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Abstract: We present a polymer thermo-optic mode switch based on the structure of
two vertical Mach-Zehnder interferometers (MZIs). It can achieve a rapid switch between
Eoo, Eo1, E1o and E;; with the different heaters turning on. In our simulation, we compare
two structures (the metal top electrode and the graphene electrode). The Finite element
method (FEM) is used to simulate the parameters of the graphene electrode device. The
power consumption of 1 and 3 heaters is 1.72 mW, and that of 2 and 4 heaters is 1.85 mW.
In addition, the response speeds of the 1 and 3 graphene heater mode switch calculated
are 36.9 us (rise) and 103.4 us (down), and that of 2 and 4 graphene heater mode switch
calculated are 17.3 us (rise) and 87.9 us (down). The proposed model can be used in
the field of low power consumption mode division and multiplexer of three-dimensional
integrated.

Index Terms: The mode switch, Mach-Zehnder interferometers, photobleaching.

1. Introduction

Optical communication systems are developing rapidly, so people need to transmit and handle a
lot of information. To meet these needs, it is necessary to increase the transmission capacity of
photonic integration system further. Mode-division multiplexing (MDM) is a useful technique for
improving the transmission capability of fiber-optic communication networks [1], [2]. It improves the
transmission capacity of the fiber by controlling the number of patterns transmitted by independent
signal channels, allowing different spatial modes of small mode fiber to carry different data chan-
nels. The mode switch is an essential component in an MDM system which can spatially combining
or separating different mode channels [3], [4]. In MDM optical network, as a widely studied device,
a mode switch has been deeply considered. Recent research issue is to realize multi-mode, high
precision, and fast response under the limited waveguide size [5], [6].

Since the introduction of MDM, many technical solutions can implement modes multiplexing, de-
multiplexing, and conversion. In the early days, phase plates [7], [8] and spatial light modulators [9]
were used to implement mode multiplexing and demultiplexing. However, these technical solutions
are composed of discrete optical components, which are bulky and have high transmission losses,
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and unsuitable for use in communication systems. Therefore, in order to fabricate devices that can
be used in communication systems, researchers have begun to fabricate devices with compact
structure and low transmission loss based on optical fibers or optical waveguides. There are some
articles, the technical implementation of modular multiplexing is photonic lanterns [10], asymmetric
Y branches [11], [12], long-period grating [13], [14], and directional couplers [15], [16], etc. On the
other hand, waveguide multiplexers can be fabricated by using microfabrication technology based
on lithography, which is more feasible, controllable, and easy integration. However, it is difficult for
ordinary planar waveguide platforms to multiplex high-order fiber modes whose fields oscillate in
the vertical direction. Therefore, there is an urgent need to research high-efficiency mode switches
to transform a mass of spatial modes and achieve faster switching speed.

Recent studies have shown that three-dimensional (3D) structures can be particularly effective in
controlling the spatial modes of an optical waveguide, such as structurally combined horizontal and
vertical directional couplers [17], [18]. Such a three-dimensional waveguide multiplexer can be fab-
ricated using polymers, and the preparation processes (such as spin coating and photolithography)
are relatively easy to control. However, due to the absorption of the metal electrodes, cladding must
exist between the electrode and waveguide core layer, which leads to the reported researches have
low heating efficiency, large power consumption, and long response time. Graphene electrode was
introduced to solve this problem, thermo-optic switch based on graphene electrode was proposed
[19]. However, because of the existence of the upper cladding on the graphene layer, the switching
time will be restricted. The reported structure needs the cladding to smooth the graphene and
protect the graphene layer. In this letter, we designed a low power consumption and fast respond
mode switch to implement a reconfigurable mode multiplexer. Embedded graphene electrode was
introduced to eliminate the upper cladding, which ensured a fast switching speed and high heating
efficiency. In addition, the electrode arrays can be fabricated in one step between two core layers
with low light absorption, and the two waveguide core layers can protect the graphene. Third, the
photobleaching technique will ensure a smooth layer surface and fast fabrication speed at low cost.

