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Phase-Difference-Dependent Surface Plasmon
Polariton Waveguide Coupling in a Symmetrical
Dual-Channel Metal-Insulator-Metal Structure

Qilin Ma , Haoming Bao, Gang Zhang, Jiaosheng Li , Maosheng Yang, and Min Kong

Abstract—This work reports a phase difference modulated cou-
pling of two surface plasmon polariton (SPP) sources in a symmet-
rical two-channel metal-insulator-metal (MIM) waveguide device.
In the device, two sources with different initial phases interact
indirectly through the function of a rectangular cavity. With the
phase difference varying, we have achieved tunable SPP coupling
followed by continuously adjustable filtering property and Fano
resonance. Further results show that the tunable SPP coupling in
the resonance cavity can be well described by the electromagnetic
wave interference theory. Moreover, we have also demonstrated
the excellent performance of this phase-difference-dependent MIM
waveguide in refractive-index sensing and have achieved consider-
able sensitivity as high as 818.8 nm/RIU. This research has great
significance for tunable filtering and signal compensation in MIM
waveguide-based photonic chips and also provides a device with
high potential in refractive-index sensing.

Index Terms—Surface plasmon polaritons, MIM waveguide,
fano resonance, phase difference.

I. INTRODUCTION

A S TRADITIONAL chips reach their computing bottle-
neck, alternative new photonic chips have received much

attention due to their high computing efficiency [1], [2], [3],
[4], [5], [6], [7]. Photonic chips have a theoretical operating
speed of a million times that of current electronic chips. Main-
stream research on all-optical integrated chips mainly focuses on
photonic crystals and metal-insulator-metal (MIM) plasmonic
waveguides [8], [9], [10], [11], [12], [13]. Among them, the MIM
plasmonic waveguide overcomes the optical diffraction limit,
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does not require a complex periodic structure, and is integrated
easily into small devices [14], [15], [16], [17], [18]. Therefore,
it has become one of the most important representatives of the
current all-optical integrated chips and attracted much attention
[14], [15], [18], [19], [20].

For MIM waveguides, surface plasmon polaritons (SPPs) are
usually applied as the source. They are evanescent waves that
can manipulate light at a sub-wavelength scale. With the devel-
opment of micro/nano fabrication technologies, SPP properties
in MIM waveguide devices with various micro/nano structures
have been widely studied [16], [21], [22], [23], [24], [25], [26],
[27], [11], including the filtering effect [16], plasmon-induced
transparency (PIT) effects [26], [27], Fano resonance effects
[11], etc. These phenomena open up the applications of the
MIM waveguide, such as slow light devices, refractive index
sensors, photonic chips, and so on. For the all-optical integrated
chip, MIM waveguide devices based on these phenomena can
also realize logic gate functions [28], [29], [30]. However,
the previous results show that these devices usually have low
efficiencies due to the short propagation distance caused by the
high energy consumption [28], [29], and this greatly limits the
actual application of them. An energy compensation strategy
by adding a secondary source could overcome this problem. It
highly requires a good understanding of SPP interactions in the
MIM waveguide. However, as far as we know, the studied SPP
interactions usually apply identical SPP sources with the same
phase. Interactions between SPP sources with different phases
could bring new phenomena and provide new opportunities for
applications. Unfortunately, such phase-difference-dependent
SPP interaction in the MIM waveguide has not been reported
yet.

In this paper, we report the interaction (or coupling) between
two phase-different SPP sources in a MIM waveguide with two
bus slots and a rectangular cavity. Thereinto, the bus slots are
used for SPP channels, and the cavity is used as the medium for
the interaction of the sources. With adjusting the phase differ-
ence of the sources, tunable SPP coupling has been achieved,
thereby enabling the continuously modulated filtering charac-
teristics and Fano resonance. This phase-different-dependent
SPP coupling can be well described by the electromagnetic
wave interference theory. Last but not the least, we have also
demonstrated the good refractive-index sensing performance of
this MIM waveguide with high sensitivity of 818.8 nm/RIU.
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Fig. 1. Structure diagram of the MIM waveguide with dual-channels.

