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Polarization conversion within ultra-compact on-chip all-plasmonic 
nanocircuits 

 
Martin Thomaschewski*, Yuanqing Yang, Sergey I. Bozhevolnyi 

 

Centre for Nano Optics, University of Southern Denmark, DK-5230 Odense M, Denmark 

ABSTRACT   

Plasmonic nanocircuits have the potential to open up new routes in manipulating optical information beyond the diffraction 
limit and future quantum information processing technologies. We present on-chip polarization conversion based on 
interaction between two interfering surface plasmon modes supported by metal-insulator-metal (MIM) waveguides. The 
functional device is realized by all-plasmonic Mach-Zehnder Interferometers (MZI) equipped with impedance-matched 
Yagi-Uda style nanoantennas for highly efficient far-field coupling. By controlling the relative phase difference between 
guided MIM gap plasmons propagating in a MZI, namely by precisely differentiating the individual path length, a rotation 
of the mode optical axes is observed. Depending on the phase difference the resulting mode at the junction point, where 
two branching channels merge into one channel, can be symmetric or antisymmetric. Accordingly, two cases are 
investigated in ultra-compact (< 40 μm2) high-definition circuits, where the antisymmetric and symmetric mode are 
distinguished by observing the origin position and the polarization of the scattering signals. A high conversion efficiency 
can be realized, encouraging potential application in functional plasmonic nanocircuits.  
 
Keywords: Plasmonic nanocircuits, mode conversion, plasmonic waveguides, nanoantennas 
 

1. INTRODUCTION  
Plasmonic nanocircuits have the potential to open up new routes in manipulating optical information beyond the diffraction 
limit and future quantum information processing technologies1,2. Several nanocircuit devices, such as resonators3, 
directional couplers4 and networks5 have been demonstrated, which can be potentially interconnected to form a complex 
nanocircuit system. For the realization of multi-functional plasmonic devices, it is of major importance to control properties 
of their supporting guided optical modes such as modal profiles, impedances and propagation constants. Depending on the 
specific application, distinct requirements on the waveguide modes are demanded. For example, small mode volumes 
provided by plasmonic slot waveguides are crucial to enhancing plasmonic light-matter interaction, however, this comes 
with the cost of higher ohmic losses. On the contrary, long-range surface plasmon polaritons supported by metal strip 
waveguides exhibit relatively weak but still subwavelength mode confinement while showing low propagation loss, 
making them suitable for data transmission over long lengths6. Recently, a plasmonic two-wire transmission line (TWTL) 
has been demonstrated experimentally7, enabling local conversion between symmetric and antisymmetric modes in a 
plasmonic nanocircuit. Depending on the phase difference between the currents transmitted on two parallel coplanar 
plasmonic strip waveguides, the guided mode in such a system can be symmetric or antisymmetric8,9. By precisely 
introducing a relative phase shift of π between the currents, efficient local conversion between the two supporting modes 
was demonstrated.  
Here, we present on-chip polarization conversion based on interaction between two interfering surface plasmon modes 
supported by metal-insulator-metal (MIM) waveguides. The proposed device is highly defined, enabling precise control 
of the relative phase between two channels of an ultra-compact plasmonic Mach-Zehnder interferometer (MZI). We 
investigate two structures with a geometrically introduced nominal relative phase shift of Δ𝜑𝜑 = 0 and Δ𝜑𝜑 = 𝜋𝜋, in the 
following stated as balanced and unbalanced MZI, respectively. The investigated mode interference reveals constructive 
interference in the balanced MZI and a suppressed signal at the output port of the unbalanced MZI, where a π phase 
difference is introduced. We observe, that the constructive interference of the antisymmetric mode goes along with a local 
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conversion to the symmetric mode, which is not propagative in the slot structure and thus scattering with a mode-specific 
orthogonal polarization at the junction point. This effect is identified by analyzing the polarization and the spatial origin 
of the scattering signal.   

 
Figure 1. Three-dimensional schematic of the asymmetric MZI. The incident radiation polarized along the long axis of the 
antenna arms is captured by the antenna and efficiently launching the gap SPP mode into the circuit. The appearance of a 
scattering signal at the branching point with a 90° rotation of the polarization axis reveals the fact that the antisymmetric 
mode is interfering destructively and the charge distribution of the plasmonic mode is locally reshaped. The inset shows the 
electric field distribution of the propagating slot mode in x-direction.   

