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Abstract: In this paper, we propose to use a wedge-shaped plasmonic waveguide with
a metallic double-layer structure for improving the propagation length of surface plasmon
polaritons. The wedge silicon waveguide is covered by a first layer of Ag and by a second
layer of Au outermost in which the former has a good lightwave guiding property but unstable
to the operating medium and the latter is more stable to the operating medium. Numerically
investigated results show that the propagation length of surface plasmon polaritons using
the Au/Ag double-layer structure with an appropriate thickness of the Au covering layer can
be increased by a factor of 2.5 compared to that of using the only Au metallic structure
at the same propagation mode area. The advantage of the proposed metallic double-layer
structure is also preserved in hybrid plasmonic waveguides.

Index Terms: Plasmonic waveguide, sub-wavelength light wave guiding, metallic double-
layer structure.

1. Introduction
Recently, surface plasmon polariton (SPP) has attracted intensively research interest for various
applications in nanophotonics such as nanolasers, optical switching, optical modulators, and plas-
monic waveguides [1]–[7]. Among these functional devices, plasmonic waveguide is an attractive
research area which can be found in various applications, such as light signal guiding and modu-
lating far beyond the diffraction limit [5]–[12], ultracompact pass polarizers [13], [14], heat-assisted
magnetic recording [15], biosensors [16], [17] or refractive index sensing sensors [18]. Plasmonic
waveguides have an excellent capability of mode confinement at a deep-subwavelength size, which
were introduced to overcome the limits caused by the optical diffraction effect using the conventional
dielectric waveguides. This intriguing property is achieved by SPPs created by the coupling between
light and collective oscillations of free electrons at the metallic surface. The mode confinement fun-
damentally depends on the geometrical structure of the plasmonic waveguide and metal used for
forming the metal/dielectric interface. To date, various types of plasmonic waveguides have been
proposed for improving the propagation length while keeping the propagation mode area at a sub-
wavelength size such as metallic nanowires [19], metal strips [20], and wedge-shaped waveguides
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Fig. 1. Schematic of metallic double-layer wedge plasmonic waveguide. The dielectric support is first
covered by a thin Ag layer which has a good lightwave guiding property but is sensitive to the operating
medium. The thin second layer, Au, is inert to operation medium for protecting. The dimensional
parameters of the device are denoted in the figure. The apex angle of the dielectric support is fixed
at 70°.

[7]–[10], [21]–[23]. Among these waveguides, wedge-shaped plasmonic waveguides are considered
to be an important approach to light confinement due to their excellent capability of the tight light
confinement around the apex of the metallic wedge [10]. Furthermore, several types of metals for
guiding SPP waves have also been investigated [24], [25]. Among them, Ag metal shows to be supe-
rior in the ability of the surface wave guiding than other metals [25], [26]; however, it is sensitive to the
operating medium and is easily oxidized. This issue leads to degrade the performance of plasmonic
waveguides.

In this study, we propose a metallic double-layer structure to overcome the above-mentioned
problems and to enhance the propagation length of SPPs. The structure consists of a Si wedge
covered first by an Ag layer and then by an outer thin protective Au layer. We investigate the prop-
agation properties of the SPP wave using this structure at various layer parameters. To evaluate
the performance of the proposed waveguide structure, we compare its propagation character-
istics with an identical waveguide structure using a single Au wedge. Finally, we further apply
the new metallic double-layer structure to the performance of wedge-to-wedge hybrid plasmonic
waveguides.

