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ABSTRACT:Metasurfaces offer remarkable capabilities for manipulating electromagnetic waves and by incorporating multiplexing tech-
niques can significantly increase the versatility of design possibilities. Here, we designed and experimentally demonstrated a series of
dual non-diffractive beam generators for terahertz radiation based on all-dielectric metasurfaces. These generators could produce switch-
able Bessel beams and abruptly autofocusing beams depending on the spin and frequency of the incident terahertz waves. In addition,
by further applying appropriate phase gradients in the design, these non-diffractive beams could be deflected in specified directions.
It is also possible to simultaneously generate multiple non-diffractive beams with different properties. The generated non-diffractive
beams were measured with near-field scanning terahertz microscopy, and the results agreed well with simulations. We believe that these
metasurface-based beam generators hold tremendous potential in terahertz imaging, communications, non-destructive evaluation, and
many other applications.

1. INTRODUCTION

Non-diffractive beams are special types of light beams that,
unlike Gaussian beams generated by conventional devices,

can maintain stable propagation characteristics during trans-
mission, unaffected by diffraction [1–5]. These beams are usu-
ally achieved through specific optical devices or specialized op-
tical designs [6–9]. Non-diffractive beams have great poten-
tial in applications such as optical sensing [10], particle trap-
ping [11], optical communications [12], just to name a few. The
shape and intensity distribution of these beams are effectively
maintained during propagation, making them widely adopted
in applications requiring specific beam properties. Two dis-
tinctive types of non-diffractive beams are Bessel beams and
abruptly autofocusing (AAF) beams. Bessel beams can main-
tain a constant intensity distribution over long distances during
propagation [13, 14]. They consist of a central high-intensity
spot surrounded by several concentric rings and find impor-
tant applications in laser processing [15], optical tweezers [16],
optical microscopy [17], and extended depth-of-field imag-
ing [18]. AAF beams are non-diffractive beams characterized
by initial low-energy propagation but with an abrupt significant
energy increase near the designed focus. These beams initially
have a ring-shaped pattern composed of a series of Airy beams
around the center. During propagation, these Airy beams accel-
erate towards the center, gradually shrinking the ring-shaped
pattern until it collapses into a point near the designed focus,
resulting in a sharp increase in energy by several orders of
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magnitude [4, 5]. AAF beams are widely used in laser abla-
tion [19], particle trapping [20], terahertz wave generation [21],
light bullets [22], and many other fields. With the development
of terahertz technology, non-diffractive beams have also found
increasing applications in terahertz-related fields such as tera-
hertz imaging [18, 23] and detection [24, 25].
Metasurfaces are two-dimensional metamaterials composed

of subwavelength units, which can modulate the phase, ampli-
tude, and polarization of incident electromagnetic waves [26–
33]. These subwavelength units can possess complex geome-
tries and have unique electromagnetic responses, thus enabling
highly customized control over electromagnetic waves. As a
result, metasurfaces demonstrate unprecedented capabilities in
spectral modulation [34] and wavefront shaping [35–37]. In
the spectrally important terahertz frequency range, as most nat-
ural materials are non-responsive to terahertz waves, and de-
vices for wavefront shaping are highly desired, metasurfaces
provide a highly effective solution. Metasurfaces based on di-
electric materials (such as silicon) exhibit high transmission
efficiency [38, 39], making them suitable for generating non-
diffractive terahertz beams [40]. Additionally, the metasur-
face units can be designed to exhibit polarization [41] or fre-
quency dependence [42]. Utilizing such units and by chang-
ing the polarization and/or frequency of the incident waves,
the same metasurface can achieve different functionalities.
Reported multiplexing devices are more common in the mi-
crowave [31, 33, 37] and optical [32, 42, 43] frequency ranges.
For example, Huang et al. [44] reported a perfect vortex beam
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FIGURE 1. (a) Schematic diagram of a metasurface and illustration of the designed functions, and (b) side and top views of a meta-unit.

generator based on all-dielectric metasurfaces operating in the
terahertz band, which utilizes spin multiplexing. However, it
works at a single frequency. Devices capable of both frequency
and spin multiplexing in the terahertz frequency range are still
scarce and highly desirable.
In this work, we report spin-and-frequency multiplexed

transmissive all-dielectric metasurfaces that can generate
different non-diffractive beams under varying frequencies
and incident polarization conditions. By superimposing the
required phase functions, they can also produce deflected
non-diffractive beams at specific angles and simultaneously
generate multiple non-diffractive beams of different types.
The devices operate at 0.75 THz and 1.25 THz, each offering
unique functionalities and enabling frequency-dependent
operation — a feature uncommon in conventional devices.
They also exhibit polarization sensitivity, allowing different
functionalities based on the polarization state of the incident
waves. This dual-frequency and polarization-dependent capa-
bility enhances design flexibility, supporting the generation of
Bessel beams with long non-diffractive propagation and AAF
beams with abruptly concentrated energy during transmission,
or both beams simultaneously. These metasurface devices pro-
vide a technique to generate combinations of non-diffractive
beams, and the contrasting characteristics of these beams
expand the potential of these devices in polarization- and
frequency-dependent applications in the spectrally-important
terahertz band.
The rest of this paper is organized as follows. The second

section discusses the design of the metasurface. The third sec-
tion presents the simulation results, while the fourth section de-
tails the experimental results and discussion. A final section
draws the conclusions.

