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ABSTRACT In optical interconnection field, inconsistent coupling behaviors of TE and TM modes
may cause abnormal operation. Therefore, it is very significant to implement a polarization-independent
directional coupler. In this paper, a hybrid-plasmonic-waveguide-based polarization-independent directional
coupler has been proposed. Since the energy of the hybrid plasmonic waveguides for TE and TM modes is
distributed in different layers, we manage to achieve polarization independence by adjusting the material
properties and dimensions of the corresponding layer. We optimize the parameters of our proposed direc-
tional coupler such as radius of silicon waveguide layer, height of silica waveguide layer, and the distance
between the two waveguides, etc. Then performance of the directional coupler has been evaluated. It is worth
mentioning that the length of the coupling section is only 4.25µm. Meanwhile, the polarization-dependent
loss is only 0.393 dB, and the maximum coupling efficiency of TE and TM modes can reach 86.4% and
94.6%, respectively. Besides, the coupling efficiency of TMmode remains above 90%over the entire C-band,
while the coupling efficiency also keeps at least 80% for TE mode. Finally, the manufacture process for the
proposed directional coupler has been discussed. In brief, the improved polarization-independent directional
coupler features small size, low energy loss, good polarization-independent characteristics, and wavelength
insensitivity simultaneously. Compared to the other counterparts ever proposed, our proposed coupler can
provide a perfect trade-off between device size and loss, which shows important potential applications in the
fields of PIC and optical interconnection.

INDEX TERMS Directional coupler, polarization-independent, hybrid plasmonic waveguides, PIC, optical
interconnection.

I. INTRODUCTION
Recently, optical interconnection has attracted much interest.
Compared to electrical interconnection, it can better meet the
requirements of data storage and transmission of communi-
cation network in the big data era [1]–[3]. As a fundamental
component of sensors [4], [5], switchers [6], and modulators
[7]–[9], directional coupler is also widely used in optical
interconnection for its ultra-compact structure and rather low
loss. However, a majority of conventional directional cou-
plers suffer from polarization dependence. In optical inter-
connection field, the polarization state of the light source
can be extremely indeterminate, which will lead to abnormal
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operation for the case of directly processing light. Therefore,
a series of methods have been proposed to get a polarization-
independent directional coupler [10]–[24].

There are two major approaches that enable polarization-
independent directional couplers. One solution is based on
polarization diversity circuits [10]–[12], the other is to design
polarization-independent structure by adjusting the proper-
ties of slot waveguides [13], [14], utilizing bent directional
coupler [15]–[18], or introducing sub-wavelength gratings
[19], [20]. For the polarization-diversity-circuit-based solu-
tion, firstly, the multi-polarization states of the input light are
divided from each other with the aid of polarization beam
splitter [21], [22], thus the component can operate in single
mode. Secondly, a polarization rotator is adopted to combine
the two beams of polarization state light [23], [24]. Although
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the structure is highly polarization-independent by process-
ing the input light separately, complexity and big size are
the main drawbacks of this scheme. For the second strategy,
specific structures have been adopted to realize polarization-
independence. Different polarization-independent structures
have their advantages and disadvantages. Amongst them,
slot-waveguide-based architecture is very simple, however,
the slot sections need to be controlled precisely. Besides,
bent-coupler-based architecture can achieve a rather small
polarization-dependent loss, but at the cost of introducing
a multi-cascade structure, which will lead to a dramatic
increase in device size. Furthermore, compared to silicon-
on-insulator-platform-based directional couplers, whose TM
polarization intensity is much higher than TE polarization
intensity, the grating-assisted structure can greatly enhance
the intensity of TE polarization. Hence, both TE and TM
polarization states can couple equally. For the second solu-
tion, besides the aforementioned three structures, a hybrid
plasmonic waveguide (HPWG) can also help to achieve
a polarization-independent directional coupler. HPWG was
proposed by professor Xiang Zhang, and it has a superior
trade-off between field constraint and propagation loss [25],
[26]. Due to concentrating in different layers, TE and TM
modes can finally get an equal polarization intensity by
changing the material properties and dimensions of the corre-
sponding layer [27]. The ultra-strong optical field constraint
and the rather low propagation loss make hybrid-plasmonic-
waveguide-based couplers perfectly meet the requirements of
optical interconnection.

