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A novel power-efficient reconfigurable mode converter is proposed and experimentally demonstrated based on

cross-connected symmetric Y-junctions assisted by thermo-optic phase shifters on a silicon-on-insulator platform.

Instead of using conventional Y-junctions, subwavelength symmetric Y-junctions are utilized to enhance the mode
splitting ability. The reconfigurable functionality can be realized by controlling the induced phase differences.
Benefited from the cross-connected scheme, the number of heating electrodes can be effectively reduced, while the
performance of the device is maintained. With only one-step etching, our fabricated device shows the average
insertion losses and cross talks are less than 2.45 and -16.6 dB, respectively, measured with conversions between
two arbitrary compositions of the first four TE modes over an observable 60 nm bandwidth. The converter is
switchable and CMOS-compatible, and could be extended for more modes; hence, it can be potentially deployed

for advanced and flexible mode multiplexing optical networks-on-chip.
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1. INTRODUCTION

On-chip optical interconnect has enticed wide attention due to
its several appealing features, such as high bandwidth, low
power consumption, and compact footprint [1,2]. To cope
with the ever-increasing information capacity, wavelength-
division multiplexing and polarization-division multiplexing
have been intensively explored and successfully deployed in
optical interconnect on-chip integration [3,4]. Ever-exploding
networking traffic, however, demands for more cost-effective
optical interconnects. Recently, mode-division multiplexing
(MDM) has provided a new dimension to further enlarge com-
munication capacity by using different spatial modes of wave-
guides to individually carry optical signals [5-7]. Mode
converters are fundamental components for multiplexing
and switching among such information channels. In addition,
it is of great interest to develop reconfigurable optical intercon-
nects so that bandwidth and channels can be utilized optimally
and flexibly [8,9]. Several mode converters have been previ-
ously proposed. The directional coupler-based scheme
[10,11] can achieve high-performance mode conversions by
precisely designing waveguide width, coupling gap, and cou-
pling length; such couplers can also be conveniently used
for mode multiplexing and demultiplexing. In addition, the
mode conversion can be realized using the adiabatic evolu-
tion-based scheme [12,13], such as asymmetric Y-junctions
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or adiabatic tapers. Another interesting scheme is to rely on
inversely designed subwavelength structures [14,15] to achieve
mode conversion in a more compact footprint. In the above-
mentioned three types of devices, however, the mode conver-
sion is reconfigured at the cost of large modulation of material
refractive index [16,17], which hinders their practical applica-
tions. Recently, cascaded three-waveguide-coupling structures
are successfully udilized to realize a reconfigurable mode con-
verter [18]. On the other hand, Mach—Zehnder interferometer-
like (MZI-like) structure [19,20] is a promising scheme for im-
plementation of a reconfigurable mode converter. The principle
is stated as follows: the Nth-order mode (N =0, 1,...) can be
effectively considered as a mode array, which is a combination
of fundamental modes with fixed amplitude and phase distri-
bution. Mode conversion is realized when a structure allows the
modes of the array to individually travel through different phase
shifters thus ending in another phase distribution. An MZI-like
structure usually is composed of parallel-connected symmetric
Y-junctions or multi-mode interferometers (MMIs). For the
MMI, it is difficult to support more than two modes due to its
poor self-imaging performance for higher-order modes [21,22].
In Ref. [20], a four-mode reconfigurable converter based on
multi-layer parallel-connected symmetric Y-junctions is pro-
posed, while its fabrication relies on either direct laser writing
or a non-standard/multi-step lithography process [23,24]; the
inconvenient fabrication methods hinder cost-effective and
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large-scale integration deployment. Meanwhile, such a parallel-
connected structure required that the number of electrodes ap-
plied to drive the phase shifters is proportional to the number of
modes that can be reconfigured, which means the power con-
sumption is proportional to the number of operating modes.

In this work, we propose a novel single-step-etched reconfig-
urable mode converter based on cross-connected symmetric
Y-junctions on a planar silicon platform. For ease of fabrication
and reliable operation, subwavelength symmetric Y-junctions are
chosen in our design. Thin-film electrode heaters are employed
to control the phase difference between the mode array propa-
gating through the Y-junctions. With this structure, any mode
launched into a waveguide at one end can be converted into any
other mode at the other end. The number of modes that can
be reconfigured depends on the mode splitting ability of the
Y-junction. The converter exhibits ultra-low power consump-
tion, since the number of electrodes can be reduced by half
compared to the parallel-connected one. We have designed
and fabricated the converter to achieve switchable conversions
between any two of the first four TE modes. The measured
average insertion losses (ILs) for all different conversions are
1.71-2.45 dB while the average cross talks (XTs) are less than
-16.6 dB over an operating bandwidth of 60 nm centered at
1.56 pm, respectively. The minimum and maximum power
consumptions applied to the conversions are less than 10 mW
and 75 mW, respectively. Such a power-efficient, CMOS-
compatible, and scalable mode converter may become an impor-
tant building block in future high-capacity and large-scale on-
chip optical networks.

