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Tunable coupling of a hybrid plasmonic waveguide consisting of
two identical dielectric cylinders and a silver film*
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The propagation length of surface plasmon polaritons (SPPs) is intrinsically limited by the metallic ohmic loss that is
enhanced by the strongly confined electromagnetic field. In this paper, we propose a new class of hybrid plasmonic waveg-
uides (HPWs) that can support long-range SPP propagation while keeping subwavelength optical field confinement. It is
shown that the coupling between the waveguides can be well tuned by simply varying the structural parameters. Compared
with conventional HPWs, a larger propagation length as well as a better optical field confinement can be simultaneously
realized. The proposed structure with better optical performance can be useful for future photonic device design and optical
integration research.
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1. Introduction
Surface plasmon polaritons (SPPs) have been widely in-

vestigated owing to their special characteristics[1–4] as well as
potential applications in many areas such as plasmonic de-
tectors and optical devices.[5–11] One fundamental property
of SPPs is that they can induce strong optical field enhance-
ment and confinement,[3,4] which makes them promising for
the manipulation of light on the nanoscale.[12] Plasmonic op-
tical devices, such as ultrafast optical switch,[13–15] plasmonic
waveguide,[16–19] light coupler,[20,21] and nonlinear optical de-
vices have been extensively studied.[22–25]

However, optical integration is one of the most important
and interesting topics in nanophotonics.[26,27] In this aspect,
plasmonic waveguides, based on the propagation of SPPs,
have attracted great attention as an ideal candidate for op-
tical integration.[16,17,28,29] However, the propagation length
is shortened because of the intrinsic ohmic loss of metals.
In order to obtain long-range propagation and good opti-
cal field confinement, a hybrid plasmonic waveguide (HPW)
consisting of a semiconductor nanowire near a metal sur-
face was introduced.[30] Other types of HPWs were studied
as well,[31–33] with preferable tunability[34,35] and broadband
coupling functionalities.[36] Researchers also investigated the
optical force in a hybrid system theoretically.[37] These results
showed that an HPW is a promising design for the studies on
optical integration. In order to increase the propagation length
of the hybrid mode with moderate field confinement, we fur-
ther investigate the HPW here.

In this paper, we propose a new type of HPW that consist

of two identical dielectric cylinders and a silver film, referred
to as a coupled HPW (CHPW). The optical properties of cylin-
drical semiconductor nanowires can be controlled by using
the metal cluster-catalyzed vapor–liquid–solid growth mecha-
nism, and methods for the hierarchical assembly of nanowires
into functional devices were also described.[38] A plasmonic
nanolaser using an HPW was reported.[39] The method of
making identical single crystalline microwires can be useful
as well.[40] Compared with a conventional HPW that consists
of a single dielectric waveguide and a silver film, our system
introduces a new coupling factor of two cylinders, which in-
duces more freedom regarding the tuning of the HPW. Our
work demonstrates that this proposed CHPW not only can re-
alize long-range propagation, but also can keep strong optical
field confinement. It also shows better optical performance
than conventional HPWs by comparison.

2. Theory
The coupled-mode theory is used to investigate the

CHPW. If we consider one-order approximation, the hybrid
mode can be written as[30]

ψ±(D,r,h) = a±(D,r,h)ψcyl(r)+b±(D,r,h)ψspp, (1)

where ψcyl denotes the cylinder basis mode and ψspp is the
SPP mode. a±(D,r,h) and b±(D,r,h) are the amplitudes of
the cylinder mode and SPP mode, respectively. In this paper,
D means the gap between two dielectric cylinders, r denotes
the radius of the cylinder, and h is the distance between the
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cylinders and a silver film. Here, the influence of the interac-
tion between the two dielectric cylinders is added to the am-
plitude parameter because it is quite weak compared to that
between the cylinder mode and the SPP mode. The cylinder
basis mode and the SPP mode can be denote as {1 0}T and {0
1}T, respectively.

Under one-order approximation, the amplitudes of the
cylinder mode and SPP mode have the following relation

a±(D,r,h)2 +b±(D,r,h)2 = 1. (2)

The modes of the system are characterized by the system of
equations [

ncyl(r) C(r,h)
C(r,h) nSPP

][
a±(D,r,h)
b±(D,r,h)

]
= n±(D,r,h)

[
a±(D,r,h)
b±(D,r,h)

]
. (3)

Here, ncyl(r) is the effective index of the cylinder basis mode,
nSPP is the effective index of the SPP mode, and n±(D,r,h) are
the effective indices of the hybrid modes. C(r,h) means the
coupling strength of the cylinder basis mode and SPP mode.

