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Abstract In this paper, we propose graphene-based plasmonic multimode interference power splitters with
ultra-compact size working in mid infrared range. Further, the arbitrary-ratio 1×2 power splitter with a size
of 140 nm×232 nm, where the splitting ratio can be tuned continuously from 1:1 to 100:0, is numerically
demonstrated. Meanwhile, the graphene-based arbitrary-ratio 1×2 power splitters with different frequencies
and chemical potentials are also investigated. The proposed multimode interference structure with a deep
nanoscale footprint might be a fundamental component of the future high density integrated plasmonic circuit
or on-chip plasmonic interconnect techniques.
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1

Introduction

In the past decades, multimode interference (MMI) couplers have been widely applied to integrated
photonics systems due to the compact footprint [1], wide optical bandwidth, insensitivity to the input
polarization [2] and low excess loss [3]. The MMI coupler offers broad fields applications, such as polarization splitters/combiners [4], (de)multiplexer [5–7], all-optical switch [8], optical power splitters/combiners
[9], and so on [10–13]. Unlike the conventional MMI power splitter which can only obtain a few discrete
splitting ratios [14, 15], an arbitrary-ratio 1×2 power splitter can be realized by breaking the symmetry
of interference [12], which leads to a great number of applications in optoelectronic integrated circuits,
including on-chip power monitoring [16], an asymmetric Mach-Zehnder interferometer (MZI) modulator
[17], and optical filters [18].
Recently, graphene, a monolayer of carbon atoms which are densely packed in a two-dimensional (2D)
honeycomb lattice [19, 20], has been shown to possess unique electronic and optical properties which can
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Figure 1 (Color online) (a) The schematic of 1×2 power splitter; (b) the magnetic field (Hz ) distribution of 1×2 power
splitter; (c) the normalized optical energy flux density distribution of 1×2 power splitter, with an operation mid infrared
frequency of 6e13 Hz (5 µm) and a chemical potential of 0.6 eV respectively. The width and length of WGin are 15 nm and
100 nm respectively, width and length of output waveguides of 1×2 power splitter are 20 nm and 100 nm respectively. The
perfect matched layers (PML) prevent the plasmonic field reflected back from the right end of the MMI waveguides.

be modified by changing chemical potential of graphene [21, 22], via chemical doping or electrical gating
[23]. Graphene plasmonic waveguides based MMI splitters [24] have been studied which show a broadband
tenability. Besides, the strong confinement ability of graphene can constrain the electromagnetic field in
nanoscale, which leads to an ultra-compact size of the device and high integrated density.
The operation principle of MMI couplers is based on the so-called self-imaging effect [25]. An input
field profile is reproduced in single or multiple images at periodic intervals in a multimode waveguides
along the field propagation direction of the waveguide. By using self-imaging effect, one incident light
can be coupled into multiple output waveguides, resulting in an optical power splitter or combiner.
In this paper, we present the design and numerical analysis of graphene-based 1×2 plasmonic MMI
power splitter. Simulation results, obtained by COMSOL Multiphysics RF Module, version 4.3b, commercial software, reveal that stable two-fold images can be obtained clearly with ultra-compact size and
wide operation bandwidth. Furthermore, we studied a graphene-based arbitrary-ratio 1×2 power splitter
which is realized by breaking the symmetry of interference, i.e., cutting one of the left corners in the multimode region. Meanwhile, graphene-based arbitrary-ratio 1×2 power splitters with various frequencies
and chemical potentials are also numerically studied.

