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ABSTRACT
We report, on the analysis of resonant transmission through a plasmonic subwavelength Mach-Zehnder Interferometer.
We analyze the plasmonic interferometer numerically using finite element method and discuss the effect of the geometry
of the propagating waveguide on the resonance spectrum. The proposed device is characterized at the light wavelength
of 1.55µm with the device footprint of 1.41µm.
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INTRODUCTION
Increasing the speed and performance is an important issue of modern photonic devices. This issue

becomes critical especially in the process of the miniaturization of photonic devices. However, the so-called
diffraction limit in optics makes it difficult to achieve device miniaturization beyond its limit [1]. Recently
there have been various theoretical and experimental studies to overcome this fundamental limit and surface
plasmon polaritons (SPPs) have been given much attention as a promising method to overcome the diffraction
limit [2]. Among them, the metal-insulator-metal (MIM) waveguide has been known to support the
propagating mode within the subwavelength modal size over a considerable propagation length [3].
Interferometry is one of the most sensitive optical measurement techniques and recently, surface plasmon
interferometry was proposed for miniaturized photonic circuits. Among others, the Mach–Zehnder
interferometer (MZI) is a device which offers a simple optical solution to monitor the relative phase variations
in waveguides [4].

Due to the possibility of integrating electrodes in a straightforward manner, MIM waveguides are of
considerable interest for electro-optic device applications. Passive MIM waveguides have received increasing
attention because the top and bottom metal layers in an MIM waveguide can serve as both cladding layers and
electrodes [5].

In the present study, we report a method to produce resonant transmission through a plasmonic subwavelength
Mach-zehnder interferometer, where one arm of the interferometer forms a resonator like structure (Fabry-
Perot type). By careful design of the geometrical parameter of the propagating waveguide, it is possible to
shift the resonance peaks. We show that the performance of the proposed device is due to the plasmonic
waveguiding structure. We have shown the effect of different geometric parameters on the transmission
spectrum. In order to verify the model theory, full wave simulations have been carried out using Comsol
Multiphysics software package (formerly known as FEMLAB). The realization of the proposed structures
appears feasible for modulation and can also be used to implement a wavelength-selective device for the
subwavelength-scale integrated nano-photonic circuits.
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2.DESIGN STRUCTURE AND THEORY
The MZI configuration represents probably the most amenable and straightforward waveguide arrangement.
The generic operation principle of an MZI is as follows. An input optical wave is initially split equally into
two waves traveling along two identical MZI arms that are again joined together in the downstream producing
an output wave. Ideally, the two waves meeting in the output junction are identical in phase and amplitude.
When a control signal is applied to one of the MZI arms, the propagation of the corresponding wave is
influenced, causing its phase to lag so that the phases of the two recombining waves differ at the output
junction, resulting in the decrease of the MZI output. Fig. 1shows the planar structure of a subwavelength
MZI consisting of MIM plasmonic waveguides. The length and the width of the interferometric arms are L
and W respectively. The separation between the waveguide 1 and 2 is denoted by s . The input and the output
power are calculated at the point I and O, respectively. When MIM waveguide is introduced in the upper arm
of the proposed MZI structure then it produces resonance. The thickness change of the dielectric in the MIM
waveguide directly affects the interfering conditions between the two interfering MIM waveguide modes
which lead to change in the output optical power.

Fig 1: Planar view of MZI
The dispersion relations for a two-dimensional plasmonic MIM waveguide is given by [3]
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where εm, εd are the dielectric constants of the insulator and metal, respectively, d is the thickness of the
dielectric film, and the transverse wave vectors αd,m (in the dielectric and metal, respectively) are related by
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where k0 (k0=2π/λ) is the wave number in free space and β=neffk0 is the propagation constant.

Resonant transmission through plasmonic nanocavity using MIM waveguides have been discussed by other
researchers [6]. The resonant tunneling condition results from the constructive interference between the
propagating modes with the multiple reflections between the two cascade barriers in waveguide 1. We are
now led to the discussion on the transmission property through the plasmonic resonator which is composed of
two cascaded barriers with the distance L. Owing to the finite length of the first barrier, some of the energy of
the incident antisymmetric mode can be transmitted by the tunneling and multiple reflections between the two
barriers. If the overall phase shift that the propagating mode experiences, which is given by
Ψ=2(2πneffL/λ+фref), becomes an integer multiple of 2π, the constructive interference results in the resonant
tunneling. The cavity length for the q-th resonant tunneling is obtained as follows:
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3.SIMULATION RESULTS
In order to verify the model theory presented above, full wave simulation studies have been carried

