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(b) phase difference graphs
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Fig. 5 Surface current distributions in ring structure under different vanadium dioxide conductivities. (a) 10 S/m;

(b) 1X10° S/m; (¢) 1X10" S/m; (d) 2X10° S/m

(@)

Max

Electric field

Bl 6 AN A AHNBEFRERTEWOHEZAMHE ., () 10 S/m;(b) 1X10° S/m;(c) 1X10" S/m;(d) 2X10° S/m
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Abstract

Objective
technologies have a wide range of applications in the fields such as imaging,

With the continuous development of terahertz ( THz) technologies,

it has been proven that THz
wireless communications, and

spectroscopy. In order to fulfill the applications of THz technologies in these fields, how to improve the performance

of the fundamental devices for manipulating THz waves remains a core technical issue. Among the devices that

manipulate THz waves, modulators that can actively control the phases of THz waves are attracting a great deal of

attention due to their potential applications in THz communications, imaging, and radar systems. Currently, the

emergence of metamaterials provides new possibilities for THz applications. However, towards the future practical
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applications of THz systems, there is still possible room of improvement for the metamaterial-based THz phase
manipulation. Firstly, the phase change produced by the manipulation device can be further enlarged to meet the
requirements of future practical applications. Second, it is highly requirable that the phase tuning process of the
device can be relatively simple and flexible. Furthermore, there is a possibility of a further in-depth verification of
the physical mechanism interpretation of phase changes. In this study, we report a metamaterial phase manipulation
structure designed by the use of vanadium dioxide. It exhibits a good phase change performance with a relatively
simple tuning scheme. The phase can be continuously and dynamically tuned through an external excitation. The
multipole scattering power theory is employed to further validate the physical mechanism interpretation of phase
changes. It is hoped that this research and design can be helpful for promoting the applications of THz technologies in
the fields of wireless communications, sensing, and security imaging.

Methods The structure proposed in this study adopts a composite metamaterial structure incorporating gold and
vanadium dioxide. The vanadium dioxide is placed on the gap structure of the gold acting as a connection "switch” to
control the phase change in the structure. The performance of the designed structure is simulated by the use of the
commercial software CST Microwave Studio based on the frequency domain finite element method (FEM). The
transmission spectra both in the magnitude and phase aspects under different conductivities are studied. The phase
change of the structure and the dynamic tuning process are analyzed as well. Based on the three-dimensional
electromagnetic simulations, the calculation of the multipole scattering power is carried out. The calculation results
of the multipole scattering power are compared with the surface current distributions to further verify the physical
mechanism of phase changes of the designed structure.

Results and Discussions The proposed composite metamaterial structure incorporating gold and vanadium dioxide
has a relatively large phase change. When vanadium dioxide is transformed from its insulating state to the metallic
state, the structure can result in a phase change of more than 140° in the frequency range of 1.15-1.65 THz with
the maximum change of 142° (Fig. 3). When the conductivity of vanadium dioxide is changed from 1 X 10° S/m to
1x10" S/m, the structure has a phase shift of more than 50° in the frequency range of 1.17-1.68 THz (Fig. 3).
This means that through the state tuning process of vanadium dioxide, the dynamic phase manipulation can be
achieved within a relatively stable bandwidth. This study uses the surface current and electric field distributions to
explain the physical mechanism of the phase change of the structure (Figs. 4, 5 and 6). This paper also further
verifies the physical mechanism of the phase change by introducing the calculation of the multipole scattering power
(Fig. 7). Above all, the proposed structure can achieve a dynamic phase manipulation with a relatively large phase
change and a good bandwidth performance.

Conclusions  This paper proposes a composite metamaterial structure based on vanadium dioxide that can
dynamically manipulate the phases of THz waves. The simulation results show that when vanadium dioxide is tuned
from its insulating state to the metallic state, the structure can achieve a phase shift of more than 140° in the
frequency range of 1.15-1.65 THz. By the use of the calculation of the multipole scattering power and the electric
field and surface current distributions at the resonance frequencies, the physical mechanism of the phase shift is
investigated. The proposed structure has potential applications in the fields of THz wireless communications,
sensing, and security imaging.

Key words materials; terahertz; metamaterials; phase manipulation; tunability; vanadium dioxide
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