2. Design and Simulation

Our proposed mode switch consists of two vertically distributed Mach-Zehnder interferometers
(MZls). Each arm has an electrode corresponding to it, which is used to change the phase of the
waveguide. A smooth surface can be obtained by the photobleaching process, which is convenient
for electrode transfer and fabrication. We compared the two structures (the metal top electrode
and the graphene electrode) and found that the graphene structure had better performance. Since
graphene as an electrode can effectively reduce the absorption of light, we removed the upper
cladding, which improves the heating efficiency of the electrode and reduces response time.
Compared with the previously reported mode switch, our devices have lower power consumption
and faster response times, which is of great significance for the implementation of MDM with rapid
response.

Figure 1(a) shows a schematic diagram of the proposed 3D mode switch. The device consists
of two vertically distributed symmetrical MZIs, each arm has an electrode for changing the phase
of the waveguide. We have developed a photo-bleaching technology to fabricate 2D integrated
mode switches, which can obtain smooth surfaces and adjustable refractive indices. According to
different drying temperature, the refractive index of a photopolymer (SU-8) can be adjusted from
1.561 to 1.582 while the drying temperature vary from 150 °C to 190 °C [20]. The refractive index
of UV-exposed SU-8 is 1.562, and the refractive index of the substrate is 1.45 [21]. The waveguide
core layer is unexposed SU-8 with a refractive index of 1.582. Since the left and right arms of the
upper and lower waveguides are symmetric, only one side of the waveguide is analyzed in this
paper. Beam Propagation method (BPM) was used to scan the device parameters; the relationship
between D and h was calculated, as shown in Fig. 2(a). In order to ensure that there is no phase
difference caused by optical path difference between the upper and lower waveguides, and the
power can be evenly distributed, D is set as 34.5 um, H is set as 3 um, d is set as 10 um, and
h is set as 2.04 um. The size of the lower waveguide core is 3 um x 3 um, and the size of the

Vol. 12, No. 3, June 2020 7800810



Wih

{H

I Unexposed SU-8
Exposed SU-8
. sio,

Fig. 1. Schematic diagram of the mode switch.
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TABLE 1
The Output of the Mode Switch in Different Cases

Input Output

Si,S2Ss, §;Son”  SiS:;on”  S1.Ss“on”

Sioff” S S¢0ff  $S¢0ff  SSioff”

E“EE%':EE
30 0P do| b o
ik d=lobo

upper waveguide core is 3 um x 2.04 um. The electrode length is 1 cm, and the total length of the
device is 2 cm. Under this condition, MATLAB was used to calculate the relationship between size
and mode, as were shown in Fig. 2(b) and 2(c), all the four branch arms are fundamental mode
waveguide.

When the signal light with a wavelength of 1550 nm is launched from one side of the device, its
light field is spatially divided into four equal parts. Since the branch arms of the MZI only support
fundamental mode, it will be coupled to the Eog modes after passing through the Y-junctions. Then
these fundamental modes propagate in the respective arms of the MZI and combine together. The
output field pattern depends on the heating of the upper electrode heaters of the four branch arms.
When all the four electrodes are not heated, there is no phase difference between the branch
arms, and the output mode is the same as the input mode. When one of the electrodes is heated,
there is a phase difference due to the thermo-optical effect. When the phase conversion of =
is realized, it produces an extinction function and outputs a different field pattern. For example,
when S; and S, are “on”, S and S, are “off”, it makes the left and right half of the light field
produce a phase difference of = at the output end. The Eyy mode will be converted into Eqq. With
this same combination of electrode heating, changing the input light mode, it can also allow the
conversion between the Ey; mode and E;; mode. Changing the combination of electrode heating,
this structure can realize the conversion between other modes. The specific electrode operation
and output results are shown in Table 1.