2. METASURFACE DESIGN

A spin-and-frequency multiplexed transmissive all-dielectric
metasurface designed in this work is schematically shown in
Fig. 1(a). We aim to achieve the following functionalities:
When left-hand circularly polarized (LCP) light is incident on
the metasurface, one type of beam is generated at a frequency

of 0.75 THz, and another type of beam is generated at 1.25 THz;
when the incident light is right-hand circularly polarized (RCP),
the beams generated at 0.75 THz and 1.25 THz will differ from
those produced by the LCP light, producing two switchable
types of beams.
To achieve the desired spin-and-frequency multiplexing

functionalities, we utilize polarization-dependent rectangular
pillars on a silicon substrate as meta-units (Fig. 1(b)). The sub-
wavelength unit arrays of the metasurface can be composed of
pillars of different sizes. The initial phase distribution required
to achieve the desired functionality is first calculated. Then,
the basic units with different phase modulation capabilities are
placed at corresponding positions, completing the design of
a metasurface with specific functions. By altering the length
and width of the rectangular pillars as well as their rotation
angles, different effects can be achieved when LCP and RCP
lights are incident onto the metasurface. This design is based
on the superposition of the propagation phase and geometric
phase [43, 44].
The propagation phase is altered by changing the length and

width of the dielectric pillars, enabling independent control of
the phase values ofx- and y-polarized incident lights, which can
be represented by φx and φy , respectively [40]. The geometric
phase is modified by adjusting the rotation angle (denoted as
α) of the dielectric pillars, which is used to control the phase of
circularly polarized incident light: LCP (RCP) incident light is
converted into RCP (LCP) light with an additional phase shift of
−2α (+2α) [45]. Therefore, geometric phase alone cannot in-
dependently control the phase of circularly polarized light with
different polarization states. Propagation phase and geometric
phase can be combined to achieve the independent phase con-
trol for circularly polarized light [43, 44]. Assuming pure phase
control without the influence of amplitude, the required phase
response for LCP incident light (converted to RCP light) is de-
noted as φlr and that for RCP incident light (converted to LCP
light) as φrl. These two parameters and rotation angle can be
constructed by [43]: φlr(x, y) = [φx(x, y) + φy(x, y)]/2

φrl(x, y) = [φx(x, y) + φy(x, y)]/2− π
α = [φx(x, y)− φy(x, y)]/4

(1)
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FIGURE 2. (a) Amplitude and phase modulation of 0.75 THz incident light as a function of lxa and lya, and (b) amplitude and phase modulation
of 1.25 THz incident light as a function of lxb and lyb. Here, ampx and ampy represent amplitude responses to x- and y-polarized incident light,
respectively; phix and phiy represent phase responses to x- and y-polarized incident light, respectively.

As can be seen from Eq. (1), to independently control differ-
ent circularly polarized lights, it is only necessary to calculate
the phase distributionsφx andφy required for the two linear po-
larization states. This equation will yield phase values φlr and
φrl, as well as rotation angle α, corresponding to the desired
functionalities. When the polarization state of the incident light
is not circular polarization, it can be decomposed into LCP and
RCP components. This results in the simultaneous generation
of two beams with different circular polarization states, without
affecting the efficiency or beam quality, as the outcomes for the
two polarization components are totally independent.
We used the commercial software CST Microwave Studio

to simulate the response of the metasurfaces to incident tera-
hertz waves at frequencies of 0.75 and 1.25 THz. The key step
is to design the meta-units. The schematic diagram of a ba-
sic square-shaped meta-unit is shown in Fig. 1(b), where pillar
“A” modulates the incident wave at a frequency of 0.75 THz,
while pillars “B” modulate the incident wave at a frequency
of 1.25 THz. Because pillar “A” achieves a modulation effi-
ciency close to 1 at 0.75 THz while pillars “B” attain a modu-
lation efficiency about 0.5 at 1.25 THz, when the numbers of
pillars “A” to “B” in a meta-unit are 1 : 3, the modulation effect
for 1.25 THz incidence is superior to that when the ratio is 2 : 2,
ensuring a goodmodulation effect at 0.75 THz at the same time.
In Fig. 1(b), lxa (lxb) and lya (lyb) represent the length and

