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We have theoretically studied the optical properties of a filled slot metamaterial waveguide with lateral slab
regions consisting of alternating silver–silica multilayers. It is shown that this geometry improves the subwave-
length confinement of guided light and that the particular metal–dielectric ratio of 15 nm∕10 nm results in
substantially enhanced transmission, as compared with metal–dielectric–metal slot waveguides having similar
dimensions. © 2014 Optical Society of America
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1. INTRODUCTION
A general trend in integrated circuit technology is a reduction
in the size of components and an increase in speed: In this
sense, photonics can provide an ideal platform to reach very
high speeds [1]. However, the size of optical devices needs to
be considerably reduced to match the size of current nano-
metric electronic components: One of the main obstacles
for reducing the size of optical components is diffraction.
In recent years, many different physical phenomena have
been used to reduce the size of optical components, such
as the photonic bandgap effect [2–7], total internal reflection
in high-index contrast structures [8–11], and the excitation
of plasmonic waves [12–19]. Compared with the photonic
bandgap effect and total internal reflection, plasmonics offers
the most promising technology to create ultracompact devi-
ces, but one of the main constraints with plasmonics is the
optical loss in the metal. In addition to creating very compact
devices, very strong confinement of light is useful for trapping
and manipulating nanoparticles and biomolecules [20,21].

After light is generated and eventually processed in an
optical chip, it must be transported to different regions in
the chip by optical waveguides. In contrast with electrical
wires, optical waveguides can transport information at very
high rates [22]. In general, photonic crystal [23] and total
internal reflection [24] waveguides can reach distances above
100 μm with acceptably small propagation loss. If transmis-
sion of light over longer distances is needed, light can be
coupled to optical fibers by using, for example, grating
couplers [25]. If light needs to be confined in tighter spaces,
then plasmonic waveguides can be used, in spite of their sig-
nificantly higher losses [26–29]. In particular, slot waveguides
are attractive because they can confine light in very small
spaces, which is useful in a wide range of applications in non-
linear optics [30].

Dielectric slot waveguides were first demonstrated by
Almeida et al. [30] and typically have a gap that is several tens
of nanometers in width. These waveguides are used with

guided modes that have their main electric field component
directed across the slot. Strong electromagnetic confinement
(i.e., the strong localization of the electric field) is obtained in
such structures because the normal component of electric
flux density D is continuous at the slot–cladding interface.
(The term “cladding” is used in the present context to identify
the regions immediately on either side of the slot. In a
“conventional” air-filled slot waveguide, the regions adjacent
to the slot essentially form a twin-core waveguide structure,
with a small gap between the two cores.) However, purely
dielectric slot waveguides still have some mode leakage, par-
ticularly when the light is coupled from a conventional stripe
waveguide into the slot waveguide. On the other hand, the
presence of metal [as in a metal–dielectric–metal (MDM)
waveguide] can increase absorption losses, thereby reducing
the transmitted power. In the latter case, the optical radiation
is transferred by surface plasmon polaritons (SPPs) propagat-
ing along the metal–dielectric interface. It is also possible to
guide light by exciting long-range SPP, with typical propaga-
tion losses of several dB/cm at infrared frequencies. However,
this requires construction of a symmetric geometry in which a
nanometer-thick metallic film is placed between two adjacent
cladding dielectric layers [31,32].

In this paper, we analyze a silica-filled slot waveguide in
which the gap is surrounded by two high-index layered hyper-
bolic metamaterial regions. First, we consider the optical
properties of the slot waveguide by varying its geometrical
dimensions and metallic volume fraction. Then we investigate
the coupling between the proposed slot waveguide and a con-
ventional stripe waveguide. And finally, we study the modal
electric field profiles in order to evaluate the modal confine-
ment inside the slot. We show that the slot waveguide pro-
vides a balanced solution through simultaneously having
high modal effective refractive index and usefully low propa-
gation losses. Additionally, we find that, if the metal and
dielectric thicknesses in the lateral slab regions are chosen
in the correct ratio, the power transmission is nearly 3.5 times
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higher than for the purely plasmonic waveguide of the same
dimensions, and, at the same time, the wave confinement
significantly improves in comparison with the pure dielectric
slot waveguide, e.g., one made with silicon.