The optical field distributions of two waveguides were calculated by the finite element method
(FEM), respectively. The input optical signal is redistributed into four new fundamental modes when
passing through the Y-junctions. Fig. 3(a) and (b) show the simulated light field diagrams of the two
arms of the upper and lower layers of the mode switch. The light field is concentrated in the center
of the waveguide and the scattering and absorption loss in the optical switch are low. The total loss
of the switch is —0.46 dB, which is caused by Y-junctions and the S-bends.

Thermal conductivity of the mode switches can be evaluated according to the thermal field distri-
bution of the waveguide. The heating efficiency of the electrode can reflect the power consumption
of the device. In order to calculate the heating efficiency of the proposed switch, we simulated the
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Fig. 4. FEM thermal simulation diagram of (a) the upper waveguide and (b) the lower waveguide of the
top electrode structure.

thermal field of the upper and lower layers at the = phase shift by FEM, the results are shown
in Fig. 4. For the upper waveguide, the thermal field distribution is shown in Fig. 4(a), when the
electrode temperature is 298.145 K, the temperature of the waveguide core layer is 295.116 K.
For the lower waveguide, as is shown in Figure 4(b), when the electrode temperature is 294.965
K, the temperature of the waveguide core layer is 293.598 K. We defined the heating efficiency
of the electrode as «, according to Eqg. 1 [22], we can calculate the heating efficiency of the two
layers, respectively. When the initial temperature (Tp) is 293.15 K, the heating efficiency of the upper
waveguide is calculated to be 39.36%, and the lower waveguide is 24.68%.
7;:ore - 76
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Polymer materials have a higher thermo-optical coefficient than inorganic materials, which
enables the mode switch to have a large effective refractive index change even the temperature
change is small, thus reducing the power consumption. By changing the heating temperature of
the electrode, the effective refractive index of the waveguide can be changed. When the phase
changes 7, the switching function can be realized, and the power consumption of the mode switch
can be calculated. The heating power consumption of the mode switch can be calculated by Eq.
2 [23]. The power consumption of the upper waveguide and lower waveguide is 14.74 mW and
5.36 mW, respectively.

~o

AT = ¥ (&3 089) @)

Vol. 12, No. 3, June 2020 7800810



IEEE Photonics Journal Low Power Consumption Mode Switch Based

294.0 (a) 293.6- (b)
A~ 293.8- A~ 29354
< =~
o/
@ 29364 @ 29344
= =
= =
= 293.4- = 20334
2 2 H
£ = i
© 2932 aE, 29324 ¢
= - i
293.0 T T T T T T 293.1 T T T v T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Time(us) Time(ps)

Fig. 5. The switching time of (a) the upper waveguide and (b) the lower waveguide of the top electrode
structure.

FEM was used to calculate the time-domain response of the mode switch. By adding rectangular
waves to the heaters, the switch can be turn on and off, then we can simulate two transient thermal
simulations. The simulation results, as are shown in Fig. 5, are the switching times of the upper
waveguide and lower waveguides, respectively. The temporary switching characteristic of the upper
waveguide is shown in Fig. 5(a), from which the responce time of the mode switch is 192.3 us (rise)
and 238.4 us (fall), respectively. Similarly, the temporary switching characteristics of the lower
waveguide is shown in Fig. 5(b), from which the responce time of the switch is 90.4 us (rise) and
156.8 us (fall), respectively.

The structure of the top electrode has an upper cladding layer between core of the waveguide
and Al electrode, which can reduce the absorption of the signal light by the electrode. However,
a quantity of heat dissipates into the upper cladding layer, which entails lower heating efficiency.
Previous studies have confirmed the possibility of graphene as an electrode, and graphene has low
light absorption for TM mode. Therefore we propose a structure using graphene as an electrode.
The structure removes the upper cladding layer and places the graphene electrode directly above
the core layer of waveguide, which not only improves the heating efficiency of the electrode, but also
reduces the switching time. The fabrication method of photobleaching can make the waveguide
surface smooth, which is conducive to the transfer and fabrication of graphene. This method
dramatically improves the possibility of the device in actual production.

