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Terahertz Near-Field Vortex Beams with Variable Intensity
Profiles Based on Geometric Metasurfaces

Yang Zhu, Yiwen Zhou, Zhiyuan Fan, Xiaofei Zang,* Yiming Zhu,*

and Songlin Zhuang

Electromagnetic waves possessing orbital angular momentum, namely, vortex
beams, have attracted considerable attention in the fields ranging from optical
communications to quantum science, due to their extraordinary information
encoding capabilities. Vortex beams are traditionally exhibited with a doughnut-
shaped intensity distribution, where a null intensity center surrounded by a bright
ring, caused by the phase singularity. Herein, geometric metasurface devices that
can generate near-field vortex beams with variable intensity profiles are proposed
and experimentally demonstrated. The generation of a vortex beam with tailored
intensity profile is realized by integrating the azimuthal nonlinear phase and
spiral phase into ring-shaped anisotropic air-slit arrays. As proof-of-principle
examples, multiple geometric metasurfaces that generate vortex beams with
Cy_fold rotational symmetric or asymmetric intensity profiles in the near-field are
demonstrated in the terahertz domain. This unique capability for terahertz near-
field vortices with variable intensity distributions based on geometric metasur-
face approach opens an avenue to develop multifunctional integrated systems
and system-on-chip devices, leading to potential applications in microscopy,
integrated photonics, quantum information processing, and optical

communication.

1. Introduction

Vortex beams carrying orbital angular momentum (OAM)
naturally exhibit two typical characteristics: the helical/twisted
wave fronts and doughnut-shaped intensity profiles.' On
one hand, the degree-of-freedom of helicity is dependent on
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the topological charge (J), which is origi-
nated from the azimuthal angle-dependent
phase profile defined as exp(ilp).
Intrinsically, the OAM of electromagnetic
(EM) waves has infinite number of eigen
modes, which makes it a great candidate
for applications of high-capacity data trans-
mission and communication.?* Due to
the special phase profile and the phase sin-
gularity, vortex beams have also been
applied in particle manipulation and quan-
tum exploration.”* On the other hand, the
traditional vortex beam is always exhibited
with a doughnut-shaped intensity profile,
that is, a null intensity center surrounded
by a bright ring with O(2) continuous
rotational symmetry. Indeed, when trans-
forming the phase singularity with O(2)
continuous rotational symmetry into
Cn_fold discrete rotational symmetry, vor-
tex beams with variable intensity distribu-
tions can be generated.®” Conventional
approaches using the polygonal lenses or
spatial light modulators as the diffractive
elements have been proposed and demon-
strated to generate vortex beams with the intensity profiles fea-
turing Cy_fold discrete rotational symmetry. However, these
traditional diffractive elements are limited to the bulk size and
material dispersion, which inevitably degrades their system-
on-chip (SOC) and integrating implementations.

Metasurfaces, also known as the 2D metamaterials, provide an
ultracompact platform to precisely manipulate the properties
of EM waves at will."""'?! Especially, geometric metasurfaces
consisting of anisotropic meta-atoms with identical shape but dif-
ferent in-plane orientations are one of the well-studied metasur-
faces, which can locally tailor the amplitude, phase, and
polarization of EM waves at subwavelength resolution.'*! By
carefully designing the orientation of each anisotropic meta-
atom, the required phase profile can be produced by a geometric
metasurface, enabling the control of the wave front of EM
waves. Recent works regarding geometric metasurfaces such
as generalized Snell’s law,* " holograms,!"”** metalens,*>**
spin Hall effect, 37381 polarization convertors,?** and nonlin-
ear photonics**™”! have sufficiently proven their outstanding
capabilities in EM wave manipulation. Moreover, the generations
of vortex beams,*®>% vector vortex beams,>*** and perfect
vortex beamsP>”) have been demonstrated using geometric
metasurface approach. Recently, generalized vortex beams, in
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which the corresponding intensity profiles have Cy_fold discrete
rotational symmetry instead of continuous rotational symmetry
for conventional vortices, have been realized in free space,
extending the study of vortex beam and providing a new perspec-
tive on controlling the properties of EM waves.*®% However,
these previous studies focus on the vortex with variable intensity
profiles in the far field, and the intensity profiles of these gener-
alized vortices are limited to the Cy_fold discrete rotational sym-
metry. Near-field vortices (that are surface plasmonic vortices)
generated by metal-based structures enable an unprecedented
capability in confining, manipulating, and enhancing EM fields
at subwavelength mode volumes, and thus, they open a new ave-
nue to significantly reduce the vortex size that can be applied in
integrated nanophotonics.**?! However, the near-field vortex
with a variable intensity distribution, and in particular, the vortex
with an asymmetric intensity profile, has not been well explored
so far because the plasmonic vortex with transformable intensity
profile provides a generalized spatial dimension in trapping and
manipulating microparticles.

