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The coupling between long range surface plasmon polariton (LRSPP) waveguide mode and dielectric

waveguide second-order mode has been studied theoretically and experimentally. It is demonstrated

that an almost pure TM-polarized second-order mode of dielectric waveguide is excited efficiently by

the LRSPP fundamental mode. The proposed hybrid coupler inspires a new way for generating high-

order waveguide modes, especially the high-order SPP waveguide modes, which is promising for mode

division multiplexing, bio/chemical sensing, photonic circuits and other optical applications.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Surface plasmon polariton (SPP) is a transverse magnetic
surface wave that propagates along a metal-dielectric inter-
face [1]. It has drawn more attention nowadays due to its unique
features and potential applications in the field of integrated
optical circuits, sensing, and nano-lithography [2–5].

Recently, the hybrid couplings between various SPP modes and
dielectric waveguide modes have been proposed and studied
[6–17]. The extremely high coupling efficiency (499%) between
LRSPP waveguide (LRSPP-WG) fundamental mode and TM dielec-
tric waveguide (D-WG) fundamental mode has been demon-
strated theoretically and experimentally [6], which can be used
for a high performance polarization splitter with pure TM output.
Besides, the SRSPP waveguide mode, which cannot be easily
excited by traditional methods due to its anti-symmetric mode
field distribution, can be effectively excited by this kind of hybrid
coupler [7]. Meanwhile, because the coupling efficiency of the
hybrid coupler is closely related to the refractive index of the
medium surrounding the metal, a compact refractive index sensor
with high sensitivity can be realized [8].

In this paper, we demonstrate theoretically and experimen-
tally a hybrid coupler with higher-order coupling. The coupling
phenomenon between fundamental mode of LRSPP-WG and TM-
polarized second-order mode of D-WG has been observed. In this
hybrid coupler, a pure TM-polarized second-order mode of D-WG
could be excited by the LRSPP-WG efficiently. This provides us
one way for realizing the mode multiplexing/demultiplexing in
ll rights reserved.
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mode-division multiplexing, which is promising to satisfy the
exponential growth of data capacity required in today’s transmis-
sion system. Compared with current methods based on the free
spatial optics [18,19], the hybrid coupler proposed here has the
advantage of simple structure, easy integration, and high perfor-
mances. Furthermore, it is expected that the high-order LRSPP-
WG mode could also be excited by the D-WG mode as long as
properly designing the hybrid coupler. These high-order wave-
guide modes, especially the high-order LRSPP-WG modes, have
potential in bio/chemical sensing, integrated photonic circuits,
and other optical applications.
2. Structure and simulation result

Fig. 1(a) shows the schematic structure of the hybrid coupler,
which is composed of an Au waveguide (yellow) and a SiNx

waveguide (gray) surrounded by the SiO2. The whole structure is
designed for telecommunication wavelength (l0¼1.55 mm). The
cross section with detailed parameters is also shown. The finite
element method was applied to calculate the eigenmodes of
individual D-WG, LRSPP-WG and the coupler, from which the
electromagnetic field and propagation constants can be obtained.
According to normal mode expansion method, any supported
mode in the hybrid coupler can be expressed in terms of a linear
superposition of the eigenmodes supported by the coupler [21].
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Fig. 1. (a) Schematic structure of the hybrid coupler composed of an Au strip (yellow) and a SiNx strip (gray). The inset is the cross section of the coupler in the x–y plane .

Here, Wd¼15 mm, Td¼40 nm, Wm¼8 mm, Tm¼11 nm, D¼6 mm, nd¼1.87, nsup¼1.448, nb¼1.453, nsub¼1.446, em¼�132þ12.66i, l0¼1.55 mm (b) the microscopical photo

of the hybrid coupler. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. The real part of the propagation constants of dielectric waveguide modes

and LRSPP waveguide mode vs the width of the SiNx waveguide. The 9Ey9
distributions of the dielectric waveguide modes (Wd¼15 mm) and the LRSPP

waveguide mode (Wm¼8 mm) are in the insets.
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where the subscript j is the number of the eigenmode, Hi and Ei

are the magnetic field and electronic field of the eigenmodes, and
bi and ai are the corresponding propagation constant and modes
constant respectively. Here the light is coupled into the LRSPP-
WG at the beginning of the coupler. So the electromagnetic field
of the coupler when z¼0 can be expressed as