Due to the removal of the upper cladding, the effective refractive index of the upper waveguide is
changed. In order to ensure the equal power of the upper and lower waveguides, we only optimized
the size of the upper and lower waveguides on the premise that the total size remains unchanged.
We used BPM to rescan the dimensions of the device, and the output results are shown in Fig. 6(a).
When h equals to 2.66 um and D equals to 26.5 um, the power of the four branch arms could be
evenly distributed, and there is no phase difference between the upper and lower waveguides.
At the same time, we used MATLAB to confirm a fundamental mode waveguide by calculating
the relationship between size and waveguide mode, as is shown in Fig. 6(b) and (c). Under the
above conditions, we used FEM to simulate the light field of the structure. We added a monolayer
graphene above the waveguide core layer, with a width of 3 um, a thickness of 0.34 nm. The
refractive index of graphene is 2.52 + 2.24i at the wavelength 1550 nm [24], [25]. The simulation
results are shown in Fig. 7(a) and (b), the light field is concentrated in the center of the waveguide.
The total loss of the switch is —0.43 dB, which is caused by Y-junctions and the S-bends.

The thermal field distribution of the waveguides were simulated by FEM, and the results are
shown in Figure 8. For the upper waveguide, when the electrode temperature is 293.579 K, The
temperature of the core layer is 293.424 K, and the heating efficiency is calculated using Eq.
1, which are 63.87%. For the lower waveguide, when the electrode temperature is 293.582 K,
The temperature of the core layer is 293.377 K, and the heating efficiency is calculated using
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Fig. 9. The switching time of (a) the upper waveguide and (b) the lower waveguide of the graphene
electrode structure.

Eqg. 1, which are 52.55%. Compared with the top electrode structure, the heating efficiency is
improved by 24.51% and 27.87%, respectively. Using Eq. 2, the power consumption of the upper
and lower layers of the waveguide is calculated to be 1.72 mW and 1.85 mW, respectively. The
power consumption of the device is significantly reduced.

We used FEM to calculate the time domain response of the graphene electrode structure by
adding a rectangular square wave. Two transient thermal simulations, as shown in Fig. 9, are
the switching times of the upper waveguide and lower waveguide, respectively. The temporary
switching characteristic of the upper waveguide is shown in Fig. 9(a), from which the responce time
of the switch is 36.9 us (rise) and 103.4 us (fall), respectively. Similarly, the temporary switching
characteristic of the lower waveguide is shown in Fig. 9(b), from which the responce time of the
device is 17.3 us (rise), and the fall time is 87.9 us (fall), respectively.

The more complex the structure is, the more difficult it is actually to fabricate the device. In
order to simplify the fabrication process, we only changed the position of the graphene electrode
of the upper waveguide, and placed it under the waveguide core layer (in the same plane as the
lower graphene electrode), so that the electrodes can be fabricated in one time. FEM is used to
simulate the performance of the upper waveguide, and the result is shown in Fig. 10. The heating
efficiency is 52.45% and the power consumption is 3.28 mW. The temporal switching characteristic
is shown in Fig. 10(c), from which the responce time of the switch is 52.0 us (rise) and 130.8 us
(down), respectively. The performance of the structure is worse than that before the change, and
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Fig. 10. Simulation results of (a) optical field, (b) thermal field, and (c) respond time of the switch.

the electrode of the structure absorbs more light due to the asymmetry of light field distribution. In
the actual fabrication process, it can be selected according to the actual situation.

3. Conclusions

In conclusion, we have presented a 3D thermo-optic mode switch based on the structure of two
vertical MZIs where four electrode heaters are fabricated on the four waveguides, respectively. By
turning on the different heaters, it can achieve different outputs such as Eqg, Eo1, E1o, and Ej.
FEM was used to calculate that the power consumption is 1.72 mW for the upper waveguide. The
responce time of the presented switch is 36.9 us (rise) and 103.4 us (down), respectively. For the
lower waveguide, the power consumption of the mode switch is 1.85 mW. The responce time of the
switch is 17.3 us (rise) and 87.9 us (down), respectively. The proposed model may be a significant
part for MDM applications to develope more effictive mode-controlling devices.
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