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Structured Vector Field Manipulation of Terahertz Wave
along the Propagation Direction Based on Dielectric

Metasurfaces

Jie Li, Jitao Li, Zhen Yue, Chenglong Zheng, Guocui Wang, Jingyu Liu, Hang Xu,
Chunyu Song, Fan Yang, Hui Li, Fuyu Li, Tingting Tang, Yating Zhang,* Yan Zhang,*

and Jianquan Yao*

The generation and manipulation of vector light fields are of great significance
for both fundamental research and industrial applications of polarized optics.
In recent years, the spatial domain control of structured vector fields has
gradually expanded from two- to three-dimensional, including traditional
optics and meta-optics. Here, a new method to generate and manipulate
structured vector light fields along the propagation direction is proposed, and
the functionality in terahertz band using all-silicon metasurfaces is
demonstrated. The coherent superposition of orthogonal circularly polarized
terahertz waves through long focal depth and multifocal metalens is
completed, and varying phase differences between them in the propagation
direction via path accumulation or initial phase design are introduced, thereby
continuous variation or independently designed vector polarization
distributions in multiple planes are obtained. It is worth mentioning that the
proposed scheme is not only for the design of transverse electric field
components, but also shows a strong ability for manipulation of the
longitudinal component. This scheme realizes the polarization distribution
designs of three-dimensional vector fields in three-dimensional space, and
provides a new inspiration for the generation and manipulation of vector
beams based on meta-optics.

1. Introduction

representative basis for proving that
free space electromagnetic waves are
transverse waves. It plays an irreplace-
able role in the basic research and
application fields of electromagnetism
and optics. For example, circular po-
larization means the spin angular mo-
mentum (SAM) of photons,!l which
establishes a bridge between classical
optics and quantum optics,?! and is
an important research object in chi-
ral optics,** spin photonics,>7) and
topological photonics.®1% The polariza-
tion of light has derived many new
technologies in the fields of optical
fiber communication,[''! 3D display,!'?]
remote sensing imaging,!"¥ etc., and
promoted the technological progress of
optics and photonics. Electromagnetic
fields with uniform polarization distribu-
tion can be considered as scalar fields
from the perspective of polarization, the
main types are linear, circular, and ellip-
tical polarizations.l'*] Light beams with
non-uniform polarization distributions
are called vector fields, such as cylindri-
cally symmetric vector beam.["’!]

Like phase, frequency, and amplitude, polarization is one of the
most important parameters of electromagnetic waves, it is also a

In conventional polarized optics, devices made of optical crys-
tals like polarizers and wave plates are usually used to perform
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operations such as polarization filtering, conversion, and beam
splitting.[" These devices show high efficiency but generally re-
quire processing precision, and is difficult to control other opti-
cal parameters while performing polarization-related functions.
Complex polarization processing even requires multiple devices
to be cascaded at the same time.'®”] On the other hand, the
generation of vector beams is more difficult. At first, the re-
searchers used the mode selection in the laser cavity or the su-
perposition of fundamental mode to generate the vector field.'8]
This approach usually produces only a single type of vector beam
and show limited energy efficiency. Later, devices such as po-
larization converters and space-variant subwavelength gratings
were used.['>?] The generation of vector light fields can also
be achieved by the combination of spiral phase plates and wave
plates.’!) In recent years, modern optoelectronic components
such as spatial light modulators (SLM) and digital micromir-
ror arrays (DMD) have been used more, which can generate
different vector light fields in real time.*??) However, these
schemes are almost limited in modulation efficiency, system
volume and functional integration. With the continuous devel-
opment of meta-optics,!*?’] metasurface-based polarization op-
tics offer new possibilities for polarization manipulation.[28-3l
The special symmetries of meta-atoms can induce differenti-
ated electromagnetic responses of orthogonally polarized compo-
nents, which in turn manipulate polarization and other param-
eters simultaneously.?!l For example, in addition to waveplates
and polarizers, anisotropic metasurfaces of metals or dielectrics
have achieved independent phase control of orthogonal linearly
and circularly polarized waves,3?! and destructive or construc-
tive interference of the two meta-atoms show amplitude con-
trol of arbitrary orthogonal components.3334! In addition, chiral
metasurfaces with geometric phase have performed linear and
nonlinear chiral wavefront control, and the simultaneous ma-
nipulation of multiple electromagnetic parameters.*] In addi-
tion, metasurface-based vector beam generations have also been
widely reported, the most important of which is the coherent su-
perposition of orthogonal circularly polarized waves.[3¢]

Vector light fields have a wide range of applications in opti-
cal storage, laser processing, and optical micro-manipulation.®”]
More polarization components and spatially varying dimensions
in vector fields mean more control degrees of freedom and ap-
plication functions. Initially, the generation and manipulation
of vector fields focused on two-dimensional polarization distri-
butions in a plane, including conventional schemes and meta-
optics. In recent years, the three-dimensional design of vector
light fields based on digital optical systems has been widely re-
ported, which produces different vector distributions at differ-
ent positions in the propagation direction.!*®! For example, im-
plementing independent vector beam generation in multiple fo-
cal planes,*T and a non-iterative focal field shaping can generate
vector beams with specific three-dimensional trajectories.[**) It
is worth mentioning that different non-diffracting Bessel beams
can be superimposed to produce cylindrical vector beams that
continuously change along the propagation direction, which orig-
inate from the gradient phase difference between the orthogonal
circularly polarized components.[**?I These solutions based on
digital optical systems generally require the construction of com-
plex optical paths, such as spatial filtering modules based on 4f
systems. Although the optical path can be appropriately simpli-
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fied by means of split-screen multiplexing, the entire system still
needs to occupy a large space.[*”] Meta-optics can greatly reduce
the volume of the system, and a single device realizes both the
phase control of orthogonal polarization components and the su-
perposition of beams.[****] However, the three-dimensional vec-
tor field generation based on Bessel beams has limited energy
utilization, and only the manipulation of the radial (transverse)
electric field component has been reported so far, and it is diffi-
cult to consider the axial(longitudinal) component.