2. Model of Plasmonic Waveguide Using Wedge-Shaped Metallic
Double-Layer Structure
The structure of the proposed plasmonic waveguide is shown in Fig. 1. The device consists of a
metallic double-layer structure, in which a thin Au layer which is stable to the operating medium is
deposited on an Ag layer unstable to operating medium such as air or aqueous environments. In
these operating environments, silver thin films are tarnished, so various solutions have been pro-
posed to protect the silver thin films such as coating dielectric multilayers (Ta2O5/SiO2 multilayers)
[27], a functionalized layer [28], or silver–gold alloy films [29]. The Ag film has better SPP wave
guiding ability than the Au film. The wedge-shaped metal two-layer plasmonic waveguide can be
fabricated by depositing the metal layers sequentially on a wedge-shaped dielectric support (DS)
[29]–[31]. To deposit metal thin layers on top of the wedge-shaped dielectric support, especially
to a sharp wedge, is a challenge to recent technology. However, using layer-by-layer and epitaxial
growth methods, thin Au and Ag layers can be formed [30], [31], in which the roughness of deposited
Au and Ag films is less than 0.36 nm. Moreover, in ref. [29], simultaneously depositing Au and Ag
films using the thermal evaporation technique forms an ultra-thin silver—gold alloy film that can
protect the Ag film from oxidization. In our simulation study, we assumed that the surface of metal
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Fig. 2. Thickness dependence of the propagation length ratio for wedge plasmonic waveguides with a
single layer of Au or Ag for two different heights of the dielectric support, H DS = 0.5 μm and 1 μm. Here
tAu and tAg are the thicknesses of Au and Ag, respectively.

films are perfectly flat and continuous, however, the imperfect of the deposited metal films such as
the grain boundary and surface roughness can increase the SPP propagation loss.

To evaluate the working performance of the proposed device, we compare the propagation
characteristics with that of the conventional metal wedge plasmonic waveguide (Single metal wedge
plasmonic waveguide). We will characterize the propagation length of these devices depending on
the thicknesses of the Au (tAu ) and the Ag (tAg) metallic layers at the optical telecommunication
wavelength of 1.55 μm. At this wavelength, the complex refractive indexes of Ag and Au are
0.15649–11.567i and 0.23823–11.263i, respectively. For simple, we choose single crystal silicon
for DS with the refractive index of 3.4757 and silicon dioxide for the substrate with the refractive
index of 1.4957. Silicon is chosen to build the device due to the fact that in comparison with other
platforms, the size of plasmonic waveguides based on silicon platform can be reduced owing to
the high refractive index of silicon [32]. The similar advantage can also be found in InP platform
[33]. In this paper, the apex angle of DS is 70° for all investigations. In general, this typical DS can
be fabricated using wet anisotropic etching of single crystal silicon in potassium solution [34]. To
obtain a comprehensive view of the current study, we first consider the propagation characteristics
of plasmonic waveguides made of single Ag and Au wedges. The whole waveguide is embedded
in air with the refractive index of 1.0. The propagation length ratio between the Ag and Au wedge
plasmonic waveguides, LSPP−A g/LSPP−Au , for two different heights of DS, HDS = 0.5 μm and 1 μm,
as a function of the thickness of the metal layers, tAu and tAg , are shown in Fig. 2. In which the
propagation length is calculated by [35]

LSPP = 1/ (2 [Im (β)]) , (1)

where β is the wave propagation constant along the waveguide, y-axis (Fig. 1). This constant was
obtained from solving the Helmholtz equation using the boundary mode analysis problem in the
finite element method based COMSOL Multiphysics [35]. It is shown that, in the investigated range
of tA u and tA g , from 50 nm to 250 nm, L SPP−A g/L SPP−A u is always larger than 4, Fig. 2. Furthermore,
the effective mode area of the Ag wedge plasmonic waveguide is λ2/(1.3 × 105) which is the same
as that of the Au wedge plasmonic waveguide. Here, the effective mode area, Aef f , is calculated via
expression [35],

Aef f =
∫ ∫ ∞

−∞

W (x, z)dxdz
max W (x, z)

, (2)

where, W(x, z) is the electromagnetic energy density defined as:

W (x, z) = 1
2

Re
{

d [ωε(x, z)]
dω

} ∣∣E (x, z)
∣∣2 + 1

2
μ0

∣∣H (x, z)
∣∣2, (3)

where, E(x, z) and H(x, z) are the electric and magnetic fields, ε(x, z) is the electric permittivity and
μ0 is the vacuum magnetic permeability. Thus, the SPP wave guiding ability of wedge plasmonic
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Fig. 3. Normalized electric field distributions of wedge SPP mode of the Ag wedge plasmonic waveguide
(a) and the Au/Ag two-layer wedge plasmonic waveguide (b), embedded in air. The height of the dielectric
supports for both cases is 1 μm.