II. STRUCTURE AND THEORETICAL MODEL

Fig. 1 shows the up-down symmetrical structure of the de-
signed MIM waveguide with two bus slots and a rectangular
cavity. The waveguide coupling mode theory is usually utilized
for analyzing the coupling of the resonant cavity and the wave-
guide slots in the MIM waveguide [14], [16], [31]. Air is chosen
as the insulator with a dielectric constant εd = 1, in the further
simulation. The dielectric function of the metal Ag is described
by the Drude model:

εm (ω) = ε∞ − ω2
p

ω (ω + iγ)
(1)

where ω is angular frequency of the incident light, ε� is the
dielectric constant of Ag at the infinite angular frequency, ωp

is bulk plasma frequency, γ is the damping frequency of the
oscillations, and i is the unit imaginary, respectively. Corre-
sponding values of these parameters for the further simulation
are as following: ε∞ = 3.7, ωp = 1.38× 1016 Hz, and γ =
2.73× 1013 Hz [31], [32]. Since the width of waveguide slot
is far less than the incident light wavelength, only fundamental
TM mode can be excited [33]. The dispersion relation of the
fundamental TM mode in a MIM waveguide is given by [33],
[34]:

εdkm + εmkd tanh

(
kd
2
w

)
= 0 (2)

with the wavenumbers of the dielectric (km) and the metal (kd)
defined as:

kd =
√

β2 − εdk20

km =
√

β2 − εmk20 (3)

where k0 = λ0/2π is the free space wave vector, neff = β/k0
is the effective dielectric constant, and β is the propagation
constant of SPPs in the MIM structure.

III. SIMULATION RESULTS AND DISCUSSIONS

Finite-difference time-domain (FDTD) method was applied
for the simulation with steps kept at Δx = Δy = 5 nm [35].
Because SPP waveguides can break through the diffraction

Fig. 2. (a) Transmission spectra achieved at P2 with only one source in slot
1. (b-c) |Hz| field distribution excited at (b) 578 nm and (c) 815 nm.

limit and have a long propagation distance in the visible to
near-infrared band, they have been studied for signal regulation
in the visible to near-infrared band. To facilitate the analysis
of different modes, it should be ensured that a is not equal to
b the main parameter is set as follows: the cavity size is a ×
b = 300 nm × 200 nm, the widths of the two bus waveguide
slots are both w = 50 nm, and the distances between the two
waveguide slots and the resonant cavity are both t = 20 nm
[16]. Such a slots-cavity distance can ensure a strong coupling
between the bus waveguide and the cavity [31]. The two SPP
sources have the same distance from them to the cavity (see the
dotted line in Fig. 1). Two power monitors are set at P1 and
P2 to detect the power of incident and the transmission wave,
respectively. In the simulation, the amplitudes of the two sources
are normalized, namely the amplitude of the two beams are the
same. The transmission (T) is defined to be the ratio of powers
at P1 and P2 [36].

To investigate the resonance modes of the waveguide cavity,
only one SPPs source was excited at first. According to the
structural symmetry, the slot 1 was considered. The results
show that there are two resonance modes located at 578 nm
and 815 nm, respectively, as shown in Fig. 2(a). The |Hz| field
distributions excited at 578 nm and 815 nm are shown in Fig. 2(b)
and (c), respectively. It can be seen that the two resonance modes
occur along with the sides of a and b, respectively. It should be
noted that the filtering efficiency is not as good as the reported
one with one bus slot [31], and this should be attributed to the
enhanced transmission by bus slot 2 in this case.