H x,y,0ð Þ ¼
X

j

ajHj x,yð Þeibjz ¼HLRSPP ð3Þ

E x,y,0ð Þ ¼
X

j

ajEj x,yð Þeibjz ¼ ELRSPP ð4Þ

where HLRSPP and ELRSPP are the electromagnetic field of the
individual LRSPP-WG eigenmode. And the modes constant can
be derived from

aj ¼
1

2
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where all the modes have been normalized,
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Hence the coupling phenomenon can be well revealed by using
above equations and the calculated results with the finite element
method. And the analysis is based on the parameters of the actual
fabricated coupler. Here only TM-polarized mode should be
considered because the coupling only occurs for TM modes
[20,21].

Fig. 2 shows effective refractive indices (neff, the real part of the
propagation constant) of both D-WG fundamental and second-
order eigenmodes with different widths of the SiNx waveguide as
well as the neff of LRSPP-WG fundamental mode with fixed width
of Wm¼8 mm. As shown in Fig. 2, when the D-WG gets wider, its
ability for field confinement gets stronger resulting in the
increase of the neff. When Wd is about 5 mm, the neff of the D-
WG fundamental mode is close to that of the LRSPP-WG funda-
mental mode. The high efficient coupling between these two
modes have been observed and discussed in another paper [6].
When the Wd increases, the second-order mode could be sup-
ported by the SiNx waveguide and its neff gets closer to that of the
LRSPP-WG fundamental mode, while the neff of the D-WG funda-
mental mode is far away from that of the LRSPP-WG mode. In this
case, the effective coupling tends to occur between the LRSPP-WG
fundamental mode and the D-WG second-order mode rather than
the D-WG fundamental mode.
For the case of Wd¼15 mm, the hybrid coupler structure has
two TM coupled eigenmodes as shown in Fig. 3(a) and (b). The
even and odd eigenmode respectively results from the in-phase
and opposite-phase coupling between LRSPP-WG fundamental
mode and dielectric waveguide second-order mode. Further, the
coupling characteristics can be easily analyzed with these two
eigenmodes of the coupler [21]. The energy transfer between the
two arms of the coupler is shown in Fig. 3(c). A LRSPP-WG
fundamental mode is assumed as the input of the coupler and
the energy transfers gradually from the Au arm to the SiNx arm
along the propagation direction. At the coupling length Lc, almost
all the energy is guided by the SiNx waveguide in the form of the
D-WG second-order mode.

Actually, besides the eigenmode A and B, another TM-
polarized eigenmode can also be guided by the hybrid coupler
when Wd¼15 mm, which is almost the same as the fundamental
mode guided by the SiNx waveguide shown in Fig. 2. This means
there is no coupling between the LRSPP-WG mode and the D-WG
fundamental mode, which results from the large mismatch of
effective refractive index of these two modes and small field
overlap.



Fig. 3. For the hybrid coupler (Wd¼15 mm) at l0¼1.55 mm, (a) the amplitude of 9Ey9 of two TM eigenmodes (b) the power distribution along the propagation direction z

with TM-polarized input light at the LRSPP waveguide.

Fig. 4. Output power profiles along the x axis of four samples for the coupler length (a) L¼1.5 mm, (b) L¼2.5 mm. The blue lines are fitting result of the measured data,

which is a linear combination of the LRSPP waveguide fundamental eigenmode and dielectric waveguide second-order eigenmode. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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3. Fabrication and measurement

Fig. 1(b) shows the microscopical photo of the hybrid coupler.
To fabricate this hybrid coupler, a Si wafer covered by a 15 mm-
thick SiO2 layer (nsub¼1.446) is selected as the substrate. On the
substrate, a 1 mm-thick SiO2 (nb¼1.453) layer and a Td¼32 nm-
thick SiNx (nd¼1.871) layer are deposited by sputtering and
plasma-enhanced chemical-vapor deposition (PECVD), respec-
tively. After UV lithography, reactive ion etching and removing
the photoresist, the SiNx waveguides with width of Wd¼15 mm is
realized. Next the cover-lithography, Au magnetic sputtering and
lifting-off process had been applied to fabricate Au strips of
Wm¼8 mm wide and Tm¼12 nm thick. Here, the Au strip is
carefully set to be parallel to the SiNx waveguide by accurate
cover-lithography process, and the distance D of these two arms
is 6 mm. Then another 1 mm-thick SiO2 (nb¼1.453) layer is
sputtered over the couplers for the sake of maintaining the
identical refractive index of medium around the LRSPP wave-
guide. At last, a 9 mm-thick SiO2 (nsup¼1.448) is deposited by
PECVD as a covering layer.

