the silver-silica-silver MDM
waveguide for the single slit structure of Fig. 1(a) as a function of the slit length h calculated
using FDFD. We observe that, as the slit length h increases, the transmission cross section σT

exhibits peaks, corresponding to the Fabry-Pérot resonances in the slit. The maximum transmis-
sion cross section σT is obtained at the first peak associated with the first Fabry-Pérot resonance
in the slit. In Fig. 1(c), we also show σT calculated using scattering matrix theory (Eq. (1)). We
observe that there is excellent agreement between the scattering matrix theory results and the
exact results obtained using FDFD.

For the optimized single slit structure (d = 250 nm, h = 205 nm), the transmission cross sec-
tion σT1 of the corresponding silver-air-silver MDM waveguide with air core thickness d = 250
nm (Fig. 2(a)) is ∼ 7.71w = 385.5 nm (Table 1). In other words, the silver-air-silver subwave-
length MDM waveguide collects light from an area significantly larger than its geometric cross-
sectional area [11]. In addition, for the optimized single slit structure the power transmission
coefficient of the T-shaped junction is Tsplitter ∼0.37, and the resonance enhancement factor is
ηres1 ∼1.64 (Table 1). Thus, ∼ 2×37= 74% of the incident power at the junction is transmitted
to the left and right propagating modes of the silver-silica-silver MDM waveguide.

Fig. 3. Transmission cross sections (in units of w = 50 nm) of a single silver-air-silver
MDM waveguide σT1 (Fig. 2(a)), and of a double silver-air-silver MDM waveguide σT2

(Fig. 2(d)), as a function of their total air core thickness (d for the single and 2d for the
double waveguide). The total width of the double waveguide is 2d+D = 1.1μm.

In Fig. 3, we show the transmission cross section σT1 of a silver-air-silver MDM waveguide
(Fig. 2(a)) as a function of the waveguide air core thickness d. We observe that, as expected, σT1

increases monotonically as the thickness d increases. In other words, the light power collected
by the waveguide increases as the air core thickness of the waveguide increases. On the other
hand, the properties of the T-shaped junction (Fig. 2(b)) can be described using the concept
of characteristic impedance and transmission line theory [5, 9, 29]. Based on transmission line

#172962 - $15.00 USD Received 20 Jul 2012; revised 6 Sep 2012; accepted 7 Sep 2012; published 13 Sep 2012
(C) 2012 OSA 24 September 2012 / Vol. 20,  No. 20 / OPTICS EXPRESS  22238



Table 1. Transmission cross sections σT1/2 and σT in units of w, power transmission coeffi-
cient of the T-shaped junction Tsplitter, and resonance enhancement factors ηres1/2 calculated
using scattering matrix theory. Results are shown for the optimized single slit, two-section
slit, and double-slit structures of Figs. 1(a), 4(a), and 5(a), respectively.

Single slit Two-section slit Double-slit
σT1/2

(w) 7.71 12.33 18.49
Tsplitter 0.37 0.28 0.41
ηres1/2

1.64 3.11 2.02
σT (w) 4.67 10.75 15.29

theory, the structure is equivalent to the junction of three transmission lines. The load connected
to the input transmission line at the junction consists of the series combination of the two output
transmission lines. The characteristic impedances of the input and output transmission lines are
Z1 =

γ1
jωε0

d and Z2 =
γ2

jωε w, respectively, where γ2 = α2 + iβ2 is the complex wave vector of
the fundamental propagating TM mode in a silver-silica-silver MDM waveguide with dielectric
core thickness w, and ε is the dielectric permittivity of silica [5, 30]. Thus, the equivalent load
impedance is ZL = 2Z2, and the maximum transmission coefficient Tsplitter is obtained when the
impedance matching condition Z1 = ZL = 2Z2 is satisfied. The transmission coefficient Tsplitter

