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Abstract: Ultra-thin focusing meta-lenses based on the metasurface structure with adjustable focal
length show important applicant value in compact systems, especially in on-chip terahertz spec-
troscopy, imaging systems, and communication systems. A stretchable substrate, dynamic focusing
meta-lens based on the cross-polarized metal C-shaped split ring resonators (SRRs) is designed and
investigated. At the operation frequency of 0.1 THz, the operation characteristics of the unit cell
structure and the formed meta-lens are investigated. The phase of the unit cell structures can be
modulated by changing the rotation angle, width, and symmetry axis of the C-shaped metal SRRs.
When the terahertz wave is incident vertically, the focusing performance can be achieved based on
the specific arrangement of the metasurface unit cells. By stretching the flexible substrate of the
meta-lens, the dynamic focusing effect can be realized. When the substrate stretches from 100% to
120%, the focal length changes from 59.8 mm to 125.2 mm, the dynamic focusing range is 109.4% of
the minimum focal length, and the focusing efficiency changes between 5.5% and 10.5%.
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1. Introduction

Terahertz waves (0.1-10 THz) are located between microwaves and infrared waves.
Due to their special location they have many advantages, such as fingerprinting, living body
safety, and non-polar material transmission, showing huge application potential in many
fields including terahertz communications, non-destructive testing, homeland security, as-
tronomy detection, medical diagnosis, and so on [1]. In the process of terahertz technology
moving towards wide applications, high-power terahertz sources, high-sensitivity terahertz
detectors, and compact and efficient terahertz functional devices are lacking. In recent years,
metasurfaces based on subwavelength scatter arrays have exhibited great advantages of
being ultra-flexible, ultra-thin, and light in the field of beam steering, which are expected to
realize the miniaturization and integration of terahertz systems [2]. Capasso et al. designed
anew type of optical static metasurfaces, and established the generalized Snell’s law, which
strongly promoted the study of metasurfaces [3]. However, in many practical applications,
static metasurface structures cannot dynamically modulate terahertz waves in real time.
At present, there are two main methods for the regulation of dynamic metasurfaces [4].
One method is to change the material properties of the metasurface unit cell to realize the
tunable metasurfaces based on electric, magnetic, thermal, light, and other excitation [5-9].
Generally, functional materials, including graphene, VO2, GST, liquid crystal, and so on, are
treated to realize the switchable metasurfaces. The other method is based on the dynamic
change in the geometric parameters of metasurface structures. In this case, the dielectric
elastomer actuator (DEA) [10-12], micro-electro-mechanical system (MEMS) [13-15], mi-
crofluidics [16], soft-matter [17], liquid crystal [18], and mechanics [19] are used to realize
the reconfigurable metasurfaces.
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Geometric structure dynamically reconfigurable metasurfaces adjust unit cell structure
and unit cell space through mechanical deformation. The dynamic modulation of metasur-
face unit cell structures is achieved in the microwave region by treating microfluidic and
liquid metals [20], which are difficult to realize in higher frequency regions due to limita-
tions of machining accuracy and microfluidic drag constraints. The metasurfaces based on
polydimethylsiloxane (PDMS) flexible substrates can adjust the distance between the unit
cells by treating MEMS or EDA, which are widely used in the broad band electromagnetic
spectrum from microwave to optical frequency. Based on this operation mechanism, a
variety of functional devices including beam control [20], dynamic polarization conver-
sion [21], and tunable meta-lenses are implemented [22,23]. Ee et al. embed metal strip-like
microstructures into PDMS substrates to realize a flexible and stretchable zoom meta-lens in
the optical band, with a stretching range of 130% and a wide dynamic focusing range [22].
Kamali et al. encapsulated the metasurface of subwavelength silicon nanopillars in PDMS
in the near-infrared band, with a stretching range of 150% and a dynamic focusing range of
130% [24]. In addition, in 2018, Callewaert et al. used 3D-printing technology to prepare a
millimeter-wavelength (36 GHz), stretchable, all-media focusing meta-lens [23], which can
achieve 4x focusing with a stretching coefficient of only 75%. However, terahertz dynamic
focusing metasurfaces based on PDMS substrates are rarely studied. Our group designed
a dynamic focusing graphene-based metasurface reflector based on the flexible PDMS
substrate working at the frequency of 1.0 THz [25]. By changing the chemical potential and
width of the graphene strips, the reflective phase covers the 0-27t. The dynamic change in
the focal length of the device can be achieved by stretching the PDMS substrate.