In this article, we investigate the excitation of near-field tera-
hertz (THz) OAM with a variable intensity profile based on geo-
metric metasurface. Functionalities featuring of simultaneously
generating near-field vortex beams and manipulating the
corresponding intensity profiles are realized by integrating the
azimuthal nonlinear phase and spiral phase into geometric
metasurfaces consisting of ring-shaped anisotropic slits with
predesigned orientations. In experiment, we demonstrate the
generation of near-field vortex beams with Cy_fold rotational
symmetric, ie., C3_, C;_, and Cs_fold rotational symmetric,
and asymmetric (e.g., vortex beam with arbitrary shape) intensity
distributions using geometric metasurfaces encoded with the
required phase profiles. The demonstrated metasurface
approach for generating near-field THz vortex beams with vari-
able intensity profiles will enable various applications in manip-
ulating particles, SOC, and optical tweezers, to name a few.

2. Principle and Design

Figure 1 schematically shows a geometric metasurface that
can transfer the incident THz waves (a Gaussian THz beam) into
a near-field vortex with a predesigned topological charge and a
variable intensity profile. Such a geometric metasurface consists
of air-slit arrays etched in an ultrathin gold film deposited on a
polyimide (PI with ep; = 3.5 + 0.035i) substrate. By integrating a
spiral phase (that is phase to generate the traditional vortex with
a null intensity center surrounded by a bright ring) and an extra
azimuthal nonlinear phase (to transfer the traditional vortex into
a vortex with a variable intensity profile) into the geometric meta-
surface, the excited THz surface waves with a position-dependent
phase from each air-slit can be formed into a vortex with a vari-
able intensity profile under the illumination of circularly polar-
ized (CP) THz waves. The spiral phase is designed to convert
the excited surface waves into a near-field vortex, while the
azimuthal nonlinear phase enables the functionality in reshaping
the corresponding intensity profile. By carefully designing the
orientation of each air-slit, one can accurately control the
topological charge and intensity distribution of the near-field
vortex.
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Figure 1. Schematic of the geometric metasurface for generating near-field
vortex with variable intensity profile: the ring-shaped geometric metasurface
consists of air-slit arrays with predesigned orientations. For the incidence of
RCP THz waves, the designed geometric metasurface allows to excite the
surface waves into a near-field vortex with variable intensity profile.
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Figure 2. The schematics of the fundament principle and the fabricated
samples of the designed geometric metasurfaces. a) The linear (red) and
nonlinear vortex phase profiles along the azimuthal direction. b) The
designed structure of a geometric metasurface for generating near-field
vortex with variable intensity profiles. c) Schematic of an air-slit for exciting
surface waves. d—f) The optical images of the samples for, respectively,
generating near-field vortices with Cs- and C4-fold rotational symmetric,
or asymmetric intensity profiles. Inset in (a) is the schematic of the vorti-
ces under the modulations of linear (red) and linear combined with non-
linear vortex phase (blue).

The comparison of the traditional vortex and generalized vor-
tex with the corresponding phase structures is schematically
shown in Figure 2a. For the traditional canonical vortex that con-
tains a null intensity center surrounded by a bright ring due to
the phase singularity (see the red curve in Figure 2a), whereas the
helical phase profile exhibits a linearly increased phase in the
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azimuthal direction. While in terms of noncanonical/generalized
vortex with a variable intensity profile (see the blue curve of insets
in Figure 2a), an extra azimuthal nonlinear phase is added into
the traditional spiral phase (a linearly increased phase) to manip-
ulate the intensity profile, meanwhile preserving the topological
charge. As an anisotropic air-slit on a metal-based film can excite
surface waves with a tailored phase,[63] the near-field vortex with a
nonlinear phase profile can be obtained by locally tailoring the
orientation angle of each air-slit, as shown in Figure 2b. The opti-
mized structure parameters of the ring-shaped metasurfaces are