2. BACKGROUND INFORMATION
A typical slot waveguide is formed by a narrow low-index slot
placed between two high-index slab regions. In the proposed
geometry (Fig. 1), these slab regions are constructed from
hyperbolic metal–dielectric metamaterials that are capable
of supporting large wave vectors (i.e., exhibit large modal
effective refractive index values). Each hyperbolic metamate-
rial region consists of ten alternating silver–silicon pairs with
a period of P � 25 nm [26]. The surrounding medium (includ-
ing the slot) is filled with silica (nSiO2

� 1.444), and the wave-
guide is designed to operate at 1550 nm. A practical benefit of
embedding the structure in silica is that it prevents the silver
inclusions from oxidation. According to the Maxwell–Garnet
theory, the components of the anisotropic homogeneous
permittivity tensor can be calculated as [33,34]

εx � εz � f AgεAg � �1 − f Ag�εSi; (1)

εy � εAgεSi
f AgεSi � �1 − f Ag�εAg

; (2)

where the directions of the axes are shown in Fig. 1, f Ag is the
metal filling factor, and εSi � 12.447 is the permittivity of
silicon. The Maxwell–Garnet theory is valid when (a) the
thickness of the metal–dielectric pairs is significantly smaller
than the wavelength of interest (each layer is only a few nano-
meters thick, which is considerably smaller than the optical
wavelength) and (b) the scattering from the incursions is
low, which implies a low density of conducting domains
[35]. Although the formulas have their limitations, they pro-
vide physical insight into the results, and, nevertheless, the
model discussed is still only a mathematical approximation
for the calculation of the complex permittivity.

The permittivity of silver is modeled using the Drude model:

εAg�ω� � ε∞ −

ω2
p

ω2
− iωγc

; (3)

where ε∞ � 5 is the background dielectric constant,
ωp � 1.38 × 1016 rad∕s is the plasma resonance frequency,
and γc � 5.07 × 1013 rad∕s is the collision frequency [36].
The effective permittivity components εx, εy, and εz as a

function of the wavelength for f Ag � 0.6, calculated using
the Maxwell–Garnet theory are presented in Fig. 2.

The slot waveguide can be considered as being the result
of two separate slab waveguides placed close to each other.
Each adjacent slab metal–dielectric region can support an
eigenmode and, therefore, their coupling results in the forma-
tion of either symmetric or antisymmetric modal profiles in
the slot waveguide [30]. If the modal profile is symmetric,
then the electric field strength inside the slot is amplified
and the wave is strongly confined, while, for the antisymmet-
ric mode profile, the opposite electric fields cancel each
other and the optical confinement is relatively weak (Fig. 3).
As mentioned earlier, in this geometry, only modes with their
main component of electric field directed across the gap (the
x axis in Fig. 1) are strongly confined inside the slot. Modes
that have their main electric field component parallel to the
faces of the gap (the y axis in Fig. 1) leak away and rapidly
decay [26]. Therefore, only the quasi-TE00 modes (with,
primarily, field components Ex, Hy, Ez) of this filled slot
waveguide are considered in the discussion. Although
quasi-TE modes may contain a residual longitudinal mode
component of the electric field, its magnitude is considerably
weaker than those of the transverse field. The first subindex
refers to the number of nodes along the x direction, while the
second subindex refers to the number of nodes along the
y direction.

For the quasi-TE00 coupled mode of a slot waveguide
with the width of the lateral slab metal–dielectric region
denoted by Llateral and the width of the slot by wslot, the
main electric field component inside the gap can be written
as [30]

Fig. 1. Slot waveguide cross section.

Fig. 2. Effective dielectric permittivity of the slab metal–dielectric
regions (f Ag � 0.6) calculated using the Maxwell–Garnet theory
[33,34].

Fig. 3. Electric field profiles for (a) symmetric and (b) antisymmetric
modes. Note that the field inside the slot is only amplified for the sym-
metric case.
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Ex � E0

8>><
>>:

neff;z cos�−0.5kxLlateral � φ�Θ�x�;
�neff;z∕εx� cos�kx�x − 0.5�Llateral �wslot� � φ�;

neff;z cos�0.5kxLside � φ� exp�−γ�x − 0.5wslot − Llateral��;

0 < x < 0.5wslot

0.5wslot < x < 0.5wslot � Llateral

x > 0.5wslot � Llateral

; (4)

where φ is the phase shift at the middle of each slab metal–
dielectric layer pair region that arises from the mode coupling,
γ � �k20 − k2z�0.5 is the field decay rate in the silica (kz is the
wave-vector in the propagation direction and k0 is the wave
vector for free space), and Θ�x� is

Θ�x� �
�
cosh�γx�∕cosh�0.5γwslot�
sinh�γx�∕sinh�0.5γwslot�

; (5)

where the first line corresponds to symmetric modes and the
second line corresponds to antisymmetric modes. The values
of the electric field on the opposite sides of the slot (i.e., in the
negative x direction) are exactly the same for symmetric
modes and have the opposite sign for antisymmetric modes.