According to the standing wave theory, when the wavelength
of SPPs waveguide is equal to the resonant wavelength of the
cavity, the resonance conditions of the cavity can be given by:

4πRe (neff )Leff

λ
+ ϕ = 2Nπ, (N = 1, 2, 3 . . .) (4)

whereLeff is the effective cavity length, andϕ is the phase shift
caused by the reflection of the cavity wall during a round trip,
and Re (neff ) is the real part of the effective dielectric constant
neff which can be obtained by the (1)–(3) and neff = β/k0.
Admittedly, there exist higher order resonant modes (that means
N > 1) in the certain cavity, but only the first order mode can
be observed in our studied wavelength region (500–1400 nm).
Therefore, when the Leff equal to a and b, two intrinsic modes
at 815 nm and 578 nm are investigated, respectively, as shown
in Fig. 2(a).
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Fig. 3. Transmission spectra achieved at P2 with phase difference from (a) 0 to 90°, (b) 90° to 180°. (c) 0 to −90°, (d) −90 to −180°. (e) |Hz| field distributions
excited at 815 nm (upper panel), 578 nm (middle panel) and 548 nm (lower panel). The upper panel was achieved with a phase difference of 0, and the middle
panel as well as the lower panel were achieved with phase difference of 180°.

To investigate the interaction properties between two SPP
sources through the cavity, the two sources were excited at the
same time with a given phase difference of Δα = α2–α1 (α1

and α2 are the initial phases of source 1 and 2, respectively).
Here we assume that the two waveguide sources are coherent,
that is, Δα is constant. The data show that the transmission
spectra pattern evolves with the variation of the phase differences
[see Fig. 3(a)–(d)], indicating the phase-difference-dependent
SPP coupling. From which it can be seen that there is only one
transmission dip at Δα = 0, but two dips at Δα = 180°. More
importantly, three transmission dips at 548, 578 and 815 nm can
be observed in these patterns, and here we call them mode c
mode b and mode a, respectively. For the mode a (or the dip at
815 nm), its strength decreases in the Δα range from −180° to
0 and increase in the Δα range from 0 to 180°, with a tunable
transmission from 0 to 0.9. These evolved transmission spectra
suggest the continuously adjustable transmission-filtering char-
acteristics of this phase-difference dependent MIM waveguide
device. For the modes b and c (or the dips at 578 nm and
548 nm), the transmission pattern show opposite evolutions
to that of mode a, that is their strength increases in the Δα
range from −180° to 0 but decrease at the Δα range from 0
to 180°. It should be noted that mode c and mode b seriously
overlap in the range of −180° to 180° due to their very close dip
positions.

To further understand the resonance modes, the |Hz| field
distributions excited at different dip positions were mapped.
The |Hz| field distributions show that the dips at 815 nm and
578 nm are indeed mode a and mode b, and the new dip at 548
nm (or mode c) corresponds to a quadrupole-like oscillation
mode, as shown in Fig. 3(e). The mode c could be attributed to
a higher order resonant mode that red-shifting into the studied
wavelength region due to the SPP coupling.

To understand the dip strength evolution, let us to make some
theoretical considerations. As we know, two beams of light at

any point in the resonator can be expressed as:

E1 = cos (α1 + kz1 − ωt)

E2 = cos (α2 + kz2 − ωt) (5)

where α1 and α2 represent the initial phase of the two sources,
respectively,kz1 andkz2 represent the space phase, respectively,
and t refer to time.

For these two SPP waves, which apparently have the same
direction of E within our waveguide slot, are full coherent at the
same frequency. According to electromagnetic wave superposi-
tion principle, the vibrational expression of the two SPPs at any
point in the cavity can be expressed as:

E = E1 + E2 = cos (α1 + kz1 − ωt) + cos (α2 + kz2 − ωt)
(6)

thus the amplitude expression is given by:

A =
√
1 + 1 + 2cos (Δα+ kz1 − kz2)

or

A2 = 4cos2 (Δα0/2) (7)

where Δα0 = α1−α2 + kz1−kz2 is the phase difference of the
two waves propagate to the point. Since the two bus waveguide
slots are symmetric with the resonator cavity, the two SPPs have
the same phases when they spread to the resonator cavity. For the
mode a and mode c, the two SPPs have a space phase difference
of kz1−kz2 = 180° due to their path difference of half round
resonance trip (that is Δα0 = α1−α2 + 180°) at the reflective
wall (i.e., the b sides). Let Δα = α1−α2, while for the mode
b, the two SPPs have the same phases (kz1−kz2 = 0) at the
resonant positions (that isΔα0=Δα). Therefore, at the resonant
position, there are:

