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An active plasmonic slot waveguide comprising an inverted triangular metal wedge incorporated inside a

V-shaped plasmonic groove with a low-index gain medium embedded between them is presented, and its

guiding properties are investigated numerically at the wavelength of 1550 nm. The presented waveguide

is shown to be capable of supporting two fundamental plasmonic slot modes with high field localization

to the V-shaped low-index slot region. Due to such strong optical confinement and significant field

enhancement, the introduced gain in the slot could effectively compensate the propagation loss of the

supported plasmonic modes. It is revealed that for the studied channel plasmonic slot and wedge

plasmonic slot modes, notable gain enhancements are observable within a wide range of geometric

parameters. For the considered structure with a 10–40 nm-wide slot, the enhancements of gain can be as

large as 11%–159% for the CPS mode while 43%–174% for the WPS mode. These values could be further

improved by adopting even narrower slots. It is shown that, by introducing a gain medium with

coefficients around hundreds of cm�1, the modal loss can be largely or even fully compensated, with a

subwavelength mode area achievable simultaneously. These unique features of the studied V-shaped

plasmonic slot waveguide might be useful for its potential applications in compact, active plasmonic

components.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

The attractive goal of guiding light at the nanoscale has motivated
extensive research into novel waveguiding schemes that are capable
of breaking the fundamental diffraction limit. Among numerous
presented guiding strategies, surface plasmon polariton (SPP) based
structures have received particular attention due to their capabilities
of offering two-dimensional subwavelength field confinement [1,2],
which cannot be easily achieved by employing photonic crystal [3]
or high-index dielectric waveguiding counterparts [4]. A number of
different SPP waveguiding schemes for subwavelength light confine-
ment have been proposed and demonstrated [5–9]. Among them, the
triangular metallic groove and wedge and their corresponding
channel plasmon polariton (CPP) [9–16] and wedge plasmon polar-
iton (WPP) mode [17–20] respectively, have been intensively inves-
tigated for their capability to simultaneously provide tight light
confinement and low propagation loss. Due to their relatively simple
configuration, a number of experimental demonstrations have also
been enabled [11,12,17,19,21,22].
ll rights reserved.
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Previous studies have reported several types of CPP and WPP
based waveguides with different configurations. The conventional
CPP waveguide typically consists of a sharp-angled groove milled
on a near-infinite-thick metallic substrate. The grooves can be
either exposed directly to air [11,12] or filled with dielectric
material [23,24]. By changing the infinite metal surface into
finite-thick metallic layer, the guiding properties of the wave-
guide can be greatly modified [25,26], which shows the feasibility
to simultaneously support CPP and WPP modes in a single
configuration. Here in this paper, we would like to look into an
alternative structure that can be somewhat regarded as a reverse
type of such a finite-thick CPP waveguide. The presented structure
comprises a metal groove substrate separated from a reversed
triangular metal wedge by a V-shaped low-index homogenously-
thick dielectric layer. Regarding its specific configuration, we here
denote it as V-shaped plasmonic slot waveguide. Such a structure
can be realized by adopting similar fabrication methods to those of
conventional CPP waveguides [12]. For example, after milling a
V-shaped groove onto a metal substrate, subsequent deposition of
the low-index dielectric layer and the metal wedge can result in
a V-shaped slot inside the metal surface. The whole structure can be
then covered by dielectric claddings or simply exposed to air. In the
following, we carry out detailed investigations on the guiding
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properties of the plasmonic slot waveguide at the telecom wave-
length. Through incorporating gain medium into the V-shaped
dielectric slot region, we demonstrate the possibility of effectively
compensating the loss of the guided plasmonic modes. It is shown
that, owning to the significantly local field enhancement inside the
slot region, a giant gain enhancement is attainable. And the overall
modal loss can be partially or fully compensated by employing a
gain medium with a moderate coefficient.
2. Geometries and modal properties of the plasmonic
slot waveguide

Fig. 1 has schematically shown the geometry of the studied
plasmonic slot waveguide, where a V-shaped dielectric layer is
sandwiched between a metallic groove and reversed metal wedge.
Both the groove and the wedge have the same bottom angle y. The
depth of the metal groove is h whereas the top width of the metal
wedge is w. The slot width is dictated by the thickness of the
V-shaped dielectric layer (t). The bottom tip of the metal wedge has
a 10 nm curvature while the corresponding metal groove corner has
100nm