of the T-shaped junction (Fig. 2(b)) therefore does not increase monotonically with d. As a
result, the coupling efficiency of the single slit structure is limited by a trade-off between the
power incident at the slit-MDM waveguide junction, and the transmission coefficient Tsplitter of
the T-shaped junction. More specifically, the width of the optimized single slit is d = 250 nm, as
mentioned above. If the slit width d decreased, the impedance matching between the silver-air-
silver MDM input waveguide and the two silver-silica-silver MDM output waveguides would
improve, and Tsplitter therefore would increase. However, if d decreased, the transmission cross
section σT1 of the silver-air-silver MDM waveguide would decrease (Fig. 3). In addition, the
reflectivity |r1|2 at the bottom side of the slit, and therefore the resonance enhancement factor
ηres1 would also decrease. Thus, the power incident at the junction between the slit and the
silver-silica-silver MDM waveguide would decrease.

In Fig. 1(d), we show the magnetic field profile for the structure of Fig. 1(a) when the slit
dimensions are optimized for maximum transmission cross section σT . We observe that, since
the transmission cross section of the silver-silica-silver MDM waveguide σT ∼ 4.67w is larger
than its geometrical cross-section w, the field in the MDM waveguide is enhanced with respect
to the incident plane wave field. We find that the maximum magnetic field amplitude enhance-
ment in the silver-silica-silver waveguide with respect to the incident plane wave is ∼2.4 (Fig.
1(d)).

2.2. Two-section slit coupler

To enhance the transmission cross section σT of the silver-silica-silver MDM plasmonic waveg-
uide, we next consider a structure consisting of a two-section slit for incoupling light into the
waveguide (Fig. 4(a)). The lengths h1, h2 and widths d1, d2 of these slit sections are opti-
mized using a genetic global optimization algorithm in combination with FDFD [11, 31] to
maximize the transmission cross section σT of the silver-silica-silver MDM waveguide. As be-
fore, the width of the incoupling structure is limited to less than 1.1μm. Using this approach,
the maximum transmission cross section of the silver-silica-silver MDM waveguide for such a
two-section slit structure is found to be σT ∼ 10.75w (Table 1) for d1 = 410 nm, d2 = 1100 nm,
h1 = 230 nm, and h2 = 540 nm.

We observe that for such a structure the transmission cross section of the corresponding
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Fig. 4. (a) Schematic of a structure consisting of a two-section slit for incoupling a normally
incident plane wave from free space into the fundamental mode of a MDM plasmonic
waveguide. (b) Profile of the magnetic field amplitude for the optimized structure of Fig.
4(a) with d1 = 410 nm, d2 = 1100 nm, h1 = 230 nm, and h2 = 540 nm, normalized with
respect to the field amplitude of the incident plane wave. All other parameters are as in Fig.
1(b).

silver-air-silver MDM waveguide (with air core thickness d1) is σT1 ∼ 12.33w (Table 1), which
is ∼1.6 times larger compared to the optimized single slit coupler. In other words, the upper slit
section can enhance the coupling of the incident light into the lower slit section, by improving
the impedance matching between the incident plane wave and the lower slit mode [32] . In addi-
tion, the resonance enhancement factor of the optimized two-section slit structure is ηres1 ∼ 3.11
(Table 1), which is ∼1.9 times larger compared to the optimized single slit coupler. We found
that the increase in the resonance enhancement factor ηres1 of this two-section slit structure is
due to larger reflectivities |r1|2 and |r2|2 at both sides of the lower slit section compared to the
optimized single slit coupler. On the other hand, the transmission coefficient of the T-shaped
junction for the optimized two-section slit structure of Fig. 4(a) is Tsplitter ∼ 0.28 (Table 1),
which is ∼1.3 times smaller than the one of the optimized single slit structure. This is due to
larger mismatch between the characteristic impedance of the input waveguide Z1 and the load
impedance ZL=2Z2 at the T-shaped junction. Thus, overall the use of an optimized two-section
slit coupler (Fig. 4(a)) results in 1.6× 1.9/1.3 � 2.3 times larger transmission cross section
σT of the silver-silica-silver MDM waveguide compared to the single-slit coupler case (Fig.
1(a)). In Fig. 4(b), we show the magnetic field profile for the structure of Fig. 4(a) with dimen-
sions optimized for maximum transmission cross section σT of the silver-silica-silver MDM
waveguide. The field in the narrower lower slit section is stronger than the field in the upper slit
section. The maximum magnetic field amplitude enhancement in the silver-silica-silver MDM
waveguide with respect to the incident plane wave is ∼ 3.6 (Fig. 4(b)).