By combining Eqs. (2) and (3), we can get

a2
± =

n±−nSPP

(n±−nSPP)+(n±−ncyl)
, (4)

C =
√

(n±−ncyl)(n±−nSPP). (5)

Then, the coupling between the cylinder mode and the
SPP mode can be analyzed by the above-derived equations.
The 2D-finite-difference numerical method is used in our
calculations,[32] and the optical modes are solved in the cross-
section of the CHPW. The configuration of the CHPW is
shown in Fig. 1. The yellow part denotes the silver film. The
red nanowires are the identical high-index dielectric waveg-
uides, and the green part means the surrounding low-index di-
electric material. The permittivity of the low-index dielectric
material is 2.25, and it is 12.25 for the high-index dielectric
waveguide. The communication wavelength λ = 1.55 µm is
considered here. The permittivity of silver is described as[41]

ε =−129+3.3i. (6)

First, the effective index of the SPP mode on the interface
of the silver film and dielectric materials can be calculated the-
oretically. The SPP mode is excited when the wave vector of
the propagation constant of the evanescent wave from the di-
electric cylinder matches that of the surface plasmon. Then
the effective indices of the cylinder mode and hybrid mode
can be obtained by numerical calculations. Finally, the cou-
pling strength and the amplitude of the basis mode can be ob-
tained by the coupled-mode theory described above. There

exists a symmetric mode and an anti-symmetric mode for both
two identical dielectric cylinders’ structure and CHPW struc-
ture. However, when the radius of the dielectric cylinder is
small, e.g., 100 nm, the lower index mode (“anti-symmetric”)
is cut-off and the hybrid mode with lower index cannot exist.
Besides, the propagation length of the anti-symmetric mode is
shorter than that of the symmetric mode. Therefore, we are
interested only in the symmetric mode in this work.

low-index dielectric

high-index dielectricD

h

Ag

Fig. 1. (color online) Configuration of the HPW. The yellow part denotes
the silver film. The red cylinders are high-index waveguides, and the re-
fractive index is 3.5. The green part means the low-index dielectric mate-
rial, and the refractive index is 1.5.

3. Results and discussion
The effective index of CHPWs as a function of the radius

of cylinders for different h is presented in Fig. 2(a). Here, the
gap between the two cylinders is fixed at 10 nm. The black
solid curve is the effective index of the cylinder mode as a
function of the radius of the cylinders. Other colorful solid
curves denote the effective indices of the CHPWs for different
h. It can be seen that as the radius of the cylinders enlarge
gradually, the hybrid effective index increases monotonically.
It is because the effect of the dielectric cylinder mode on the
hybrid mode increases with the radius of thecylinders. We can
also find that as the distance between the silver film and the
cylinders decreases, the hybrid effective index increases due
to coupling enhancing.

To further understand the coupling effect, the propaga-
tion length is also calculated, and the results are shown in
Fig. 2(b). The red and black dotted lines mean the prop-
agation lengths of the pure SPP modes at the silver-low-
index dielectric material and silver-high-index dielectric mate-
rial interfaces,respectively, and the values are 359.23 µm and
25.003 µm. The colored curves denote the propagation lengths
of the hybrid modes in the CHPWs with different h. We can
find that the propagation lengths of the hybrid modes show
nonmonotonic trend, but increase monotonically with the ra-
dius of the cylinders when the radius is larger than a certain
value of around 100 nm. It can be seen that in some cases the
propagation lengths of the hybrid modes can surpass that of
the pure SPP mode at the silver-low-index dielectric material
interface. It means that the attenuation can be reduced by this
kind of CHPWs and the propagation length can be extended.
From Fig. 2(b), we can see that the uttermost increment of the
propagation length reaches about two orders comparing to that
of the pure SPP mode at the silver-low-index dielectric mate-
rial interface.
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Fig. 2. (color online) (a) Hybrid effective index varies with the radius of
the cylinders for different HPWs. (b) The propagation length as a function
of the radius of the cylinders for different HPWs. The black line denotes
the hybrid effective index of the cylinder mode, and other colored lines
mean the hybrid effective index of the hybrid mode in CHPWs with dif-
ferent h.

In order to understand the underlying physics behind the

CHPW, we also calculated the amplitude of the cylinder mode

and the coupling strength based on Eqs. (4) and (5). The

square of the amplitude of the cylinder mode is shown in

Fig. 3(a). The dotted vertical line denotes the point of inter-

section of all the curves, and the square of the amplitude of

the cylinder mode is equal to 0.5 at that position where the ra-

dius of the cylinders is approximately 110 nm. It means that

below the position, the hybrid mode demonstrates an SPP-like

characteristic, and above that position, the hybrid mode shows

a cylinder-like characteristic. That also illustrates the charac-

teristics of the propagation lengths in Fig. 2(b). The coupling

strength is presented in Fig. 3(b). It can be found that the cou-

pling strength is similar to parabola and has a maximum for

all the CHPWs with different h. It is evident that the cou-

pling effect is stronger for smaller h. If h is fixed, the coupling

strength first increases and then decreases with the increase of

the radius of the cylinders. By varying the parameters of the

CHPWs, the peak of the coupling strength can also be tuned.
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Fig. 3. (color online) (a) Expansion coefficient of the cylinder mode.
(b)The coupling strength of the cylinder mode and SPP mode. The gap
between the two cylinders is fixed at 10 nm. The legend of (b) is the same
as that of (a).