out using the Comsol Multiphysics software package. To visualize the resonance, wave propagation and mode
structure, finite element method (FEM) simulations are conducted using three and two-dimensionalAnalysis.
In simulations, the permittivity of the gold is taken from the well accepted experimental data,εm=-118+j11.58
at the wavelength λ=1.55µm [7] and the dielectric constant of the insulator layer isεd =2.89. The dielectric
constant of the metal is a function of the wavelength, which in general decreases with the wavelength [8] and,
therefore, we have chosen the wavelength range as 1-2 µm in the simulation study. The power is measured at
the points I and O along the cross-sectional area of the MIM waveguide using Postprocessing Boundary
Integration in three-dimensional FEM simulationsand the transmittance of the structure is defined by
T=Ptr/Pin.

3.1 EFFECT OF GEOMETRICAL PARAMETERS ON RESONANT TRANSMISSION
Based on the theory we examine the transmission properties through the MZI. We then study the

influence of the geometrical parameters L, W and d on the resonant transmission. It is found that the phase
shift upon reflection off the waveguide ends can be tuned by changing the waveguide geometry. The change
in the thickness in waveguide 1 creates a barrier, since the transmitted wave is reflected by it. The resonant
tunneling condition comes from the constructive interference between the propagating modes with the
multiple reflections.

In Fig. 2(a), we plot the normalized intensity transmission spectrum as a function of the wavelength. The
transmission peaks in the figure indicate the resonant peaks that result from theresonator reflections.Fig. 2 (b)
shows the effect of MIM waveguide width on the resonance transmission through MZI. In practice, the MIM
waveguide has a finite width as well as a finite thickness and this section determines the minimum width with
maximum resonance with another geometrical parameter constant. This result shows that the transmission
decreases as the width of the MIM waveguide increases.

Fig.2:Effect of geometrical parameters using three- dimensional FEM simulation results in (a) shows
the phenomena of resonance transmission spectrum through MZI (b) shows the effect of MIM
waveguide width on resonance transmission spectrum through MZI with other parameters remain
constant (c) shows the effect of dielectric layer thickness on the resonance transmission spectrum with
other parameters remains constant.
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This is probably due to the fact that the larger width results in larger propagation losses and that the main loss
mechanism degrading the resonator quality is the ohmic losses due to the light absorption by the metal. Our
simulation also reveals that the resonance phenomena of the transmission spectrum deform insignificantly if
the waveguide width increases for the given structure. It means that a large waveguide width weakens the
resonator like structure.Fig. 2 (c) shows the spectra and the peak positions of the transmission through MZI at
different layer thickness (d1) of waveguide 1, where other geometrical parameters remain constant. It reveals
that the wavelengths of the peaks shift toward longer wavelength slowly with the increase of the gapd1, and
the peak bandwidths become a bit narrow at the same time. The maximum transmittances are increased with
the increase of the gap d1.

3.3 EFFECTIVE CROSSTALK BETWEEN TWO ARMS OF MZI
We discuss the potential cross-talk between the two arms of MZI, as the two arms are separated by

approximately 400 nm. Fig. 3shows the power flow and effective interference between two MIM waveguides
using two-dimensional FEM simulations results. The separation between two MIM waveguides (s),
waveguide width (W) and the MIM thickness structure are 400 nm, 100 nm and 30/50/30 nm respectively.

Fig.3: 2D-FEM simulation results: Power flow time average z-component for fundamental mode
between two MIM waveguide structures

The results show that potential cross talk between two MIM waveguides is almost negligible. There is no
interference between two waveguides. When we observe the power flow time average z-component across the
line AB using 2D-FEM simulation results, we find that the power at the middle point between two MIM
waveguide is approximately 0.04% than within either MIM waveguides. Because of this the proposed size of
MZI can be used for modulation.

4.CONCLUSION
In conclusion we designed a plasmonic subwavelength Mach-Zehnder Interferometer (MZI). We

analyze the effect of geometrical parameters of the propagating MIM waveguides on transmission spectrum.
We believe that the design in the present paper can find applications in optical data processing, nanophotonic
integration and in wavelength sensitive devices and for modulation. A device of this kind can find
applications in photonic integrated circuit [9].
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