width of pillar A (B), respectively. By varying these parame-
ters, the propagation phases φlr and φrl of pillar A (B) can be
altered. The angle θa (θb) denotes the rotation angle of pillar
A (B) and controls the geometric phase of pillar A (B). The
meta-unit period is p = 300µm, the height of the pillars h
= 250µm, and the thickness of the silicon substrate 750µm.
Fig. 2 shows the phase and amplitude responses for dielectric
pillar dimensions ranging from 30 to 144µm. The simulation

used open boundary conditions along the ±z direction and pe-
riodic boundary conditions along both the ±x and ±y direc-
tions. From these simulations, a library of pillars having a high
modulation efficiency and meeting the required phase values is
established to design the metasurfaces.
In this work, the metasurfaces designed by combining the

propagation phase and geometric phase are primarily used to
generate two types of non-diffractive beams: Bessel beams and
AAF beams. Bessel beams are characterized by long-distance
diffraction-free propagation with a uniform intensity distribu-
tion. AAF (ring-Airy) beams, composed of Airy beams ar-
ranged in a ring pattern, self-accelerate during propagation and
shrink the ring until it collapses into a point near the focus, caus-
ing a sharp increase in energy. Although the diffraction-free
nature of AAF beams may not be immediately visible, it arises
from the stable intensity of the main lobe of the Airy beams
over a certain distance and the energy concentration at the fo-
cus. These two beam types exhibit contrasting characteristics.
The phase distribution of a Bessel beam is described by [45]:

φb(x, y) = −2π

λ

√
x2 + y2NA (2)

Here, x and y represent the spatial coordinates. Since the di-
electric pillars in the design are grouped into supercells of 2×2,
for convenience, the spatial coordinates x and y used in the
phase calculations are taken as the coordinates of the supercell
center. The wavelength λ is 400µm at 0.75 THz and 240µm
at 1.25 THz. When the metasurface generates a Bessel beam,
its phase distribution can be considered as the discretized phase
distribution of an equivalent axicon, which is a commonly used
device to generate Bessel beams. In Eq. (2), NA denotes the
numerical aperture of the equivalent axicon, which is related to
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FIGURE 3. Simulation results for the metasurface designed for linear polarization. Normalized intensity profiles in the xoz plane for (a) x-polarization
at 0.75 THz, (b) y-polarization at 0.75 THz, (c) y-polarization at 1.25 THz, and (d) x-polarization at 1.25 THz. The dashed lines in (b) and (d) indicate
the focal positions of the AAF beams at 0.75 THz and 1.25 THz, respectively.

the base angle θaxicon as follows [40]:

NA = sin(sin−1(nmat sin(θaxicon))− θaxicon) (3)

Here, nmat represents the refractive index of the material, and
set as nmat = 3.4496 (silicon in this work).
To calculate the parameters of the equivalent axicon for the

designed metasurfaces in this work, we first set the phase at the
center position φb (0,0) = 0, with the period of the meta-unit
chosen as 300µm. The required phase of the meta-unit clos-
est to the center position is chosen to be φb(300, 0) = −π/4.
By substituting these values into Eq. (2), we get NA = λ/2400.
For the 0.75 THz case, NA = 1/6, and for the 1.25 THz case,
NA = 1/10. Using Eq. (3), the axicon angles are calculated as
θaxicon0.75 = 3.87◦ and θaxicon1.25 = 2.33◦.
Another non-diffractive beam that is considered in this work

is an AAF beam with phase distribution described by [46]:

φAAF=


− 2π

λ
m2

(2m−1)(m−1) [(m−1)a]
1
m (r−r0)

2m−1
m ,

r0 ≤ r
0, r < r0

(4)

The AAF beam is produced by rotating an Airy beam with a
trajectory c(z) = r0 − azm one full turn around the z-axis, the
propagation direction. Here, r0 represents the initial distance of
the Airy beam from the center, a a parameter determining the
trajectory of the Airy beam, m the order of the trajectory, and
r =

√
x2 + y2 the spatial coordinates. The AAF beam focuses

abruptly after a certain propagation distance, calculated using
its trajectory equation. When the right side of the trajectory
equation equals zero, i.e., r0 − azm = 0, all the Airy beam
components forming the AAF beam have converged on the z-
axis. At this point, the intensity of the light is maximal, referred
to as the focal point. The focal length of the AAF beam is f =
(r0/a)1/m. For the AAF beam designed in this work, the order
of the beamm is 2, and the focal length is thus f = (r0/a)

1/2.