WPS mode

Fig. 2. Electric field distributions of the supported two plasmonic modes (y¼251, h¼60
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Fig. 1. Geometry of the studied V-shaped plasmonic slot waveguide.
a radius of (10þt) nm to maintain a constant slot width. The modal
properties of the plasmonic slot waveguides are investigated at
l¼1550 nm by the finite-element method (FEM) using COMSOLTM.
Scattering boundary conditions along with extremely fine mesh are
applied near the slot region to ensure accurate solutions. In the
simulations, the cladding and the slot are made of silica (SiO2),
whereas the metal wedge and groove are assumed to be silver (Ag).
The permittivities of SiO2 and Ag are ec¼es¼2.25 and em¼

�129þ3.3i [27], respectively.
Simulation results indicate the proposed plasmonic waveguide

can support two plasmonic slot modes under a wide range of
geometric parameters. According to their mode features, they are
denoted as wedge plasmonic slot (WPS) mode and channel
plasmonic slot (CPS) mode, respectively. For a typical configura-
tion with parameters chosen as: y¼251, h¼600 nm, t¼20 nm, the
electric field distributions of the supported two fundamental
plasmonic slot modes are shown in Fig. 2(a) and (b). It is clearly
seen that, for both of the two modes, almost all of the mode
power can be stored inside the V-shaped slot region, along with
pronounced local field enhancements. For the WPS mode, a
substantial portion of the field is distributed at the bottom of
the groove, with the maximum electric field amplitude near the
metal wedge tip. While for the CPS mode, the field is pushed away
from the bottom, getting hybridized with the modes running
along the top groove edges at the groove opening.

To gain a comprehensive insight into the modal behavior, we
further investigate the modal properties of the two plasmonic slot
modes for different slot widths when the groove depth varies from
200 nm to 1000 nm. In the simulations, the bottom angle y is fixed
at 251. The calculated results of WPS mode and CPS mode are shown
in Figs. 3 and 4, respectively. In the figures, Neff is the modal effective
index and neff is the real part of Neff. The propagation length is
obtained by L¼l/[4pIm(Neff)], whereas the effective mode area is
calculated using Aef f ¼ ð

R R
WðrÞdAÞ2=ð

R R
WðrÞ2dAÞ. In order to

accurately account for the energy in the metal region, the electro-
magnetic energy density W(r) is defined as [28]:

W rð Þ ¼
1
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In Eq. (1), E(r) and H(r) are the electric and magnetic fields, e(r) is
the electric permittivity and m0 is the vacuum magnetic permeability.
A0 is the diffraction-limited mode area in free space and defined as
l2/4. Normalized mode area can be obtained by calculating Aeff/A0.
Normalized optical power (NOPs) is defined as the ratio of the power
inside the V-shaped slot region to the total power in the overall
min

max

CPS mode

0 nm, t¼20 nm): (a) wedge plasmonic slot (WPS) mode, where the inset is plotted

c slot (CPS) mode.
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Fig. 3. The WPS mode’s properties at different groove depths: (a) modal effective index (neff); (b) propagation length (L); (c) normalized mode area (Aeff/A0) and

(d) normalized optical power in the slot (NOPs).
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Fig. 4. Dependence of characteristics of the CPS mode on the groove depth: (a) modal effective index (neff); (b) propagation length (L); (c) normalized mode area (Aeff/A0)

and (d) normalized optical power in the slot (NOPs). The black-dashed line in (a) represents the refractive index of the cladding.