A2
1 = A2

3 = 2 + 2cos (Δα+ 180◦) (8)

A2
2 = 2 + 2cos (Δα) (9)
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Fig. 4. Theoretical amplitudes of the three modes versus the initial phase
difference, and the simulated intensity curve of mode a denoted by 1−Ta (Ta

is the transmittance of mode a).

where A1, A2 and A3 are the amplitudes of mode a, mode b
and mode c, respectively. Fig. 4 shows the theoretical amplitude
evolution of these modes with Δα, according to the above (8)–
(9). It can well describe the spectral changes in Fig. 3(a)–(d),
where mode a and mode c have the same evolution while mode
b has an opposite one. In particular, when Δα = 0, only mode
b can be observed, and the Δα = 180 °, mode a and c emerge
while mode b is invisible. The simulated intensity curve of mode
a denoted by 1−Ta (Ta is the transmittance of mode a) varies
with Δα, as shown in the triangle symbol curve in Fig. 4. It can
be seen that 1−Ta and mode a have the same trend of intensity
change, but the changing speeds are different especially near
zero. This mainly due to the phase changes of the mode profile
in Fig. 3(e) where the profile moves from positive to negative
around the zero crossing causing the asymmetry between the
top and lower guides. Thus, the slope of transmittance 1−Ta at
about 0 degrees changed abruptly (like the triangle symbol curve
in Fig. 4). In addition, when the Δα = ±180°, the intensity of
mode a reaches the maximum, and the transmittance Ta is the
smallest, while the asymmetric property is the weakest around
±180°, so Ta shows a similar trend of slope variation to the
mode a.

Additionally, we notice the dip at 815 nm (mode a) shows a
typical Fano resonance line shape. In general, Fano resonance
is generated by the symmetry break of the structures, such as
H-shaped, and E-shaped, disk rings and cascade cavity nanos-
tructures [37], [38], [39]. The Fano resonance phenomenon can
be described by the Fano parameter q, as described by [40], [41]:

T = 1−D
(β + q)2

1 + β2

where D is a factor related to the continuum phase shift, and
β = (E − E0)/Γ (E and E0 represent the photon energy and
resonance energy, respectively, and Γ is the line width). Fig. 5
shows the q value calculated from Fig. 3(a)–(d) is an odd function
versus the Δα and slightly decreases but then dramatically

Fig. 5. The Fano parameter q is an odd function of the phase-difference Δα
with a period of 360°.

increases in theΔα range of 0 to 180°. This suggests the tunable
Fano resonance is also achieved in this MIM structure. And due
to the phase changes of the mode profile in Fig. 3(e) where the
profile moves from positive to negative around the zero crossing
causing the asymmetry between the two guides and then get q
value with the opposite sign on both sides of zero.

The Fano resonance line shape should be attributed to the
interference of phase-different the two sources. Different from
that conventional Fano resonance occurs via the interference
between a discrete resonance state and a continuum state, this
case demonstrates it occurs between two states with similar line
widths. Although (8)-(9) can well explain the dip intensity cor-
responding to the resonance wavelength, they cannot describe
the Fano resonance here due to the unconsidered relationship
between the phase and the wavelength. The relationship between
phase and wavelength in a resonance mode is given by [42]:
tanα = −ΓE/(E2