2. DEVICE DESIGN AND OPERATION
PRINCIPLE

The schematic configuration of the on-chip reconfigurable
mode converter for four modes is shown in Fig. 1(a). The de-
vice is designed on a silicon-on-insulator (SOI) wafer with a
220-nm-thick top silicon layer over a 2-pm-thick buried oxide
layer, and covered by a 1.2-pm-thick SiO, capping layer.
Without loss of generality, we consider only TE modes in this
study. The input and output waveguides support the TEy, TE,,
TE,, and TE; modes. In our design, two four-mode symmetric
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Fig. 1. Schematic diagrams showing (a) the structure of the
proposed mode converter consisting of cross-connected symmetric
Y-junctions, (b) subwavelength four- and dual-mode symmetric
Y-junctions, and (c) single-mode waveguide crossing.

Y-junctions (Y;) and four dual-mode symmetric Y-junctions
(Y,) are used. At the input end, the four-mode waveguide is
split into two halves by Y, and each half is further split
into two halves by Y,, which can be considered as a 1 x4
Y-junction. The four branches support only the fundamental
mode. Key geometrical parameters that define the Y-junctions
are as labeled in Fig. 1(b). A single-mode waveguide crossing
based on a 90°-crossed MMI [25], is introduced to connect the
middle two branches. As shown in Fig. 1(c), the waveguides
connecting the branch and the MMI waveguide are linearly
tapered from w; = 0.45 pm to wy = 1.4 pm within a length
of L; = 1.35 pm, and the length of the MMI waveguide is
L, =5 pm. In order to balance the initial phase difference,
the four branches are designed to have the same effective
lengths. Similarly, at the output end, the four branches are re-
combined into a four-mode waveguide with another pair of Y,
and a Y. By taking advantage of the cross-connected structure,
only two electrode heaters, P; and P,, are deposited on the
upper dual-mode branches of Y, respectively, to provide
thermo-optic control of the refractive indices of the branches
and hence the phase difference between the mode array propa-
gating through the Y-junctions. In this way, the phase shifters
can work for the TE, or TE; mode.

Here, the multi-mode symmetric Y-junctions can convert
the (2V)th- or (2N + 1)th-order mode (V =0,1,...) in
the stem to two in-phase or anti-phase Nth-order modes in
two branches. Notice in Fig. 1(b) that Y-junctions based on
subwavelength holes are used. If a conventional adiabatic
Y-junction is used, a slightly blunt gap owing to inherent
lithography limitation will deteriorate their adiabatic property
and result in large ILs and XTs, especially for even-order
modes. Therefore, the subwavelength multi-mode symmetric
Y-junctions with low ELs and XT's [26] are utilized. Our design
uses a minimum feature size of 40 nm and the details of
design can be found in Ref. [26]. The input stem of the Y,
(w; = 1.92 pm) supports all TE, TE;, TE,, and TE; modes,
and the branches (w, = 0.94 pm) support both the TE, and
TE, modes. Then, the input stem of the Y, supports both the
TE, and TE; modes, and the branches (w; = 0.45 pm) sup-
port only the TE; mode. The gap widths at the branch inter-
face of both Y, and Y, are w,,, = 40 nm. To keep the device
compact, we set the branch lengths Ly of Y, and Y, as 15 pm
and 5 pm, respectively. The spacings between the two branches
Dy of Y; and Y, are 2.5 pm and 1.5 pm, respectively. The
output power of the 1 x4 Y-junction, shown in Fig. 1(b), is
important to the whole structure because it determines the in-
put light state of the later reconfigurable operation. The cor-
responding transmission spectra are calculated via a 3D
finite-difference time-domain method and shown in Fig. 2.
The subwavelength 1 x 4 Y-junction has uniform spectra, and
the normalized power ratio of four output ports for all the four
input modes is approximately 0.25:0.25:0.25:0.25 with a fluc-
tuation of less than 0.0146 in the C band, which can ensure a
fine bandwidth characteristic for our structure. For comparison,
we also designed and simulated a conventional 1 x4
Y-junction in which conventional Y-junctions with a 40-nm
branch gap were used instead. The curves presented in Fig. 2
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Fig. 2. Simulated normalized transmission spectra of the 1 x 4 sub-
wavelength or conventional Y-junction for TE(, TE;, TE,, and TE;
input modes, respectively. The inset is the electric field profile of the
four outputs (at 1.55 pm).

