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Hybrid Coupling Between Long-Range
Surface Plasmon Polariton Mode and
Dielectric Waveguide Mode

Fang Liu, Yunxiang Li, Ruiyuan Wan, Yidong Huang, Xue Feng, and Wei Zhang

Abstract—In this paper, the hybrid coupling between long-range
surface plasmon polariton (LRSPP) waveguide mode and dielec-
tric waveguide mode has been studied theoretically and experimen-
tally in detail by considering its dependence on the structure pa-
rameters and wavelength. It is demonstrated that extremely high
coupling efficiency (>99%) has been achieved for TM polariza-
tion, while no coupling could happen for TE polarization between
these two kinds of waveguides. Based on this hybrid coupler, a po-
larization splitter with pure TM-mode output from one arm and
TE-mode output from the other arm with high TE/TM extinction
ratio has been realized. Additionally, this kind of coupling between
different waveguides is very significant for providing an effective
approach to connect the LRSPP-based devices with the conven-
tional dielectric devices.

Index Terms—Hybrid coupler, polarization splitter, surface
plasmon polariton (SPP).

1. INTRODUCTION

URFACE plasmon polariton (SPP) is a kind of transverse

magnetic (TM) surface electromagnetic excitation that
propagates in a wave-like fashion along the interface between
metal and dielectric medium [1], [2]. It has shown the unique
characteristics and potential applications on integrated optical
circuit, sensing, subwavelength lithography, and so on [3]-[12].
For a thin metal film embedded in dielectrics, the SPPs on
the upper and lower metal-dielectric interfaces couple and
form two modes, one is a symmetric mode and the other is an
asymmetric mode. The symmetric mode with its field extending
into the dielectrics has comparatively lower loss and is referred
to as long-range SPP (LRSPP) [2], [13]. The metal strip guided
LRSPP modes, so-called LRSPP waveguide modes, had been
studied [14]-[16], and research on various LRSPP-based op-
tical devices had been reported, such as splitter, modulator,
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sensor, and so on [17]-[20]. The SPP devices, especially the
LRSPP devices, are considered as one of the important routes
to realize integrated optical devices in the future.

Recently, we proposed the hybrid coupler, which consists
of an LRSPP waveguide and dielectric waveguide(s), and pre-
dicted theoretically that high efficient coupling can occur be-
tween the LRSPP waveguide mode and the dielectric wave-
guide modes [21]-[23]. Compared with the pure LRSPP cou-
pler [17], [18], the proposed hybrid coupler has not only the
same advantages provided by the pure LRSPP coupler, but also
lower loss and other functions, such as exciting LRSPP mode
in integrated devices, realizing high-performance TE/TM-mode
splitter, high-sensitive refractive index sensor, and variable op-
tical attenuation [24]. Additionally, this kind of hybrid coupling
is very significant for providing an effective approach to con-
nect the SPP devices with dielectric devices and an integrat-
able method to excite other SPP modes, such as short-range
SPP (SRSPP) mode, which has drawn attention recently for its
promising applications [25], [26].

Following our theoretical work, two research groups have
fabricated the horizontal and vertical two-arm hybrid coupler,
respectively, and observed the coupling phenomena between
the LRSPP mode and dielectric waveguide mode [27], [28].
However, the coupling efficiency was not high enough until
we demonstrated the hybrid coupler comprised of an Au strip
and an SiN strip embedded in SiO,. An extremely high effi-
cient coupling (>99%) between these two kinds of modes has
been demonstrated successfully [29]. This paper is an exten-
sion of our earlier reported results [21], [29]. The coupling be-
tween LRSPP waveguide mode and dielectric waveguide mode
has been discussed theoretically and experimentally in detail
by considering its dependence on the structure parameters and
wavelength.

This paper is organized as follows. Section II describes the
structure of the hybrid coupler and the fabrication processes. In
Section III, the simulation method and the measurement setup
is described. In Section IV, the coupling characteristics of TE
mode (see Section IV-A) and TM mode versus structure pa-
rameters (see Section IV-B) and wavelength (see Section IV-C)
are analyzed theoretically and experimentally. Section V gives
a conclusion of this paper.

II. STRUCTURE AND FABRICATION

The schematic structure of the hybrid coupler is illustrated
in Fig. 1(a), in which the horizontal Au strip (yellow) and SiN
strip (gray) are surrounded by SiO,. The length of the hybrid
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Fig. 1. (a) Schematic structure of the hybrid coupler with Au strip (yellow) and SiN strip (gray) surrounded by SiO-. The cross section in the xy plane shows the
definition of the structure parameters. (b) Top view of the hybrid coupler under microscope. (c) Photo of the Au film by transmission electron microscope.

coupler along propagation direction is L, and the cross section
of the coupler with detailed structure parameters is also shown.