=210 um, w= 60 pm, Agpp = Ag4 /‘d“m (the wavelength of sur-

face wave, Ao, is the wavelength of the incident THz waves in
vacuum), d=d; =d, ~ Aspp/2, po=mispp (m is integer; po is
the distance between the center of the air-slit in the innermost
ring and the origin of coordinates). The working wavelength of
THz waves is A = 600 pm. ¢, and ¢4 are the permittivity of metal
and dielectric, respectively.

For an air-slit embedded in the gold film (see Figure 2c), the
excited surface waves under the illumination of CP EM waves
can be expressed as
E, = e—azA(g)eil?ﬁ(ﬁ)eikspplﬁfﬁ’\e—/f\ﬁ—ﬁ’l (1)
where A(6) = Ajcos(@(0)) is the amplitude of a dipole
source and @(0) = ¢(0) — 0. £ is determined by the right-
handed circularly polarized (RCP) and left-handed circularly
polarized (LCP) incidence. p is the distance between a field
point and the origin of coordinates, while p’ is the distance
between the center of each slit and the origin of coordinates.
a and f are attenuation coefficients in the z direction and the
propagation direction (of the near-field vortex), respectively.
The detailed discussion of the attenuation term (f) along the
propagation direction is given in Section S1, Supporting
Information.

When a single-ring structured air-slit array is designed, and
each air-slit has a special rotation angle ¢(6), the excited surface
waves can be described as

E, :e-az/A(g)eiw) ek -0 A-71dg 2)

To avoid the spin-assisted OAM number,'®" a dual-ring air-slit
array (see Figure 2b) with each unit cell containing a pair of
orthogonally distributed air-slits is employed to control the
THz near-field OAM with variable intensity profiles. For the inci-
dence of CP THz waves, the electric-field distribution of the dual-
ring air-slit array is governed as

B = e [ (An(0)6 80 1 Ay ()0 e

x ekanld P11~ 1d9

G)

where d is the distance between the inner and outer rings.
If ¢(0)=n0 (a linearly increased phase), then A; (0) =
Agcos((n—1)0), Ay (0) = Ag cos((n — 1)0 + %). Whend = Agpp /2,
Equation (3) can be rewritten as
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where | is the Bessel function. We set n=1, and thus, the
topological charge of the generated near-field vortex (with a
ring-shaped intensity profile) is +1. The initial rotation angles
(at 8= 0°) of air slits in the inner and outer rings are z/2 and 0,
respectively.

In order to generate a THz near-field vortex beam with a vari-
able intensity profile, a nonlinear phase should be introduced in
the geometric metasurface

x(0) = arg{exp [i;”

Spp

<(ﬁ’ cos(8) — (rg — 1) cos(0))?
()
+ §'sin0) - (1~ rosin) ) |

where r is the constant that represents the radius of the tradi-
tional vortex without a variable intensity profile (or the radius of
the traditional vortex without the modulation of nonlinear phase
in Equation (5)) and ry is the azimuthal-dependent radius of the
vortex with a variable intensity profile (see inset in Figure 2a). By
embedding such a nonlinear phase into our designed metasur-
face, the electric-field distribution in Equation (4) is modulated as

Ez — e /(Ain(g)eii(n9+K(9)) +A0ut(0)eii(n€+lc(9)+’zl)

o« eEik(0) ik 22 ) ekl P—'| a—H15-1 49

*"Z/Ao(cos(n —1)0 £ isin(n—1)0) (6)
X eiingeiw<> lkspp‘p P‘e_ﬂr ﬂ‘da
— e @2 fAOeil(Zn 1)6eim( )eLkspp\p p|e /f\ﬁ—f)"\de

“]i(Zn—l)(kSpp/)G)

Therefore, the rotation angles of the air slits in the inner and
outer rings are @inne(0) =«k(0) +nb and Py (0) = x(0) +
né + /2, respectively.