The phase distribution Eq. (4) can be simplified to:

φAAF =

{
− 8π

3λa
1
2 (r − r0)

3
2 , r0 ≤ r

0, r < r0
(5)

3. SIMULATION RESULTS
On the basis of the principles outlined above, we have de-
signed several types of dual non-diffractive beam generators,
each with distinct effects. These generators consist of meta-
units arranged in a grid of 21 × 21, where each meta-unit has
a period of 300µm. In the simulation of the beam generators,
open boundary conditions were used in the±x,±y, and±z di-
rections, and the incident light was set as a Gaussian beam with
a waist radius of 3mm to be consistent with the experimental
conditions.
First, a special case is considered, where only propagation

phase is used without geometric phase, by designing a meta-
surface that can generate distinct non-diffractive beams for dif-
ferent linearly polarized incidences. In this case, the difference
in efficiency between units A and B is small, so the ratio of A
to B can be designed as 2 : 2, and unit B in the bottom right
corner of Fig. 1(b) can be replaced with unit A. Fig. 3 presents
the simulation results of the designed metasurface. Figs. 3(a)
and 3(b) illustrate the intensity profiles in the xoz plane at an
incident frequency of 0.75 THz for x- and y-polarized waves,
respectively. It is evident that a Bessel beam is generated un-
der x-polarization, whereas an AAF beam with a focal length
of approximately 3.5mm is produced under y-polarization. The
dashed line in Fig. 3(b) indicates the z-axis position at 3.5mm.
When the frequency of the incident wave is 1.25 THz, the re-
sults for x- and y-polarizations are switched, as depicted in
Fig. 3(c) and 3(d). Fig. 3(c) shows the intensity profile for y-
polarization, and Fig. 3(d) for x-polarization, both in the xoz
plane. To highlight the differences in the beams, the focal point
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FIGURE 4. Simulation results for the metasurface designed for circular polarization to produce two straight propagating non-diffractive beams.
Normalized intensity profiles in the xoz plane for (a) LCP at 0.75 THz, (b) RCP at 0.75 THz, (c) RCP at 1.25 THz, and (d) LCP at 1.25 THz. The
dashed lines in (b) and (d) indicate the focal positions of the AAF beams at 0.75 THz and 1.25 THz, respectively.

of the AAF beam at 1.25 THz is different from that at 0.75 THz,
with the focal point being approximately 4mm, as indicated
by the dashed line in Fig. 3(d). These results show that in the
design the four beams generated under x- and y-polarizations
at incident frequencies of 0.75 THz and 1.25 THz are indeed
mutually independent. This independence will be further elu-
cidated in the subsequent metasurface design for circular po-
larization. To characterize the efficiency of the proposed de-
vices, we simulate the intensity distribution through the sili-
con substrate only and use it as the reference intensity Iref. To
calculate the efficiency, the intensity distribution transmitted
through a metasurface is divided by Iref, yielding the efficiency
of this metasurface. The efficiencies of the beam generators in
Figs. 3(a)–(d) are 57.3%, 56.1%, 49.4%, and 48.1%, respec-
tively.
After the case for linear polarization, the main focus is on de-

signing devices that generate non-diffractive beams under dif-
ferent circularly polarized incidences. The first generator is
to produce a Bessel beam for an LCP wave at a frequency of
0.75 THz and an AAF beam at 1.25 THz. Conversely, when
the polarization state of the incident wave is switched to RCP,
an AAF beam is emitted at 0.75 THz and a Bessel beam at
1.25 THz. The simulation results in the xoz plane for this gen-
erator are shown in Fig. 4. Figs. 4(a) and 4(b) show the simu-
lated intensity distributions for 0.75 THz LCP andRCP incident
waves, respectively, while Figs. 4(c) and 4(d) are for 1.25 THz
RCP and LCP incident waves, respectively. All results are for
cross-polarization, meaning that the beam generated by LCP
incident light is RCP light, and vice versa. This and the other
metasurfaces discussed later have the same focal points as the
case for linear polarization (namely, 3.5mm and 4mm) and are
indicated by the dashed lines. The efficiencies of the beam gen-
erators in Figs. 4(a)–(d) are 55.9%, 56.9%, 50.2%, and 51.8%,
respectively.
Next, a metasurface capable of generating non-diffractive

beams in an arbitrary direction is designed. The phase distri-

bution of this metasurface is described by:

φd = φbeam ± 2πx

Tx
± 2πy

Ty
(6)

Here, φbeam represents the phase distribution of the Bessel or
AAF beam, and 2πx/Tx (2πy/Ty) denotes the phase required
for the beam to be deflected in the x (y) direction, where
Tx (Ty) represents the period of the phase gradient along the
x (y) direction. The deflection angles can thus be described
by:

θdx = arcsin
(

λ

Tx

)
, θdy = arcsin

(
λ

Ty

)
(7)

