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  Abstract 
Terahertz (THz) focusing lenses, as crucial components for manipulating THz 
wavefronts and achieving energy concentration, play a vital role in fields such as 
THz imaging, sensing, and communication. Therefore, in this work, we de-signed 
and simulated an active terahertz surface plasmon polariton (SPP) mul-ti-focal 
focusing lens based on graphene. The lens consists of four concentric slit resona-
tor rings (SRRs). By integrating graphene onto each SRR and applying bias volt-
ages, the device achieves independent "ON/OFF" control over the SPP excitation 
efficiency for any two selected slit resonator rings. This allows for dynamic 
switching at the same operating frequency to produce various distinct focal dis-
tributions. Our design not only offers a new avenue for realizing com-pact and 
multifunctional THz wavefront manipulation devices but also demon-strates sig-
nificant potential for future applications in areas such as THz dynamic beam 
shaping and reconfigurable imaging. 
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1. Introduction 

Terahertz waves, typically defined within the frequency range of 0.1 to 10 THz and 
occupying a unique spectral band in the electromagnetic spectrum between micro-
wave and infrared light, possessing distinct physical properties such as strong pen-
etration, low photon energy, and molecular fingerprinting characteristics, conse-
quently demonstrate significant application potential in numerous cutting-edge 
fields including communication [1-3], sensing [4-6], and imaging [7-9]. Surface 
Plasmon Polaritons (SPPs) are a special type of electromagnetic wave, a mode 
formed by the coupling of light with free electrons on a metal surface. They are con-
fined to propagate along the metal-dielectric interface, decaying exponentially in 
both directions perpendicular to the interface, and are capable of achieve localized 
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field enhancement and propagation control at subwavelength scales. These unique 
physical properties have enabled SPPs to show great application potential in many 
frontier scientific and technological fields, such as holography [10,11], orbital angu-
lar momentum manipulation [12,13], and integrated plasmonic circuits [14]. 
Although SPPs exhibit numerous advantages, conventional SPP devices still face 
several challenges in practical applications. For instance, SPPs inevitably suffer from 
certain ohmic losses during propagation; concurrently, their coupling efficiency 
with free-space light is relatively low, and many existing SPP devices have relatively 
singular functionalities, making it difficult to meet the demands for mul-
ti-dimensional and fine-grained control of light fields in complex application sce-
narios. To effectively overcome these shortcomings and achieve precise manipula-
tion of SPP wavefronts, the design of efficient SPP functional devices, especially lens 
structures capable of converging and guiding SPP energy, has become a key research 
focus. 
To address these challenges, this paper proposes a multi-focal focusing lens based 
on slit resonator rings operating in the terahertz band. The proposed lens comprises 
four concentric slit resonator rings. By selectively activating any two of these rings, 
the lens is can generate distinct focal patterns with varying numbers of focal spots at 
its focal plane. We investigated and analyzed the multi-focal control capabilities of 
the designed lens using numerical simulations. Simulation results indicate that the 
designed lens can effectively produce well-defined multiple foci and demonstrates 
excellent focusing performance. This work holds significant potential for applica-
tions in multi-point sensing and integrated photonics. 

2. Design Strategy 

The proposed metasurface design is based on slit resonators (SRs), widely used in 
metasurface design for their effective coupling of free-space light to SPPs. For a sin-
gle SR resonator, SPPs are excited only with polarization perpendicular to the slit, 
the SPPs excited by the parallel polarization component being much weaker, allow-
ing it to be regarded as a dipole source perpendicular to the slit [15]. For circular 
polarization ( 2 / 2) (1, )inE iσ= × normally incident from the backside withσ
standing for the spin direction of left-handed circular polarization (LCP) and 
right-handed circular polarization (RCP), according to the two-dimensional Huygens’ 
principle, the SPP electric field at an arbitrary point P can be expressed as [11]: 
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whereη is the complex coefficient describing the conversion efficiency of SPP exci-

tation from the incident light inE and the phase shift obtained from the dipole reso-

