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We propose a polarization-insensitive ultra-broadband mode
filter based on a 3D graphene structure buried in a few-mode
optical waveguide. Our experimental device fabricated by
burying an L-shaped graphene structure in a three-mode poly-
mer waveguide provides polarization-insensitive filtering of
the fundamental mode, while keeping the higher-order modes,
with a mode extinction ratio of ∼17 dB over the S+C+ L
band and beyond. © 2020 Optical Society of America under the

terms of theOSAOpen Access Publishing Agreement

https://doi.org/10.1364/OPTICA.396918

Monolayer graphene possesses excellent optical and thermal
properties and has found wide applications in optical waveguide
devices [1,2]. A study of the optical models of graphene shows that
a graphene film embedded in a low-index-contrast waveguide can
strongly attenuate the transverse-electric (TE) modes, while induc-
ing little losses to the transverse-magnetic (TM) modes, i.e., it can
function as a polarizer [3]. By embedding a graphene film in a few-
mode waveguide, it is possible to selectively filter out one or more
TE modes [4]. Such a mode filter is useful in applications where
mode discrimination is important, such as in mode-division-
multiplexing (MDM) communication systems. Compared with
other mode-filtering structures, such as cascaded Mach–Zehnder
interferometers [5], photonic crystals [6], and long-period gratings
[7], graphene-based mode filters offer several distinct advantages:
simple and compact structure, ultra-broadband operation, and
high filtering efficiency [4]. While graphene-based waveguide
devices are in general polarization-sensitive [1–4], here we propose
a concept to achieve polarization-insensitive function by burying
an engineered 3D graphene structure in a waveguide.

To demonstrate the concept, we develop a process of creating
an L-shape graphene structure buried in a few-mode waveguide to
achieve polarization-insensitive mode filtering. Our experimental
device fabricated with a three-mode polymer waveguide shows
highly effective polarization-insensitive rejection of only the fun-
damental mode of the waveguide over the S+C+ L band and
beyond. Our study points to a new direction of applying graphene
to the realization of advanced waveguide devices.

Figure 1(a) shows the structure of the proposed mode filter,
where a small L-shape graphene structure is buried in the middle of

the core of a few-mode waveguide. Here we consider a three-mode
waveguide that supports the E11, E21, and E12 modes. In the mid-
dle of the core, the E11 mode has a large electric field and hence
experiences strong absorption by the graphene structure. As a
graphene film attenuates only the electric-field component of the
mode along its surface [3], the horizontal and vertical segments
of the L-shaped graphene structure attenuate the TE and TM
polarizations of the mode, respectively. On the other hand, the
E21 and E12 modes have a zero electric field in the middle of the
core and, therefore, do not experience significant absorption by
the graphene structure. When the three modes are launched into
the waveguide, only the E11 mode is rejected, while the E21 and
E12 modes are allowed to pass. In our study, the refractive indices
of the core and the cladding of the waveguide are 1.563 and 1.559,
respectively. The width and the height of the core are w= 15.5
and h = 15.0 µm, respectively. The width and the height of the
L-shaped graphene structure, which can be controlled to achieve
almost equal absorption for the two polarizations, are chosen to be
wg = h g = 2.5 µm. We use the full-vector finite-element method
(COMSOL) to calculate the graphene-induced losses by modeling
monolayer graphene as a conductive boundary. The model of
graphene and the formula for the calculation of its conductivity
are available in [3]. The loss spectra calculated for an 11 mm long
graphene structure are shown in Fig. 1(b). The loss for the E11

mode is∼19 dB for both the TE and TM polarizations, while the
losses for the E21 and E12 modes are 0.9 (1.5) and 1.6 (1.0) dB for
the TE (TM) polarization over the S+C+ L band, respectively.
The mode extinction ratio against the E11 mode is∼18 dB over the
S+C+ L band and beyond.