Figure 5 shows the simulation results for this metasurface.
With Tx (Ty) = 2400µm, the calculated deflection angle θdx
(θdy) is 9.59◦ at 0.75 THz and 5.74◦ at 1.25 THz. Figs. 5(a)
and 5(b) represent the cases for LCP and RCP incident waves
at 0.75 THz, respectively. In Fig. 5(a), Tx = 2400µm, Ty =
0µm, and the Bessel beam is deflected approximately by 10.5◦
towards the positive x-axis, while in Fig. 5(b), Tx = 0µm,
Ty = 2400µm, and the AAF beam is deflected approximately
by 9.8◦ towards the positive y-axis. Figs. 5(c) and 5(d) rep-
resent the cases for RCP and LCP at 1.25 THz, respectively.
In Fig. 5(c), Tx = 0µm, Ty = −2400µm, and the Bessel
beam is deflected approximately by 7.2◦ towards the negative
y-axis, while in Fig. 5(d), Tx = −2400µm, Ty = 0µm, and
the AAF beam is deflected approximately by 6.9◦ towards the
negative x-axis. These deflection angles are in good agreement
with theoretical calculations. The efficiencies of the beam gen-
erators in Figs. 5(a)–(d) are 58.4%, 55.5%, 51.5%, and 49.8%,
respectively.
In the above designs, for incident waves with the same fre-

quency and polarization, only one non-diffractive beam is gen-
erated. To meet the demands in practical applications, a meta-
surface capable of generating two non-diffractive beams simul-
taneously is designed. The required phase for this metasurface,
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FIGURE 5. Simulation results for the metasurface designed with unidirectional deflection. Normalized intensity profiles in the xoz plane for (a) LCP
at 0.75 THz and (d) LCP at 1.25 THz, as well as in the yoz plane for (b) RCP at 0.75 THz and (c) RCP at 1.25 THz. The dashed lines in (b) and (d)
indicate the focal positions of the AAF beams at 0.75 THz and 1.25 THz, respectively.

(a) (c)

(b) (d)

FIGURE 6. Simulation results for the metasurface that can generate two beams simultaneously. Normalized intensity profiles in the xoz plane for (a)
LCP at 0.75 THz and (d) LCP at 1.25 THz, as well as in the yoz plane for (b) RCP at 0.75 THz and (c) RCP at 1.25 THz. The dashed lines indicate
the focal positions of the AAF beams.

φsum, can be described by [47]:

φsum = arg
{
exp

[
i
(
φbeam,1 + a1

2πx

Tx
+ b1

2πy

Ty

)]

+ exp
[
i
(
φbeam,2 + a2

2πx

Tx
+ b2

2πy

Ty

)]}
(8)

Here, the values of a1, b1, a2, and b2 are 0 or ±1, which are
parameters controlling the deflection directions of the beams;
Tx and Ty represent the phase gradient periods along the x and
y directions, respectively.
Figure 6 shows the simulation results for this metasurface

that can generate two beams simultaneously. With Tx =
Ty = 1200µm, the calculated deflection angles at 0.75 THz
and 1.25 THz are θd = 19.47◦ and 11.53◦, respectively, while
the corresponding angles in Fig. 6 are 20.4◦ and 13.8◦. Fig. 6(a)

depicts the result for LCP light at 0.75 THz, where a Bessel
beam deflecting in the positive x-axis and an AAF beam de-
flecting in the negative x-axis can be observed. Fig. 6(b) shows
the result for RCP light, where a Bessel beam deflecting in the
negative y-axis and an AAF beam deflecting in the positive y-
axis can be seen. In comparison, Fig. 6(c) shows the result
for RCP light at 1.25 THz, where the Bessel beam deflects in
the negative y-axis and the AAF beam in the positive y-axis.
Fig. 6(d) shows the result for LCP light, where the Bessel beam
deflects in the positive x-axis and the AAF beam in the nega-
tive x-axis. The generation efficiencies for the Bessel beams
in Figs. 6(a)–(d) are 29.0%, 28.7%, 24.5%, and 25.6%, respec-
tively, and those for the AAF beams are 29.4%, 28.0%, 26.3%,
and 25.9%, respectively. The values are around half of those
for the previous devices because the energy is divided into two
beams.
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(a) (b)
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(c) (d)

(g) (h)

FIGURE 7. Simulation results for the metasurface that can generate four beams simultaneously. Normalized intensity profiles in the xoz plane for (a)
LCP at 0.75 THz, (b) RCP at 0.75 THz, (c) LCP at 1.25 THz, and (d) RCP at 1.25 THz, as well as in the yoz plane for (e) LCP at 0.75 THz, (f) RCP
at 0.75 THz, (g) LCP at 1.25 THz, and (h) RCP at 1.25 THz. The dashed lines indicate the focal positions of the AAF beams.