To fabricate the hybrid coupler, an Si wafer covered by a 15
pm thick SiOy layer (with refractive index ngyp = 1.446) is
selected as the substrate. A 9 um thick SiOy layer (ngy, =
1.448) is deposited by plasma-enhanced chemical-vapor depo-
sition (PECVD) to cover the whole structure as the superstrate
at the end of the processes. Since the LRSPP mode has small
refractive index difference tolerance between the substrate and
superstrate [14], [30], to reduce the refractive index difference
between the SiO substrate and the SiO5 prepared by PECVD,
two 1 pm thick SiO, buffer layers are sputtered, respectively,
above and beneath the Au film with almost the same refractive
index (n1, = 1.453) to make sure that LRSPP mode can be sup-
ported by the Au strip.

Between the two 1 pm thick sputtered SiO» buffer layer, the
horizontal Au and SiN strip are fabricated as follows. A SiN
(ng = 1.871) layer with thickness Ty is prepared by PECVD
on the 1 pm thick SiO, buffer layer. Then by adopting stan-
dard UV lithography, photoresist strip pattern is formed on the
SiN layer with different width Wy. After dry etching process
by reactive ion etching and removing the photoresist, the SiN
waveguides with different width W4 on SiO9 layer are fabri-
cated. Next, the W,,, = 8 um wide and T}, = 12 nm thick Au
strips are fabricated by cover lithography, magnetic sputtering
of Au, and lift-off process with the help of the photoresist re-
mover. For the process of cover lithography, which is to fabri-
cate the concave photoresist strip by adopting the UV lithog-
raphy again, it is very important to make sure that the Au strip
(concave photoresist strip) is parallel to the SiN waveguide, and
meanwhile the distance D between these two different arms is
11 pm.

Fig. 1(b) shows the top view of the hybrid coupler under
microscope. To fabricate the LRSPP waveguide with required
thickness, the Au sputtering speed is controlled as 2-3 nm/min.
The Au film with thickness of 10 nm level is observed by the
transmission electron microscope and the photo is shown in
Fig. 1(c).

In this paper, as described earlier, the parameters of LRSPP
waveguide (Au strip) and the distance D between the two kinds

of waveguides is fixed, and we adjusted the width Wy and thick-
ness Ty of SiN waveguide to analyze the coupling character-
istics theoretically and experimentally. Here, the name of the
hybrid coupler is defined as HC (T4, W) according to the pa-
rameters of the SiN waveguide. The theoretical analysis carried
out on the hybrid coupler in Section IV is based on the actual
fabricated structure with parameters described earlier. In our
model, the metal strip is wide enough and can be considered
as a metal film when considering the metal—dielectric constant.
So, the complex dielectric constant of the Au film e, in [31] is
adopted for simulation. In the next section, the simulation and
measurement method will be described.

III. SIMULATION AND MEASUREMENT METHOD

A. Simulation Method

To analyze the coupling between the LRSPP and dielectric
waveguide mode, the coupled eigenmodes, including the elec-
tromagnetic fields in xy plane and propagation constants, are
calculated directly with the help of the software COMSOL [32],
which implements the finite element method to solve Maxwell’s
equations and have been adopted by lots of researchers to cal-
culate the SPP waveguide eigenmode rigorously [32]-[34].

It is known that any mode supported by the hybrid coupler
can be expressed in terms of a linear superposition of the eigen-
modes supported by the coupler [21], [22], [35]

H(z,y,z) = ZajHj(x,y)e’ﬂjz (1a)
J

E(v,y,2) =Y a;E;(z,y)e’ (1b)
J

where the subscript j is the index number of the eigenmode,
H; and E; are the magnetic fields and electronic fields of the
eigenmodes when z = 0, and (3; and q; are the corresponding
complex propagation constant and modes constant, respec-
tively. Here, the field imaginary part of the LRSPP mode is
much smaller than the real one. So, we just consider the real
part of the field when studying the coupling characteristics,
which is different from the high-loss SRSPP mode [25].
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Fig. 2. Setup of the measurement system composed of a tunable laser, a polar-
ization controller, a precise fiber alignment system, two tapered lens fibers, and
a power meter.