3. SLOT WAVEGUIDE ANALYSIS
The optical properties of the layered slot waveguide have
been studied by calculating the modal effective refractive in-
dex neff;z � kz∕k0 for the symmetric quasi-TE00 mode, using
COMSOL Multiphysics finite element method software [37].
The waveguide geometry was simulated as an x–y profile
and semi-infinite in the z direction. The slab metal–dielectric
regions had a height of H � 250 nm and a width of
Llateral � 320 nm. The structure was embedded in a back-
ground silica medium with dimensional size of 1.5 by
1.5 μm and was surrounded by perfectly matched layers
(PMLs). This waveguide geometry is capable of supporting dif-
ferent mode orders: quasi-TE00, quasi-TE01, quasi-TE02, and
quasi-TE03 modes are plotted in Fig. 4.

We begin our discussion of the propagation problem by
considering the fundamental quasi-TE00 [Fig. 4(a)] and vary-
ing the metal layer/dielectric layer thickness ratio for a fixed
gap width of 20 nm and wavelengths covering the range from
1.39 to 1.7 μm. The calculated effective mode indices are plot-
ted in Fig. 5 (real part) and Fig. 6 (imaginary part) using the
following notation: no additional symbol is used for
25 nm∕0 nm (only silver), • is used for 20 nm∕5 nm,○ is used

for 15 nm∕10 nm, × is used for 10 nm∕15 nm, Δ is used for
7.5 nm∕17.5 nm, ∇ is used for 5 nm∕20 nm, and □ is used
for 0 nm∕25 nm (only silicon). The modal effective refractive
index gradually increased as the volume fraction of dielectric
material (i.e., silicon) became larger, which may be attributed
to the slot waveguide resonance that arose from the enhanced
field coupling inside the lateral slab regions. On the other
hand, neff;z decreased with increasing metallic fraction and
demonstrated a tendency to match the properties of a purely
silver plasmonic slot waveguide. It is possible to achieve even
higher values of modal effective refractive index by using very
thin silver films, but, as a trade-off, the imaginary part of neff;z

will also become larger, thereby increasing the propagation
losses.

We have also examined the slot waveguide effective indices
for several different gapwidths. The Ag/Si ratio was selected to
be 15 nm∕10 nm, and the distance between the two metal–
dielectric slab regions was increased progressively from 10
to 300 nm, as shown in Fig. 7. As expected, the narrow gap
of 10 nm had the highest modal effective refractive index of
neff;z � 4, due to the strong field localization inside the slot re-
gion, while gaps wider than 140 nm showed poor confinement,
since the structure effectively transformed into two weakly
coupled, finite-width slab waveguides. For this case, the fur-
ther reduction of the modal effective refractive index of the
silica-filled slot is explained by its gradual approach to the
refractive index of a bulk silica region, i.e., nSiO2

� 1.444.
The slot waveguide was studied for its dispersion proper-

ties, which were calculated via the dispersion coefficient
defined by

D�λ� � −

λ0
c
∂2neff;z

∂λ20
: (6)

The dispersion coefficient, expressed in units of
ps∕�nm × km�, for a 20 nm wide silica-filled slot, is shown
in Fig. 8. All the silver/silicon thickness ratios have negative

Fig. 4. (a) Ex profile for quasi-TE00 fundamental slot mode. (b) Ex profile for quasi-TE01 slot mode. (c) Ex profile for quasi-TE02 slot mode. (d) Ex
profile for quasi-TE03 slot mode.
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dispersion with magnitudes on the order of 104 ps∕�nm × km�
or lower. As mentioned earlier, larger values of the silicon
fraction (such as Ag/Si ratio of 5 nm∕20 nm) allowed stronger
coupling between the modal electric field and the highly dis-
persive metallic regions, which resulted in higher magnitudes
for the slot waveguide dispersion. The oscillations in the
dispersion curves are attributed to round-off errors: The pre-
cision of the numerical calculation of neff;z is four significant
digits after the decimal point. Since no smoothing is per-
formed for the effective refractive index data, possible
numerical and round-off errors can accumulate, leading to
random fluctuations in the calculation of the second deriva-
tive. Although the high dispersion magnitudes could be disad-
vantageous for some applications, the wave will decay to
virtually zero before the group delay will affect the guided
mode significantly.