The simulation results in Fig. 6 show that the effect of gener-
ating two different beams simultaneously is very good. To fully
explore the degrees of freedom enabled by the meta-atoms, a
four beam generator is designed. By extending Eq. (8), the
required phase for a metasurface capable of generating four
beams simultaneously can be obtained:

φsum=arg

{
4∑

n=1

exp
[
i
(
φbeam,n + an

2πx

Tx
+ bn

2πy

Ty

)]}
(9)

where arg stands for the argument. With Tx = Ty = 1200µm,
the deflection angles for the four-beam metasurface are the
same as those for the dual-beam metasurface shown in Fig. 6.
The four beams generated include one Bessel beam and one
AAF beam in the xoz plane, and another pair of Bessel and AAF
beams in the yoz plane. Figs. 7(a) and 7(e) show respectively
the intensity distributions in the xoz and yoz planes for incident
LCP waves at 0.75 THz, where in Fig. 7(a) the Bessel beam is
deflected in the positive x-axis and the AAF beam in the neg-
ative x-axis, while in Fig. 7(e) the Bessel beam is deflected in
the positive y-axis and the AAF beam in the negative y-axis.
Figs. 7(b) and 7(f) show respectively the intensity distributions
in the xoz and yoz planes for incident RCP waves at 0.75 THz.
In Fig. 7(b) the Bessel beam is deflected in the negative x-axis
and the AAF beam in the positive x-axis, while in Fig. 7(f) the
Bessel beam is deflected in the negative y-axis and the AAF
beam in the positive y-axis. In comparison, Figs. 7(c) and 7(g)
show respectively the intensity distributions in the xoz and yoz
planes for incident LCP waves at 1.25 THz, where in Fig. 7(c)
the Bessel beam is deflected in the positive x-axis and the AAF
beam in the negative x-axis, while in Fig. 7(g) the Bessel beam
is deflected in the negative y-axis and the AAF beam in the
positive y-axis. Figs. 7(d) and 7(h) show respectively the in-
tensity distributions in the xoz and yoz planes for incident RCP
waves at 1.25 THz, where in Fig. 7(d) the Bessel beam is de-
flected in the negative x-axis and the AAF beam in the positive
x-axis, while in Fig. 7(h) the Bessel beam is deflected in the

positive y-axis and the AAF beam in the negative y-axis. From
the simulation results in Fig. 7, it can be seen that although the
quality of beam generation is sightly diminished, four different
beams distributed in the xoz and yoz planes can be clearly dis-
tinguished. The generation efficiencies for the Bessel beams
in Figs. 7(a)–(d) are 14.4%, 14.3%, 12.4%, and 12.0%, respec-
tively, and those for the AAF beams are 15.1%, 14.2%, 12.8%,
and 12.6%, respectively. The generation efficiencies for the
Bessel beams in Figs. 7(e)–(h) are 14.8%, 15.0%, 12.7%, and
11.9%, respectively, and those for the AAF beams in Figs. 7(e)–
(h) are 14.8%, 13.4%, 12.1%, and 12.8%, respectively.

4. EXPERIMENTAL RESULTS AND DISCUSSION
To experimentally demonstrate the feasibility of the dual non-
diffractive terahertz beam generators that can operate at two
frequencies, all-dielectric metasurface samples based on sili-
con are fabricated by optical lithography followed by deep re-
active ion etching (DRIE) [48]. First, a chromium layer with
a thickness of approximately 10 nm was sputtered onto one
side of a 4-inch-diameter, 1-mm-thick high-resistivity silicon
wafer. Subsequently, a 10-µm-thick layer of AZ2070 photore-
sist was spin-coated onto the chromium layer. The photore-
sist was precisely patterned using a photomask and developed
through conventional UV photolithography. The chromium
layer not covered by the photoresist was then removed via acid
etching. Next, DRIE was employed to etch the exposed sili-
con regions to a depth of 250µm, with the remaining photore-
sist and chromium serving as a hard mask. The DRIE process
alternated between protection and etching cycles. Finally, the
residual photoresist and chromiumwere removed using acetone
and acid cleaning, completing the metasurface fabrication. The
consistency of the fabrication could be guaranteed as long as
the same operation procedures were followed.
To characterize the metasurface samples, a near-field scan-

ning terahertz microscopy system is used, which can also mea-
sure the far-field distributions, as illustrated in Fig. 8 [49].
The measurement is performed in dry air to avoid the influ-
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(a)
(b)

FIGURE 8. (a) Diagram of experimental setup and (b) optical microscopy image of a metasurface sample.

(a) (b)

(c)

(d)

(d)

FIGURE 9. Experimental results for the metasurface designed for linear polarization. Intensity profiles in the xoz plane for (a) x-polarization at
0.75 THz, (b) y-polarization at 0.75 THz, (c) y-polarization at 1.25 THz, and (d) x-polarization at 1.25 THz.

ence of water vapor. In the experiment, a linearly-polarized
broadband free-space terahertz beam is generated from a pho-
toconductive antenna and then collimated by a TPX terahertz
lens. During measurement, the terahertz radiation is incident
onto the substrate side of the metasurface, which is placed on
a three-dimensional translational sample holder. A terahertz
probe, equipped with a two-dimensional translational detec-
tor capable of scanning in the x and y directions, is used to
measure the electric field of the transmitted terahertz waves
point by point. Due to the lack of quarter-wave plates oper-
ating at frequencies of 0.75 THz and 1.25 THz, the circularly-
polarized incidences cannot be directly obtained and are thus
synthesized from results from linearly-polarized incidences. A
polarizer is used and rotated to +45◦ and −45◦ relative to the
linear polarization direction of the terahertz radiation emitted
by the photoconductive antenna to measure the electric fields
E+45◦ and E−45◦ . These two electric fields are obtained by
performing Fourier transforms to the time-domain signals at
the points of measurement and are complex amplitudes over

a broad frequency range. At this point, the electric field distri-
bution with a spin of σ and a wavelength of λ can be calculated
as [E+45◦(λ) + iσE−45◦(λ)]/

√
2.