nance; SPλ and 2 /SP SPk π λ=  are the wavelength and wavevector of the SPP; r is 

the vector from the dipole position to point P; ξ is the azimuth angle of point P, i.e., 
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the angle between r and the x-axis; exp( )SPik r and 1 / r  are the phase evolu-
tion and amplitude decay, respectively, according to the two-dimensional propaga-
tion characteristics of SPPs; the term ( 2 / 2)(cos sin )iθ σ θ+  is the projection 
component in the direction perpendicular to the slit, and cos( )θ ξ−  is the incli-
nation factor. By meticulously designing the orientation angle of each slit, and com-
bining spin-dependent geometric phase with spin-independent propagation phase, 
the phase of the SPP excited by each SR and arriving at the target point can be inde-
pendently controlled, thereby achieving arbitrary SPP wavefront manipulation. 
When the positions and orientation angles of all SRs are determined, assuming the 
device consists of n SRs, the superimposed SPPs at an arbitrary point P under circu-
larly polarized incident light ( 2 / 2) (1, )inE iσ= ×  can be calculated as: 

 
2 (cos sin ) exp( )cos arg( )
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n n
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iE ik
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where nθ  is the orientation angle of nth SR; npL is the vector from the center point 
of nth SR to the point P. 
As discussed above, we propose a metasurface structure comprising four concentric 
rings of slit resonators. A schematic illustration of the proposed structure is pre-
sented in Figure 1(a). The device is composed of an aluminum (Al) pattern fabricat-
ed on a silicon (Si) substrate. Each of the four rings consists of 60 slit resonators. 
These concentric rings are located at radii of 1800 µm, 1900 µm, 2000 µm, and 2100 
µm, respectively. The unit cell of these resonators is depicted in Figure 1(b), featur-
ing geometric parameters of a = 70 µm and b = 10 µm. The specific position and 
orientation angle of each slit resonator are meticulously designed to achieve the de-
sired focusing effect. The silicon substrate has a thickness of 650 µm, while the alu-
minum film is 0.2 µm thick. 

 

Figure 1. Schematic diagram of the multi-focal focusing lens. (a) Schematic of the overall 
structure; (b) Schematic of the unit cell. 

When any two SRRs are active, the device can generate focal distributions with var-
ying numbers and positions of foci. To achieve active control, graphene, a material 

 



Yifan Tang. Huirong Wang. Quan Li and Tai Chen 
 

 

DOI:10.63313/AERpc.9030 86 Advances in Engineering Research : Possibilities and Challenges 
 

with tunable conductivity, is integrated onto the surface of the SRs. Its conductivity 
characteristics can be collectively described by the intraband ( intraσ ) and interband 
( interσ ) transitions of the Kubo model [16]: 
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where gσ  is the total conductivity of graphene; e is the elementary charge of an 
electron; Bk is Boltzmann's constant; h is the reduced Planck constant; T is a fixed 
temperature of 293 K; τ is the carrier relaxation time, which remains essentially 
constant under weak incident THz fields. FE is the Fermi energy. Since the photon 
energy in the terahertz range is much smaller than the Fermi energy, the contribu-
tion of interband transitions can be neglected. Therefore, the surface conductivity

gσ is strongly dependent on its Fermi level FE . When FE increases from 0 eV to 0.8 
eV, the conductivity of graphene significantly increases, causing it to transition from 
behaving like a dielectric to behaving like a metal. We define the Fermi level of 0 eV 
as the "ON" state and 0.8 eV as the "OFF" state. In the "ON" state, graphene has 
minimal impact on the SRRs, allowing the SRRs to effectively convert incident THz 
waves into SPPs. Conversely, in the "OFF" state, the highly conductive graphene 
shorts the covered SRRs, leading to a substantial reduction in SPP excitation effi-
ciency and a significant weakening of the near-field intensity. This clearly demon-
strates that by tuning the Fermi energy of graphene, the SRRs can be effectively 
switched between an "active" and "inactive" state. 

