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Ultra-compact mode-order converters with dielectric slots
are demonstrated on a silicon-on-insulator platform. We
propose a mode converter that converts the TE0 mode
into the TE1 mode with an ultra-small footprint of only
0.8 x 1.2 um?. The measured insertion loss is less than
1.2 dB from 1520 nm to 1570 nm. To reduce the insertion
loss, we further optimize the structure and design two mode
converters that convert the TEQ mode into the TE1 mode
and the TE2 mode with footprints of 0.88 x 2.3 um?* and
1.4 x 2.4 um?, respectively. Their measured insertion
losses are both less than 0.5 dB. Additionally, the proposed
devices are cascadable and scalable for high-order mode
conversion. © 2020 Optical Society of America

https://doi.org/10.1364/0L.391748

Multimode manipulation in silicon photonics is one of the most
promising technologies to accommodate the increasing demand
for the communication capacity [1]. Lots of functional devices
have been reported to realize a mode-division multiplexing
(MDM) system, such as mode (de)multiplexers [2—4], multi-
mode waveguide bends [5], multimode waveguide crossings
[6], and reconfigurable multimode devices [7]. Mode convert-
ers that can transform a mode into another mode are widely
explored among these key components. Different structures
for mode converters have been reported, and three methods are
mainly used to achieve mode conversions: phase matching [2,3],
coherent scattering [4], and beam shaping [7,8]. However,
there are still some challenges to handle the device footprints,
operation bandwidth and fabrication tolerance simultaneously.

Recently, dielectric metasurface structures have emerged
to design mode-order converters [9—-18]. Based on those struc-
tures, mode converters can realize high-quality mode conversion
with small footprints. For example, our previous designs show
that the metasurfaces based on etched slots in silicon waveguides
can realize mode conversion with good performances [18].

In this Letter, we propose ultra-compact silicon mode-order
converters exploiting the fully etched dielectric slots. The
etched dielectric slots can strongly manipulate the phase and
amplitude of the guided modes simultaneously and convert
them into the desired modes. The mode-order conversion
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from the TEO mode into the TE1 mode can be realized within
a length of only 1.2 um employing the simply fully etched
dielectric slot. By adjusting the shape of the slot, we can further
reduce the insertion loss at the cost of relatively longer coupling
length. As design examples, two mode-order converters are
demonstrated with the coupling lengths of 2.3 pm and 2.4 pm
respectively, and the measured insertion losses are both less than
0.5 dB. Besides, we analyze a two-stage mode-order converter
for TEO-to-TE3 mode conversion to verify the cascadability
and scalability of this type of mode-order converter based on
dielectricslots.

The working principle of these devices is similar to that of the
Mach—Zehnder interferometer (MZI)-based mode converters
[7,8], which is called the beam shaping method. Taking the
TEO-to-TE1 mode conversion as an example, two antiphase
TEO-like modes can combine and produce a TE1 mode due to
their similar mode profiles [19]. We demonstrate the working
principle in detail with Fig. 1(a). The input TEO mode is split
into two beams with equal powers, and a phase shifter induces
a phase difference of & between the two beams at the same time
during the propagation. In the end, the two antiphase TEO
modes recombine and generate a TE1 mode.

Our proposed ultra-compact TEO-to-TE1 mode converter
is schematically shown in Fig. 1(b), which is based on a regular
silicon-on-insulator (SOI) substrate consisting of a thin silicon
layer of 220 nm on top of a 3 pm buried oxide layer. The dielec-
tric slot is fully etched in a silicon waveguide and filled with
silica. The structure can be effectively regarded as a combination
of a beam splitter and a taper phase shifter. The off-center silica
slot is similar to a Y beam splitter and divides the light into two
parts. The power splitting ratio can be controlled by adjusting
the center of the slot (W, and W3). Also, the taper structure
is used as a phase shifter as the effective index changes with
the width of the waveguide. Therefore, if the upper and lower
waveguides have different widths as shown in Fig. 1(b), the
propagation constants and phase velocities will also be different,
which can generate a phase difference. By engineering the power
splitting ratio and the phase difference, the two beams can have
equal powers and a 7 phase difference. Then the two beams
recombine to producea TE1 mode.
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Fig. 1. (a) Schematic diagram of the beam shaping method.
(b) Ultra-compact TEO-to-TE1 mode converter.

