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ABSTRACT

Benefiting from the unprecedented capacity in manipulating wavefront of light waves, metalens can realize unusual functions that are very
difficult or impossible to achieve with conventional lenses. However, the current techniques for designing a metalens are limited to obtain
polarization-dependent or polarization-independent focal points, preventing its versatile applications in modern optics. Here, we propose
and experimentally demonstrate an approach that can focus the left-handed circularly polarized and/or right-handed circularly polarized
components of terahertz (THz) waves to simultaneously generate polarization-dependent and polarization-independent focal points. First, a
metalens is designed to obtain two focal points where the intensity of one focal point can be controlled by controlling polarization of incident
THz waves, while the intensity of another focal point is fixed under the illumination of THz waves with arbitrary polarization. Second, a met-
alens with intensity-tunable multiple focal points and an intensity-fixed focal point is experimentally demonstrated. Third, the single to mul-
tifocal imaging (i.e., reconfigurable imaging) can be realized using the designed metalens without the aid of reconfigurable materials. In
addition, a framework for mimicking logic gates is designed based on the proposed metalens. This robust approach for designing metalens
with reconfigurable focal points may open a window in developing multifunctional devices with potential applications in imaging, sensing,
and communications.
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Metasurfaces, which are the two dimensional counterpart of
metamaterials, enable the unprecedented capacity in accurately con-
trolling the intensity, phase, and polarization of electromagnetic (EM)
waves, leading to the development of ultra-compact, miniaturized, and
integrated optical components with versatile functionalities."”
Metasurfaces are usually consisting of planar meta-atoms with size-
variable or identical shapes and different in-plane orientations that can
be deliberately designed to manipulate EM waves at subwavelength
resolution. Additionally, the manipulation of EM waves is only depen-
dent on the abrupt phase changes at the meta-atom/air interfaces, and
thus, the thickness of metasurfaces is much smaller than the wave-
length of incident EM waves, providing an ideal candidate for device
miniaturization and system integration. Benefiting from the ultrathin

nature and easy of fabrication characteristics, metasurfaces have shown
a plethora of applications including generalized Snell’s law,”* the spin
Hall effect,” ” polarization convertors,'’'” vortex beams,'®*’ holo-
grams,ll’% and quantum sources.”” "

Metalens, which is one of the most typical devices of metasurfa-
ces, enables a variety of applications ranging from imaging,”' virtual/
augmented reality headsets,”” phone cameras,” sensors to display.”
For example, a dual-polarity plasmonic metalens based on helicity-
dependent phase discontinuities for circularly polarized light has been
designed and experimentally demonstrated to generate helicity-
controllable real and virtual focal planes, leading to magnified and
demagnified imaging,”” An all-dielectric metalens consisting of high-
aspect-ratio titanium dioxide meta-atoms was further proposed and

Appl. Phys. Lett. 127, 021701 (2025); doi: 10.1063/5.0277846
Published under an exclusive license by AIP Publishing

127, 021701-1


https://doi.org/10.1063/5.0277846
https://doi.org/10.1063/5.0277846
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0277846
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0277846&domain=pdf&date_stamp=2025-07-14
https://orcid.org/0009-0001-5019-7919
https://orcid.org/0009-0009-8333-1182
https://orcid.org/0009-0000-7972-8069
https://orcid.org/0000-0001-8557-895X
https://orcid.org/0009-0009-5768-4371
mailto:tanzhiyu@usst.edu.cn
mailto:xfzang@usst.edu.cn
https://doi.org/10.1063/5.0277846
pubs.aip.org/aip/apl

Applied Physics Letters

fabricated, and the diffraction-limited focusing was achieved at visible
wavelengths with high focusing efficiency.’ By eliminating the chro-
matic aberration over a continuous wavelength, broadband achromatic
metalenses have been designed and experimentally demonstrated with
various applications in achromatic focusing and beam deflection,”
achromatic imaging,” and full-color light-field imaging.”” In addition,
multi-foci metalenses generating a variety of focal points with different
states of polarization were proposed and designed to form customized
vectorial focal curves that can be dynamically modulated by control-
ling the linear polarization direction of the incident light."" *’ By fur-
ther combining metalens and metallic gratings together, the Janus
metalens can be realized, leading to the directional focusing and asym-
metric imaging."*** Recently, the multi-foci division of focal plane
polarization cameras were designed and could split and focus light in
different polarization bases, leading to the application in detecting the
full Stokes characterization of incident light waves. " However, the cur-
rent metalenses are limited to generate polarization-dependent or
polarization-independent focal point(s). The simultaneous generation
of polarization-dependent and polarization-independent focal point(s)
based on a single metalens (especially for geometric phase-based met-
alens without the using of active materials) is strongly necessary for
developing reconfigurable applications.