Y. Bian et al. / Optics Communications 294 (2013) 414–419416
waveguide. It is illustrated in Fig. 3 that for the WPS mode, increasing
the groove depth has resulted in decreased modal effective index and
reduced propagation loss, along with a larger mode area and more
power resided in the slot region. These trends are less significant
when the slot width reduces (e.g., see the t¼10 nm case). Besides, the
modal properties remain almost unchanged when the groove depth is
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relatively large, indicating that the characteristics of the WPS mode
are relatively robust against the variation of the metal groove depth
when the groove is not too shallow. It is also revealed in Fig. 3(d) that
within the considered geometric parameter range, more than 85%
of the mode power can be confined in the V-shaped slot area, with
a subwavelength mode area achievable simultaneously as seen
in Fig. 3(c). On the other hand, the properties of the CPS mode
demonstrate a quite different trend (see Fig. 4), where increased
modal effective index and propagation loss, larger mode area and
NOPs can be observed at larger groove depth. It is also indicated that
the CPS mode is more sensitive to the variation of the geometric
parameters than the WPS mode. Such a distinction between the
modal behaviors is largely due to the different nature of the two
modes. The WPS mode field remains highly localized near the metal
wedge tip during the changing of the groove depth, which conse-
quently results in relatively stable modal property. By contrast, for
the CPS mode, most of its optical power is distributed near-
homogeneously inside the upper part of the V-shaped slot, which
changes accordingly with the increase of the groove depth. Thus
the properties of the CPS mode exhibit a slightly more significant
dependence on the h compared to the WPS case. We also note that
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Fig. 5. The modal gain or loss of the WPS and CPS modes for different waveguiding co

(c,d) t¼20 nm and (e,f) t¼40 nm.
the CPS mode would be cut-off for large slot width case when h is
very small (e.g. ho250 nm when t¼40 nm). As shown in Fig. 4(d),
as long as h exceeds 400 nm, more than 80% of the total power can
be stored in the slot region for all the studied slot widths. It is also
illustrated from Figs. 3(b) and 4(b) that, for both of the studied modes,
the propagation lengths do not change dramatically with the varia-
tion of the groove depth. Although the propagation losses of both
modes are relatively large, yet they can be effectively compensated,
through introducing gain medium into the slot region, which we will
discuss in the following section.
3. Loss compensation in V-shaped plasmonic slot waveguide

In this section, we investigate the feasibility of compensat-
ing the propagation loss of the above two plasmonic slot
modes through incorporating gain medium into the V-
shaped silica layer of the waveguide. The low-index gain
medium can be silica or polymer incorporating quantum dots
(QDs) [29], dye molecules [30] or rare-earth materials [31,32].
Based on the feasible fabrication process, taking quantum dots
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as an example, by spining coating of a PMMA–QDs solution onto
the metal groove, a thin dielectric layer with the gain material can
be formed. It is worth mentioning that, for the spin-coating method,
the accurate control of the thickness for dielectric layer is more
challenging than other deposition process, such as electron beam
evaporation technique. Here, the gain coefficient of the bulk
material as well as the loss or gain of the overall mode are written
in the form of L¼4pIm(Neff)/l [33,34]. The resultant overall loss or
gain of the mode is shown in Fig. 5 under various gain coefficients
for different waveguide geometries. Negative and positive values of
the vertical coordinates in Fig. 5 illustrate the propagation loss and
net optical gain of the modes, respectively. It is clearly revealed that
the loss of both plasmonic modes can be reduced as long as gain is
introduced. Partial or full compensation of the modal loss could be
enabled using material with moderate gain. Even net optical gain is
realizable through adopting material with relatively larger gain
coefficient. For the same waveguide configuration, since the WPS
mode has larger loss than the CPS mode and both of the modes show
comparable mode confinement capabilities in the slot region, the
compensation of the WPS modal loss typically requires larger
material gain as shown in Fig. 5. Similarly, the intrinsic loss for a
waveguide with a wider slot is much lower, and consequently it is
easier to compensate the loss using a gain material with a moderate
coefficient.

Based on the above calculations, we carry out further investiga-
tions on the gain enhancements achieved using the proposed
V-shaped plasmonic slot waveguides. Here, the enhancement in
gain is evaluated by calculating the ratio @gm/@gs, where gm is the
gain of the studied plasmonic mode and gs represents the gain of
the material inside the V-shaped slot. From the results shown in
Fig. 6(a) and (b), it is clearly seen that enhancements of gain could
be attainable for both of the WPS and CPS modes within the
studied geometric parameter range, i.e. the ratio @gm/@gs can be
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Fig. 6. (a,b) The gain enhancement ratios of @gm/@gs for the WPS and CPS modes suppo

modes on the introduced gain coefficient of the material inside the slot region. The cross