2

Simulation methods and models

Figure 1(a) shows the schematic of 1×2 power splitter formed by a single-layer graphene. Transverse
magnetic (TM) mode is, through input waveguide (WGin , located at the center of the left edge of
multimode region), transmitted into multimode region where the constructive interference of multiple
modes is excited. Then, the TM mode is coupled into output waveguides (WG1 and WG2 , located at the
upper and underside of right edge of multimode region where the first two-fold images formed.), resulting
in a power splitter. Furthermore, the constructive interference excited in multimode region including
general interference and restricted interference, can be specifically classified as restricted interference,
where certain modes are excited alone in our case [25]. This realized a reduced length periodicity of mode
phase factor, which leads to a compact size of the device. The width and length of WGin are 15 nm and
100 nm respectively, width and length of output waveguides of 1×2 power splitter are 20 nm and 100 nm
respectively.
As for MMI device, the wider the width of multimode region becomes, the more modes can be excited in
the multimode region, which means a better self-imaging quality is expectable. Meanwhile, the footprint
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of device becomes larger. Consequently, to obtain a trade-off between the self-imaging quality and the
size of device, we choose WMMI =140 nm for 1×2 power splitter, the corresponding LMMI = 232 nm.
Figure 1(b) shows the resulting magnetic field (Hz ) distribution of 1×2 power splitter at µc = 0.6 eV
with an operation mid infrared frequency of 6 × 1013 Hz, Figure 1(c) is the corresponding normalized
optical energy flux density distribution, which reveals that stable two-fold images can be clearly obtained
by our proposed models. In order to obtain a more accurate field distribution, the perfectly matched
layer (PML) which acts as a non-reflecting boundary condition, is set here. According to Soldano et al.
[25], the N-fold image distance LMMI is expressed as
3M Lπ
,
(1)
4N
where M and N are any positive integers with no common divisor. Lπ is the beat length between the
two lowest-order modes, which can be written as
LMMI =

Lπ ≈

2
4neff WMMI
,
3λ

(2)

where WMMI is the width of the multimode region, λ (= c/f ) is the working wavelength, and neff is the
effective index of the multimode region, i.e., the effective index of graphene which is given by
neff =

β
,
k0

(3)

where k0 is the wave number in free space. As for TM mode, the propagation constants of surface plasmon
polaritons, supported by a single-layer graphene, can be expressed as [26, 27]
s

2
2
β = k0 1 −
,
(4)
η0 σg
where η0 (377 Ω) is impedance of air, which can be expressed as (µ0 /ε0 )1/2 where µ0 and ε0 are permeability and permittivity of vacuum respectively. The surface conductivity of graphene σg which consists
of the interband electron transitions σinter and the intraband electron-photon scattering σintra , can be
obtained from the Kubo formula [27–29],
σg = σintra + σinter ,
with

(5)





−ie2 kB T
µc
µc
+
2
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1
+
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−
,
(6)
π~2 (ω − i/τ ) kB T
kB T


−ie2
2 |µc | − ~(ω − i/τ )
σinter =
ln
,
(7)
2h
2 |µc | + ~(ω − i/τ )
where µc is the chemical potential, ω is the angular frequency of the plasmon, e is the electron charge,
kB is the Boltzmann constant, T = 300 K is the temperature, ~ = h/2π is the reduced Planck’s constant,
and τ is the electron momentum relaxation time. Specifically, the chemical potential of graphene can be
tuned via chemical doping or electrical gating [23]. Efetov et al. [30] experimentally demonstrated that a
chemical potential as high as 2 eV can be achieved. Also, it has been shown that high-quality suspended
graphene with direct current mobility as high as 105 cm2 V−1 s−1 can be obtained, which leads to τ >
1.5 ps [31]. In this paper, we set µc = 0.6 eV, 0.7 eV, and τ = 0.5 ps, which is conservative enough to
ensure the reliability of our numerical study.
In order to realize the tunability of the power splitting ratio, as can be seen from Figure 2(a), we remove
a rectangle with width of Wr and length of Lr from the left bottom of the multimode region on the basis of
the structure shown in Figure 1(a). Varied power splitting ratios can be obtained by modifying the area
of the removed rectangle. As shown in Figure 2(b) and (c), one can see that the intensity of the magnetic
field and the normalized optical energy flux density from two output waveguides are not equal any more
when a rectangle removed, which implies an achievement of the effective tunability of the splitting ratio
in our proposed structure.
σintra =
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Figure 2 (Color online) (a) Schematic of 1×2 power splitter with a rectangle removed; (b) and (c) are the corresponding
Hz distribution and the normalized optical energy flux density distribution with an operation mid infrared frequency of
6e13 Hz (5 µm) and a chemical potential of 0.6 eV, Lr = 10 nm, Wr = 20 nm. The other geometrical parameters are the
same as structure shown in Figure 1(a).

PSR

Wr = 25 nm
Wr = 20 nm
Wr = 22 nm

Lr (nm)
Figure 3 (Color online) The PSRs of 1×2 power splitter at 6e13 Hz, µc = 0.6 eV with the Wr being 20, 22 and 25 nm
respectively.