The modal field distributions are also calculated in order
to make clear the physical picture of the CHPW. The modal
field intensity distributions are shown in Figs. 4(a)–4(e), where
(a)–(e) denote the CHPWs with different h. The gap between
the cylinders is 10 nm, and the radius of the cylinders is fixed
at 125 nm. All the electric fields are normalized. It can be eas-
ily found that the modal field intensities are mainly confined
in the gap between the cylinders and the silver film, especially
for those with h below 50 nm. In order to evaluate the field
confinement quantitatively, the field intensities are integrated
over different surfaces. We find if the integration surface is de-
fined by the gap area between the cylinders and the silver film,
the fraction integrated is about 50%, and if the cylinder area
is added to the integration surface, the fraction integrated will
account for about 90%. Therefore, it is reasonable to consider
this area to describe the field confinement. By performing a
simple calculation, we find that the area is about 0.2 µm2 for
the HPW with h = 150 nm. It is about two times smaller than
the diffraction-limited area in free space (λ 2/4).[34] It means
that strong field confinement can be achieved while long-range
propagation is obtained.
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Fig. 4. (color online) Modal field intensity distribution with (a) h = 5 nm,
(b) h = 10 nm, (c) h = 50 nm, (d) h = 100 nm, and (e) h = 150 nm.

In order to obtain a direct picture of the optical perfor-
mance of the CHPW, we make a detailed comparison between
its field confinement and that of a conventional HPW.[30] Here,
the field confinement is described by the area, in which the
proportion of the mode energy that propagates is about 90%.
The conventional definition of the modal area is not adopted
because it cannot reflect the field confinement well. We can
find that the proportion is about 25% for a conventional HPW
with h = 2 nm.[30] The modal areas described above are both
calculated for the new HPW and the conventional HPW. The
results are shown in Fig. 5. The gap between the dielectric
cylinders is fixed at 10 nm for the CHPWs. The modal ar-
eas for both HPWs with different h are calculated. The black
line denotes the modal area for the conventional HPW, and the
red one is for the CHPW. We can find that the areas for the
CHPW are always much smaller than that for the conventional
HPW. When h is equal to 150 nm, the area for the conventional
HPW is almost two times bigger than that for the CHPW. This
illustrates that the new proposed CHPW has much better field
confinement than the conventional HPW. Besides, because of
the existence of the coupling effect between nanowires, it can
be expected that the CHPW will show better field confinement
than a similar HPW proposed in Ref. [31] by making a simple
comparison of the modal field distributions.

The effect of the coupling between the cylinders on the
hybrid modes is also discussed here. The gap between the
cylinders is changed to 20 nm and 50 nm. Here, the propa-
gation lengths of the hybrid modes in the CHPWs with h =

50 nm, 100 nm, and 150 nm are presented in Fig. 6. The in-
set of Fig. 6 is the part of the propagation length of the hybrid
mode in the HPW with h = 50 nm. The inset shows that in
a small-size area (e.g., r < 100 nm) the propagation length
increases with the enlargement of the gap (d), while in a large-
size area (e.g., r > 180 nm) it decreases with the enlargement
of the gap. Based on the previous discussion, it can be con-
cluded that a small gap is more advantageous for modal field
confinement than a large gap. This indicates that by tuning the
gaps of the CHPWs, we can realize a higher quality CHPW

with long-range propagation while reducing the modal field
area.
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Fig. 5. (color online) Field confinement as a function of the distance (h)
between the silver film and the dielectric cylinders. Here, the field con-
finement strength is described by the area, in which the proportion of the
mode energy that propagates is about 90%. The red line means that for our
proposed HPW, and the black one is for the conventional HPW.
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Fig. 6. (color online) Propagation length varies with the radius of the
cylinders for different HPWs with different gaps (D) of the cylinders and
distances between the silver film and the cylinders (h). The inset shows
the part of the propagation length of the HPW with h = 50 nm.