In this work, we conceptually propose an approach that can focus
both or one of the helical components of the incident terahertz (THz)

ARTICLE pubs.aip.org/aip/apl

waves into multiple polarization-dependent and polarization-
independent focal points. A metalens that can generate one
polarization-dependent focal point and one polarization-independent
focal point is designed and experimentally demonstrated. The single to
multifocal imaging (i.e., reconfigurable imaging) is further demon-
strated by using this designed metalens. Furthermore, a metalens with
intensity-tunable multiple focal points and an intensity-fixed focal
point is designed, and the intensity-tunable focal points and an
intensity-fixed focal point are verified. In the end, the logic gates plat-
form is proposed and constructed based on our proposed metalens.
Although this approach is demonstrated in the THz band, it can be
promoted to the other electromagnetic band through the similar
method.* The unique approach for designing metalens with reconfig-
urable focal points by controlling polarization of incident THz waves
can be further extended to design ultra-compact and multifunctional
devices with applications in imaging, display, communications, and
more advanced photonics devices.

Figure 1(a) schematically shows the operating principle of a
metalens that can generate polarization-dependent and polarization-
independent focal points under the illumination of linearly polarized
(LP) THz waves. This metalens consists of anisotropic meta-atoms
with identical shape but different in-plane orientations, and thus, the
manipulation of incident THz waves is dependent on the pure geo-
metric phase. For the incident LP THz waves, this metalens can focus

Metasurface

LP incidence

FIG. 1. (a) Schematic of a metalens that can generate polarization-dependent and polarization-independent focal points. (b) A metalens for generating two focal points and one
focal point under the illumination of LCP and RCP THz waves. (c) Schematic of the single to multifocal imaging based on our designed metalens.
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the two helical components [i.e., both left-handed circularly polarized
(LCP) and right-handed circularly polarized (RCP) components] into a
focal point, while it also can focus only one helical component (i.e., LCP
or RCP components) into a focal point, leading to the polarization-
dependent and polarization-independent focal points. As shown in
Fig. 1(b) for the incidence of RCP THz waves, two symmetrically dis-
tributed focal points are generated, while only one focal point is
observed (and located at the right half space of the focal plane) under
the illumination of LCP THz waves. Therefore, a polarization-
independent focal point located at the right half space of the focal plane
and a polarization-independent focal point located at the left half space
of the focal plane are generated based on our designed metalens. This
metalens enables the reconfigurable imaging functionality, as shown in
Fig. 1(c). Therefore, under the illumination of LCP/RCP THz waves, the
single to dual-foci imaging can be realized just by controlling the polari-
zation of incident THz waves.

For focusing the LCP/RCP component of incident THz waves
into a focal point located at (x;, y; f), the quadratic phases are
employed to enhance the field of view for the metalens, which can be
expressed as follows: "

ARTICLE pubs.aip.org/aip/apl

where r is the radial distance to the lens center, A is the working
wavelength, and f is the focal length. Equations (1) and (2) are the
phase profiles to, respectively, generate a polarization-dependent
focal point.

To generate a polarization-independent focal point, the phase
requirement for the metalens can be represented as

@cp(x,y) = arglexp(ipcp) + exp(iQrep)]- 3)

To obtain intensity-fixed and intensity-tunable focal points, a
metalens should encode the phase profile as

Proa(x.y) = arg exp(ioly) + expliccp)]. @

where ‘Picp = arg[exp(i(picp) + exp(i(Péch)] and Q’icp = *qoﬁch
= 2m e+ =) q;’ — ml) o) It should be noted that an
=7 2f > Prer =7 2f .

intensity-fixed focal point is located at (x;, y; f), while another
intensity-tunable focal point is located at (x; y;, f). The sum-of-expo-
nential approach will not lead to the ambiguities due to the properties
of geometric phase, which have been demonstrated for designing the
multi-foci metalens.”