The coupled mode theory (CMT) together with the effective
index method (EIM) is used to describe the mutual interaction
between the propagation modes in the optical waveguide. We
first obtain the electric field distribution of the eigenmodes
in the waveguide from the EIM method. Assuming that the
modes propagate along the z direction, the profile of the mth-
order mode can be expressed as W,,(x, y) [14]. Each mode is
orthogonal to the other modes and has unity power flux in the
z-direction as follows [13]:

wu
1Bl

where w is the angular frequency, @t is the free space permeabil-
ity, B, is the propagation constant of the mth-order mode, and
8,un 1s the Kronecker delta.

All the possible modes of the unperturbed waveguide form
a complete orthonormal basis state, and the input field can be
expanded using a superposition of these eigenmodes [20]:

ff U (x, )W, (x, y)dxdy— —— 8, (1)

Ein(x,7) =Y An(0)W,,(x, y)e /P, 2

where A,,(0) represents the complex transmission coefficient
of the mth-order mode of the unperturbed waveguide at the
beginning, and W,,(x, y) represents its electric field distribu-
tion. Likewise, the electric field in the propagating waveguide
can be also expressed as a superposition of the eigenmodes as

follows [14]:

E(x,y, 0= Ap(@)W,(x, e P (3)

The transmission coefficients A,,(z) are dependent on the
propagation distance as a result of mode coupling, and the
evolution of the coefficients A,,(z) can be driven by the CMT
equations as follows [20]:

dA, (2)
dz

=i Y k@A, P (4)

where k,,, represents the coupling coefficients between the
mth-order mode and the nth-order mode, which can be written
as [20]

Kmn(2) =

az)// U (x, y)Ae(x, y, 2)W,(x, y)dxdy, (5)
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Fig. 2. (a) Coupling coefficient k¢, and the normalized power of
each mode along the propagation calculated by the CMT equations or
the 3D-FDTD method. (b) Simulated electric field (E, ) distribution.

where Ae(x, y, z) represents the dielectric perturbation in the
silicon waveguide, which can be written as [14]

Ae(x. y.2) = eo(nle . nsl); if there is dielectric material,
s 0; otherwise.

(6)

The g is the free space permittivity, 7g; and 7npj are the refrac-
tive index of the silicon and the dielectric material of silica
respectively. Hence, the transmission coefficient of each mode
A, (z) can be calculated, and the power of each mode along
the propagation can be obtaining in terms of the coupling
coefficients as | A,,(2)|? [20].

Based on the theoretical analysis above, we set the width of the
input waveguide as 400 nm to support the TEO mode and set the
width of the output waveguide as 800 nm to support the TEO
and the TE1 modes [7]. The coupling length is setas 1.2 pm to
be long enough to achieve the mode conversion completely. The
width of the slot is set as 70 nm considering the feasible fabri-
cation accuracy. Then we sweep the center of the slot (W, and
W3) and the taper widths (W4 and W) to control the coupling
coefficients, thus generating the TE1 mode. The optimized
parameters are presented in Fig. 1(b). Figure 2(a) shows the
coupling coefficient k; and the normalized power of each mode
along the propagation. The conversion efficiency can be as large
as 90% along the dielectric slot calculated by the CMT.