The changes in the refractive index of semiconductor
nanowires can be from 0.01 to 0.1 by injection of free carriers
and multiple quantum wells.[42] The optical properties of the
CHPWs are estimated to be adjusted by this method. There-
fore, the effect of the refractive index of cylindrical nanowires
on the coupling is considered. The changes in the refractive
index of the cylindrical waveguides are set to 0.02 and 0.1.
The gap of the cylindrical waveguides is fixed at 10 nm, and
the distance between the cylindrical waveguides and the silver
film is 50 nm. The results are shown in Figs. 7(a)–7(d), where
figure 7(a) is the hybrid effective index, figure 7(b) is the prop-
agation length, figure 7(c) is the expansion coefficient of the
cylinder mode, and figure 7(d) is the coupling strength. Fig-
ure 7(a) shows that as the radius of the cylinders increases, the
difference of the hybrid effect index induced by the variance
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of the refractive index becomes larger, and we can find that
the maximum difference of the hybrid effect index can reach
approximately 0.2. The propagation length shown in Fig. 7(b)
first decreases as the refractive index of the cylinders increases
when the radius of the cylinders is below than 120 nm, but then
it changes similarly to the refractive index of the cylinders.
The maximum increase in the propagation length is approx-
imately 848 µm, which is much larger than that of the pure
SPP mode at the silver-low-index dielectric material interface.
We can also find that the coupling strength is easily tuned by

changing the refractive index of the cylinders for the hybrid
mode with the SPP-like characteristic, but the expansion co-
efficient of the cylinder mode can be adjusted by varying the
refractive index of the cylinders for the hybrid mode with the
cylinder-like characteristic from Figs. 7(d) and 7(c). Thus, we
can conclude that the optical properties of the hybrid mode in
the proposed CHPW can be tuned by varying the refractive
index of the cylinders. This means that we can still tune the
hybrid mode in the CHPW even when the structure parameters
are fixed.
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Fig. 7. (color online) (a) Hybrid effective index as a function of the cylinder radius with different refractive indices n. (b) Propagation length. (c) Expansion
coefficient of the cylinder mode. (d) Coupling strengths of the cylinder mode and SPP mode. The changes in the refractive indices are 0.1 and 0.02, and the
initial refractive index of the cylinders is 3.5. The refractive index n has four different values, which are 3.4, 3.48, 3.52, and 3.6.

4. Conclusions

In summary, a new class of HPWs is introduced, in which
long-range propagation can be achieved while the subwave-
length mode size is kept. By tuning the parameters of the
HPW, the mode features can be adjusted. Comparisons with
previous works show that the HPW proposed in this paper not
only can hold better optical performance, but also can provide
more flexibility in tunability. We also analyzed the depen-
dence of the coupling on the changes in the refractive index of
the cylindrical waveguides. Our configuration is expected to
be more practical in applications compared with similar HPWs

proposed. Our work could be useful for the design of HPWs
and other optical devices as well as beneficial to integrated op-
tics.

References
[1] Stern E A and Ferrell R A 1960 Phys. Rev. 120 130
[2] Sarid D 1981 Phys. Rev. Lett. 47 1927
[3] Barnes W L, Dereux A and Ebbesen T W 2003 Nature 424 824
[4] Schuller J A, Barnard E S, Cai W, Jun Y C, White J S and Brongersma

M L 2010 Nat. Mater. 9 193
[5] Slavik R and Homola J 2006 Opt. Commun. 259 507
[6] Rajan A, Sharma K and Gupta B D 2007 J. Opt. A: Pure Appl. Opt. 9

682
[7] Homola J 2008 Chem. Rev. 108 462

114103-5

http://dx.doi.org/10.1103/PhysRev.120.130
http://dx.doi.org/10.1103/PhysRevLett.47.1927
http://dx.doi.org/10.1038/nature01937
http://dx.doi.org/10.1038/nmat2630
http://dx.doi.org/10.1016/j.optcom.2005.09.011
http://dx.doi.org/10.1088/1464-4258/9/7/020
http://dx.doi.org/10.1088/1464-4258/9/7/020
http://dx.doi.org/10.1021/cr068107d


Chin. Phys. B Vol. 26, No. 11 (2017) 114103

[8] Dyer G C, Vinh N Q, Allen S J, Aizin G R, Mikalopas J, Reno J L and
Shaner E A 2010 Appl. Phys. Lett. 97 193507

[9] Falk A L, Koppens F H L, Yu C L, Kang K, Snapp N D L, Akimov A
V, Jo M H, Lukin M D and Park H 2009 Nat. Phys. 5 475

[10] Zijlstra P, Paulo P M R and Orrit M 2012 Nat. Nanotechnology 7 379
[11] Wang B L, Li J F and Li Z Y 2013 J. Opt. Soc. Am. B 30 1590
[12] Ozbay E 2006 Science 311 189
[13] Nikolajsen T, Leosson K and Bozhevolnyi S I 2004 Appl. Phys. Lett.

85 5833
[14] Dintinger J, Klein S and Ebbesen T W 2006 Adv. Mater. 18 1267
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