We consider launching the mode of the individual dielectric
waveguide Hgin (FEgin) as the input, and the amplitudes of the
even and odd eigenmodes can be derived from [36]

1

a; = 5 /(ESiN X HJ*) 2 d:vdy 2)

where all the modes have been normalized

1 f —~
5/(Ej><Hj*)- z dil,'dyzl. (3)
The analysis of Section IV would show that there is just one
eigenmode for TE mode, and there exist two eigenmodes for
TM mode. The coupling length of the TM mode is defined as

Lc = ﬂ-/(|/[3er - /[301‘|) (4)

here, (.. and [3,, are the real part of the propagation constant of
the two coupled TM eigenmodes.

Thus, with the calculated eigenmodes (fields and propagation
constants) and (1)—(4), the coupling characteristics between the
LRSPP mode and dielectric waveguide mode can be studied the-
oretically.

B. Measurement Method

The setup of the measurement system for studying the cou-
pling characteristics of the hybrid coupler is shown in Fig. 2. It
includes a tunable laser (1350-1630 nm), a polarization con-
troller, an input tapered lens fiber, a precise fiber alignment
system, an output tapered lens fiber, and a power meter. The po-
larization controller is adopted to control the polarization (TM
and TE) of the input light to investigate the coupling character-
istics for different polarization. Tapered lens fibers are used to
decrease the influence of noises at the input and output end.

To measure the output power distribution, we fix the input
fiber to the center of the SiN waveguide at the input end and
scan the output fiber with mode size of 1 um along x axis at the
other end. We also fix the input and output fibers, and vary the
wavelength of the laser to study the wavelength dependence of
the coupler. The tunable laser, precise fiber alignment system,
and the power meter can be controlled by a computer through
GPIB card for scanning the output power distribution and the
wavelength automatically.
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IV. SIMULATION AND MEASUREMENT RESULTS

For the Au strip with the parameters described in Section II,
no higher order LRSPP mode [14] can be supported. The SiN
waveguide with selected parameters can also only guide fun-
damental mode, whose real part of mode propagation constant
is much smaller than that of the SRSPP mode [25]. Therefore,
we only consider the coupling between the fundamental LRSPP
mode and the dielectric waveguide mode.

In Section IV-A, the coupling characteristics of TE mode be-
tween two kinds of waveguides are discussed. In Section IV-B,
we fix the wavelength at 1.55 pum to discuss how structure pa-
rameters of SiN waveguide affect the coupling of TM mode. In
Section IV-C, the wavelength dependence of the TM-mode cou-
pling is analyzed. Section IV-D gives a brief conclusion of the
coupling characteristics.

A. No Coupling Happens for TE Mode

For the reason that LRSPP mode is TM polarized [13]-[15],
no coupling happens between the TE-polarized dielectric wave-
guide mode and the LRSPP mode. Therefore, no matter how
we adjust the width and thickness of SiN waveguide and the
wavelength of the input light, the hybrid coupler can only sup-
port the TE eigenmode as shown in Fig. 3(a) (there is no higher
order TE mode of dielectric waveguide). The mode field is sim-
ilar to that just guided by the left dielectric arm and there is little
field surrounding the right LRSPP arm. Accordingly, only one
mode should be considered from (1)—(3). When the TE-polar-
ized input is applied on the SiN waveguide, a 2-D field intensity
profile in zy plane can be derived for a certain z. And for easy
depiction of the energy coupling along z-direction, the 2-D pro-
file is converted to the 1-D curve after the integral along y-axis,
which is shown in Fig. 3(b). It can be seen that the energy propa-
gates directly through the SiN waveguide without any coupling
between these two waveguides.

The fabricated samples with different length L are measured,
and the results are consistent with the theoretical prediction
shown in Fig. 3(b). Taking the sample HC(32 nm, 6 pum) with
L = 1.7 mm, for example, Fig. 4 shows the measured output
intensity distribution of four samples with different marks and
the simulated 2-D TE output power profile corresponding to
Fig. 3(b). It can be seen that the measured results are well fitted
by the blue solid line of the simulation result, which is the op-
tical power received by the tapered fiber with 1 xm mode size
along the white-dashed line marked in the inset. Varying the
input wavelength, similar measurement results are obtained that
no TE output can be detected from the Au strip.