2m r? To demonstrate the above-mentioned functionalities, geometric
Prcp(¥,y) = Jo2f M metasurfaces-based metalens consisting of anisotropic meta-atoms
with identical shape but different in-plane orientations is designed as
o 2 shown in Fig. 3(a). The meta-atoms are fabricated from intrinsic sili-
Prep(x,y) = — T) (2) con with a relative permittivity of ¢, &~ 11.7 4 0.015i at the operational
frequency, exhibiting negligible absorption losses (x =~ 0). The
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FIG. 2. (a) Schematic of a meta-atom in the designed metalens and the simulated phase maps and transmittance as a function of lateral dimensions of L and W. (b) The calcu-
lated phase distributions of designed metalens (for generating intensity-fixed and intensity-tunable focal points) under the illumination of RCP and LCP THz waves. (c)
Schematic of experiment setup. (d) Simulated and measured electric-field intensity distributions in the xz plane after the designed metalens upon the incidence of THz waves
with polarization switched from RCP to LCP. (e) Simulated and measured electric-field intensity distributions in the xy plane after the designed metalens upon the incidence of
THz waves with polarization switched from RCP to LCP. (f) Normalized intensity at y = 0 with red lines for simulations and blue stars for measurements.
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simulated phase maps and transmittance as a function of lateral
dimensions of L and W are shown in Fig. 3(a). The optimized struc-
tural parameters are P=160 um, L =120 um, and W=50 um. The
height of meta-atom and substrate is 500 um. The metalens consists of
110 x 110 meta-atoms, and the working frequency is 0.6 THz. Since
the designed metalens can generate intensity-fixed and intensity-
tunable focal points, the phase distributions (for this metalens) are dif-
ferent under the illumination of RCP and LCP THz waves.

A near-field scanning terahertz time-domain spectroscopy
microscopy system in Fig. 2(c) is constructed with the assistance of B-
THz Co., Ltd.” to detect the diffractive field after the sample/metalens.
A femtosecond laser pulse with a central wavelength of 780 nm is
divided into two parts: one part of this laser beam is coupled into a
single-mode fiber (with a length of 5 cm), and then, it impinges onto a
THz tip to further generate the photon-generated carriers for detec-
tion. The other part of laser beam is guided and focused onto the THz
photoconductive antenna to excite the THz radiation, which is inter-
acted with the sample. The THz tip is mounted on a three-
dimensional translation stage to collect electric-field after the sample,
and the spatial resolution of the THz tip is 3 um. In experiment, the
metalens is fixed, while the THz tip is moved step-by-step (with a step
size of 75 um) to scan the field distributions. The polarized THz wave
is generated with the commercial polarizer and the quarter-wave plate,
which ensures that the polarization extinction ratio exceeds 98%.

ARTICLE pubs.aip.org/aip/apl

As a feasibility study, a metalens that can generate one
polarization-dependent focal point and one polarization-independent
focal point is designed and experimentally demonstrated in Figs. 2(d)-
2(f). According to Eq. (4), the phase profile encoded into a metalens
can focus both the LCP and RCP components of incident THz waves
into (x; ¥ f), while only the incidence of LCP component can be
focused and located at (x; y;, f), leading to the intensity-fixed and
intensity-tunable focal points, respectively. The focusing locations are
defined as (—3.2mm, 0, 7.5mm) for the polarization-independent
focal point and (3.2mm, 0, 7.5mm) for the polarization-dependent
focal point. As shown in Fig. 2(c) (top left) for the incidence of RCP
THz waves, two focal points are generated and symmetrically distrib-
uted in the focal plane. The measured electric-field intensity distribu-
tions after the metalens also show two symmetrically distributed focal
points [bottom left in Fig. 2(c)], which are matched well with the simu-
lated results. A slight discrepancy in field distributions between simula-
tion and experiment can be attributed to the fabrication and
experimental errors. The corresponding electric-field intensity distri-
butions in the xy-plane are shown in Fig. 2(e) (top left and bottom
left). These two focal points show almost the equivalent intensity dis-
tributions in the focal plane, as demonstrated in Fig. 2(f) (left figure).
When the incidence is switched into RECP (right-handed elliptically
polarized), LECP (left-handed elliptically polarized), and LCP THz
waves, the left focal point is still observed with the fixed intensity