In this paper, based on our previous work [28]–[31],
we propose a low loss, broadband, and polarization-
independent hybrid-plasmonic waveguide directional cou-
pler, and address its main characteristics theoretically. Using
the finite element method (FEM) simulation software (FDTD
solutions and COMSOL Multiphysics), we mainly focus
on analyzing the effects of various material properties and
dimensions on TE and TM modes, and then optimize the
parameters of the polarization-independent directional cou-
pler. The main contributions of this paper can be summarized
as follows. Firstly, we demonstrate that only the radius of
the cylindrical waveguide is large enough that the TE mode
does not cut off. Secondly, by analyzing the field distributions
of TE and TM modes, we find that the energy of the two
modes is distributed in different layers, which is the crucial
point to achieve polarization-independence. Then, a set of
optimized parameters is obtained after studying the influ-
ence of different parameters on coupling length for TE and
TM modes. Moreover, considering the conditions of weak
coupling, the final optimized structure is acquired. Finally,
referring to some existing structures, the characteristics of the
optimized directional coupler are evaluated in terms of inser-
tion loss, polarization-dependent loss, and wavelength sen-
sitivity. Our hybrid-plasmonic-waveguide-based directional
coupler achieves a good trade-off between device size and
loss, with 4.25 µm of device length and only 0.393 dB of
polarization-dependent loss.

FIGURE 1. (a) The top view of the HPWG directional coupler with input
and output silicon waveguides. (b) The 3D view of the coupler.

FIGURE 2. (a)–(d) Power density profiles for TM and TE modes in the
coupler section (XY plane) at 1.55 µm. Device dimensions: D = 200 nm,
hSiO2

= 104 nm, R = 160 nm, hAg = 100 nm.

II. STRUCTURAL MODEL AND OPTIMIZATION
A. STRUCTURAL MODEL
The schematic diagram of the polarization-independent
directional coupler is shown in Fig.1. It consists of two parts,
one is a coupling section with hybrid plasmonic waveguides,
the other is the silicon waveguides section of the input and
output. Fig.1(a) shows the top view of the HPWG directional
coupler with input and output silicon waveguides. The cou-
pling section is composed of two hybrid plasmonic waveg-
uides shown in Fig.1(b) with a distance of D. The bottom
layer is a silica (SiO2) substrate layer, covered by a silver
(Ag) layer with a thickness of hAg, and the two symmetrical
silica spacer layers are placed over the silver layer with a
thickness of hSiO2 and a width equal to the diameter of the
silicon waveguides. Finally, two parallel cylindrical silicon
(Si) waveguides, each with a radius of R, are placed on
the silica spacer layer to form the improved polarization-
independent directional coupler. Taking into consideration
the attachment depth of silver reported in Ref. [32], weak
coupling mechanism, and the condition of TE mode not to
cut-off, we choose the basic dimensions as follows: R =
160 nm, hAg = 100 nm, hSiO2 = 104 nm, and D = 200 nm.
In our design, the incident light propagates in the positive
direction of the z-axis at the wavelength of 1.55 µm.

Fig.2 shows the power density distributions of the odd
and even modes for TE and TM modes. For TE mode,
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FIGURE 3. Coupling length as a function of (a) hSiO2
, (b) R, (c)hAg, (d) D, (e) WSiO2

with the basic dimensions:
D = 200 nm, hSiO2

= 65 nm,R = 160 nm, and hAg = 100 nm.

the direction of the electric field is along the y-axis, and
it is along the x-axis for TM mode. When D is adjusted
to a suitable value and the condition of the weak coupling
mechanism is satisfied, the modes of the two waveguides
interact and form a super mode. As can be seen from
Fig.2 (a)-(d), the energy of the two polarization modes con-
centrates in different regions. TE mode is similar to the
dielectric waveguide mode that the energy is mainly con-
centrated in the region of high refractive index (i.e., silicon
layer). TM mode is formed by coupling between the sur-
face plasma mode guided by the silver-silica surface and the
dielectric waveguide mode guided by the silicon layer, and
the energy concentrates in the gap between silica and silicon.
Therefore, we can adjust the corresponding parameters to
achieve a balance between TE and TM modes. Under this
circumstance, the entire structure can achieve polarization
independence.