clearly show that the output power of the conventional Y-junc-
tion is sensitive to wavelength and highly mode-dependent.
When a waveguide mode is launched into the device, its
field is split into four equal parts with fixed phase distributions,
which propagate individually as the TE; modes in the respec-
tive branches, as shown in Fig. 3. For instance, the TE, mode
has four equal parts with the same amplitude distribution and
fixed relative phase distribution (0, 7, 7, 0). They are combined
at the output end by another set of Y-junctions and the com-
bined mode depends on the phase differences between them,
which is controlled by the voltages applied to the electrode
heaters, P; and P,. The phase distribution (0 or 7) among
the middle two branches can be exchanged by the waveguide
crossing. To facilitate discussion, we denote ¢, and ¢, as the
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Fig. 3. Simulated distributions of the /, field component (at
1.55 pm) of the 1x4 subwavelength Y-junction showing the
phase distributions of (a)—(d) TE,, TE,, TE,, and TE; input modes,
respectively.
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Table 1. Mode Conversion Functions of the Thermo-
Optic Cross-Connected Symmetric Y-Junctions

Output mode

@1=0, P1=TI,

Inputmode @i=¢2=0 (@2=7 ©2=0 @i=@2=m
TE, =2 TEAEE TEEA TE:EA TEEA
TE: == TE:E= TE/[ER TE:E3 TE E=
TE, =3 TE:Ea TE/E=3 TEBEa TEE3
TE; =3 TEEE= TEE3 TEEA TEBE3A

optical phases in the corresponding branches generated by the
heaters P; and P,. Assuming only the TE; mode as the input
mode, the operation principle is as follows. With ¢; = ¢, = 0
(P, and P, off), the output mode is the same as the input
mode. When ¢ = 7z (P on) and ¢, = 0 (P, off), an input
TE, will first split into four equal parts with a phase distribu-
tion (0, 0, 0, 0), which is converted to (x, , 0, 0) before wave-
guide crossing and (7, 0, 7, 0) after crossing; thus, a TE; mode
will emerge at the output end after recombination. Similarly,
phase combination ¢; = 0 (P; off) and ¢, = 7 (P, on) will
ensure that, for the TE, input mode, the phase distribution
changes from (0, 0, 0, 0) before crossing to (7, 7, 0, 0) at output,
allowing conversion to a TE; mode. When ¢, = ¢, = 7 (P,
and P, on), for the TE, input mode, the phase distribution
changes from (7, 7,0, 0) before crossing to (0,7, ,0) at the
output, resulting in a TE, mode after recombination. It should
be noted that, the output mode may be different from the input
mode even if there are no phase differences introduced to the
branches, for instance, the TE; mode is converted to the
TE; mode and vice versa due to the intrinsic phase exchange
along the cross-connected branches. On the contrary, the output
mode will remain the same for the TE; and TE; modes when 7-
phase differences are simultaneously introduced to both
branches. The conversion functions of the device are summa-
rized in Table 1. The same device could be employed to convert
between two arbitrary compositions of the four modes by prop-
erly controlling the optical phases in the branches.

We calculate the transmission spectra of the cross-connected
converter via a commercial  software  (Lumerical
INTERCONNECT). Assuming that no voltages are applied
to the electrode heaters, the IL and XT profiles of the device
are depicted in Figs. 4(a)—4(d) for the four input modes. The
average ILs over the wavelength span from 1.5 pm to 1.6 pm
for TE,, TE,, TE,, and TE; inputs are about 0.45 dB, 0.40 dB,
0.50 dB, and 0.46 dB, respectively. Meanwhile, the average
XTs for the four modes are —28.4 dB, —29.0 dB, —-30.0 dB,
and —29.2 dB, respectively. The fabrication tolerance of the de-
vice is also characterized by simulation. The MMI widths and
the diameters of all air holes in the Y-junction uniformly have
changes of £5 nm and £10 nm. Figure 4 shows that the varia-
tion of these sizes has little effect on ILs, but increases the aver-
age XTs for TE,, TE;, TE,, and TE; inputs by 8.9 dB, 7.0 dB,
6.3 dB, and 7.2 dB when a variation of 10 nm is introduced,
respectively. However, in this case, the degraded XTs are still
better than —19 dB. The simulation results show that the cross-
connected converter has a relatively large fabrication tolerance.
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Fig. 4. Simulated spectra of the cross-connected converter with no
voltages applied to the electrode heaters for four different input modes.
The dotted lines represent the simulated results with different fabri-
cation errors.