The experimental results for the metasurface designed for
linear polarization are presented in Fig. 9, showing the inten-
sity distributions of the non-diffractive beams at 0.75 THz and
1.25 THz for x- and y-polarized incident waves. A comparison
between the experimental results in Fig. 9 and the simulation
results in Fig. 3 reveals that the characteristics of the generated
Bessel beams are largely consistent for the same frequency and
polarization. Additionally, the focal lengths of the generated
AAF beams align with the simulation results. The efficien-
cies of the beam generators in Figs. 9(a)–(d) are 56.7%, 57.7%,
48.9%, and 49.0%, respectively. The calculation of the effi-
ciency values is similar to that in simulation but with measured
intensity distributions used.
The following experiments are conducted to measure the

metasurface samples designed for circular polarization. Using
the formulas described earlier, we obtain the intensity distribu-
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(a) (b)

(c) (d)

FIGURE 10. Experimental results for the metasurface designed for circular polarization to produce two straight propagating non-diffractive beams.
Intensity profiles in the xoz plane for (a) LCP at 0.75 THz, (b) RCP at 0.75 THz, (c) RCP at 1.25 THz, and (d) LCP at 1.25 THz.

(a) (b)

(c) (d)

FIGURE 11. Experimental results for the metasurface designed with unidirectional deflection. Intensity profiles in the xoz plane for (a) LCP at
0.75 THz and (d) LCP at 1.25 THz, as well as in the yoz plane for (b) RCP at 0.75 THz and (c) RCP at 1.25 THz.

tions of LCP and RCP lights by measuring E+45◦ and E−45◦

fields. Fig. 10 shows the experimental results for the metasur-
face designed for circular polarization. It can be seen, by com-
paring the results in Fig. 10 and Fig. 4, that for the same cir-
cular polarization and frequency, the experimentally generated
non-diffractive beams correspondwell to the simulation results.
The efficiencies of the beam generators in Figs. 10(a)–(d) are
57.2%, 55.2%, 53.4%, and 52.0%, respectively. Fig. 11 shows
the experimental results for the metasurface designed with uni-
directional deflection, corresponding to the simulation results
in Fig. 5. The deflection angles in Figs. 11(a)–(d) are 11.5◦,
8.9◦, 6.4◦, and 6.2◦, respectively, close to the simulation re-
sults and theoretical values. The efficiencies of the beam gen-
erators in Figs. 11(a)–(d) are 55.5%, 54.7%, 49.5%, and 50.2%,
respectively.
Figures 12 and 13 show respectively the experimental results

for the metasurfaces that can simultaneously generate two and
four beams for waves of the same polarization and frequency.

Analysis of the intensity distributions in Fig. 12 shows clear
splitting to produce one Bessel beam and one AAF beam, with
the focal position of the AAF beam aligning well with expecta-
tions and the transmission of the Bessel beam being distinctly
identifiable. The generation efficiencies for the Bessel beams
in Figs. 12(a)–(d) are 28.5%, 26.8%, 22.6%, and 24.5%, respec-
tively, and those for the AAF beams are 25.4%, 24.5%, 22.8%,
and 23.0%. As shown in Fig. 6 and Fig. 12, the intensities at the
strongest points of the generated AAF beams are significantly
higher than those of the Bessel beams, which is a result of the in-
trinsic characteristics of the AAF beams. The AAF beams have
the property of abrupt self-focusing, with the energy increasing
dramatically near the focal point. However, this does not im-
ply that the functionality of the generated Bessel beams is af-
fected. However, upon analyzing Fig. 13, we can see that when
two Bessel beams and two AAF beams are produced simul-
taneously, the quality of the generated non-diffractive beams
shows obvious decreases compared with the results in Fig. 12
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(a) (c)

(b) (d)

FIGURE 12. Experimental results for the metasurface that can generate two beams simultaneously. Intensity profiles in the xoz plane for (a) LCP at
0.75 THz and (d) LCP at 1.25 THz, as well as in the yoz plane for (b) RCP at 0.75 THz and (c) RCP at 1.25 THz.