 

2. DESIGN AND PRINCIPLE  
An illustrating rendering of the proposed device is shown in Fig. 1. The entire device is produced in a 100 nm single gold 
layer of 100 nm thickness, placed on a SiO2 substrate and covered with a dielectric cladding matching the refractive index 
of the substrate. It consists of a branching plasmonic slot waveguide which is dividing the propagating mode in the slot 
waveguide into two individual paths while keeping the subwavelength slot width w constant at 300 nm over the entire 
device. The path length of each interferometer arm is geometrically well-defined, enabling control of the relative phase, 
before the separated waveguides are recombined again into a single output waveguide. Both, input and output port are 
equipped with an impedance-matched nanoantenna for efficient waveguide coupling of light from free space (λ0 = 1550 
nm) into the slot waveguide and vice versa. By illuminating the input port with a diffraction-limited focused laser beam 
the electromagnetic radiation is captured by the nanoantenna and the resulting resonant charge oscillations are directionally 
launching the plasmonic slot waveguide mode. As shown in the inset, the supported fundamental bound mode is highly 
localized in the slot with an antisymmetric field distribution with respect to the 𝑥𝑥 axis owing to a capacitor-like charge 
distribution across the slot. The mode propagating along the slot waveguide can be described as 
 

𝐸𝐸(𝑟𝑟) = 𝐸𝐸0𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖, 
 
where 𝛽𝛽 = 𝑘𝑘0 ∙ 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒  is the propagation constant with the free space wavevector 𝑘𝑘0 = λ

2π
 and the complex mode effective 

index 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒, and 𝜃𝜃 is the absolute phase. The real part of the propagation constant concerns the phase evolution along the 
waveguide, thus, the phase difference between two waveguide modes at the junction point can be expressed as 
 

∆Φ = 𝑅𝑅𝑒𝑒{𝛽𝛽1}𝐿𝐿1 − 𝑅𝑅𝑒𝑒{𝛽𝛽2}𝐿𝐿2, 
 

where  𝛽𝛽𝑖𝑖 is the propagation constant and 𝐿𝐿𝑖𝑖 is the length of the waveguide with index 𝑖𝑖 = 1, 2. In this work, the geometry 
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of the waveguide cross-section is designed to be constant along the entire device, thus, the propagation constant of the 
modes supported by the waveguides are identical, 𝛽𝛽1 = 𝛽𝛽2 = 𝛽𝛽. In consequence, the phase difference is purely defined by 
the length difference: 
 

∆Φ = 𝑅𝑅𝑒𝑒{𝛽𝛽} ∙ (𝐿𝐿1 − 𝐿𝐿2) = 𝑅𝑅𝑒𝑒{𝛽𝛽} ∙ ∆𝐿𝐿 
 
For exactly equal arm lengths, the two antisymmetric propagating waveguide modes are interfering constructively at the 
branching point and the resulting wave is propagating until it reaches the outcoupling nanoantenna. To obtain destructive 
interference and in this manner to investigate the local conversion at the branching point, the phase difference is required 
to be ΔΦ = 𝜋𝜋 which is realized by introducing a half of the effective wavelength of the guided mode on a single waveguide 
arm. With the Finite Element Method (Comsol Multiphysics 5.2) and the optical constants given by Johnson and Christy10, 
we numerically determine the complex effective index 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 = 1.582 − 0.0095𝑖𝑖 for the guided mode at the free space 
wavelength 𝜆𝜆0 = 1550 nm, revealing the required length difference to be Δ𝐿𝐿𝜋𝜋 = 490 nm for the unbalanced MZI.  
 
 

3. FABRICATION AND OPTICAL CHARACTERIZATION SYSTEM 
 
The fabrication of geometrical well-defined circuits requires high-resolution nanofabrication techniques. The structures 
investigated in this paper are fabricated by using a single-step electron-beam lithography process. Therefor, a 250 nm thick 
layer of positive tone resist PMMA 950 A4 (Microchem) is spin-coated on a SiO2 substrate. To prevent charge 
accumulation a 15 nm thick layer of Al is subsequently deposited by using thermal evaporation.  Proximity effect corrected 
exposure of the resist is conducted with a 30 kV electron beam lithography system (JOEL-640LV). The Al is removed by 
wet etching in sodium hydroxide solution before development in a 3:1 mixture of isopropanol (IPA): methyl isobutyl 
ketone (MIBK). The circuits are then formulated by deposition of 3 nm titanium adhesion layer and 100 nm gold using 
thermal evaporation and subsequent 14 hours incubation in PG remover. To reduce mode leakage into the glass substrate 
a dielectric cladding (300 nm PMMA) is applied. Figure 2 show scanning electron microscope (SEM) images of the 
fabricated balanced and unbalanced MZI. Fabrication uncertainties which cannot be fully eliminated induce inevitable 
geometry imperfections. For that reason, the actual geometry of the circuits is determined by evaluating the captured SEM 
images. Table 1 lists the geometric parameters comparing the path length differences, the correlated phase difference and 
the slot width in comparison with the nominal values. A snapshot of the simulated optical field distribution of 𝐸𝐸𝑧𝑧 based on 
the geometrical characterization is depicted in Fig. 2, revealing accurate phase control in the balanced and unbalanced 
device.  
 