2.3. Double-slit coupler

To further enhance the transmission cross section σT of the silver-silica-silver MDM plasmonic
waveguide, we consider a symmetric double-slit structure for incoupling light into the waveg-
uide (Fig. 5(a)). As before, the total width 2d +D of the incoupling structure is limited to less
than 1.1μm. For such a double-slit coupling structure we found that, if 2d +D ≤ 1.1μm, the
maximum transmission cross section σT is obtained when 2d +D = 1.1μm. In the following
we therefore set 2d +D = 1.1μm. In Fig. 5(b), we show the transmission cross section σT of
the silver-silica-silver MDM waveguide in units of w for the structure of Fig. 5(a) as a func-
tion of the width d and length h of the slits. For the range of parameters shown, we observe one
transmission peak in the silver-silica-silver MDM waveguide. The maximum transmission cross
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Fig. 5. (a) Schematic of a double-slit structure for incoupling a normally incident plane
wave from free space into the fundamental mode of a MDM plasmonic waveguide. (b)
Transmission cross section σT of the MDM plasmonic waveguide in units of w for the
structure of Fig. 5(a) as a function of the slit width d and length h calculated using FDFD.
The total width of the incoupling structure is 2d+D = 1.1μm. All other parameters are as
in Fig. 1(b). (c) Transmission cross section σT for the structure of Fig. 5(a) as a function
of the slit length h calculated using FDFD (red circles) and scattering matrix theory (black
solid line). Results are shown for d = 220 nm. All other parameters are as in Fig. 5(b). (d)
Profile of the magnetic field amplitude for the structure of Fig. 5(a) for d = 200 nm and
h = 250 nm, normalized with respect to the field amplitude of the incident plane wave. All
other parameters are as in Fig. 5(b).

section of σT ∼ 15.29w is obtained for such an incoupling structure at d = 200 nm (D = 700
nm) and h = 250 nm. We also note that for d ∼ 400 nm (D ∼ 300 nm) the transmission into
the silver-silica-silver MDM waveguide is almost zero (Fig. 5(b)). We found that this is due
to the fact that for a slit distance of D ∼ 300 nm the incident light strongly couples into the
silver-silica-silver waveguide resonator between the slits. In addition, there is almost no light
coupled into the left and right propagating modes of the silver-silica-silver MDM waveguide,
due to destructive interference between the wave directly coupled through the slit, and the wave
coupled through the silver-silica-silver waveguide resonator.

We use again single-mode scattering matrix theory to account for the behavior of the system.
We use FDFD to numerically extract the transmission cross section σT2 of a double silver-air-
silver MDM waveguide as in Fig. 2(d). We also use FDFD to extract the complex magnetic
field reflection coefficient r3 and transmission coefficients t2, t3 of the fundamental mode of
a silver-silica-silver MDM waveguide at the T-shaped junction with a silver-air-silver MDM
waveguide (Fig. 2(e)). Note that t1 = t2 due to reciprocity [9]. Finally, we also extract the re-
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flection coefficient r4 at the interface between the silver-air-silver MDM waveguide and air, and
the transmission coefficient t4 into the other MDM waveguide, for the double MDM waveguide
structure (Fig. 2(f)). The transmission cross section σT of the silver-silica-silver MDM plas-
monic waveguide for the double-slit coupling structure of Fig. 5(a) is then calculated using
scattering matrix theory as:

σT = σT2ηres2Tsplitter, (2)

where, as before, Tsplitter = |t1|2 = |t2|2 is the power transmission coefficient of the T-shaped

junction, ηres2 = | exp(−γ1h)(1+t3A)
1−(r1+t1t2A)(r4+t4)exp(−2γ1h) |2 is the resonance enhancement factor associated

with the complex resonator formed by the two silver-air-silver slits and the silver-silica-silver
MDM waveguide resonator of length D between them, and A = exp(−γ2D)+r3 exp(−2γ2D)

1−r2
3 exp(−2γ2D)

. Thus,

we observe that the resonant enhancement factor ηres2 for such a complex resonator is similar to
that of a Fabry-Pérot resonator with effective reflectivities reff1 = r1 + t1t2A and reff2 = r4 + t4.