Fig. 4. Effective mode index (Neff ) (a) and propagation length (LSPP−A u/A g ) (b) of the plasmonic wave-
guide using the Au/Ag two-layer wedge structure depending on tA u/ (tA u + tA g ). The inset in (b) is the
propagation length enhancing factor, RFL E −SW , as a function of tA u for case tA u + tA g = 250 nm.

waveguide made of Ag is superior to that made of Au. Now, we turn to comparatively investigate
the propagation characteristics of the proposed plasmonic waveguide and the conventional metal
wedge waveguide as a function of the thickness ratio between the Au layer (tA u ) and the Ag (tA g)
layer. The normalized electric field distributions of wedge SPP mode of the Ag wedge plasmonic
waveguide and the proposed plasmonic waveguide embedded in air are shown in Fig. 3. The
electric field distributions of the two waveguides are almost the same.

We now turn to investigate the modal characteristics of the plasmonic waveguide using the Au/Ag
two-layer structure, the mode index (Nef f ) and the propagation length (L SPP−A u/A g), depending on
the thickness ratio between the Au layer and the total two-layer, tA u/(tA u + tA g). The investigated
results of Nef f and L SPP−A u/A g depending on tA u/(tA u + tA g) for three different total thicknesses,
tA u + tA g = 150 nm, 200 nm, and 250 nm, are shown in Fig. 4. The total thickness is chosen in the
range of 150–250 nm, because it is suitable for practice applications. Moreover, at a metal thickness
larger than 150 nm, the mode coupling effect between the SPP modes at the metal/DS interface
and the wedge SPP mode is eliminated. Fig. 4 shows Nef f and L SPP−A u/A g strongly varying in the
range of 0 ≤ tA u/(tA u + tA g) ≤ 0.16. When tA u/(tA u + tA g) > 0.16, Nef f and L SPP−A u/A g are almost
unchanged with tA u/(tA u + tA g). When tA u/(tA u + tA g) = 0, the Au/Ag two-layer wedge structure be-
comes the single Ag layer wedge structure and when tA u/(tA u + tA g) = 1, the Au/Ag two-layer wedge
structure becomes the single Au layer wedge structure. From Fig. 4 (b), it shows that L SPP−A u/A g

decreases quickly with tA u/(tA u + tA g), i.e., when the thickness of the Ag layer decreases. This
observation is in good agreement with the results from Fig. 2 because the propagation length of
the Ag wedge plasmonic waveguide is about 4 times higher than that of the Au one. In general,
with (tA u + tA g) in the range of 150–250 nm, the curves of L SPP−A u/A g are almost overlapping,
Fig. 4 (b). We define the propagation length enhancing factor, (RFL E −SW ), to be the ratio
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Fig. 5. Schematic of hybrid plasmonic waveguide employed the Au/Ag double-layer wedge structure.
The parameters of the metal wedge are the same as of Fig. 1. HD W is the height of the dielectric
waveguide and g is the gap between the dielectric waveguide and the metal wedge. The apex angle of
the dielectric waveguide as well as the metal wedge is 70°.

of propagation length between the Au/Ag and Au wedge plasmonic waveguides, RFL E −SW =
L SPP−A u/A g/L SPP−A u . The explicit dependence of RFL E −SW on tA u is shown in the inset of Fig. 4(b).
Clearly, when tA u ≤ 40 nm, RFL E −SW is larger than 1, i.e., the propagation length of the Au/Ag wedge
plasmonic waveguide is enhanced compared to that of the Au wedge plasmonic waveguide. When
tA u = 2 nm, tA u + tA g = 200 nm and H D W = 0.5 μm, the propagation length of the wedge plasmonic
waveguide with the Au/Ag two-layer structure is 231 μm, which decreases 39%, compared with that
of the Ag wedge plasmonic waveguide without depositing Au (378 μm); however, its propagation
length is still larger than 2.47 times compared to that of the Au wedge plasmonic waveguide (93
μm).

In the investigated range, the effective mode area, Aef f , which is defined as λ2/(1.31 × 105), is
almost unchanged. Moreover, the figure of merit, FoM = L SPP−A u/A g/sqrt(Aeff ) [36], also decreases
2.5 times, from 4.78 × 104 (Au/Ag wedge plasmonic waveguide) to 1.94 × 104 (Au wedge plasmonic
waveguide).