In this paper, based on the cross-polarized metal C-shaped split ring resonator (SRR),
a stretchable substrate, dynamic focusing, terahertz metal meta-lens is designed and inves-
tigated at the frequency of 0.1 THz. The unit cell structure is composed of a metal SRR and
a PDMS substrate. The operation characteristics of the unit cell are analyzed. The meta-lens
structure, composed of different C-shaped metal SRRs, can provide 0-27t phase variation.
The dynamic focusing effect can be realized by stretching the stretchable PDMS substrate.
The working performances of the dynamic focusing meta-lenses are investigated.

2. Unit Cell Design and Characteristics Analysis

In metasurface devices, subwavelength antennas are one of the main components of
metasurface structures. In general, the modulation unit cell structure of electromagnetic
waves usually has two or more open ports. Unit cell structures such as V-type, C-type,
H-type, and L-type structures are widely used. For the same polarized scattered light, the
change in the antenna geometric size and rotation angle can only reach a 0—m phase, while
a phase shift of 0-27 can be achieved by applying cross-polarized scattering light.

Figure 1 depicts the unit cell structure of the C-shaped SRR transmission metasurface.
As shown in Figure 1a, the unit cell structure is composed of a top C-shaped metal SRR
and PDMS substrate. PDMS is a kind of polymer with a refractive index of 1.53 in the
terahertz band [26]. C-shaped metal SRR can be constructed on PDMS with silver nano-
wire by pre-strained technology [27]. PDMS substrate is fixed on the two-dimensional
stretching equipment with a stretching factor of 120% in the x-direction and is kept fixed
in the y-axis direction. Then, the metallic nano-wire ink is printed onto the substrate
using a piezoelectric inkjet printer. The manufacturing process ensures the conductivity
of SRRs during the stretching process. This kind of material provides the advantages of
easy processing, simple preparation, good stretchable properties, and so on. Figure 1b
depicts the detailed structural features of the C-shaped metal SRR. The period of the unit
cell structure is p = 1600 pm which is much smaller than the wavelength of 0.1 THz, and the
thickness of the substrate is d = 500 um with a suitable stretching and toughness property.
The parameters rq, 7, &, and 6 are the geometric features of the C-shaped metal SRRs.
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Figure 1. Unit cell structure of the C-shaped metal SRR. (a) Three-dimensional illustration of the unit
cell structure; (b) top view of the unit cell structure.

Figure 2 shows the part meta-lens structure composed of different C-shaped metal
SRRs. The phases of the output terahertz wave can be modulated by changing the geomet-
rical parameters of the C-shaped metal SRRs when the period is constant. The y direction is
the periodic structure, and the stretching operation is performed in the x direction. Based
on the cross-polarization theory, electromagnetic waves can realize focus in the y direction
along a line above the meta-lens. The diameter of the meta-lens is approximately 80 mm
50 x 50 unit cells.

Eyx

Figure 2. Schematic diagram of the part single-layer metal meta-lens in the x-y plane.

The phase distribution corresponding to different positions along the x direction of
the designed dynamic adjustable meta-lens satisfies the expression [28]:

o) =2 (Ve - 1) )

where f = 60 mm is the initial focal length, A = 3 mm is the wavelength of the incident
wave related to the working frequency of 0.1 THz, and r is the position of the discrete unit
structure from the origin of the meta-lens.