Table 1.  Geometrical characterization of the investigated circuits. The path difference ΔL corresponds to the measured 
difference between upper and lower arm of the unbalanced and balanced MZI, resulting in a relative optical phase difference 
ΔΦ between the transmitted signals.  

Structure Upper arm 
(nm) 

Lower arm 
(nm) 

Path difference  
ΔL (nm) 

Phase 
difference ΔΦ  

(2π) 

Slot width w  
(nm) 

Unbalanced MZI  14780 ± 15 14210 ± 10 550 ± 25 0.56 ± 0.03 310 ± 15 

Balanced MZI 13070 ± 10 13100 ± 10 30 ± 20 0.03 ± 0.02 305 ± 10 

 
 
For the optical characterization a home-build inverted microscope setup is used. The laser beam with the wavelength 𝜆𝜆 =
1550 nm emitted from an IR laser (Thorlabs TL1550-B) is collimated and focused onto the sample using a high-numerical 
aperture IR objective (Olympus MPlan100xIR, NA 0.95). The polarization of the incident beam is controlled by a polarizer, 
followed by a 𝜆𝜆/2 wave plate. The sample is positioned with a piezo-electric moving stage, enabling exact coinciding the 
focused laser beam with the input port of the nanocircuit. Extracted scattering signals are collected by the same objective 
and a 50:50 beam splitter in combination with a diaphragm in an intermediate image plane is used to allow selective 
detection by a near-infrared camera or a photodetector. 
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Figure 2. SEM images of the balanced (a) and unbalanced (b) MZI. The corresponding wave front of the guided plasmonic 
slot mode is simulated for each circuit (c)-(d), revealing a nearly π phase shift of the propagating modes at the branching 
point of the upper and lower arm at the unbalanced MZI. The scale bar is equal to 2 µm 

 

4. RESULTS AND DISCUSSION 
 
Captured reflection images of the symmetric and asymmetric MZI superimposed on the corresponding SEM image are 
shown in Fig. 3. The incident focused Gaussian beam which is carefully positioned at the center of the in-coupling 
nanoantenna is back-reflected causing a bright oversaturated spot. The incident radiation polarized along the long axis of 
the antenna arms is captured by the antenna and efficiently launching the gap SPP mode into the transmission systems. In 
the balanced MZI no scattering signal is observed along the propagation paths, only a distinct peak is observable at the 
outcoupling antenna. The appearance of a scattering signal at the outcoupling antenna reveals the fact that the signals are 
interfering constructively at the branching point and the resulting mode is not scattered until it reaches the outcoupling 
antenna. The polarization of the scattered signal shown in normalized polar plots in the corresponding neighboring panels 
has the same orientation as the excitation beam since the symmetry of the mode is kept inside the circuit. On the contrary, 
in the asymmetric MZI, radiation is scattered into the far-field at the branching point where the propagating modes in the 
interferometer arms are interfering destructively. Analysis of the polarization of the signal reveals a rotation of nearly 90° 
relative to the excitation spot. This rotation of the polarization axis can be interpreted to be induced by local conversion 
from the antisymmetric gap mode to the symmetric mode by locally reshaping the charge distribution of the plasmonic 
mode. This mode is not propagative in the considered waveguide configuration which causes a strong back-reflection and 
scattering into the far-field with a distinctly different polarization. The intensity contrast ratio between the scattering signals 
is measured to be 0.75, which reveals that a majority of the radiation is converted. Comparing the intensities at the 
outcoupling antenna an extinction ratio of 11 dB is obtained. The weak signal collected at the output port of the asymmetric 
interferometer is contributed by a slight imperfect out-of-phase condition and unequal losses in the waveguide arms.  
 

(a) (b)

(c) (d)

-1

𝐸𝐸𝑧𝑧
+1
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Figure 3. Reflection images of the balanced (a) and unbalanced (c) MZI superimposed on the corresponding SEM image. 
The polarization of the scattering signal (d) in the branching point of the unbalanced MZI is nearly 90° rotated with respect 
to the signal (b) scattered at the out-coupling antenna of the balanced MZI. 

 

5. CONCLUSION 
Taken together, we demonstrated the fabrication of highly-defined plasmonic circuits with the capability of controlling the 
phase difference between guided plasmonic slot waveguide modes propagating in the two branches of a Mach-Zehnder 
interferometer. Two configurations with an in-phase and out-of-phase are respectively investigated. Besides the distinct 
extinction at the output port of the asymmetric MZI, a polarization rotation of the scattering signal at the branching point 
was observed due to destructive interference of the antisymmetric slot waveguide mode. Both, polarization and local 
selectivity of the free-space scattered signal enables a unique assignment of local mode conversion. 
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