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A two-dimensional (2D) optimized nanotaper mode converter is presented and analyzed using the finite-
difference time-domain (FDTD) method. It can convert the mode size in a silicon pillar waveguide (PWG)
from 4 ym to 1 ym over a length of 7 um and achieve a transmission efficiency of 83.6% at a wavelength
of 1.55 ym. The dual directional mode conversion of the nanotaper and its ability to perform mode
compression and expansion are also demonstrated. The broadband with high transmittance is satisfied in
this structure. Using this silicon-based nanotaper, mode conversion between integrated photonic devices

can be more compact and efficient.
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Pillar waveguides (PWGs) are periodic dielectric struc-
tures made by aligning a series of dielectric cylinders in
air. They can be used to control the flow of light at the
submicron scalel’! by exploiting the properties of total
internal reflection and interference exhibited by the for-
ward and backward waves traveling along the waveguide.
PWGs are also able to manipulate the dispersion of the
guided mode using the interference of the propagation
waves. Unlike photonic band gap (PBG) crystal waveg-
uides, PWGs require little periodic configuration in the
transverse dimension, making them more compact for
optical integrated circuits(—5/.

Due to the advancement in fabrication technology for
photonic integration, submicron waveguide devices have
been rapidly developed in recent years. In these devices,
the mode mismatch from the different light field sizes
will cause much loss during the transmission, especially
between light source and single mode waveguide. In
order to reduce the loss, novel structures have been de-
signed to act as converters between the large scale mode
and the small scale mode. A taper has been utilized to
couple and convert the large input mode to the small
scale waveguide model®” . The problem with this is
that the high convert efficiency demands a long length
of taper, which limits the compactness of the devices.
Photonic crystal has also been applied to form a taper
configuration converting the mode size in the advantage
of the ultra-compact and flexible configuration!®. How-
ever, the lateral periods in waveguide limit the size of
the taper. In this letter, a silicon nanotaper consisting of
two-dimensional (2D) PWGs is proposed to reduce the
scale of a nano mode converter with high efficiency. Due
to its flexibility in being able to confine different mode
dimensions, it can be easily used to perform mode con-
version in an ultra-compact fashion[®1%. An optimized
nanotaper which can convert the mode size from 4 um to
1 pm over a length of less than 10 pm is obtained. The
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dual directional mode conversion of the nanotaper and
wide bandwidth are satisfied. Mode conversion between
integrated photonic devices can be realized efficiently in
such an ultra-compact silicon-based nanotaper.

The proposed silicon PWG nanotaper structure con-
sists of a sequence of pillars with gradually increasing
radii aligned in air along the waveguide. By gradually
varying the pillar radius, the PWG can be made to work
as an index guiding structure for mode conversion. To
compress the propagation mode, the proposed nanotaper
is designed as a reverse spot size converter with smaller
pillars at the input port and larger ones at the output
port, as shown in Fig. 1, which can provide compact solu-
tion. The radii of the pillars increase gradually, assuming
that d is the difference in radii among neighboring pillars
and a is the period of the pillars.

When a mode of large field size is coupled into the
nanotaper, the mode begins to convert along the taper.
At the input port of the nanotaper, the input mode is
weakly confined by the small pillar with its low effective
reflection index!”. As a result, any coupling mode loss
caused by reflection is reduced. The pillar radius is then
increased along the waveguide while maintaining a con-
stant radius difference. The interference of waves among
the pillars becomes stronger, leading to an enhanced
mode confinement as discussed above. Such strong mode
confinement compresses the mode dimension to a smaller
scale. In this structure, the compression ability highly
relies on the interference and mode confinement within
the PWG, which is determined by the period and radius

a/
Fig. 1. Schematic of PWG nanotaper converter. The differ-

ence in radius between neighboring pillars is d and the period
of the pillars is a.
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variation of the nanotaper.

Our simulations were performed using the finite-
difference time-domain (FDTD) method, with the per-
fectly matched layer boundary condition being specially
chosen to reduce reflection. Since the 2D and three-
dimensional (3D) cases in PWG have similar transmis-
sion characteristics, in FDTD simulation, we took the 2D
condition to discuss the conversion performance!!?l. Only
TM mode was considered in this study, as in Refs. [2, 4].
The propagation wavelength was 1.55 ym. The input
mode was a Gaussian-shaped continuous wave with a
mode size of 4 um as large as coupled from a lensed
fiber at tip, while the target mode size was 1 pum for
a single mode waveguide. The output field power was
monitored by an output detector. The effective indices
of pillars and background are 3 and 1 according to the
silicon-on-insulator slab with 300-nm silicon core and air,
respectively.