B. Coupling Characteristics of TM Mode Versus Structure
Parameters

For TM polarization, the individual Au strip (without SiN
strip) can support the LRSPP waveguide mode with propaga-
tion constant S rspp = BLRsPPr + ¢ X BLRrspPpi, and the indi-
vidual SiN strip (without Au strip) can support the fundamental
dielectric waveguide mode with propagation constant 3s;x. Ac-
cording to the coupled mode theory [36], when combining the
Au strip with SiN strip together as shown in Fig. 1, we could get
two TM coupled eigenmodes, even (8o = fer + ¢ X [e;) and
odd mode (8, = for + @ X [o;). Their propagation constants
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Fig. 4. TE mode output power profile along x axis measured from four samples
when input is applied on the SiN waveguide. The inset is the simulated 2-D TE
output energy profile in the 2y plane. The blue solid line is the optical power
received by the tapered fiber with 1 ¢m mode size along the white-dashed line
in the inset. Here, Wy = 6 pm, Ty = 32 nm, and Ay = 1.55 pm.

(6/ko) at A\g = 1.55 pum are shown in Fig. 5 for the fixed thick-
ness Ty = 32 nm and varied width of the SiN waveguide Wy.
Fig. 5(a) shows that the [s;x is close to O, rspp: (close to the
cross point of the two solid lines) when Wy = 6 pm, and the two
coupled eigenmodes of HC(32 nm, 6 xm) have the symmetric
filed profile as shown in Fig. 6(a). For the even mode, the mag-
netic field has the same direction in all the position with more
concentrated field near the waveguide. While the odd mode has
opposite field direction on the two arms and has a dip (|H| = 0)
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Fig. 5. (a) Real part of propagation constant of the modes before and after
coupling when varying the width of SiN waveguide W4 [37]. (b) Imaginary part
of the propagation constant of the mode as a function of W . Here, Ty = 32 nm
and Ag = 1.55 pm.

at the center of the coupler. The high field symmetry also re-
sults in the close f(.; and [3,; (close propagation loss) as shown
in Fig. 5(b).

Therefore, using the mode field and propagation constant
of the coupled eigenmodes, the energy coupling between the
two waveguides along z-direction can be derived and shown
in Fig. 6(b) when input is applied on the SiN waveguide at
Ao = 1.55 pm according to (1)—(3). When z = 0, the mode
profile is identical to the input mode guided by dielectric wave-
guide and with no energy guided by Au strip. When z = L./2,
the energy has symmetric profile with almost equal energy on
both arms. When z = L., almost all of the energy is guided by
the Au strip, and the dielectric waveguide mode transforms to
LRSPP mode completely. Therefore, the high symmetry of the
eigenmodes shown in Fig. 6(a) means high efficient coupling
between the LRSPP and dielectric waveguide mode.

For HC(32 nm, 6 um), the measurement results of the nor-
malized output power coupled to the Au waveguide (red square)
and remained in the SiN waveguide (purple dot) with different
interaction length L from 0.5 to 2.6 mm are shown in Fig. 7.
The measurement result indicates that the input energy transfers
gradually from the SiN waveguide to the LRSPP waveguide,
which proves the theoretical results shown in Fig. 6(b). The
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with various interaction lengths when input is applied on the SiN waveguide.
The measured data are well fitted by the solid curves of sin?. Here, Wy = 6 pm,
Tq = 32 nm, and A\g = 1.55 pm.

measured power versus L at the output end of both waveguides
are well fitted by the solid curves of sin?(|Ber — Bor| X L/2).
Fig. 8(a) and (b) shows the output power distribution along
x axis measured for the samples of L = 0.7 and 1.7 mm, re-
spectively. The simulated 2-D output power profile, which cor-
responds to Fig. 6(b) at different reaction length, are also shown
as the inset of Fig. 8. The measured data are well fitted by the
solid line, which is the simulated optical power received by the
tapered fiber along the white-dashed line marked in the corre-
sponding inset. Itis can be seen that, for the case of L = 0.7 mm,
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Fig. 8. TM-mode output power profile of four samples along « axis with re-
action length (a) L = 0.7 mm, (b) L = 1.7 mm, where the input is applied
on the SiN waveguide. The inset is the corresponding simulated 2-D TM output
power profile in the xy plane. The blue solid line is the optical power received
by the tapered fiber with 1 m mode size along the white-dashed line in the
inset. Here, W4 = 6 pm, Ty = 32 nm, and Ay = 1.55 pm.

almost 40% of the energy couples from SiN waveguide to Au
(LRSPP) waveguide, while when L = 1.7 mm, 98% of the en-
ergy couples to the Au waveguide with little energy remaining
in the input SiN waveguide.

