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Abstract: Mode-division multiplexing (MDM) is a promising multiplexing technique to further
improve the transmission capacity of optical communication and on-chip optical interconnection
systems. Furthermore, the multimode optical switch is of great importance in the MDM system, since
it makes the MDM system more flexible by directly switching multiple spatial signals simultaneously.
In this paper, we proposed a mode-independent optical switch based on the graphene-polymer
hybrid waveguide platform that could process the TE;q, TEj,, TEp; and TEy; modes in a few-mode
waveguide. The presented switch is independent of the four guided modes, optimizing the buried
position of graphene capacitors in the polymer waveguide to regulate the coplanar interaction
between the graphene capacitors and spatial modes. The TEq;, TE15, TE»; and TE»; modes can be
regulated simultaneously by changing the chemical potential of graphene capacitors in a straight
waveguide. Our presented switch can enable the independent management of the spatial modes to
be more flexible and efficient and has wide application in the MDM transmission systems.
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1. Introduction

Mode-division multiplexing (MDM) offers an advanced multiplexing technique to
improve the transmission capacity of optical communication and on-chip optical intercon-
nection systems by multiplexing different spatial modes within a few-mode fiber or waveg-
uide [1-3]. Furthermore, the MDM system can be combined with the wavelength-division
multiplexing technique to allow for an ultra-high data transmission rate in a single multi-
mode waveguide [3]. Several key components required for realizing the MDM system have
been developed, such as a mode (de)multiplexer [4], multimode crossing [5], multimode
3 dB splitter [6], higher-order mode filter [7], and multimode optical switch [8-10]. Among
them, the multimode optical switch plays an important role in MDM systems, as it can
switch the multiple spatial signals simultaneously and make the MDM system more flexible.
For instance, a 2 x 2 multimode optical switch based on a demultiplexing—processing—
multiplexing technique has been reported for photonic networks-on-chip, resulting in a
large footprint and complex on-chip management [9]. In recent years, research has been
conducted to overcome this limitation [10]. At present, many reported MDM devices are
mode-dependent or mode-independent for two or three spatial modes, and cannot take full
advantage of the MDM system [11-13]. For the MDM system, the transmission capacity
and efficiency will be improved by increasing the spatial modes that a single component
can transmit and switch. Therefore, it is still highly desirable to design a mode-independent
switch that supports more spatial modes to realize the mode-independent processing.

At present, optical switches have been developed based on different material platforms,
such as silicon-on-insulator, silica and a polymer platform [14-17]. Graphene combined
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with a polymer waveguide has provided a new platform for optical interconnection appli-
cations and attracted great attention in recent years [18-23]. Due to its excellent optical and
electrical properties, graphene is a potential competitive candidate for the development
of optoelectronic devices, such as optical modulators [15], optical switches [24-26], and
phase array antenna [27]. The integration of graphene with polymer waveguide simpli-
fies the fabrication processes to bury the graphene layer anywhere inside the waveguide.
Meanwhile, the spatial modes in the waveguide can strongly interact with the graphene
layers through the in-plane evanescentfield coupling. This new platform provides an
approach to developing high-switching-efficiency, high-bandwidth, low-insertion loss-
integrated switches with a small footprint that meet the requirements of complex structures
and functions. In addition, in our previous work, we studied the application of graphene—
polymer hybrid waveguides for the optical switch and modulator in optical communication
systems [24,28-30].

In this paper, we proposed a mode-independent switch based on graphene—polymer
hybrid waveguides, which can regulate the four spatial modes by sharing two graphene
capacitors in the polymer waveguide. By applying the driving voltages to the graphene
capacitors through graphene nanoribbons, the optical loss of TEq;, TE1,, TEp; and TEp,
modes can be regulated with no significant difference. We designed a graphene capacitor
and optimized the buried position to enable an almost identical switching efficiency for
four spatial modes. The buried graphene capacitors inside the polymer waveguide core
can improve the interaction between graphene and the optical field, which is helpful to
reduce the power consumed by the device. Compared with the conventional multimode
switch, our designed device can simplify the fabrication processes and regulate the guided
spatial modes using a single component, which can reduce the footprint of the switch.
Moreover, our presented device can process the guided modes directly, without using mode
converters or other components, which is expected to improve the transmission capacity
and switching efficiency of the MDM system.