The nanotaper structure used in our simulation is
shown in Fig. 1. The mode compression transmis-
sion efficiency from the optical fiber to the submi-
cron waveguide was calculated. The simulation re-
sults are presented in Fig. 2. In the nanotaper,
from the light input port at the top, the propaga-
tion mode confinement was gradually improved, lead-
ing to a subsequent reduction in the mode size from
4 pm to less than 1 pm. We obtained a transmis-
sion efficiency of more than 86% and completed the
mode conversion over a length of approximately 13 pm.
When changing the size of input optical field from
1 pm to 8 um, the PWG taper is also able to compress
the mode size to around 1 um. However, transmission
efficiency higher than 80% can only be obtained with
the input mode size ranging from 3 to 5 pm. The main
loss comes from the oscillation of light modes among
pillars. There is a leaky when mode is not contained
in the high index structures. However, the oscillations
force the mode to be compressed high efficiently by the
distribution of the pillars.

To study the influence of the period @ on the coupling
transmission efficiency, the same parameters were used
in the simulation and only the period a was changed.
The simulation results are shown in Fig. 3. With a
being the only variable and the number of pillars kept
constant, the transmission spectrum and length of the
nanotaper as functions of the period are shown in Fig.
3. It can be seen that a larger period leads to a weaker
interference, which reduces the transmission of the PWG

[ 1.0
T .

| ——
e
——
S

- -1.0

Fig. 2. Propagation mode in the PWG nanotaper for mode
compression. The simulation wavelength is 1.55 pm for TM
polarization.
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Fig. 3. Transmission and length of the PWG taper versus
period.

taper, while a smaller period leads to overlapping of the
pillars, which also reduces the transmission efficiency.
We conclude that setting a suitable pillar period can re-
duce the length of the taper and enhance the conversion
transmission.

Consider now the influence of the radius difference d
on the transmission. It is designated that the sizes of
the pillars at the input and output ports always ensure a
high coupling efficiency and the target conversion mode
scale. To simulate the effect of various d, the radii of the
first and last pillars and period a were kept constant. As
the radius difference d varied, both the number of pillars
and length of the nanotaper changed. The changes in the
transmission spectrum and number of pillars as functions
of d are plotted in Fig. 4. It can be seen that a smaller
d leads to a longer taper with a higher degree of con-
version loss, while a larger d leads to dramatic changes
along the waveguide, which also reduces the transmis-
sion efficiency. Optimizing d can balance the length and
transmission efficiency of the PWG taper.

The above discussion indicates that the optimal struc-
ture for the proposed nanotaper is obtained at an ultra-
compact scale. The optimized result is that a 7-um-long
nanotaper converts the mode dimension from 4 um to
less than 1 pm with a transmission efficiency as high as
83.6% at 1.55-um wavelength.

Reverse mode conversion performs equally well. In
the reverse mode conversion, the pillar radius along the
nanotaper decreases, so does the confinement of the
propagation mode. As a result, the mode dimension in-
creases to the point where it matches the mode of the
optical lensed fiber.

When the nanotaper is used for mode expansion, the
input light mode diameter is 1 gm coupled from a submi-
cron waveguide at the butt, while the target mode size is
4 pm. In simulating mode expansion, the light input port
was at the top. Along the PWG, the propagation mode
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Fig. 5. Propagation mode in the PWG nanotaper for mode

expansion. The simulation wavelength is 1.55 pym for TM
polarization.

il

0.90 —

0.86 -

Transmission

0.78 | 1 1 |
14 1.6 1.8 2.0

Wavelength (um)
Fig. 6. Nanotaper with a bandwidth larger than 380 nm
around 1.55 pm and more than 86% mode conversion
efficiency.

became deconfined and mode conversion from 1 pm to
approximately 4 pm was obtained. Figure 5 shows that
mode expansion occurs, with the transmission efficiency
reaching almost 81%. The reason of the two transmission
differences is that the input coupling effective index is
larger in expansion, which leads to more reflection loss
during the conversion. In this reverse process, the nano-
taper has two kinds of conversion characteristics during
coupling and exhibits high transmission.

Additional simulations were carried out to determine
the bandwidth of the novel structure. Regarding band-
width, by changing the coupling wavelength of the nan-
otaper we demonstrated that the PWG nanotaper had

a wide bandwidth of over 380 nm, with more than 86%
mode conversion efficiency, as shown in Fig. 6.

In conclusion, we propose a silicon-based PWG nano-
taper which is capable of realizing high-efficiency mode
conversion over a short length with a broad bandwidth.
The interference mechanism of the PWG enables the
nanotaper to operate at low loss and an ultra-compact
scale. By further optimizing the PWG configuration, we
believe that this nanotaper can be a very promising com-
pact device for mode conversion in integrated photonic
applications.
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