For HC(32 nm, 5 pm), the |BLrsppr — Bsin| is larger than
that of HC(32 nm, 6 pum), as shown in Fig. 5. The even and odd
modes illustrate the obvious unsymmetric filed profile shown
by Fig. 9(a). The even mode has more energy on the Au wave-
guide side and the odd mode has more energy on the SiN wave-
guide side, which results in the incomplete coupling between
these two waveguides. The samples of HC(32 nm, 5 pm) with
different length are also measured, and the normalized output
power from the two waveguides are shown in Fig. 9(b), which
illustrates that the maximum coupling efficiency is only about
85%. Fig. 9(c) shows the output power distribution along z axis
when L = 1.7 mm with part of the energy remaining in the
input SiN waveguide. Similarly, the simulation results are given
in Fig. 9 and well fitted to the measured data.

Furthermore, the coupling characteristics of the hybrid cou-
pler with different parameters of the SiN waveguide are mea-
sured in detail, and the results are shown in Table I. It is illus-
trated that HC(32 nm, 6.5 pm) can also achieve a high coupling
efficiency to 98% similar to HC(32 nm, 6 xm), which results
from the rather close fsix and [r,rspp: as shown in Fig. 5(a).
While the coupling efficiency of HC(43 nm, 5 pm) and HC(43
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TABLE I
COUPLING CHARACTERISTICS VERSUS STRUCTURE PARAMETER

Coupling
(Ta, Wa) L** efficiency @ L Loss
(32nm, 5um)  ~1.7mm 85%@]1.7mm 1.19dB/mm
(32nm, 6um)  ~1.7mm 98%@]1.7mm 1.5379/mm
(32nm, 6.5um)  ~2.0mm 98%@2.0mm 1.03dB/mm
(43nm, 5um)  ~1.5mm 70%@1.5mm 0.54dB/mm
(43nm, 6um)  ~1.3mm 27%@]1.3mm 0.44dB/mm

* ) is fixed as 1.55um, the size of Au strip is fixed as W,=8um, 7;,, = 12nm,
and the waveguides distance is fixed as D=11pm.
** The sample length corresponding to the highest coupling efficiency.

nm, 6 pym) is not very high, which results from the mismatch
between Os;x and BLrsppr-
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modes before and after coupling as a function of wavelength Ao and the coupling
length in the inset. (b) Imaginary part of propagation constant of the two coupled
eigenmodes.

Meanwhile, the loss of the hybrid coupler is also shown in
Table I. Even though the loss along propagation direction is
not uniform (higher loss when more energy guided by Au strip,
lower loss when more energy guided by SiN strip), the average
loss per unit length is estimated. The results indicate that smaller
loss corresponds to the lower coupling efficiency, which can be
understood by considering that less proportion of the energy is
guided by the lossy metal strip of the hybrid coupler.

C. Coupling Characteristics of TM Mode Versus Wavelength

In this section, the wavelength dependence of the TM-mode
coupling is analyzed for HC(32 nm, 6 pm) and HC(32 nm,
5 pm).

For HC(32 nm, 6 pm), Fig. 10 illustrates the (a) real part and
(b) imaginary part of the propagation constant of the two cou-
pled eigenmodes, as well as the individual waveguide modes,
as a function of wavelength. Since the [y rspp, of individual
LRSPP waveguide mode is close to the (s;n of individual SiN
waveguide mode, the field profile of the even and odd mode
has a symmetric profile at different wavelength similar to those
shown in Fig. 6(a).

Since the coupling efficiency of the two individual modes is
mainly decided by the match of their propagation constant [36]
and indicated by the symmetry of the eigenmodes as discussed
in Section I'V-B, the two close solid lines in Fig. 10(a) mean high
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coupling efficiency can be obtained at different wavelength with
the corresponding coupling length. The analysis and results of
the coupling characteristics at a certain wavelength are similar
to that in Section IV-B. Here, to be consistent with the actual
situation, the wavelength dependence is studied with fixed de-
vice length L.

Fig. 11 illustrates the measurement results of the TM power
coupled to the Au strip (square) and that remained in SiN wave-
guide (dot), which are fit by the simulation results (solid lines),
as a function of the wavelength Ao from 1.350 to 1.625 pm when
(a) L=1.4mm, (b) L =1.7mm, and (¢) L = 2.3 mm.

As shown in Fig. 11(b), the coupling efficiency is rather high
(>99%) in the wavelength range from 1.465 to 1.510 pm and
an extremely high coupling efficiency, as high as 99.75%, is
observed at A = 1.485 um. That is because L = 1.7 mm is
very close to the coupling length L. at Ay = 1.485 um. When
Ao = 1.55 pm, the energy remaining in the SiN waveguide
is about 2%, which corresponds to the measurement results of
output power distribution shown in Fig. 8(b).