For example, by breaking the traditional vortex with O(2) con-
tinuous symmetry into Cy discrete rotational symmetry, the
required structure parameter is governed as

o

Ty = (7)

cos(% — mod(6, %))

To obtain a near-field vortex with an asymmetric intensity
profile, the structure parameter can be written as

ro = ro{1+ A(0) sin [2(9—%)]} (8)

where A(9) is
A(0) € [0,1].

an azimuthal-dependent parameter and
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3. Results

To verify the proposed method, we first design a geometric meta-
surface (see Figure 2d) that can convert the incident THz waves
into surface waves and simultaneously gather into a near-field
vortex with Cs discrete rotational symmetry propagating along
the interface between air and metal, as shown in Figure 3.
The designed structure parameter for generating a near-field
vortex with triangle-shaped intensity profile is set to be
rg = 1o/ (cos(5 —mod(6, &))), where 6 € [0,2x]. The analyti-
cal electric field intensity (|E.|*) and phase distributions of the
predesigned vortex are shown in Figure 3a;,a,, respectively.
The vortex beam with a dark region in the center surrounded
by a triangle-shaped intensity profile is observed, as shown in
Figure 3a; (also see the black-dotted box). Such a noncanonical
vortex is located at (0, 0), and the corresponding phase distribu-
tion (see the white-dotted box in Figure 3a,) also exhibits a
triangle-shaped profile. There is only one phase jump from —x
to z, indicating that a vortex beam with a topological charge of
+1 is preserved after the modulation of a triangle-shaped phase.
Furthermore, by encoding such a singular phase (triangle-
shaped phase) via accurately tailoring the orientation of each
air-slit, such a near-field vortex with the predesigned intensity
profile can be realized (see both numerically simulated and
experimentally measured results in Figure 3b;—c,). Finite ele-
ment method (FEM) is applied to numerically simulate the elec-
tric-field intensity and phase distributions of the resultant near-
field vortex from metasurfaces. As can be seen from Figure 3b;,
under the illumination of RCP THz waves, the simulated electric
field intensity distribution indeed exhibits a triangle-shaped

Max|(b1)os

y(mm) _

e
|
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[
n
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hollow ring, demonstrating the symmetry breaking from O(2)
continuous symmetry into C;_fold discrete rotational symmetry.
The phase distribution shown in Figure 3b, also presents
a triangle-shaped profile as expected. Experimentally, a near-field
scanning THz time-domain spectrum microscopy system (see
the experimental setup in Section S2, Supporting Information)
is used to characterize the performance of the fabricated meta-
surfaces. Figure 3ci,c; illustrates the measured electric field
intensity and phase distributions. A triangle-shaped vortex is
observed nearby the surface of the fabricated sample, as shown
in Figure 3¢; (the distance between the detecting and sample
planes is about 100 pm). The measured intensity and phase in
Figure 3c;,c; show a triangle-shaped profile, which agree well
with the analysis and FEM results except for a slight discrepancy
originated from fabrication and testing errors.

To further demonstrate the versatility and robust of our
proposed approach, the near-field vortex with C, discrete
rotational symmetry is investigated and shown in Figure 4.
Here, the designed structure parameter is designed as
rg = 1o/ (cos(§ —mod(@, %)), where @€ [0,2z]. According
to Equation (3), the electric field intensity of such a vortex should
be exhibited as a square-shaped profile. As can be seen in
Figure 4a, for the analysis model, the generated vortex beam
enables the C, discrete rotational symmetry, showing a dark zone
in the center surrounded by a square-shaped bright ring. The
phase distribution of Figure 4a, also exhibits a square-shaped
profile (indicated by a white-dotted box). The topological charge
of the resultant EM field is still I=1 for such a square-shaped
vortex because the phase change is 2z around the center.
When such a phase profile (with C, discrete rotational symmetry)

-0.25 0.0

x(mm)

Figure 3. The electric-field intensity (|E,|?) and phase distributions of the designed geometric metasurface encoded with C;_fold rotational symmetric
helical phase: aq,a;) the analysis results, by,by) the simulated results, and c¢;,c;) the measured results.
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Figure 4. The electric-field intensity (|E,|*) and phase distributions of the designed geometric metasurface encoded with C,_fold rotational symmetric
helical phase: a;,a;) the analysis results, by,b,) the simulated results, and cy,c;) the measured results.