Then the three-dimensional finite-difference time-domain
(3D-FDTD) method is implemented to verify the theoretical
results of the device. In the simulation, we set the obtained
parameters from the CMT method. The normalized power
of each mode along the propagation is shown in Fig. 2(a). The
results calculated by the 3D-FDTD method agree with that
calculated by the CMT equations except that the conversion
efficiency is slightly lower because we neglect the conversion
loss when employing the CMT. Figure 2(b) shows the simulated
electric field (Ey) distribution. It can be seen that the input TEOQ
mode is gradually converted into the TE1 mode, which agrees
well with our previous analysis. Figure 3(a) shows the simulated
transmission spectra of the mode converter; the insertion loss is
less than 1.2 dB with crosstalk lower than —16.5 dB over alarge
bandwidth of 100 nm covering the whole C band.

It is worth mentioning that our devices have a relatively good
fabrication tolerance in simulation. As shown in Fig. 3(b), when
the width variation of the fully etched gap is as large as 10 nm,
the insertion loss is still less than 1.2 dB with the crosstalk lower
than —20 dB at 1550 nm. However, the high fabrication resolu-
tion is still necessary since the width of the slotis only 70 nm.
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Fig. 3. Ultra-compact TEO-to-TE1 mode converter. (a) Simulated
transmission spectra, (b) insertion loss and crosstalk with the gap width
errors within £10 nm, (c) optical microscope photo, and (d) measured
transmission spectra.

We fabricated the device on an SOI platform, and the struc-
tures were patterned employing e-beam lithography (EBL) and
inductively coupled plasma (ICP) etching. An optical power
meter and a tunable continuous wave (CW) laser were used to
characterize the device. We also fabricated the grating couplers
(GC) on the same wafer to couple light between the fibers and
the silicon waveguides, and reference mode (de)multiplexers
based on asymmetrical directional coupler (ADC) structures
were cascaded to measure the insertion loss and crosstalk of
our proposed mode-order converters [2]. Figure 3(c) shows
the optical microscope photo of the fabricated structures.
Unfortunately, we did not get a clear scanning electron micro-
scope (SEM) photo due to the thick silica cladding. The input
TEO mode that has been converted into the TE1 mode by our
device will then be coupled into the O; port. The unconverted
TEO mode will be coupled into the Oy port as the crosstalk.
Figure 3(d) depicts the measured transmission spectra of the
device, which are normalized according to the reference GC
and the reference mode (de)multiplexers fabricated on the
same wafer, and the insertion loss is measured to be less than
1.2 dB with the crosstalk lower than —6.3 dB from 1520 nm
to 1570 nm. Since the ADC-based mode (de)multiplexers are
sensitive to the fabrication deviations, there is some discrepancy
between the performances of the reference (de)multiplexers
and the (de)multiplexers employed in our test device, especially
over a large bandwidth (~50 nm). Thus the measured loss
of the device may show certain errors especially at the longer
wavelengths, and the crosstalk of the device is not as good as the
simulation results.

In addition to the mode converters that have been demon-
strated above, we propose a practical method to reduce the
insertion loss of the mode converter, though at the cost of rela-
tively longer coupling length. Here, the low loss TEO-to-TE1
mode converter is demonstrated in Fig. 4(a). In our previous
design, we observe a relatively high insertion loss. To solve this
problem, we utilize the evanescent wave coupling to realize the
function of a beam splitter. The simulated electric field (E,)
distribution calculated by the 3D-FDTD method is shown
in Fig. 4(b). The optical microscope photo of the fabricated
structures is shown in Fig. 4(c) as previous. Figure 4(d) shows
the simulation and experimental transmission spectra of the
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Fig. 4. Low loss TEO-to-TE1 mode converter. (a) Schematic dia-

gram, (b) simulated electric field distribution, (c) optical microscope
photo, and (d) simulation and experimental transmission spectra.
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Fig. 5. Low loss TEO-to-TE2 mode converter. (a) Schematic dia-

gram, (b) simulated electric field distribution, (c) optical microscope
photo, and (d) simulation and experimental transmission spectra.

device, which indicate that the insertion loss is less than 0.15 dB
with crosstalk lower than —20 dB in the simulation, and the
insertion loss is less than 0.5 dB with the crosstalk lower than
—7 dB from 1520 nm to 1580 nm in the measurement.