3. Metal Two-Layer Interface in Hybrid Plasmonic Waveguides
The above investigations show that we can increase the propagation length of Au metal wedge
plasmonic waveguides by a factor of 2.5 by using the Au/Ag two-layer wedge structure. Such
wedge plasmonic waveguides have been interested in applications such as guiding waves at the
nanoscale, sensing applications, and nanolasers [1], [6]–[17]. However, the high propagation atten-
uation causing by ohmic loss limits the applications of the single wedge plasmonic waveguides. The
recent developments show that the hybrid wedge plasmonic waveguides exhibit excellent capacity
in the low loss light wave propagation at deep-subwavelength size [21], [22]. Therefore, we will here
further apply the new wedge-shaped Au/Ag double-layer structure on the modal characteristics of
the hybrid wedge plasmonic waveguide. The structure of the device is shown in Fig. 5. The phys-
ical parameters of the metal wedge are the same as those shown in Fig. 1 with some additional
parameters presented in Fig. 5.

We study the hybrid gap plasmon mode in the device which is created by the hybridization between
the wedge SPP mode and the dielectric waveguide (DW) photonic mode [35]. Normalized electric
field distributions and field profile along the A-A’ cut line (Fig. 6 (a)) of hybrid gap plasmon mode of
the hybrid plasmonic waveguide for two different heights of DW, H D W = 0.5 μm and H D W = 1.0 μm,
are shown in Figs. 6(a–b) and Figs. 6(c–d), respectively. It is clear from Fig. 6 that the field energy
concentration in the hybrid gap plasmon mode and the DW photonic mode depends on H D W .
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Fig. 6. Normalized electric field distributions of hybrid plasmonic waveguides. (a) and (b) are the field
profile in two-dimensional and along the A-A’ cut line (in (a)) for H D W = 0.5 μm, respectively. (c) and (d)
for the height of H D W = 1 μm. In (b) and (d), the dielectric regions are no shading regions; the shaded
pink and green areas represent the metal and DW regions, respectively. In these investigations, the
height of DS H D S is 1.0 μm and the dielectric gap g is 3 nm. The inset in (a) shows a magnification of
the hybrid gap plasmon mode.

At H D W = 0.5 μm, the field energy of the device almost concentrates into the hybrid gap plasmon
mode, Figs. 6 (a) and (b). When varying g, we can also control the field energy distribution in
either the hybrid gap plasmon mode or the DW photonic mode [35]. However, the mode energy
distribution is independent of H D S. This observation can be explained from the fact that the hybrid
gap plasmonic mode is created by the hybridization between the wedge SPP mode and the DW
photonic mode. The dependence of mode energy distribution on H D S differs with the single metal
wedge waveguide in which the propagation characteristics depends on H D S [10]. In the above
investigations, we used the dielectric gap, g = 3 nm, that is feasible for fabrication with the recent
advancements of thin film depositing technologies [30], [31], [35], [37].