is embedded into a geometric metasurface by controlling the ori-
entations of air-slit arrays, the near-field vortex with a square-
shaped intensity profile can be generated, as shown in
Figure 4b;—c,. For the incidence of RCP THz waves, the calcu-
lated electric field intensity (see Figure 4b,) shows a square-
shaped profile, and the corresponding phase distribution is also
well matched with the intensity profile with a square-shaped con-
figuration. Figure 4c;,c, illustrates the measured electric-field
intensity and phase distributions, respectively, exhibiting the
expected square-shaped hollow and solid profiles and confirming
the generation of excited vortex beam with C, discrete rotational
symmetry. The further demonstration of a geometric metasur-
face that can generate near-field vortex with a Cs discrete
rotational symmetry is given in Section S3, Supporting
Information.

The proposed method not only allows to convert the incident
THz waves into surface waves with OAM and Cy_fold rotational
symmetric intensity distributions, but also enables the function-
ality to steer THz beam into a near-field vortex with an asymmet-
ric intensity profile (see Figure 5). The structure parameter for
generating vortex with an arbitrary intensity profile is expressed
in Equation (8).

As a proof-of-concept, the structure parameter is selected as

ro{l +0.3sin [2(0—%)]} 0e (% %Tﬂ}
Tg = r0{1+0.551n[2<9_“%”)]}, 06(%%}

other

)

ro,
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According to Equation (7), two different humps should be
observed at azimuthal position of § = 7/2 and 6 = r in the gen-
erated near-field vortex. Figure 5a;,a, illustrates the electric field
intensity and phase distributions based on the analysis model.
A vortex beam with one small hump at 0 = z/2 and one large
hump at @ = z is confirmed. Moreover, the corresponding phase
distribution (indicated by the white box in Figure 5a,) presents
two humps at § = z/2 and 0 = , respectively. The topological
charge is still I=1 because the phase change in a round is
2z. Both the electric field intensity and phase distributions with
two different humps demonstrate the asymmetric characteristic
of the vortex beam. The simulated electric field intensity and
phase profiles (see Figure 5by,b,) also show two dissimilar
humps. The experimentally measured results of such a near-field
vortex with an asymmetric intensity profile are shown in
Figure 5¢;,c,. It is confirmed that both the measured electric field
intensity (Figure 5c;) and phase (Figure 5¢;) profiles present the
asymmetric characteristics. The measured results are well
matched with the simulated and analysis results, indicating that
our proposed approach can be extended to manipulate THz
near-field OAM beam with an arbitrary intensity profile.

4, Conclusion

In conclusion, we have proposed and demonstrated a flexible
approach to design air-slit-based geometric metasurfaces that
could transfer the incident CP THz waves into surface waves pos-
sessing OAM and variable intensity profiles. The fundamental
principle for simultaneously generating near-field vortex beams
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Figure 5. The electric-field intensity (|E,|%) and phase distributions of the designed geometric metasurface encoded with asymmetric helical phase: a;,a,)
the analysis results, by,b,) the simulated results, and ¢;,c;) the measured results.

and manipulating the corresponding intensity profile was con-
structed by integrating the nonlinear azimuthal phase and spiral
phase into the geometric metasurface design. By encoding the
required phase profiles into a ring-shaped array that consists
of anisotropic air-slits with specific local orientations, the
near-field vortices with Cy_fold rotational symmetric and asym-
metric intensity profiles were demonstrated. Our unique and
flexible approach for simultaneously manipulating the near-field
OAM and the corresponding intensity profiles provides a unique
capability to design multifunctional compact devices with
potential applications in particle manipulation, information
processing, and system integration.

5. Experimental Section

Sample Fabrication: Traditional photolithography and magnetron sput-
tering coating were used to fabricate our designed THz near-field vortex
generators. The Pl film was selected as the substrate, and positive resist
(AZP 4620) was spin-coated (4000 rpm, 305s) on one side of the pre-
cleaned substrate. Then, the mask was used for the exposure processing.
Then, 150 nm gold was deposited based on the magnetron sputtering
coating. Finally, after the ultrasonic stripping, the metal-based metasur-
face array was formed. The experiment setup for detecting the electric field
intensity and phase distributions of the fabricated samples was given in
Section ST, Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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