\
Incident
polarization
IE?
= E
% () No
2 -8
U D'- E
N X E
L N ‘
=5 0 5 -5 0 5 5 0 5.5 0 5 5 0 g Min
X (mm) X (mm) X (mm) X (mm) X (mm)
OB e
e € Max
(D é - -
[ >
% ®
-3 ®
= —
b o £
$! g E .
L ~ Min
[}
5 0 5 -5 0 5 -5 0 5 -5 0 5 -5 0 5
X (mm) X (mm) X (mm) X (mm) X (mm)
T o (C) 312 » 1 [ 1 ft )
2 -g E :' 4 3 s 4.“ I t “" | —sim.
= : | /| v | & 4 I il {\ |4 I
® E g |44 I N oAl 14 411 sl 1a 41 B i1 1l aEx
Eg < P N B A hnad e Af U i Nead 4 feat] S
o g -5 0 5 -5 0 5 -5 0 5-5 0 5 -5 0 5
=2 < X (mm) X (mm) X (mm) X (mm) X (mm)
. J

FIG. 3. A metalens for generating intensity-tunable multiple focal points and an intensity-fixed focal point. (a) Simulated and measured electric-field intensity distributions in the
xz plane after the designed metalens under the incidence of THz waves with polarization switched from RCP to LCP. (b) Simulated and measured electric-field intensity distribu-
tions in the xy plane after the designed metalens under the incidence of THz waves with polarization switched from RCP to LCP. (c) Normalized intensity at y = 0 with red lines

for simulations and blue stars for measurements.
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distributions, while the right focal point is gradually disappeared (i.e.,
none of a focal point can be observed in the right half space) with the
tunable intensity distribution. The electric-field intensity distributions
in the xz-plane [Fig. 2(d)] and xy-plane [Fig. 2(¢)] demonstrate that
the left focal point with fixed intensity is always observed in the left
half space, while the intensity of the right one is gradually decreased
and disappeared for the LCP incidence. In addition, the axial depth for
these focal spots is approximately 1.1 mm in experiment. The simu-
lated and measured intensity distributions at y =0 mm also verify the
polarization-independent and polarization-dependent characteristics
of our designed metalens.

To further demonstrate the versatility and high performance of
our proposed approach, a metalens that can generate intensity-tunable
multiple focal points and an intensity-fixed focal point is designed and
experimentally demonstrated in Fig. 3. In this situation, the phase
requirement encoded in the metalens is governed by

P, y)| = arg|expliohy) + exp(io)cp) + explivcy)] . (5)

where (Picp = arg[exp(igoicp) + exp(iqochp)}, Q"icp = 7¢;€CP
(N2 . V2 ()2
— 273'1()6 xi) zf(y 7 Phep = 277:(96 %) Zj(y 3 . and (Pfecp _ 7277:

x o)’

The focusing locations are defined as (0 mm, 0, 12.5 mm) for the
polarization-independent focal point and (*4mm, 0, 12.5mm) for
the polarization-dependent focal points.

As shown in Fig. 3(a) (top and bottom left) for the incidence of
RCP THz waves, this metalens can generate two focal points located
at (—4mm, 0, 12.5mm) and (0, 0, 12.5mm). The corresponding

ARTICLE pubs.aip.org/aip/apl

intensity distributions in the focal plane [Fig. 3(b)] also show the
two focal points. The simulated and measured intensity distributions
at y =0 illustrate that these two focal points have the identical inten-
sity, as shown in Fig. 3(c). For the incidence of THz waves with
polarization switched from RECP, LECP to LCP, the intensity of the
focal point located at (—4 mm, 0, 12.5mm) is gradually decreased
and disappeared for the LCP incidence, while the focal point located
at (4 mm, 0, 12.5 mm) is gradually increased and achieves the maxi-
mal intensity distributions under the illumination of LCP incidence,
demonstrating the intensity-tunable multiple focal points. In other
words, we can accurately control the intensity ratio between these
two focal points. It should be noted that the focal point located at (0,
0, 12.5 mm) is unimpeded for the incidence of THz waves with dif-
ferent polarizations, enabling an intensity-fixed focal point. In addi-
tion, the experimental axial depth of the polarization-independent
focal point and polarization-dependent focal point is 1.51 and
2.21 mm, respectively.