Having studied the electric field distribution in the hybrid plasmonic waveguide, we will now fo-
cus on the effect of enhancing the propagation length of the device using the Au/Ag double-layer
structure. We use the device with the dimensional parameters the same as in Fig. 6 (a), except the
thickness of the two metal layers. Figure 7 shows the dependence of the modal characteristics of
the hybrid plasmonic waveguide including the effective refractive index Nef f , the propagation length
L H G P−A u/A g , the normalized mode area Aef f /A o, and the figure of merit FoM, on the thickness ratio
between the Au layer and the total Au + Ag layers, tA u/(tA u + tA g). There is no significant difference
of Nef f and L H G P−A u/A g behaviors between the hybrid plasmonic waveguide and the Au/Ag double-
layer wedge plasmonic waveguide, Fig. 4. L H G P−A u/A g decreases quickly with tA u/(tA u + tA g). Similar
to the Au/Ag wedge plasmonic waveguide investigated above, we also define the factor of propa-
gation length enhancement of the hybrid plasmonic waveguide, RFL E −H W = L H G P−A u/A g/L H G P−A u .
RFL E −H W , the inset in Fig. 7 (b). This factor is always larger than 1 when tA u ≤ 40 nm simi-
lar to that of the Au/Ag wedge plasmonic waveguide. Fig. 7 (b) shows that the propagation length,
L H G P−A u/A g is almost independent to tA u/(tA u + tA g) at this ratio >0.16. When tA u/(tA u + tA g) = 0.01,
i.e., tA u = 2 nm and tA g = 248 nm, L H G P−A u/A g of the hybrid plasmonic waveguide using the Au/Ag
double-layer wedge structure (∼2.55 mm) is 2.5 times larger than that of using the Au wedge struc-
ture (∼1.01 mm) with the identical waveguide structure. Furthermore, in the investigated range, the
effective mode area is independent to tA u/(tA u + tA g). Therefore, the curve of FoM has a similar
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Fig. 7. Dependence of the modal characteristics of the hybrid plasmonic waveguide on the thickness
ratio between the Au layer and the total metal layers, tA u /(tA u + tA g ). They are (a) the effective refractive
index Nef f , (b) the propagation length L H G P−A u/A g , (c) the normalized mode area Aef f /A o , and (d) the
figure of merit FoM. The dimensional parameters of the hybrid plasmonic waveguide are fixed as in
Fig. 6 (a), except the thickness of the two metal layers. The inset in (b) shows RFL E −H W as a function
of tA u for case tA u + tA g = 250 nm. The inset in (d) shows the curve of FoM with tA u/(tA u + tA g ) from
0–0.16.

Fig. 8. Dependence of the ratio of propagation length between the Au/Ag and Au wedge hybrid plasmonic
waveguides on the normalized dimensions, H D S/H D S0 (g = 3 nm, H D W = 1 μm, and H D S0 = 0.3 μm),
g/g0 (g0 = 1 nm, H D W = 0.5 μm, and H D S = 1 μm), and HDS/HDS0 (g = 3 nm, H D S0 = 0.3 μm, and
H SD = 1 μm). The metal two-layer interface consists of 2 nm Au and 248 nm Ag.

shape to that of L H G P−A u/A g (Fig. 7 (b)). The inset in Fig. 7 (d) shows a strong dependence of FoM
on tA u/(tA u + tA g) in the range of 0–0.16.

To obtain a comprehensive understanding the enhancement of the propagation length of the
hybrid plasmonic waveguide using the metallic double-layer structure, we investigate the enhance-
ment factor, RFL E −H W , as a function of normalized dimensions, the height of DS (H D S/H D S0), the
dielectric gap g/g0, and the height of DW (H D W /H D W 0). The results are shown in Fig. 8. As can be
seen, RFL E −H W is almost independent to H D S while it shows increasing and decreasing relations
on g and H D W , respectively. In the investigated range of H D S, g, and H D W , RFL E −H W is always
larger than 2.42. Under the conditions, H D W /H D W 0 ≤ 2 and g/g0 � 3 (no shading region in Fig. 8),
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we can increase the propagation length of the hybrid wedge-shaped plasmonic waveguide by at
least 2.5 times using the Au/Ag double-layer wedge structure instead of the single Au wedge struc-
ture. The proposed hybrid plasmonic waveguide can obtain a long-distance lightwave propagation
(�7 mm) with deep-subwavelength size (�λ2/(2.08 × 105). It is important to notethat Aef f is in-
dependent to H D W while L H G P−A u/A g decreases with H D W . Furthermore, L H G P−A u/A g and Aef f are
proportional to g. Therefore, we can compromisely control H D W and g to obtain the propagation
length enhancing factor which is higher than 2.5 while the hybrid plasmonic waveguide still obtains
a long propagation length at the deep-subwavelength size.

4. Conclusions
We have proposed a metallic double-layer structure for improving the propagation length of surface
plasmon polaritons. The structure consists of a metal which has a good plasmon wave guiding
property but is unstable to the operating medium covered by a protective stable metallic layer. Using
the Ag wedge covered by a thin Au layer, the propagation length of surface plasmon polaritons can
be enhanced by a factor of 2.5 compared to that using the single Au wedge. The advantage of the
proposed metallic double-layer structure is also preserved in the hybrid plasmonic waveguides in
which we can obtain a long-distance lightwave propagation (�7 mm) at the deep-subwavelength
size (�λ2/(2.08 × 105).
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