0 − E2) and thus, we can achieve the E
values of the two SPPs in the cavity with given phase differ-
ences, as shown in Fig. 6. Although a more precise method to
solve the Fano line needs consideration of the average effect in
time-domain, we consider the time the one source (SPP1) has
an initial phase of 0 due to the simplified calculation. Here, the
two SPPs have the same resonance position at 815 nm, same line
width of 0.6 eV, and different phases (0, 180° and 100°) from
it. When Δα = 0, the electric fields from the two SPPs have
destructive interference, resulting in the disappearing of tip and a
q value of 0, as shown in Fig. 6(a). WhenΔα= 180°, the electric
fields have the same phases and thus have a constructive inter-
ference, resulting in a perfect Lorentz line shape (or an infinite
q value), as shown in Fig. 6(b). When Δα � 0, (Δα = 100° for
example) both constructive and destructive interferences coexist
and depend on the wavelength, asymmetric Fano line shape of
the transmission is generated, as typically shown in Fig. 6(c). It
is conceivable that the q value evolves with the change of the
Δα. It should be noted that if the precise method considering
the average effect, the achieved transmission spectra could be
closer to that in Fig. 3(a)–(d). In addition, for modes b and c,
the asymmetric peak shapes are also shown in Fig. 3(a)–(d),
which means that the Fano phenomenon of the two modes can
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Fig. 6. Theoretical E amplitude and transmission versus the wavelength with Δα of (a) 0, (b) 180°, and (c) 100°.

Fig. 7. Refractive index sensing performance of this MIM plasmonic wave-
guide. (a) Transmission spectra achieved with environmental refractive index
varies from 1.00 to 1.20 at fixed phase difference of 90°. (b) the peak position
of Fano line with the refractive index varies from 1.00 to 1.20.

appear. This should be acceptable because these two modes also
follow the similar electromagnetic superposition principle of
mode a. However, the peaks of the two modes (b and c) are very
close in wavelength and interfere with each other. This makes
the difficult to discuss them individually. Therefore, we mainly
discuss the Fano resonance properties of mode a here.

In addition, the Fano resonance induced peaks show hugely
enhanced transmittance range from 94% to 143% at 836 nm
with phase difference from 0 (or 180) to 90 degree, and from
94% to 148% at 797 nm with phase difference from 0 (or −180)
to −90 degree, as shown in Fig. 4(a)–(d). And can be tuned
by the phase difference. Which means that the MIM plasmonic
waveguide energy can be injected through the phase difference
modulation between the external waveguide source and the main
waveguide source, which can solve the problem of the transmis-
sion distance of the MIM waveguide chip. This suggests the
phase-difference-dependent MIM waveguide device has great
signal compensation for the application in photonic chips.

Last but not the least, we studied the refractive index sensing
performance of this MIM plasmonic waveguide. In general,
Fano resonance is used in refractive index sensors and other
applications due to its sensitivity to the environmental refractive
index [40], [43]. Here we choose the case with the strongest
peak (i.e., Δα = 90°) to study the sensor performance of the
device. The data show that the achieved transmission spectra
have a holistic redshift and stable line shapes with the increase
of the refractive index (n), as shown in Fig. 7(a). Moreover,
quantitatively, the position of dip of mode b has a very good
linear relationship with the refractive index [see Fig. 7(b)],
indicating the good quantitation for the sensing. The corre-
sponding sensitivity (Δλ/Δn) is as high as 818.8 nm/RIU, and
this is a considerable value among the reported cases. These

suggests the high potential of this phase difference-dependent
MIM plasmonic waveguide in refractive-index sensing.

IV. CONCLUSION

This paper has investigated the interaction properties of two
SPPs sources with different phase differences in the MIM wave-
guide structure with a rectangle cavity. By changing the phase
difference between the two SPP sources, we achieved continuous
adjustable filtering and the Fano resonance properties in this
MIM waveguide device. Further results show that this SPP cou-
pling follows the electromagnetic wave superposition principle.
Moreover, we have also demonstrated the excellent performance
of this MIM waveguide in refractive-index sensing, with an
achieved sensitivity of 818.8 nm/RIU. This work reveals the
different phase-modulated SPP coupling in MIM waveguides
which opens up a new opportunity for applications in replenish-
ing the energy of the SPPs in MIM waveguide photonic chips,
achieving continuously optical filtering, and refractive-index
sensors.
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