The working principle of the stretchable substrate, single-layer, metal structure dy-
namic tunable meta-lens is shown in Figure 3. The tunable focusing property of the
meta-lens is realized by the applied external strain force to stretch. Fixed the dimension
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along the y-axis, the length of the meta-lens along the x-axis is stretched in the range
S =100% to S = 120% by stretching equipment. In the simulation, the stretching effect
can be realized by changing the size of the substrate according to the stretching factor S.
Figure 3a shows the schematic diagram of the meta-lens change before stretching. The
lateral distance between the PDMS substrate and the origin point is L, the thickness of
the substrate is d, and the focal length is f. When the PDMS substrate is stretched along
the x direction (as shown in Figure 3b), the stretched substrate lateral distance becomes
L', the substrate thickness is d’, and the focal length f is changed to f’. As the stretching
range becomes larger, the length of the substrate becomes longer, the thickness becomes
thinner, and the distance between the two unit cells becomes larger than before stretching.
Considering that the focusing performance of the meta-lens becomes weaker when the
stretching range becomes larger, here we only consider the change in the focal length when
the stretching range is 100-120%.

?  Focus = - 1
5 ,
' stretching |
e PDMS N d I Cid
L I
THZ

THZ

Figure 3. Schematic diagram of the change in the meta-lens before and after stretching. (a) Before
substrate stretching; (b) after substrate stretching.

Firstly, the metasurface subwavelength unit cell structure forming the meta-lens is
discussed. In order to reduce the computational complexity of the simulation process, the
subwavelength period p = 81/15 is selected. The geometric dimensions of the metal unit
cell structure are scanned by the electromagnetic finite time domain difference (FDTD)
method, and the transmission coefficient and phase of the unit cell structure are obtained.
In the simulation, terahertz waves are incident from the substrate along the z-axis. Periodic
boundary conditions are selected in both the x and y directions, and in the z direction, the
perfectly matched layers (PML) boundary conditions are used. By analyzing the scanning
results obtained from the simulation, eight unit cell structures that can cover 0-27 phases
are finally obtained, and the phase difference of the orthogonal polarization components
of two adjacent antenna structures is 7t/4, as shown in Figure 4a. The transmission of the
eight different unit cell structures that make up the meta-lens should be between 38% and
41%, and the detailed geometric parameters are illustrated in Table 1. Figure 4b shows the
variation of the unit cell phase with the position before and after lateral stretching of the
PDMS substrate. When the stretching amplitude of the substrate becomes larger, the phase
change between the unit cell structures tends to decrease.
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Figure 4. Phase response of the single-layer metal C-shaped SRRs. (a) Transmission coefficients and
phase responses for eight discrete unit cell structures; (b) relationship between the lateral distance of
PDMS substrate from the origin point and the phase before and after stretching.

Table 1. Design results of dynamically tunable meta-lens unit cell structure parameters of stretchable
substrate single-layer metal structure.

Cell(#)
7,=680um 77=620pm 71=620pm 7,=680pm 77=680um 71=620pm 17=620pm 1=680um
Parameter rz;iog(gim TZ;i 8405;10m r2;i2105;tm rz;igl();m rzziog(;}im rz;iiosp:m Tz;iZIOspim rZ;i8l()2;im
6=-45° 6= 45° 6=—-45° 6=—45° 6=45° 6=45° 6=45° 6=45°
Phase(rad) -3.12 —2.36 —1.60 -0.78 0.02 0.78 1.54 2.36
Transmission 0.39 0.41 0.40 0.38 0.39 0.40 0.41 0.38

3. Dynamically Focusing Analysis and Discussions

The focusing effects of the dynamically tunable meta-lens based on the stretchable
substrate were then investigated with different stretching factors. To characterize the
focusing efficiency of the designed meta-lens, the focusing efficiency is defined as the
ratio of total electric field intensity in a circular aperture at the FWHM of focal spot to
the total electric field intensity of incident light [29]. The overall diagram of the designed
meta-lens is shown in Figure 2. The diameter and the numerical aperture of the meta-lens
are 80 mm and 0.55, respectively. The initial focal length is designed to be 60 mm. Figure 5
depicts the electric distribution when the stretching factors of the PDMS substrate are 100%,
105%, 110%, 115%, and 120%, demonstrating that the focal length of the meta-lens becomes
longer as the stretching amplitude increases. When the stretching factor increases from
100% to 120%, the focal length changes from 59.8 mm to 125.2 mm, and the dynamically
focusing range can reach 109.4% of the minimum focal length. At the same time the
focusing efficiency was changed from 5.5% to 10.5%. It can be seen that the electric field
intensity gradually decreases with the increase in the stretching range, which is caused by
the reduction in the phase difference between the metasurface unit cell structures as the
stretching range increases.