In Fig. 5(c), we show the transmission cross section σT for the structure of Fig. 5(a) as
a function of the slit length h calculated using FDFD. We observe that, as the slit length h
increases, the transmission cross section σT exhibits peaks, associated with the resonances
of the double-slit structure. The maximum transmission cross section σT is obtained at the
first peak associated with the first resonant length of the slits. In Fig. 5(c), we also show σT

calculated using scattering matrix theory (Eq. (2)). We observe that there is excellent agreement
between the scattering matrix theory results and the exact results obtained using FDFD.

We found that for the optimized double-slit structure the transmission cross section of the
corresponding double silver-air-silver MDM waveguide (Fig. 2(d)) is σT2 ∼ 18.49w (Table 1),
which is ∼2.4 times larger compared to the transmission cross section σT1 ∼ 7.71w of the single
silver-air-silver MDM waveguide corresponding to the optimized single slit coupler (Fig. 2(a)).
In Fig. 3 we show the transmission cross sections of a single silver-air-silver MDM waveguide
σT1 (Fig. 2(a)), and of a double silver-air-silver MDM waveguide σT2 (Fig. 2(d)) as a function
of their total air core thickness (d for the single and 2d for the double waveguide). We observe
that a double silver-air-silver MDM waveguide collects more light than a single silver-air-silver
MDM waveguide with the same total air core thickness. This is due to the fact that, when a
plane wave is incident on a semi-infinite MDM waveguide, surface plasmon waves are excited
at the air-metal interfaces. In the double MDM waveguide structure (Fig. 2(d)), the power of
these surface plasmon waves is partially coupled into the MDM waveguides, thus increasing
the total light power collected by the structure. In addition, the resonance enhancement factor
of the optimized double-slit structure ηres2 ∼ 2.02 (Table 1) is slightly larger than the resonance
enhancement factor of the optimized single slit coupler (ηres1 ∼ 1.64). Overall, the use of an
optimized double-slit coupler (Fig. 5(a)) results in ∼ 3.3 times larger transmission cross section
σT of the silver-silica-silver MDM waveguide compared to the optimized single-slit coupler
case (Fig. 1(a)). In Fig. 5(d), we show the magnetic field profile for the structure of Fig. 5(a)
with dimensions optimized for maximum transmission cross section. The maximum magnetic
field amplitude enhancement in the silver-silica-silver waveguide with respect to the incident
plane wave is ∼ 4.2.

The incoupling structures were all optimized at a single wavelength of λ0 =1.55 μm. In
Fig. 6, we show the transmission cross section σT of the silver-silica-silver MDM plasmonic
waveguide as a function of frequency for the optimized structures of Fig. 1(d) (single slit),
Fig. 4(b) (two-section slit), and Fig. 5(d) (double slit). We observe that the operation frequency
range for high transmission is broad. This is due to the fact that in all cases the enhanced
transmission is not associated with any strong resonances. In other words, the quality factors Q
of the slit coupling structures are low. In Fig. 6 we also show the transmission cross section σT

for the double-slit structure, if the metal in the MDM waveguide is lossless (εmetal = Re(εmetal),
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Fig. 6. Transmission cross section σT spectra in units of w for the three optimized incou-
pling structures in Figs. 1(a) (single slit), 4(a) (two-section slit), and 5(a) (double slit). Re-
sults are shown for the structure of Fig. 1(a) with d = 250 nm, h = 205 nm (black line), for
the structure of Fig. 4(a) with d1 = 410 nm, d2 = 1100 nm, h1 = 230 nm, and h2 = 540 nm
(red line), and for the structure of Fig. 5(a) with d = 200 nm, h = 250 nm (blue line). Also
shown are the transmission cross section σT spectra for the double-slit structure (Fig. 5(a)),
if the metal in the MDM waveguide is lossless (blue dashed line). All other parameters are
as in Fig. 1(b).