Additionally, this design principle can be employed to realize
higher-order mode conversions. As an example, a TEO-to-TE2
mode converter is schematically shown in Fig. 5(a). Likewise,
Fig. 5(b) shows the simulated electric field (E,) distribution in
the 3D-FDTD simulation. Figure 5(c) shows the optical micro-
scope photo of the fabricated structures. The cascaded mode
(de)multiplexers will couple the output TEO, TE1, and TE2
modes into the Op, Oy, and O; ports, respectively for the mea-
surements. Figure 5(d) shows the simulation and experimental
transmission spectra; the insertion loss is less than 0.22 dB with
crosstalk lower than —18 dB in the simulation, and the insertion
loss is less than 0.3 dB with the crosstalk lower than —9 dB from
1520 nm to 1570 nm in the measurement.

Furthermore, we can cascade the structure to realize high-
order mode conversions if the desired mode cannot be directly
obtained. Here we demonstrate a two-stage TEO-to-TE3 mode
converter in simulation. Since two TE1-like modes in antiphase
can combine and produce a TE3 mode, a similar structure
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Fig.6. Two-stage TEO-to-TE3 mode converter. (a) Schematic dia-
gram, (b) simulated electric field (E,) distribution, and (c) simulated
transmission spectra.

Table 1. Comparison of Some Experimentally
Demonstrated Mode Converters

Coupling Insertion

Length Loss Crosstalk Bandwidth Device
References (1tm) (dB) (dB) (nm) Function
[14] 2.635/2.27 2.1/1.37  —13.4/ 45 TEO-to-
—12.6 TE1/TE2
[15] 5.75/6.736 <1 <—10 20 TEO-to-
TE1/TE2
[16] 6.3 2 —-12 43 TEO-to-
TE1
[17] 4 <2.3 <—11.5 40 TEO-to-
TE1&TMO-
to-TM1
Our 2.3/2.4  0.5/0.3 —7/-9 50 TEO-to-
work TE1/TE2
Our 1.2 1.2 —6.3 50 TEO-to-
work TE1

could be cascaded after a TEO-to-TE1 mode converter to realize
the TEO-to-TE3 mode conversion with a total length of only
7.4 um as shown in Fig. 6(a). The simulated electric field (E,)
distribution in the 3D-FDTD method is shown in Fig. 6(b). In
the first stage, the input TEO mode is converted into the TE1
mode. In the second stage, the TE1 mode is gradually reshaped
into two TE1-like modes in antiphase, which generates a TE3
mode. The simulated transmission spectra shown in Fig. 6(c)
indicate that the insertion loss and crosstalk are less than 0.83 dB
and —10dB, respectively, over a broad bandwidth range of
300 nm. This method could be scaled to design high-order
mode converters effectively.

Finally, we compare our designed structures with several
reported mode converters based on metasurfaces that have been
reported experimentally in Table 1. It shows that our work has
greatly reduced the size of the mode converter, which is impor-
tant for a high-density integration MDM system. The relatively
high crosstalk may result from the presence of resonances in
experiment due to the fabrication accuracy as analyzed before.
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In summary, we proposed a concept for the ultra-compact
mode converters with dielectric slots. The ultra-compact
TEO-to-TE1 mode converter has been experimentally demon-
strated with the footprint of only 0.8 x 1.2 um?. To the best
of our knowledge, this is the smallest until now. In addition,
we adjust the structure to further reduce the insertion loss and
design the TEO-to-TE1 and TEO-to-TE2 mode converters with
short lengths (<2.4 um), low insertion losses (<0.5 dB) and
broad bandwidths (>50 nm). We also verify the scalability and
cascadability of this concept with the two-stage TEO-to-TE3
mode converter in the simulation. We believe our proposed
concept can offer an effective approach to design multimode
silicon photonics devices which may further promote MDM
optical systems for on-chip optical interconnections.
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