2. Device Structure

A 3D schematic diagram of the proposed mode-independent switch is shown in
Figure 1a. The presented device is based on a strip graphene—polymer hybrid waveguide
on the silicon substrate. Figure 1b shows a cross-sectional view of the graphene—polymer
hybrid waveguides, which are composed of a polymer few-mode waveguide and two
graphene capacitors that share the same graphene ground electrode. In order to enable the
waveguide to support TE;q, TEjp, TE; and TE»; modes simultaneously, the width of the
strip few-mode waveguide (Wcore) was designed to be 10 um. Meanwhile, the height of
waveguide core (heore) Was designed to be 0.5 um larger than weore to avoid degenerate
modes in the few-mode waveguide. The polymer material SU-8 2005 was employed
as the waveguide core layer, which is technically convenient for burying the graphene
capacitors. Then, the EpoClad cladding was fabricated on the chip via spin-coating method
and protected the graphene nanoribbons of the connecting electrodes. For the few-mode
waveguide, although the electric field distributions of the four spatial modes are different,
they still have large overlapping regions. Therefore, each mode can be independently
regulated by optimizing the buried position of the graphene capacitors. Both graphene
capacitors have a sandwich structure, consisting of two single layers of graphene, and
sharing the same lower graphene layer. The two graphene monolayers with a thickness of
0.35 nm are insulated by a 20 nm thick Al,Os3 film. The two graphene capacitors, buried
in the same horizontal position inside the waveguide, are used to regulate the TEq;, TEj»,
TE,; and TE», modes by flexibly applying a drive voltage to Au electrodes. In this work,
the refractive indices of the silicon, SU-8 2005, EpoClad and Al,O3 were 3.450, 1.572, 1.559,
and 1.732, respectively, under a 1550 nm wavelength.
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Figure 1. [llustration of the mode-independent optical switch configuration. (a) 3D view of the device.
(b) Cross-sectional view of the waveguide. (c) The electric field distribution of TEq;, TE13, TEy; and
TE» modes in the graphene—polymer hybrid waveguides.

Firstly, we optimized and simulated the structural parameters of the device based on
the interface model of graphene with the commercial full-vector mode solver COMSOL [31].
In the simulation process, we only considered the mode power attenuation (MPA) induced
by the graphene layers, while the losses caused by the absorption of polymer material
and the coupling loss between the few-mode waveguide and fiber were not taken into
account in the evaluation of the insertion losses and extinction ratio (ER). Figure 2a,b show
the optimized results of the first designed device that buried one graphene capacitor in
the waveguide. According to the electric field distribution of each mode, the graphene
capacitor was buried in the middle of the waveguide, and then the influence of different
locations on the MPA of each mode was analyzed. Figure 2a shows the simulated MPA
of the TEq1, TE1y, TEp; and TE;; modes as a function of the buried position above the
center position of the waveguide core. Significantly, the MPA of the four optical modes has
nearly the same value above the center position of ~3 um. This is ascribed to the similar
strength in the interaction between graphene capacitor and each mode. In other words, the
overlapping area between the graphene capacitor and each mode also affects the interaction
strength. Therefore, we chose to bury the graphene capacitors 2.9 um above the center
of the waveguide core to minimize the difference in the MPA of each mode, as shown in
the inset of Figure 2a. Then, we simulated the MPA as a function of chemical potential, as
shown in Figure 2b. According to the simulation results, the MPA has a consistent trend in
different optical modes and shows no significant difference among them. The above study
shows that the regulation effect of TEjq, TE13, TEp; and TEp, modes is almost consistent
when optimizing the position of the graphene capacitor. However, the MPA of the TE;;
and TE, modes is higher than that of the TE; and TE;; modes. We next considered the
second design that uses the structure of two graphene capacitors to further reduce the
difference in MPA between different optical modes. Based on the electric field distribution
of optical modes, we designed two graphene capacitors to share the same lower graphene
electrode and increased the 1.0 pm distance between them to reduce the graphene area.
To study how the overlapping area between graphene capacitor and optical mode affects
the MPA, we simulated the MPA of different modes with graphene capacitors at different
positions, as shown in Figure 2c. It is clear that the difference in MPA between the four
modes at around 3 um is significantly smaller than that of Figure 2a. This is due to the
reduced graphene area, which did not impact the regulation effect of TEp; and TE;; modes
while reducing the interaction intensity between the graphene capacitor and TE;; or TEq
modes. In other words, the electric field intensity of the TE;; and TE», modes at the gap
between the two graphene capacitors is very weak, while the TE;; and TE;; modes were
in a zone with maximum electric field intensity. Hence, we chose to bury the graphene
capacitors 2.84 pm above the center of the waveguide core to minimize the MPA difference
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between each mode, as shown in the inset of Figure 2c. Then, we simulated the MPA as a
function of chemical potential, as shown in Figure 2d. The results in Figure 2d show an
insignificant difference between the four modes of no more than 6 dB/cm, which is almost
three times lower than that obtained in Figure 2b. The optimized device further reduces the
MPA difference between different spatial modes and realizes the independent regulation
of TEq1, TEp, TEy; and TEj; modes. In addition, the MPA of the guided modes sharply
decreases when the chemical potential is i > 0.1 eV, and then remains at a low level, which
shows that the waveguide exhibits a large absorption coefficient of optical signal when
p=0.1eV. Then, the optical signal can be transmitted through the waveguide with relatively
low loss when 1 = 0.8 eV. Hence, we chose the chemical potential 1t = 0.1 eV and 0.8 eV as
the “OFF” state and “ON” state of the device, respectively.
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Figure 2. The mode-independent optical switch based on graphene—polymer hybrid waveguides
with different designs for the graphene capacitor. First design scheme: (a) the MPA of different spatial
modes varies with the graphene capacitors at different buried positions; (b) the MPA of different
spatial modes varies with the chemical potential, and the inset shows a cross-sectional view of the
graphene capacitor. Second design scheme: (c) the MPA of different spatial modes varies with the
graphene capacitor at different buried positions; (d) the MPA of different spatial modes varies with
the chemical potential, and the inset shows a cross-sectional view of the graphene capacitors.