3. Result and Discussion 

Based on the graphene tuning mechanism, we conducted detailed simulation studies 
on the meticulously designed multi-focal lens. By setting the graphene on different 
rings to either the "ON" or "OFF" state, various dual-ring activation combinations 
were achieved. Simulations were performed using the commercial software CST Mi-
crowave Studio. The sample was modeled using aluminum and silicon from the CST 
material library. A plane wave is employed as the excitation source, vertically inci-
dent from the substrate side. The time-domain solver was used to compute a 5 mm × 
5 mm area, with open boundary conditions applied in all directions. Electric field 
monitors were utilized to obtain the SPP electric field distribution maps, and the re-
sults are presented in Figure 2. 
Under LCP light incidence, when the graphene on the inner ring R1 and the outer ring 
R3 was set to the "ON" state, while the graphene on rings R2 and R4 was in the "OFF" 
state, the simulated electric field intensity distribution in the focal plane is shown in 
Figure 2(a). The results reveal the formation of a clear four-foci pattern, with the foci 
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arranged in an approximately symmetrical distribution. Subsequently, we switched 
the activation states, setting rings R2 and R4 to "ON" and rings R1 and R3 to "OFF". 
As depicted in Figure 2(b), a relatively diffuse single focus was observed in this con-
figuration. The position and number of foci were significantly different from the pre-
vious mode, accompanied by some lower-intensity sidelobe structures. Compared to 
the distinct four-foci pattern in Figure 2(a), the focal separation and clarity were re-
duced in this mode; however, it still demonstrated the capability to converge incident 
energy to specific off-axis regions. Furthermore, two additional symmetric activation 
states were investigated: one where rings R1 and R4 were "ON" while R2 and R3 
were "OFF", and another where rings R2 and R3 were "ON" while R1 and R4 were 
"OFF"., as shown in Figure 2(c) and (d), In both these configurations, a ring-shaped 
focus with a central dark area and energy concentrated in an annular region was 
formed. This was surrounded by concentric diffraction rings of gradually decreasing 
intensity, exhibiting good circular symmetry. 

Figure 2. Simulated interference electric field distributions at 0.75 THz under LCP light 
incidence for different active ring pair configurations: (a) R1 & R3; (b) R2 & R4; (c) R1 & R4; 
(d) R2 & R3 

Our design manipulates the light field by incorporating geometric phase control. For 
LCP and RCP light, the geometric phase introduces additional phase shifts that are 
equal in magnitude but opposite in sign. Although the phase details are conjugate, 
the physical mechanism and design objectives for modulating both polarizations by 
the structure are identical, leading to similar macroscopic physical effects, as illus-
trated in Figure 3. These simulation results clearly demonstrate that by selectively 
activating different pairs of resonator rings using graphene, the designed lens can 
achieve dynamically reconfigurable multi-focal focusing functionality in the te-
rahertz band. 



Yifan Tang. Huirong Wang. Quan Li and Tai Chen 
 

 

DOI:10.63313/AERpc.9030 88 Advances in Engineering Research : Possibilities and Challenges 
 

Figure 3. Simulated interference electric field distributions at 0.75 THz under RCP light 
incidence for different active ring pair configurations: (a) R1 & R3; (b) R2 & R4; (c) R1 & R4; 
(d) R2 & R3. 

4. Conclusion 

This paper presents the design and simulation of an active Terahertz multi-focal fo-
cusing lens based on slit resonator rings and graphene. We utilize the characteristic 
of graphene's conductivity varying with its Fermi energy to achieve independent 
and selective control over the operational state of each of the four SRRs, enabling 
the activation of desired dual-ring combinations. The multi-focal focusing charac-
teristics of the designed structure at 0.75 THz were systematically investigated 
through simulations using the commercial software CST Microwave Studio. The 
simulation results clearly demonstrate that by selectively activating different du-
al-ring combinations, the lens can flexibly switch between multiple focusing modes 
on a single structure. This work not only provides new design concepts and feasible 
technical routes for developing compact, efficient, and functionally reconfigurable 
THz wavefront manipulation devices but also offers insights for achieving more 
complex light field manipulation. 
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