We fabricated the mode filter on a Si substrate by a layer-by-
layer process with our in-house microfabrication facilities based on
spin-coating, photolithography, and reactive-ion etching (RIE).
The waveguide materials were UV-curable polymer materials
EpoCore and EpoClad (Micro Resist Technology GmbH) [4,7]
and the graphene film was CVD-grown monolayer graphene on
a thin copper film (∼10 mm× 20 mm) (Shenzhen Six Carbon
Technology). Figure 2 shows the main steps in the fabrication
process. The waveguide core was formed with three layers in sep-
arate steps, labeled as lower core, middle core, and upper core in
Fig. 2. The graphene film was transferred onto the waveguide with
a wet-transfer technique [3,4] and the L-shaped graphene structure
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Fig. 1. (a) Schematic diagrams showing the perspective and
cross-sectional views of the proposed mode filter. (b) Spectra of
graphene-induced losses for the E11, E21, and E12 modes.
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Fig. 2. Main steps in the fabrication of the proposed mode filter.

was produced by photolithography and RIE on the middle core.
Special precaution was taken to position the L-shaped graphene
structure in the middle of the core. The top view and the end face of
the fabricated mode filter are shown in Fig. 3(a), where the position
of the L-shape graphene structure is highlighted. To confirm the
presence of graphene, we measured the Raman spectrum of the
waveguide at the location where graphene was expected. By sub-
tracting the Raman features of the polymer material, we obtained
the spectrum shown in Fig. 3(b), where the D, 2D, and G peaks in
the spectrum signify the presence of graphene [8].

To characterize the device, we launched the E11, E21, and E12

modes individually into the device from one end with a tunable
laser set at 1550 nm and captured the output near-field patterns
from the other end. The E21 and E12 modes were generated with
a fiber mode converter that had a mode conversion ratio >20 dB
over the C band [9]. We repeated the measurements for a reference
waveguide without graphene. The results are shown in Fig. 3(c).
No matter how we adjusted the launching conditions, we could
not observe any significant E11 mode pattern at the output end
of the mode filter, while we could observe clear E21 and E12 mode
patterns. These results confirm effective stripping of the E11 mode
without losing the higher-order modes. On the other hand, we

Fig. 3. (a) Top view (upper) and end face (lower) of the fabricated
mode filter. (b) Raman spectrum of the graphene. (c) Output near-field
patterns taken at 1550 nm for the mode filter (upper) and a reference
waveguide without graphene (lower).

1480 1520 1560 1600
-30

-20

-10

0
 E

11
 (TE)

 E
11

 (TM)

T
ra

ns
m

is
si

on
 (

dB
)

Wavelength (nm)
1530 1540 1550 1560
0

5

10

15

20

  TM
 E

11

 E
21

 E
12Lo

ss
 (

dB
)

Wavelength (nm)

  TE
 E

11

 E
21

 E
12

(a) (b)

Fig. 4. (a) Graphene-induced losses measured for the E11, E21, and E12

modes in the C band with a tunable laser and (b) normalized transmission
spectra measured for the E11 mode in the S+C+ L band.

could observe all three modes at the output end of the reference
waveguide. As shown in Fig. 3(c), the mode patterns obtained
for both the TE and TM polarizations are similar. The graphene-
induced losses of the device measured for the E11, E21, and E12

modes in the C band with a tunable laser and a power meter are
shown in Fig. 4(a). The losses are insensitive to the wavelength. For
example, at 1550 nm, the losses for the E11, E21, and E12 modes
are 19.3 (18.7), 2.3 (2.1), and 2.2 (2.0) dB, respectively, for the TE
(TM) polarization. The normalized transmission spectra measured
for the TE and TM polarizations of the E11 mode in the S+C+ L
band with a supercontinuum source and an optical spectrum
analyzer are shown in Fig. 4(b), which confirms polarization-
insensitive ultra-broadband operation of the device. The mode
extinction ratio against the E11 mode for both polarizations is
∼17 dB over the S+C+ L band and beyond, which agrees well
with the simulation results shown in Fig. 1(b).

Our mode filter offers the flexibility of controlling the mode
filtering efficiency and the polarization dependence to tailor for
different applications by controlling the position and the param-
eters of the 3D graphene structure. Such a device can find many
applications in mode-discrimination systems, such as MDM
communication systems. Our process of creating a 3D graphene
structure buried in a waveguide provides a powerful technologi-
cal basis for the development of new graphene-based waveguide
devices. Our study opens up opportunities for the realization of
advanced waveguide devices with 3D graphene structures.
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