However, the coupling efficiency shown in Fig. 11(a) cannot
be as high as that shown in Fig. 11(b). The reasonisthat L = 1.4
mm equals to the coupling length at a certain wavelength \*
(A* > 1.625 pm), which is not in the wavelength range of
the tunable laser. Since the longer wavelength is closer to \*,
Fig. 11(a) shows that the coupling efficiency increases as the
wavelength g increases. Similarly, L = 2.3 mm corresponds
to the wavelength A** (A** < 1.35 pm), and the coupling effi-
ciency decreases as the wavelength )\ increases.

For HC(32 nm, 5 um), the propagation constant of the two
coupled eigenmodes is shown in Fig. 12(a) and (b). Compared
with that shown in Fig. 10, Sprspp: and (sin of the two in-
dividual waveguide modes have much larger difference, and
the filed profile of the coupled eigenmodes at different wave-
length is similar to that shown in Fig. 9(a) with asymmetric
distribution.

Fig. 12(c) shows the proportion of the output power from
the Au and SiN waveguide when L = 1.7 mm. Although 1.7
mm is close to the coupling length of HC(32 nm, 5 pm) at
Ao = 1.550 pm, as shown in Fig. 9(b), the result of Fig. 12(c) il-
lustrates that the coupling efficiency varies monotonically with
Ao, which is different from that of Fig. 11(b). That is because the
mode size affects the coupling more significantly than the cou-
pling length for the 1.7 mm long HC(32 nm, 5 pm). The larger
mode size at longer wavelength results in stronger coupling,
which is illustrated by larger |Ge; — Bor| and smaller |Be; — Boil
and less energy remaining in the SiN strip.

D. Discussions

From the previous simulation and experimental results de-
scribed in Sections IV-A-C, it can be seen that there is no cou-
pling between the LRSPP and TE-polarized dielectric wave-
guide mode, and the coupling between the LRSPP and TM-po-
larized dielectric waveguide mode complies with the basic rules
of the coupled mode theory. Although SPP is a kind of sur-
face wave on the metal, the LRSPP mode looks much like a
weak guided, lossy dielectric waveguide mode with most of the
field extending into the surrounding dielectrics and comparative
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Fig. 11. Proportion of the TM power coupled to Au strip (square) and that
remained in SiN waveguide (dot) as a function of wavelength when (a) L =
1.4 mm, (b) L = 1.7 mm, and (c) L = 2.3 mm. The solid line is the simulation
results. Here, Wy = 6 gmand T; = 32 nm.

low propagation loss. The match of the propagation constant be-
tween the individual LRSPP and TM-polarized dielectric wave-
guide mode, which results in high-symmetric field distribution
and close loss of the coupled eigenmodes, is still the most im-
portant factor for getting high coupling efficiency.

The simulation and measurement results have shown that
the coupling characteristics are quite different between TE-
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and TM-polarized modes. Therefore, a high-performance po-
larization splitter can be realized when input is applied on the
dielectric (SiN) waveguide. Pure TM-mode output without any
noise of TE mode can always be obtained from LRSPP wave-
guide (Au strip), no matter how the size of the waveguides and
the wavelength are adjusted. The TE mode with high TE/TM
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extinction ratio output from the SiN waveguide can also be
derived by choosing proper structure parameters.

V. CONCLUSION

In conclusion, coupling between the LRSPP and conventional
dielectric waveguide mode has been studied theoretically and
experimentally in detail by considering structure parameters and
wavelength. It is shown that there is no coupling between the
LRSPP and TE-polarized dielectric waveguide mode. And the
match of the propagation constant of the LRSPP and TM-po-
larized dielectric waveguide mode is the key for getting high
efficient coupling, which complies with the basic rules of the
coupled mode theory.

Based on the hybrid coupler comprised of a horizontal Au
and a SiN strip, an extremely high coupling efficiency (>99%)
has been achieved for TM polarization, while no coupling could
happen for TE polarization between these two kinds of wave-
guides. Therefore, this structure can be used to excite LRSPP
mode efficiently with dielectric waveguide or realize a kind of
compact, high performance, and electrical-controlled TE/TM-
mode splitter or combiner. More importantly, this kind of cou-
pling between different waveguides is very significant for pro-
viding an effective approach to connect the SPP-based devices
with the conventional dielectric devices.
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