B. OPTIMIZATION
We use the control variable method to analyze the effects of
each parameter on TE and TM modes with a set of basic
dimensions of R = 160 nm,hSiO2 = 65 nm, hAg = 100 nm,
and D = 200 nm. Coupling length (LC) is the most basic
characteristic of a directional coupler, which represents the
distance at which the energy is completely coupled from one
waveguide to the other. It is usually expressed as Eq. (1):

LC = λ/(2Re(neven − nodd)) (1)

where λ is the operating wavelength of 1.55 µm, neven and
nodd are the effective mode refractive indexes of even and odd
modes, respectively.

We found that TEmode, similar to the dielectric waveguide
mode, will be pushed into the substrate layer and cut off if
the radius of the silicon is too small. After analyzing the
electric field, we got that theminimum radius is 160 nm. Fig.3
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FIGURE 4. The polarization-independent cases with (a) D = 100 nm, (b) D = 150 nm, and (c) D = 200 nm.

shows the coupling length as a function of different param-
eters. As the optical field constraint enhances, and energy
is constricted in the corresponding layer more tightly, as a
consequence, the coupling length increases. From Fig.3(a),
the increase of hSiO2 will result in enhanced optical field
constraint of TE mode and weakened optical field constraint
of TM mode. Therefore, as the height of silica increases, the
coupling length of TEmode increases, while that of TMmode
decreases. In Fig.3(b), the increase of silicon’s radius will
lead to the enhanced optical field constraint of both modes,
so it is reasonable that the coupling length of both TE and TM
modes increases with the growth of radius. As for Fig.3(c),
because of the skin depth ofmetal (20nm), when the thickness
of Ag is less than the skin depth, it will affect the surface
plasma mode formed on the surface of the silica layer. As a
result, when the thickness of Ag is larger than 20 nm, the
coupling length gradually becomes stable. In Fig.3(d), as the
distance between the two waveguides increases, the coupling
degree decreases, resulting in a growth of the coupling length.
In other words, reducing distance D can improve coupling
efficiency. However, when D becomes smaller, for TE mode,
the light fields formed by the two waveguides are superim-
posed. In such circumstances, the coupling mechanism may
not be satisfied, so D cannot be reduced infinitely. As can

TABLE 1. The dimensions of polarization-independent directional
couplers for different values of D.

be seen from Fig.3(e), the coupling length of both modes
increases slowly as the width of silica (WSiO2 ) increases.
Therefore, we just set WSiO2 equal to the diameter of the
silicon waveguides.

From the above analysis, we can conclude that the key
requirement for achieving a polarization-independent direc-
tional coupler is to vary the coupling length of both TE
and TM modes in the opposite direction as the thickness of
the silica increases. Fig.4 shows the polarization-independent
circumstance when D is set to 100 nm, 150 nm, and
200 nm, respectively. Here, we set the basic dimensions as
R = 160 nm and hAg = 100 nm.
Finally, the dimensions of the three polarization-

independent directional couplers we obtained are listed in
Table 1.
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FIGURE 5. Power density profiles of TE odd mode with (a) D = 100 nm, (b) D = 150 nm, and (c) D = 200 nm.

From Fig.5, when D is equal to 100 nm or 150 nm, the odd
mode of TE does not satisfy the condition of weak coupling,
and the light fields formed by the two waveguides interact
with each other that causes a loss of coupling energy. Accord-
ing to the simulation results, after a period of coupling, the
coupling efficiency of TE is only 76% at D = 150 nm, while
almost 86.4% at D = 200 nm. Therefore, considering the
energy loss and the compactness of the structure, the third
set (i.e., D = 200 nm) is the optimal dimension set for the
polarization-independent directional coupler.