(a) (b)

(e) (f)

(c) (d)

(g) (h)

FIGURE 13. Experimental results for the metasurface that can generate four beams simultaneously. Intensity profiles in the xoz plane for (a) LCP
at 0.75 THz, (b) RCP at 0.75 THz, (c) LCP at 1.25 THz, and (d) RCP at 1.25 THz, as well as in the yoz plane for (e) LCP at 0.75 THz, (f) RCP at
0.75 THz, (g) LCP at 1.25 THz, and (h) RCP at 1.25 THz.

for the two-beam metasurface and the corresponding simula-
tions in Fig. 7. This decline is due to the dispersion of light
energy among four output beams, resulting in each beam hav-
ing half the intensity of the beams in Fig. 12. In the experi-
ments, the use of linear polarizers rotated to ±45◦ to measure
the electric fields due to the absence of suitable quarter-wave
plates inevitably introduces interference from light that is not
properly converted, which significantly affects the results when
four beams are produced. Thus, in Eq. (9), the value ofn should
not be too large. The efficiency values are not calculated for the
beams in Fig. 13 due to the sub-optimal beam quality.
This work reports metasurface designs for the generation of

Bessel and AAF beams, with the added feature of beam de-

flection. Comparing simulations with experimental results, key
parameters include the diffraction-free propagation distances of
the Bessel beams, the focal positions of the AAF beams, and the
deflection angles. While the simulation aligns with design pa-
rameters (metasurface dimensions, incident terahertz field dis-
tribution, and beamwaist radius), experimental deviations arise
mainly due to fabrication errors and changes in incident light
field conditions. Despite these minor discrepancies, such as
small variations in deflection angles and focal points, the results
show no significant differences, and the basic device function-
ality remains unaffected.
To compare with similar metasurface devices that have been

reported, we have listed in Table 1 key parameters, including
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TABLE 1. Comparison of key metrics between our design and reported metasurfaces.

Reference
No.

Mode of
Operation

Frequency Range/
Wavelength

Polarization
multiplexing

Number
of layers

Efficiency

Ref. [31]
Transmissive
and reflective

7 and 17GHz No Multi-

∼ 80%
(reflective)
∼ 40%

(transmissive)
Ref. [32] Transmissive 800 nm No Single- ∼ 40%

Ref. [33]
Transmissive
and reflective

5.8–9.8GHz Yes Multi- ∼ 50%–90%

Ref. [37] Reflective 30GHz No Multi- 13.1%

Ref. [42] Reflective 525 and 633 nm Yes Single-
18.9% (525 nm)
7.32% (633 nm)

Ref. [44] Transmissive 0.6 THz Yes Multi- >70%
Our design Transmissive 0.75 and 1.25 THz Yes Single- ∼ 50%

mode of operation (reflection or transmission), operation fre-
quency range or wavelength, polarization multiplexing char-
acteristic, number of layers, and efficiency. Among them,
transmission-type devices are more convenient for practical use
andmeasurement; the operation frequency range or wavelength
indicates whether the device operates at multiple frequencies;
polarization multiplexing, if present, allows for composite ma-
nipulation; single-layer devices are easier to fabricate, while
multi-layer devices are more difficult to process; and higher ef-
ficiency means better energy utilization. It can be seen that our
device can be measured using a relatively simple transmission-
type measurement system, operates at two frequencies, sup-
ports polarizationmultiplexing, is easier to fabricate as a single-
layer device, and exhibits fairly good efficiency. In addition,
our devices have a certain bandwidth for operation, maintain-
ing high efficiency within the frequency ranges of 0.75 THz ±
0.1 THz and 1.25 THz ± 0.1 THz. Both our devices and refer-
ence [44] focus on all-dielectric terahertz metasurfaces, but the
efficiency of our devices is lower than that in [44] mainly be-
cause [44] designed a single anti-reflection layer. The same
technique can be adopted for our design. While this would
make our design a multi-layer structure, it differs from the
multi-layer devices listed in the table. The multi-layer devices
in our case will be processed with different structures on both
sides of a wafer, which only slightly complicates the fabrica-
tion process compared to single-layer devices. In contrast, the
multi-layer metasurfaces in other references are mostly three-
layer structures, with metal unit cells, which are much more
complex to fabricate than the all-dielectric structures used in
our design.

5. CONCLUSION

In this work, we have demonstrated all-silicon dielectric meta-
surfaces capable of generating switchable two distinct non-
diffractive beams for incident waves with varying frequen-
cies and polarization states, that is, Bessel beams with long-

distance non-diffractive propagation characteristics and AAF
beams with abruptly concentrated energy during transmission.
By applying appropriate phase modulation, additional opera-
tions such as deflection and beam splitting can be performed
on these non-diffractive beams. The proposed design concept is
validated through experiments, showing good agreement with
simulations. Suchmultifunctional devices hold tremendous po-
tential in terahertz imaging, non-destructive testing, biomedical
fields, and many other applications.
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