3

Discussion and analysis

An arbitrary-ratio 1×2 power splitter can be accomplished through breaking the symmetry of the multimode region [12]. The splitting ratio of the power splitter (PSR, defined as the power of the WG1
divides the power of WG2 ) is tuned by cutting varying area in the left bottom of the multimode region.
In a certain range, the larger area we removed, the bigger splitting ratio we can obtain. To obtain an
arbitrary-ratio power splitter, the Wr should be chosen properly. As shown in Figure 3, a 99.7:1 PSR can
be obtained at 6 × 1013 Hz, µc = 0.6 eV via changing the Lr with the Wr being 22 nm. At Lr = 34 nm
and Wr = 22 nm, a 90:10 PSR can be obtained. It is obviously that a 50:50 PSR can be obtained when
there is no rectangle removed. As for the other two curves with the Wr of 20 nm and 25 nm, only 99.5:1
and 77.5:1 PSRs can be achieved via tuning the Lr respectively. We also can see the Hz distribution and
the normalized optical energy flux density distribution of 1×2 power splitters with a 20 nm×10 nm area
removed from multimode region shown in Figure 2, which demonstrate that a quite well splitting ability
can be realized for the power splitters we proposed, especially for those circumstances that continuous
arbitrary splitting ratios are required.
On the other hand, arbitrary-ratio power splitters can be realized with different operation frequencies in
the same way. 5.6×1013 , 5.8×1013 and 6.0×1013 Hz (5.36, 5.17 and 5.00 µm) are chosen as the operation
frequencies with the Wr of 30, 18 and 22 nm respectively, the simulation results reveal that the PSRs can
be successfully tuned from 1:1 to 109.1:1, 1:1 to 109.4:1 and 1:1 to 99.7:1 respectively via modifying Lr ,
which agree quite well with the results we obtained above. Figure 4(a) shows the resulting simulations
of the arbitrary-ratio 1×2 power splitter at different frequencies with chemical potential of 0.6 eV.
Further, the chemical potential, as one of the key parameters of graphene, is considered. Figure 4(b)
plots the PSRs of 1×2 power splitters at 6 × 1013 Hz with chemical potencials being 0.6 and 0.7 eV, the
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Figure 4 (Color online) (a) The PSRs of 1×2 power splitter at µc = 0.6 eV with operation frequencies of 5.6e13, 5.8e13
and 6e13 Hz (5.36, 5.17 and 5.00 µm) respectively; (b) the PSRs of 1×2 power splitter at 6e13 Hz with chemical potentials
of 0.6 and 0.7 eV respectively.

corresponding PSRs can be tuned form 1:1 to 99.7:1 and 1:1 to 106.8:1 respectively, which demonstrates
that continuous PSRs from 1:1 to 100:0 can be realized, which offers another design parameter for our
proposed arbitrary-ratio power splitter.
According to self-imaging effect [25], such asymmetric MMI, excited by asymmetric perturbation in
the multimode region, has a significantly different and asymmetric optical phase and field distribution,
which is rooted from the partial coherence of asymmetric coherence between the fundamental mode
and the higher order eigen modes of the multimode waveguide region. And this finally leads to an
arbitrary splitting ratio via tuning the area of the removed rectangle. The effect of the removed part of
multimode waveguide region is always relied on its area and refractive index. Graphene’s refractive index
is determined by the frequency and chemical potential. So changing in the area, working frequency and
chemical potential of graphene leads to the changing of beating length, then changes the beating length
related mode phase factor, eventually affected the constructive interference excited in multimode region,
resulting in different splitting ratios. Practically, the fabrication way of the proposed structure can follow
the method proposed in [32], where the graphene monolayer seats on a SiO2 on Si substrate. Expected
chemical potential can be obtained by applying external electric field. So the proposed MMI structure is
achieved.

4

Conclusion

In conclusion, graphene-based 1×2 MMI power splitter with ultra-compact size of 140 nm×232 nm, was
studied in this paper. Stable two-fold images can be clearly obtained at 6e13 Hz with a chemical potential of 0.6 eV by our proposed models. Further, we emphatically discussed about the graphene-based
arbitrary-ratio 1×2 MMI power splitter, whose splitting ratio can be tuned from 1:1 to 100:0 continuously. Moreover, the 1×2 power splitters are numerically simulated and analyzed at different operation
frequencies and chemical potentials. The resulting simulations demonstrate that an arbitrary PSR can
be obtained by our proposed MMI power splitter. The proposed structure might be a fundamental
component in the future high density plasmonic integrated circuit or on-chip plasmonic interconnect
techniques.
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