3. DEVICE FABRICATION AND RESULTS

To experimentally evaluate the performance of the mode con-
verter, we designed and fabricated a four-mode reconfigurable
MDM system on an SOI platform. An electron-beam lithog-
raphy (Vistec EBPG 5000 Plus) is used to define the patterns,
and a single-step inductively coupled plasma dry-etching
(Plasmalab System 100) process is used to transfer the mask
to the silicon device layer. A 1.2-pm-thick SiO, layer is depos-
ited on the silicon layer by plasma-enhanced chemical
vapor deposition (PlasmaPro 800 Stratum PECVD). Then a
200-pm-long and 4-pm-wide titanium layer is coated on the
branches as micro-heaters by electron beam evaporation
(Ebeam-5008). Finally, NiAu electrodes are fabricated for ther-
mal tuning. Figure 5(b) shows the top-view microscope images
of the fabricated structure. The detailed scanning electron mi-
croscope (SEM) pictures of the fabricated subwavelength four-
and dual-mode symmetric Y-junctions and the single-mode
waveguide crossing are illustrated in Figs. 5(e)-5(g), respec-
tively. One auxiliary mode multiplexer (MUX) and one de-
multiplexer (DEMUX) are connected to the two ends of the
converter for the purpose of performance characterization.
Several structures have been utilized to realize MUX/DEMUX,
such as an MMI [27], asymmetrical directional coupler [10],
and asymmetric Y-junction [12]. The cascaded subwavelength
asymmetric Y-junctions [26] were employed to excite the
higher-order modes in our systems. An extra waveguide with
a length of AL, and an extra waveguide crossing are introduced
in the upper/lower branches to balance the initial phase differ-
ence, respectively. We also fabricated an extra reference MDM
system on the same chip, and it has the same input/output
grating couplers and MUX/DEMUX, but without the mode
converter, presented in Fig. 5(a). By subtracting the spectra
of the reference system, the normalized transmission profiles
of the converter could be obtained. The measured average
ILs of the mode MUX for TE,, TE,, TE,, and TE; are about

Fig. 5. (a) Optical microscopic image of the reference MDM sys-
tem. The optical microscopic image of the reconfigurable four-mode
MDM systems consisted of (b) cross- and (c) parallel-connected con-
verters; (d) the reference system to determine the power to produce a
m-phase change. (e)—(g) The SEM pictures of the subwavelength
four- and dual-mode symmetric Y-junctions, and the single-mode
waveguide crossing.

1.12 dB, 1.05 dB, 0.89 dB, and 1.33 dB, respectively, over a
wavelength span from 1.53 pm to 1.59 pm. And the measured
average XTs among all channels for the four modes are
-18.7 dB, -19.5 dB, -19.1 dB, and -21.2 dB, respectively.
A broadband amplified spontaneous emission light source
and an optical spectrum analyzer (Yokogawa AQ6370C) were
used to characterize the performances of the fabricated devices.
The TEy, TE,, TE,, and TE; modes are excited when the light
is launched at input ports Iy, I}, I, and I, respectively. Optical
signals from one input port can be converted to arbitrary out-
put ports by modulating the voltage applied to the NiAu elec-
trodes. We fabricated a reference system to determine the
electrical power required for Py or P, to produce a z-phase
change. As shown in Fig. 5(d), it includes two symmetric-
connected four-mode symmetric Y-junctions, which allow con-
version between TE, and TE; modes, or TE, and TE; modes.
The powers used to produce a 7-phase change for TE; and TE,
modes are found to be 37.7 mW and 34.3 mW, respectively.
Take the TE at input port I as an example. The signal is con-
verted to the TE, mode at output port O, when the power
applied to P; and P, is 37.2 mW and 36.7 mW, respectively,
with a total power consumption of 73.9 mW, as shown in
Fig. 6(a). Due to the fabrication imperfection, the initial phase
differences between the four branches are different, so the
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conversion functions.