the critical conditions for lossless propagation, where the imaginary part of the effecti
larger than 1. This means that it is possible to achieve more gain in
the studied plasmonic structure than that attainable in the bulk
material (i.e. gain medium inside the slot). The reason for such
enhancements are similar to the case of high-index contrast silicon
slot waveguide in Ref. [33] and the hybrid plasmonic structure in
Ref. [35]. The ratio @gm/@gs can be approximated as a product of the
optical power ratio in the gain region and the ratio of the group
index to the refractive index of the gain material. Since the optical
power ratio in the slot region for the V-shaped plasmonic wave-
guide can be approaching 1, the giant improvement of the group
index over the bulk refractive index would consequently result in a
notable gain enhancement. It is noted that, owing to the relatively
larger modal overlap with the gain medium in the slot region and
stronger field enhancement, the gain enhancement of the WPS
mode is slightly larger than that attained in the CPS mode. While
such enhancements can be significantly improved by employing
narrower slots. It is seen in Fig. 6(a) and (b) that, for the considered
structure with a 10–40 nm-wide slot, the enhancements of gain
can be as large as 11%–159% for the CPS mode while even 43%–
174% for the WPS mode. These enhancements are much larger than
those achieved using the active hybrid plasmonic waveguide as
reported in Ref. [35]. And it still remains possible to further
improve these enhancements values by adopting V-shaped plas-
monic slot waveguides with even narrower slots.

In Fig. 6(c) and (d), we show the loss or gain of the WPS and
CPS modes sustained by a specific plasmonic slot waveguide
when the gain in the slot region gradually increases. Here the
groove depth of the waveguide is fixed at 600 nm to ensure a
relatively large NOPs and a small modal loss. It is illustrated that
the loss or gain increases linearly as gs increases. For the studied
cases, the modal loss could be effectively reduced as long as a
moderate gain is introduced. When gs is large enough, the loss of
the mode can be fully compensated, which could be found at the
200 400 600 800 1000
0.5

1.0

1.5

2.0

2.5

3.0

t = 40 nm

t = 20 nm

t = 10 nm
CPS mode

h (nm)

0 200 400 600 800
-2500

-2000

-1500

-1000

-500

0

500 t = 40nm

t = 20nm

t = 10nm CPS mode

gs (cm-1)

Lo
ss

, G
ai

n 
(c

m
-1

) 

rted by various geometries. (c,d) The dependence of modal gain or loss of the two

ing points of the solid lines and the black dashed-lines in (c) and (d) correspond to

ve index for the plasmonic mode equals zero.



Y. Bian et al. / Optics Communications 294 (2013) 414–419 419
crossing points of the solid lines and the dashed-lines shown in
Fig. 6(c) and (d). At these critical conditions, the imaginary part
of the modal effective index equal zero, enabling lossless
propagation of the mode at the subwavelength scale. Here, for
the considered structures, a gain medium with coefficients
around hundreds of cm�1 is sufficient to fully compensate the
modal loss. Such a critical material gain for lossless mode
propagation can be greatly reduced by further widening the slot
region of the plasmonic waveguide. Along with the results shown
in Figs. 3(c) and 4(c), it can be revealed that there is a tradeoff
between the critical material gain coefficient and the mode
confinement. A waveguide with a narrower slot requires a smaller
critical material gain coefficient for lossless propagation, while
demonstrating a larger mode area and weaker field confinement.
On the other hand, for the structure with a wider slot region, its
mode area can be much smaller than that of the narrow slot case
despite of the relatively large critical material gain coefficient.
Gain enhancement can be observed from Fig. 6(c) and (d) as the
slopes of these lines exceed 1. It is also illustrated that wave-
guides with narrower slots usually correspond to larger slopes,
indicating more significant gain enhancements achieved in these
cases.
4. Conclusions

In summary, we have proposed and investigated a novel
plasmonic waveguide that comprises a V-shaped dielectric slot
sandwiched between a reverse metal wedge and a metallic
groove substrate. Through incorporation of a gain material into
the slot region, the propagation losses of the supported wedge
plasmonic slot and channel plasmonic slot mode can be
effectively compensated. It is revealed that due to the dramatic
local field enhancements in the slot, giant gain enhancement is
also observable. The proposed plasmonic slot structure can
facilitate potential applications in compact active waveguides
and components.
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