neglecting the imaginary part of the dielectric permittivity Im(εmetal)). We observe that material
losses in the metal do not significantly affect the transmission efficiency of the incoupling
structures. This is due to the fact that the dimensions of the incoupling structures are much
smaller than the propagation lengths of the fundamental TM modes in the silver-silica-silver
and the silver-air-silver waveguides. We found that neither the coupling of the incident light
into the silver-air-silver slits nor the coupling between the slits and the silver-silica-silver MDM
plasmonic waveguide are significantly affected by material losses in the metal.

3. Conclusions

In this paper, we investigated compact slit-based structures for coupling free space light into
silver-silica-silver MDM plasmonic waveguides. In all cases, the total width of the incoupling
structure was limited to less than 1.1μm, which approximately corresponds to one wavelength
in silica λs = λ0/ns, when operating at λ0 =1.55 μm. We first considered a coupling structure
consisting of a single slit extending half way into the dielectric core of the MDM waveguide.
We found that the coupling efficiency of such a single slit structure is limited by a trade-off
between the light power coupled into the slit, and the transmission of the slit-MDM waveguide
T-shaped junction.

To enhance the coupling into the silver-silica-silver MDM plasmonic waveguide, we next
considered a two-section slit structure. We found that for such a structure the upper slit sec-
tion enhances the coupling of the incident light into the lower slit section, by improving the
impedance matching between the incident plane wave and the lower slit mode. In addition,
the use of the optimized two-section slit structure increases the reflectivities at both sides of the
lower slit section, and therefore the resonance enhancement factor. On the other hand, the trans-
mission of the T-shaped junction for the optimized two-section slit structure is smaller than the
one of the optimized single slit structure. Overall, the use of an optimized two-section slit cou-
pler resulted in ∼ 2.3 times enhancement of the coupling into the MDM plasmonic waveguide
compared to the optimized single-slit coupler.
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To further enhance the coupling into the silver-silica-silver MDM plasmonic waveguide, we
considered a symmetric double-slit structure. We found that such a structure greatly enhances
the coupling of the incident light into the slits. This is due to the fact that the incident light
excites surface plasmons at the air-metal interfaces. In the case of a double-slit structure these
plasmons are partially coupled into the slits, thus increasing the total light power collected by
the structure. In addition, the resonance enhancement factor of the optimized double-slit coupler
is slightly larger than the resonance enhancement factor of the optimized single slit coupler.
Overall, the use of an optimized double-slit coupler resulted in ∼ 3.3 times enhancement of the
coupling into the MDM plasmonic waveguide compared to the optimized single-slit coupler.
We also found that, while the incoupling structures were all optimized at a single wavelength,
the operation wavelength range for high coupling efficiency is broad.

As final remarks, for wavelength-scale slit-based structures the double-slit structure results in
optimal coupling performance. We verified that, if three or more slits are used in a wavelength-
scale coupler, the performance is always worse due to destructive interference between the
waves coupled through the slits. Moreover, if a reflector is introduced in one of the two silver-
silica-silver MDM output waveguides, then all the incoupled power will couple into the other
silver-silica-silver MDM output waveguide. In addition, the proposed slit-based structures can
also be used to couple light from a MDM plasmonic waveguide into free space. We found that,
when the single slit structure is used to outcouple light, the radiation pattern of the structure is
approximately isotropic [33]. On the other hand, we found that the two-section slit and double-
slit structures introduce anisotropy in the radiation pattern, with stronger radiation in the normal
direction [33]. Finally, we note that there are some analogies between the proposed coupling
structures and the slot antennas used in the microwave frequency range [34].
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