corresponding power consumptions applied to P; and P, are
slightly different from those in Fig. 5(d). Its normalized mea-
sured IL and XT profiles are shown in Fig. 6(b). The average IL
is 1.97 dB over a wavelength span from 1.53 pm to 1.59 pm.
The sum of the transmission spectra measured from the output
ports O, Oy, and Oj, represents the XT, as the bold red line
shown in Fig. 6(b). The measured average XT is -18.0 dB.
Moreover, the signal is propagated to output port Oy without
conversion when the P; and P, heating powers are 4.71 and
3.74 mW, and the measured average IL and XT are about
1.9 dB and -17.6 dB, respectively. When the applied heating
powers to Py and P, are 36.5 and 3.4 mW, the signal is con-
verted to the TE; mode at output port O5 with average IL and
XT 0f 1.98 dB and -19.4 dB. Similarly, the signal is converted
to the TE, mode at output port O; when the P, and P, powers
are 0.4 and 36.8 mW, and the average IL and XT are about
1.98 dB and -18.1 dB, respectively. Their normalized
measured IL and XT profiles are presented in Fig. 6(c).
Optical signals from other input ports are also measured in
Figs. 6(d)-6(f). The minimum and maximum average ILs
of the device are 1.71 dB and 2.45 dB, while the minimum
and maximum average XTs are —19.4 dB and —16.6 dB, respec-
tively. The measured ILs are slightly larger than the simulated
results in Figs. 4(a)—4(d), which is possibly caused by the etch-
ing roughness of waveguides and holes. Further improvement
of the ILs could be achieved by reducing the etching roughness
via thermal oxidation or hydrofluoric acid removal.

For comparison, we also designed and fabricated a same
MDM system in which parallel-connected subwavelength sym-
metric Y-junctions are used instead. As depicted in Fig. 5(c),
four micro-heaters are directly deposited on the four branches,
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Fig. 7. Measured average ILs, average XTs, and power consump-
tions for all different conversion functions of cross- and parallel-
connected converters, respectively. The inset is the average power
consumptions of the 16 conversion functions for cross- and parallel-
connected converters.

respectively. There are 16 conversion functions for both
thermo-optic devices. Figure 7 shows the measured average
IL, average XT, and the power consumption profiles for differ-
ent conversion functions for both cross- and parallel-connected
converters, respectively. The minimum and maximum average
ILs of the cross-connected one are 1.71 dB and 2.45 dB, re-
spectively. While the minimum and maximum average XT's are
-19.4 dB and -16.6 dB, respectively. For the parallel-
connected one, its minimum and maximum average ILs are
1.56 dB and 1.91 dB, and its average XTs are -21.8 dB
and -17.2 dB, respectively. For the cross-connected structure,
the number of electrode heaters is reduced by half. By this way
the power consumption can be reduced at the expense of sac-
rificing the IL and XT performance in some cases. For
example, the average (IL, XT) of the conversion between the
TE; mode and the TE, mode for the parallel-connected one is
(1.56 dB, -19.5 dB), with a power consumption of 73.8 mW.
For the cross-connected structure, the average (IL, XT) is
(2.09 dB, -17.2 dB) while consuming only 36.4 mW power.
Furthermore, we can even obtain the conversion between the
TE; mode and the TE; mode with less than 10 mW power.
The IL of the cross-connected converter is slightly larger than
that of the parallel one, which may be due to the additional loss
introduced by the MMI and bent waveguides. We also com-
pared the average power consumptions of the 16 conversion
functions for cross- and parallel-connected converters, respec-
tively. The data presented in the inset of Fig. 7 clearly shows
that the average power consumption of the proposed cross-
connected converter is smaller than that of the parallel-
connected one.

4. CONCLUSION

In conclusion, we propose and experimentally demonstrate a
single-step-etched mode converter toward reconfigurable
mode-division multiplexing applications. The mode converter
is based on cross-connected subwavelength symmetric
Y-junctions assisted by thermo-optic phase shifters. To demon-
strate the salient features of the proposed structure, we have
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designed and fabricated a four-mode device to achieve arbitrary
conversions among the first four TE waveguide modes, with
only two heating electrodes. Our fabricated device offers the
minimum and maximum average (IL, XT) among all different
conversions at (1.71 dB, -19.4 dB) and (2.45 dB, -16.6 dB),
respectively, over a wavelength span from 1.53 pm to 1.59 pm.
By reducing the number of micro-heaters, the power consump-
tion of the reconfigurable converter is considerably reduced
while the performance of the device is maintained. To the
best of our knowledge, it is the first experimental demonstra-
tion on an SOI platform of a reconfigurable mode converter
supporting up to four modes. The structure can be scalable
for even more modes by using an N-mode (V > 4) subwave-
length symmetric Y-junction. The thermal tuning process is in-
herently limited to submillisecond response speed. It is foreseeable
that when the mode converter is integrated with plasma-
dispersion-based or 2D material-loaded phase shifters [28,29],
higher-speed operation (up to nanosecond response time) can
be achieved, which is critical for future low-power, high-speed,
mode-division multiplexing integrated optical networks.
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