III. CHARACTERISTICS ANALYSIS OF THE DIRECTIONAL
COUPLER
A. DEVICE PERFORMANCE
To evaluate the characteristics of the improved polarization-
independent directional coupler, the polarization-dependent
loss, insertion loss, and bandwidth of the structure are inves-
tigated. Besides, the normalized power and field distributions
between the two waveguides are also calculated using the
FEM software.

Generally, the structure of the two waveguides is the same
and the power of waveguide L and R are 1 and 0 respectively
when the interaction length (Z) is 0. Therefore, the power
in the waveguide alternates with the transmission distance Z
increases, which can be described by Eq. (2) and (3):

PL(Z) = cos2(kZ)e−aZ (2)

PR(Z) = sin2(kZ)e−aZ (3)

where a is the exponential optical loss coefficient, and k is the
coupling coefficient.

Fig.6 shows the normalized power in the input and output
section for TE and TM modes as a function of the interaction
length. From Fig.6, after a complete coupling period, the
output power of both TE and TMmodes reaches its maximum
value when the interaction length is equal to 4.25 µm. For
TE mode, the maximum normalized power is 0.864, and for
TMmode, it is 0.946. The coupler exhibits good polarization-
independent characteristics throughout the whole coupling
process. This can be explained as that the output power of
both modes reaches its maximum value at the end of the
period of coupling. Thus, after input light source is com-
pletely coupled, no pulse broadening will occur at the output
end, which leads to a great reduction in film dispersion.

FIGURE 6. Normalized power at the ends of the input and output section
as a function of the interaction length.

FIGURE 7. Light propagation profiles for complete coupling when the
light of (a) TM and (b) TE polarization is launched.

Consequently, polarization independence is achieved. Fig.7
shows the field distributions during the coupling process.
It shows that the coupling behavior of both TE and TMmodes
is basically the same in the whole coupling process, and the
maximum value is acquired at the output end, which further
verified the results obtained from Fig.6.

In order to evaluate the properties of the improved
structure, polarization-dependent loss (PDL) and insertion
loss (IL) of the structure are also studied, which are defined
in the equations below:

PDL = |10 lg
(
PTEout
PTMout

)
|(dB) (4)

IL = 10 lg
(
Pin
Pout

)
(dB) (5)

Here, PTE_out and PTM_out represent the normalized power
of TE mode and TM mode at the output port, respectively.
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FIGURE 8. The normalized power as a function of wavelength.

Pin andPout denote normalized power of input port and output
port, respectively.

Polarization-dependent loss describes whether the cou-
pling behavior of both TE and TM modes is consistent. The
polarization-dependent loss of our proposed coupler is only
0.393 dB, which is quite small compared to the same type
of polarization-independent coupler. Insertion loss represents
the energy loss during the coupling process. After

one cycle of coupling, the insertion loss of TE mode is
0.635dB, and for TMmode it is only 0.241 dB, which demon-
strates that the energy loss during coupling is rather small.

Since the same structure exhibits different effective mode
refractive indices at different wavelengths, it is necessary to
evaluate the wavelength sensitivity of the device. As Fig.8
shows, the improved polarization-independent directional
coupler has good wavelength insensitivity. Over the entire
C-band (1530 nm−1565 nm), The coupling efficiency of TM
mode remains above 90%, and it is also at least 80% for TE
mode.