Our designed metalens not only can manipulate the incident
THz waves into polarization-dependent and polarization-independent
focal points but also enables the unprecedented capability in reconfig-
urable imaging, as shown in Fig. 4. The metalens that can focus inci-
dent THz waves into one polarization-independent focal point and
one polarization-dependent focal point is utilized to demonstrate the
reconfigurable imaging. Figure 4(a) shows the schematic for the exper-
imental detection of the imaging.

Considering both the non-paraxial effects and the interference
between two images, a 4f system is established to demonstrate the
reconfigurable imaging—the distance between the object and focusing
lens and the focal length of this focusing lens are 10 mm, while the

-

metalens

@ Object lens

O

~

FIG. 4. Metalens for reconfigurable imag-
ing. (a) Schematic of reconfigurable imag-
ing. (b) and (c) Simulated (b) and
measured (c) electric-field intensity distri-
butions for the single to multifocal
imaging.
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image distance and focal length of the metalens are 7.5 mm. As shown
in Fig. 4(b) (left) for the incidence of LCP THz waves, the imaging
with one “C” is observed in the image plane. The measured result in
Fig. 4(c) (left) also shows a C-shaped imaging in the image plane.
When the incidence with polarization switched from LCP, LECP to
RECP and RCP, another C-shaped imaging located at the right half
image plane is increasingly apparent, leading to two C-shaped images
with approximately identical intensity distributions upon the incidence
of RCP THz waves. The detailed quantitative imaging metrics of the
imaging system can be found in Sec. 3 of the supplementary material.
Our proposed metalens can be further extended to mimic the
logic gates by combining with phaser devices, as shown in Fig. 5. A
x-polarized THz beam and a y-polarized THz beam with phase dif-
ference of AV, = *£0.57 simultaneously arrive at the two phaser
devices, and each phaser device can independently add a phase shift
Ag to the x-polarized and y-polarized THz waves. The predesigned
recognition-region in the right side (the white dashed box) is selected
to mimic the logic gates, while the left side region represents the con-
nection signal that mimics the handshake process in the communica-
tion protocol (e.g., TCP/IP) to ensure data reliability. For the
“XNOR?” gate, the phase difference A¥, = 0.57. Without phase shift
for the x-polarized and y-polarized THz waves, the x-polarized and
y-polarized THz components can be considered as the code “0 07;
then, the selected region is illuminated with a focal point after the x-
polarized and y-polarized THz components passed through the
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metalens, as shown in Fig. 5(b). Then, the input codes of “0 1,” “1 0,”
and “1 1”7 can be obtained just by adding the phase shifts of 0/7, 7/0,
and /7 into the x/y-polarized component. The selected region is not
illuminated for the input codes of 0 1 and 1 0, while it is illuminated
for the input code of 1 1 [Fig. 5(b)]. In contrast, for the “XOR” gate,
the phase difference A¥( = —0.57, the selected region is illuminated
for the input codes of 1 0 and 0 1, while it is not illuminated for the
input codes of 1 1 and 0 0, as shown in Fig. 5(c). Furthermore, we
also demonstrate that the NAND and NOR gates can be simulta-
neously achieved with the multi-foci metalens (see Sec. 4 of the sup-
plementary material).

In summary, we have proposed and demonstrated an approach
to design metalenses that can focus the incident THz waves into
polarization-dependent and polarization-independent focal points. A
metalens that can generate one polarization-dependent focal point and
another polarization-independent focal point was designed and experi-
mentally verified. Then, we extend this method into the design of a
metalens for generating intensity-tunable multiple focal points and an
intensity-fixed focal point. The single to multifocal imaging has been
demonstrated based on our designed metalens. Finally, the metalens
for mimicking logic gates has been proposed and numerically demon-
strated. This robust approach for designing polarization-dependent
and polarization-independent focal points opens a window to develop
multifunctional devices with potential applications in imaging, display,
and communications.
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FIG. 5. Metalens for mimicking logic gates. (a) Schematic for the generation of logic gates. (b) Simulated results for “XNOR” gate. (c) Simulated results for “XOR” gate.
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See the supplementary material for (1) sample fabrication; (2)
analysis of the efficiency of the proposed metasurfaces; (3) characteri-
zation of metrics of the reconfigurable imaging system; and (4) logical
gates with the multi-foci metalens.
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