Figure 6 shows the distribution of normalized electric field intensity corresponding
to different stretching ranges of 100% to 120% at the frequency of 0.1 THz. As given in
Figure 6a, when the stretching degree of the stretchable substrate increases, the focal length
of the meta-lens gradually increases, which is agreed well with the results shown in Figure 5.
Furthermore, the normalized electric field intensity exhibits an overall decreasing trend.
The normalized electric field intensity reaches the maximum value when the stretching
factor is 105%. The length of the focal point (in z-direction) becomes larger with the
increase in the stretching factor. With the increase in the stretching factor, the PDMS
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substrate gradually becomes thinner, which makes the focusing performance of the focal
point decrease.

180 1
150 0.8
120 10.6
.
5 90 10.4
60 0.2

30—39.2 0 39.2 -39.2 0 39.2 -39.2 0 39.2-39.2 0 39.2-39.2 0 39.2
x(mm)

Figure 5. Normalized electric field distribution of the dynamically tunable meta-lens with different
stretching factors.
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Figure 6. Dynamic focusing performance of single-layer metal C-shaped SRRs at the frequency
of 0.1 THz. (a) Normalized electric field intensity distribution along the z-axis (x = 0) when the
PDMS substrate is stretched from 100% to 120%; (b) normalized electric field intensity distribution
in the focal plane when the PDMS substrate is stretched from 100% to 120%; (c) the change in the
focal length with different stretching factors; (d) the change in the focusing efficiency with different
stretching factors.

Figure 6b illustrates the electric field intensity distribution in the focal plane when the
PDMS substrate is stretched from 100% to 120%. The width of the focal point (in x direction)
tends to become larger when the stretching factor increases. The full width at half maximum
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(FWHM) of the focal point is approximately 2.44 mm, which is 1.23 times the working
wavelength. Figure 6¢ gives the change in focal length with different stretching factors,
indicating a basically linear relationship between the focal length change and the stretching
factor. Figure 6d shows the relationship between the focusing efficiency and the stretching
factor. When the PDMS substrate is stretched from 100% to 120%, the focusing efficiency
first increases and then decreases. The maximum focusing efficiency is approximately
10.5% for the stretching factor of 105%.

The performance comparison between the designed meta-lens structure and the previ-
ously reported structures are given in Table 2. It is observed that our meta-lens has a better
focus tuning scope with less stretching magnitude.

Table 2. Performance comparison between the designed meta-lens and the previously reported
structures with PDMS substrate.

Ref.

Cell Structure

Fabrication
Realization

Stretching
Scope

Focusing

Wavelength/Band Efficiency

Focusing Scope

[24]

Si

Yes 100-150% 915 nm 2.3 (fp =600 um)  75%

[22]

Au

Yes 100-130% 632 nm 16fi(f. =150 um)  N/A

[30]

AlLO;

No 100-170% 660 nm 2.2f (f; = 42 pm) N/A

This work

C-shaped SRR

No 100-120% 3 mm(0.1THz) 22f(fy =60 mm)  10.5%
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4. Conclusions

In this paper, a dynamically tunable meta-lens operating at the frequency of 0.1 THz
is designed and investigated. Based on the principle of wavefront phase modulation,
the phase change can reach 27 by treating the cross-polarized C-shaped metal split ring
resonator structure. The dynamic focusing effects can be realized by stretching the PDMS
substrate. In the investigation, when the length of the stretchable PDMS substrate changes
from 100% to 120%, the focal length varies from 59.8 mm to 125.2 mm, and the focusing
efficiency increases from 5.5% to 10.5%. In practical applications, the designed metasurface
device has the advantages of simple fabrication and flexible modulation, exhibiting great
potential in imaging systems.
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