After the fabrication process, the hybrid coupler is cut into
several samples with different length L and measured. The
measurement system includes a laser, a polarization controller,
a pair of tapered lens fibers, a fiber alignment system and a power
meter. With the help of the fiber alignment system, the tapered
lens fibers are accurately aligned to the input/output ends of the
coupler for effective energy injection/extraction.

The TM-polarized light at the wavelength of 1.55 mm is applied
on the LRSPP waveguide through the input fiber. The output
power profile along the x axis is obtained by horizontally scan-
ning the output end of the coupler. Fig. 4(a) and (b) represent the
output power profile when the length of the coupler is 1.5 mm
and 2.5 mm, respectively. It illustrates that there are two output
power peaks with almost the same shape and height on the SiNx

waveguide side, which should be owe to the D-WG second-order
mode. And the close-to-zero deep between the two peaks indi-
cates that little fundamental mode is guided by the SiNx wave-
guide and a nearly pure second-order mode has been exited in the
SiNx waveguide. The solid lines in Fig. 4 are the fitting curves of
the measured data, which is a linear combination of field profile
of the LRSPP-WG fundamental eigenmode and D-WG second-
order eigenmode. The energy transfer is defined as follows:

energy transf er¼
tD�WG

tD�WGþtLRSPP�WG
ð7Þ

where tD�WGand tLRSPP�WG is the integration of the LRSPP-WG
fundamental eigenmode and D-WG second-order eigenmode
obtained from the fitting result, respectively.

For the case of L¼1.5 mm, only about 60% of the energy has
been coupled to the dielectric waveguide. When L¼2.5 mm,



Fig. 5. The output power from the SiNx arm (purple triangle) and the Au arm (red

dot) vs. the coupler length L. Here the TM-polarized light at l¼1.55 mm is applied

at the Au arm. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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almost 85% of the energy has been transferred from the LRSPP-
WG fundamental mode into the D-WG second-order mode

Furthermore, the hybrid couplers at different lengths (L¼0.5,
1, 1.5, 2, 2.5, 3, 4, 5 mm) are measured and the normalized output
power from the Au arm (red dot) and the SiNx arm (purple
triangle) is shown in Fig. 5. A periodic energy exchange occurs
between the two waveguides of the coupler, which is an obvious
sign of coupling phenomenon. And the coupling length is around
Lc¼2.5 mm with the coupling efficiency up to 85%. The coupling
efficiency of the hybrid coupler here is not so high due to the
imperfect match of neff between the LRSPP-WG fundamental
mode and the D-WG second-order mode when Wd¼15 mm as
shown in Fig. 2. The coupling efficiency can be improved by
carefully designing the coupler structure, for example, setting the
width of SiNx waveguide around 14 mm for nearly perfect match
between two different modes.
4. Conclusions

In conclusion, the coupling between the fundamental mode of
LRSPP-WG and TM higher-order mode of D-WG has been studied
theoretically and experimentally. The coupling efficiency high up
to 85% is observed. Based on this coupler, an effective mode filter
can be realized. Assuming a mixing mode containing both the
fundamental and second-order mode is excited initially at the
dielectric arm of the hybrid coupler, the energy of the second-
order mode in dielectric arm will completely transfer into the
LRSPP arm while the nearly pure fundamental mode remains in
the dielectric arm. Besides, an extremely pure dielectric wave-
guide second-order mode can be provided by this hybrid coupler.
By carefully designing the parameters of the coupler, the coupling
between any mode (not only the fundamental mode but also the
high-order mode) of the dielectric waveguide or the LRSPP
waveguide can be realized, which provides one way to generate
high-order mode in D/LRSPP-WG and is possible to be used for
various applications [18,19].
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