Next, we further analyzed the transmission properties of the device. Figure 3 shows
that the normalized transmission of the four guided modes varies with the graphene length
under the “ON” and “OFF” states. The output power for each guided mode under the
“ON” state is about 96% when the graphene length reaches 1000 um. In the “OFF” state,
the output power for each guided mode is about 3%. The results show that the device can
realize the ON-OFF control of the signal. In order to intuitively observe the transmission
conditions of each guided mode under “ON” and “OFF” working states, the simulation
was carried out in a three-dimensional (3D) environment. Figure 4 shows the 3D optical
transmission of different optical modes operating under “ON” and “OFF” states when the
graphene length is 1000 um. As shown in Figure 4a, the electric field intensity decreases
with the increase in transmission distance when the device operates under the “OFF” state.
Figure 4b shows that the electric field intensity remains stable as the transmission distance
increases when the device operates under the “ON” state. The 3D optical transmission
simulations indicate that the optical signal can be regulated by the electrical absorption
characteristics of graphene capacitors.
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Figure 3. Normalized output power varies with the graphene length in “ON” and “OFF” states for
(a) TEH, (b) TE12, (C) TE21, and (d) TE22 modes.
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Figure 4. The propagation paths of of TE{1, TEq,, TEp; and TE;; modes in the graphene—-polymer
hybrid waveguides in the (a) “OFF” state and (b) “ON” state, respectively.

We further characterized the performance of the device after optimizing the structural
parameters of the device. Figure 5a shows the relationship between the ER and graphene
capacitor length for TE;1, TEq2, TEp; and TEj; modes. The ER for the guided modes remains
consistent under the same length of graphene capacitor. When the transmission length
is greater than 1500 um, the ER of guided modes can exceed 20 dB. Then, we simulated
the varied wavelength influence on MPA for TE;;, TEj», TEp; and TEy; modes over the
C-band when p = 0.1 eV, as shown in Figure 5b. According to the simulation results, we
can see that the MPA of guided modes is ~150 dB/cm and remains at a relatively stable
level within the C-band, which shows that the presented device can operate stably in
a broad band. Finally, we studied the dynamic response of the proposed device based
on the equivalent electrical circuit model. The power consumption can be defined as
Epi; = C(AU)? /4, where the switch voltage is 1.84 V. Then, the calculated power consump-
tion for TEq;, TEqp, TEy; and TEp modes is about 38.4 pJ/bit, and the corresponding
switching times are about 115 ps for the guided modes.
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Figure 5. (a) The extinction ratios of the mode-independent switch as a function of the graphene
capacitor length for TEq;, TE1p, TE»; and TE;; modes. (b) The varied wavelength influence on MPA
of TE11, TElz, TEzl and TE22 modes.

3. Conclusions

In summary, we presented a mode-independent switch operating in the C-band to
simultaneously switch the TE;1, TEj, TEy; and TEj; modes by utilizing the coplanar
interaction between the buried graphene capacitors and spatial modes. The device was
designed based on the graphene—polymer hybrid waveguide platform, which is helpful to
bury the graphene capacitors inside the waveguide core. The two graphene capacitors share
the same lower graphene electrode, and the distance between them is 1.0 pm. By varying
the chemical potential of graphene capacitors, the TE{1, TEq3, TEy; and TE»; modes can be
simultaneously regulated without differentiation. The ERs for the guided modes are around
23 dB, with a switching voltage of 1.84 V, when the effective length of the active region
excesses 1500 pm. The power consumption of the guided modes is ~38.4 pJ/bit. Compared
with the traditional device based on an inorganic waveguide-integrated graphene [32], the
proposed device is superior in terms of the number of supported modes and the switching
voltage, which can improve the transmission capacity and switching efficiency. Meanwhile,
the system complexity and power consumption can also be reduced by decreasing the
external, individual, arranged channels. The designed device, with the function of mode-
independent regulation, can be applied in high-density integrated optoelectronic device to
improve the transmission capacity, which is extremely promising for applications in the
MDM system. Moreover, by designing different waveguide structures and combining the
advantages of the flexible polymer waveguide fabrication process, the present structure
can also be extended to other devices, such as optical attenuators, optical modulators, and
photodetectors.
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