Table 2 presents a comparison of the characteristics of
the polarization-independent directional couplers for vari-
ous structures, and all the items are simulated results. For
bent-waveguide-based directional couplers, the significant

TABLE 2. Characteristics of the polarization-Independent directional
coupler for various structures.

advantages are low energy loss and polarization-dependent
loss. However, the big size of dozens of microns is not
conducive to device integration. As for slot-waveguide-
based and gratings-assisted polarization-independent direc-
tional couplers, although the size is small, the energy loss
and the polarization-dependent loss are much higher com-
pared to the bent-waveguide-based structure. Our hybrid-
plasmonic-waveguide-based directional coupler combines
the advantages of the other structures and provides a good
balance between device size and loss. With the device
length of 4.25 µm, the polarization-independent loss is only
0.393 dB, and the insertion loss for TE and TMmodes is only
0.635dB and 0.241 dB, respectively.

B. FABRICATION ANALYSIS
Regarding fabrication, we analyzed the fabrication tolerance
of the main parameters (i.e. hSiO2 and R). Fig.9 helps to
observe the details around the crossing of the TE and TM
curves. Fig.9(a) shows that the normalized power varies
a little with the height of silica varies between 100 nm
and 110 nm, thus it has little impact on the device’s perfor-
mance. Fig.9(b) depicts the normalized power variation with
the radius of silicon varies between 160 nm and 170 nm. For
TE mode, the performance of the device is very sensitive

FIGURE 9. Normalized power variation with (a) hSiO2
= 100∼110nm, (b) R = 160∼170 nm.
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to the radius of silicon. It indicates that the fabrication
tolerance is small in terms of the radius of silicon. This
is the common problem that hybrid-plasmonic-waveguide-
based devices have. So, fabrication tolerance is indeed one
of the challenges that hybrid plasmonic waveguide has to
face. However, many of the ever proposed hybrid plasmonic
waveguide and relevant hybrid-plasmonic-waveguide-based
devices like directional coupler, have been fabricated success-
fully in the laboratory [21], [33]–[35].

According to our design, we referred literature
[21], [33]–[36], and discussed with some researchers from
Micro-nano laboratories, then confirmed the corresponding
fabrication process for our proposed directional coupler. The
main process can be as follows: first, a silver layer with
a thickness of hAg is evaporated on top of a 3 µm thick
SiO2 buffer layer by electron beam evaporation. Then, a thin
SiO2 film of thickness hSiO2 is deposited by plasma-enhanced
chemical vapor deposition using in-house optimized technol-
ogy. After that, patterns are generated by e-beam lithography
(Raith 150 at 25 kV) using negative resist ma-N 2403.
Because the silicon layer uses a cylindrical nanowire waveg-
uide, it is a little difficult to fabricate using photolithography
technology. Finally, we decide to transfer the pre-grown
cylindrical silicon waveguide by transfer printing, and then
use the Nanoprobe to lay out the position and shape.

IV. CONCLUSION
In summary, we proposed a hybrid-plasmonic-waveguide-
based polarization-independent directional coupler and eval-
uated its characteristics by using FEM software. Through the
field distribution analysis, we found that TE and TM modes
have different energy distribution regions, which indicates
that we can achieve polarization independence by adjusting
the material properties and dimensions of the corresponding
layer. Besides, by studying the influences of each param-
eter on TE and TM modes, a set of optimized parameters
is obtained. Moreover, taking into account the condition of
weak coupling, the final optimized parameters are obtained.
Usually, there are trade-offs among energy loss, polarization-
dependent loss, and device size when designing a directional
coupler, and our optimized coupler can achieve a perfect
trade-off. With the small coupling section length of 4.25µm,
the polarization-dependent loss is only 0.393 dB, and the
maximum coupling efficiency of TE and TM modes can
reach 86.4% and 94.6%, respectively. Besides, the structure
exhibits superior wavelength insensitivity in C-band. Specif-
ically, the coupling efficiency of TM mode remains above
90%, and also keeps above 80% for TE mode. Addition-
ally, concerning manufacture, we discuss fabrication toler-
ance, and provide the most probable manufacture process
of the proposed directional coupler. In short, the proposed
hybrid-plasmonic-waveguide-based directional coupler fea-
tures small size, low energy loss, good wavelength insensitiv-
ity, and good polarization-independent characteristics. These
advantages are of great importance for relevant applications
in the fields of PIC and optical interconnection.
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