Finally, for a slot waveguide with a gap width of 20 nm, a
metal/dielectric ratio of 15 nm∕10 nm, and at a wavelength of
1550 nm, the ratio of group delay Δτ to the spectral line width
Δλ, calculated as Δτ∕Δλ � D × Lpropag, was found to be
−3.5 × 10−5 s∕nm. In many applications, the variation of the
group delay is not crucial, but it could become a problem
in high-speed or broadband systems.

4. COUPLING STRIPE AND SLOT
WAVEGUIDES
The slot waveguide can be coupled directly to a conventional
stripe waveguide, but this may be very inefficient at infrared
frequencies for nanometer scale slots, because of the large
differences in the distributions of the optical modes [37].
One way to improve the coupling efficiency between two but-
ted waveguides is to combine mutually complementary tapers
[38]: the end of the input stripe waveguide is tapered and then
inserted into the slot; the lateral regions of the slot waveguide
are also tapered and are formed into a Y-shaped channel to fit
the tapered end of the stripe waveguide (as shown schemati-
cally in Fig. 9). With reduction of the taper width, the light
emitted by the stripe waveguide leaks into the two adjacent
gaps between complementary tapers. As the wave propagates
further, these gaps also become narrower and eventually
merge to form a single slot.

The coupled waveguide was studied by commercial finite-
difference time-domain software [39]. The quasi-TE00 wave
originated at the beginning of the taper and propagated in
the z direction, as shown in Fig. 9. The source has been
positioned in the middle of the stripe waveguide cross section
(in x–y plane) and had a chosen mode-field profile. The

Fig. 5. Real part of modal effective refractive index.

Fig. 6. Imaginary part of modal effective refractive index.

Fig. 7. Waveguide modal indices for different slot widths.

Fig. 8. Dispersion for waveguide with 20 nm slot width. Fig. 9. Slot waveguide coupled with stripe waveguide.
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computational region was terminated by PMLs. The numerical
mesh was set to be nonuniform, becoming denser close to the
metal–dielectric interfaces. The grid sizes chosen for the silver
regions were Δx � Δy � Δz � 2.5 nm, and the grid sizes for
the silicon regions were Δy � 2.5 nm, Δz � 100 nm, and
Δx � 5 nm. The results obtained from the use of finer meshes
(Δy � 1.25 nm) were only 2% different from the results for the
coarser mesh. However, the simulation memory requirements
increased by a factor of 2. The calculation time step used in
the simulations was 5 × 10−18 s, which was well below the sta-
bility limit. The material dispersion data was loaded from the
built-in library of the software [40].

The input–output coupling efficiency is determined by the
amount of transmitted power, which was measured at several
points along the waveguide axis: (a) before the source;
(b) immediately after the source; (c) at the end of the taper;
and (d) equidistantly inside the slot waveguide. The calculated
power level was then normalized with respect to the power
recorded next to the source, and the geometrical dimensions
of the structure were varied in order to find the maximum
transmission. For a purely dielectric structure, almost 98%
of the incident light was coupled into the slot waveguide.
The remaining light mostly scattered back toward the source,
and the normalized reflection level was only approximately
1%. The calculated transmitted power levels, as a function
of the distance traveled, for the waveguide with a 20 nm wide
silica-filled slot are shown in logarithmic scale in Fig. 10. The
following notation applies: no additional symbol is used for
25 nm∕0 nm (only silver), • is used for 20 nm∕5 nm, × is used
for 15 nm∕10 nm, ○ is used for 10 nm∕15 nm, Δ is used for
7.5 nm∕17.5 nm, and□ is used for 0 nm∕25 nm (only silicon).
The highest power transmission was obtained for a
purely silicon slot waveguide, while the lowest amount of
power was transmitted in the MDM waveguide. For the slot

waveguides with lateral slab regions formed by the hyperbolic
metamaterial, the power was transmitted by both SPP
propagation at the metamaterial–silica interfaces and by the
fundamental slot-confined quasi-TE00 mode that originated
from the lateral coupling between the silicon dielectric layers.
Because of the high propagation losses, the SPP transmission
components decayed rapidly for all samples (except for an Ag/
Si ratio of 10 nm∕15 nm), which resulted in the slot-confined
mode being the primary mechanism of power transmission for
distances over 1.5 μm. The Ag/Si ratio of 15–10 nm provided
the smallest power attenuation of 13.85 dB, which may be
attributed to the partial excitation of long-range SPPs that
could propagate for distances of tens of micrometers before
fading. The lower input values for the slot waveguides with
silver inclusions (i.e., the insertion losses) are explained by
the weaker coupling of light into them, since infrared radia-
tion scattered more intensively from the metal–dielectric
interface of the tapered region. The differences in the curve
slopes for the silver/silicon ratios considered may be ascribed
to the simultaneous excitation of higher order modes, in
addition to the fundamental quasi-TE00 slot mode. However,
the higher order modes decayed swiftly, due to the large
imaginary part of the modal effective refractive indices, and
their impact on the power transmission at distances greater
than 1 μm became negligible.

To estimate the wave confinement inside the silica-filled
slot waveguide, the electric field strength was compared
for different silver/silicon layer thickness ratios. The modal
Ex component was recorded at equidistantly spaced points
over the x–y cross section, at the slot waveguide end. The field
in the intermediate points was interpolated using cubic
Hermite splines. The electric field distribution expressed on
a logarithmic scale is shown in Figs. 11(a)–11(c) for a
20 nm slot width. The logarithmic values of Ex were normal-
ized with respect to the highest logarithmic value in the
middle of the slot. The confinement for the purely dielectric
waveguide case [Fig. 11(a)] was not very strong: the electric
field maximum was localized not only inside the slot, but also
extended considerably into the adjacent lateral regions. The
magnitude of the modal electrical field strength in the adja-
cent regions was approximately 20 times (in terms of absolute
value) lower than the Ex magnitude for the field maximum
inside the slot. The field distribution for a slot waveguide with
a silver/silicon layer thickness ratio of 15 nm∕10 nm showed
better confinement [Fig. 11(b)]. Even though Ex was nonzero
in the hyperbolic metamaterial lateral regions, it was less than
0.01% of the field maximum value inside the slot. Finally, for
the purely MDM waveguide, the electric field was strongly

Fig. 10. Normalized transmission for the 20 nm gap width.

Fig. 11. (a) Normalized Ex profile in logarithmic scale for 0 nm∕25 nm silver/silicon layer thickness ratio. (b) Normalized Ex profile in logarithmic
scale for 15 nm∕10 nm silver/silicon layer thickness ratio. (c) Normalized Ex profile in logarithmic scale for 25 nm∕0 nm silver/silicon layer
thickness ratio.
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confined inside the slot, and no light penetrated significantly
into the lateral slab regions [Fig. 11(c)].

5. CONCLUSIONS
In this paper, we have considered the silica-filled slot
waveguide with lateral slab regions formed by alternating
metal–dielectric multilayers. This structure was used for
the subwavelength confinement of light in the silica-filled slot
in the short-wavelength infrared region. Numerical simula-
tions have shown that high modal effective indices can be
obtained for propagating waves that have their main electric
field component directed across the gap. The increase of the
gap width resulted in the reduction of modal effective index
and the waveguides with smaller volume amounts of metal
showed to be more dispersive. The coupling from a conven-
tional stripe waveguide has also been studied. We have
obtained the highest transmitted power level for a coupled
geometry with an Ag/Si ratio of 15 nm∕10 nm, which was
3.5 times higher than for the MDM structure of the same
dimensions. Finally, we have found that using hyperbolic
metamaterials as a lateral cladding region for the silica-filled
slot waveguide resulted in enhanced subwavelength confine-
ment (99% greater than for a silicon only waveguide, in terms
of the normalized electric field values inside the slot).

While guiding light over long distances (more than several
micrometers) could be an important issue because of the
intrinsic metallic propagation losses, the slot waveguide
design that we have proposed has significant potential for
the construction of photonic circuits and integrated devices
such as micro-lasers or nanoantennas. These miniature wave-
guides can confine light in a very small transversal region (less
than 100 nm) and could be used in the fabrication of very com-
pact devices (with typical lengths of less than 1 μm) such as
short-distance optical interconnects, modulators, switches,
and couplers. Other possible applications could include
optical trapping, nonlinear optical devices, and dispersion
compensation for sufficiently high power modes.
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