In this paper, we propose a new scheme for manipulating the
vector light field along the propagation direction, which can si-
multaneously control the axial and radial electric field compo-
nents, which is demonstrated in the terahertz band. Coherent su-
perposition of orthogonal circularly polarized vortex beams with
opposite topological charges is obtained by using a metalens with
along focal depth, and the continuous variation of the radial elec-
tric field component in the transmission direction is realized by
controlling their axial phase difference. Based on spin-orbit cou-
pling effect of the focused circularly polarized light field, the axial
electric field component also significant change along propaga-
tion direction in the form of orbital angular momentum (OAM)
superposition state. Additionally, we achieve independent control
of 3D vector light fields within different planes using a metal-
ens with multiple focal points. This scheme based on a single
device for simultaneously controlling the three electric field com-
ponents of the vector fields in three spatial dimensions effectively
expands the manipulation capability of the meta-devices for the
vector electromagnetic field.

2. Metasurface Implementation

We wish to demonstrate two typical capabilities as a validation
of our scheme, namely continuously varying vector field gener-
ation along the propagation direction and independent control
of polarization distributions in multiple focal planes. As shown
in Figure 1a, we use an all-silicon metasurface to achieve the
above functions in terahertz band. By changing the structural
size and spatial orientation of the meta-atoms, we perform in-
dependent phase design for the orthogonal circularly polarized
waves (left- and right-handed circularly polarized, LCP and RCP),
and then introduce a phase difference that varies along the trans-
mission direction. Figure 1b shows the three-dimensional vec-
tor field manipulation of the proposed scheme. Three electric
field components can be controlled simultaneously by long fo-
cal depth or multi-plane focusing, where the change of longitu-
dinal component (Ez) originates from the spin-orbit coupling
effect. The phase difference between the orthogonal circularly
polarized components can be introduced in two ways, namely
the propagation phase accumulated along the path and the ini-
tial phase of each focus, as shown in Figure 1c,d. The former
can be considered as continuously changing, the latter takes val-
ues independently at different positions, and these phase differ-
ences correspond to three-dimensional vector fields with differ-
ent polarization distributions. It is worth mentioning that beams
show rotation effects in the direction of propagation have been
reported for many years.[*®%°] But these reports can be attributed
to phase-based complex amplitude control and the polarization
distributions are not considered, which mainly include the ways
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Figure 1. 3D vector beam generation based on metasurface. a) Schematic diagram of the all-silicon metasurface. b) Manipulation of transverse and
longitudinal electric field components with a metalens. c) Continuously varying and d) discrete valued phase differences.

of Gouy phase or coherent superposition of double beams (with
extra phase difference).

Firstly, we need to use the metasurface for independent phase
control of the orthogonal circularly polarized components. As-
sume that the linearly polarized basis transmission matrix of the
anisotropic meta-atom is

t, 0
=[5 ) g

where t,, and t,, are the transmission coefficients of the x- and y-
polarized waves, respectively. After in-plane rotation of the meta-
atom by an angle of 0, the phase relationship between the circu-
larly cross-polarized components and the desired linearly polar-
ized component is

0 = (¢rcp — Prcp)/4
P = (Prep + @rcp) /2 ()
@y = (Prep + Prcp)/2— 7

A complete derivation process can be seen in the Supporting
Information (part 1).

On the other hand, a vector beam with a vortex-type polariza-
tion distribution in cross-section can be represented by the Jones
vector as

cos(pf + 6,)

E(n0) = A() [sin(p@ +0,) G)

where A(r) is the complex amplitude, p is the topological charge
of polarization, and 6,, is the initial polarization angle. The vector
beam can be obtained by coherent superposition of orthogonal
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circularly polarized vortex beams, assuming that the phase dif-
ference between them is Ag, then

1 o [1] _ tiay |COS(O + 1Ag)
* 2° [‘] -° sin(10 + %A(p) 4

leilﬂ+A(p [ 1.
2 -1

It means that the initial polarization angle 8, of the generated
vector beam is determined by Ag. If A varies along the trans-
mission direction, then

0,(2) =3 A (2 )

3. Results and Discussion

To achieve the above functions, we designed two metasurfaces
to show vector beam generation with continuous variation along
the propagation direction and independent control of the polar-
ization states in multiple focal planes, respectively (sample 1 and
sample 2). The meta-atoms of both samples are made of highly
resistive silicon. Figure 2 shows the simulation results of sam-
ple 1. We use the time-domain solver of the commercial software
to perform structural parameter sweeps of the meta-atoms, as
shown in Figure 2a. Among them, the period is P = 140 um,
the thickness of the substrate is 300 um, the column height is
H =200 um, the rectangle width is W = 40 ym, and the lengths
in the two directions are Lx and Ly, respectively. The dielectric
constant of silicon is set in the simulation process as 11.9 without
optical loss. We obtained the transmission amplitude and phase
values for x and y polarization components under different di-
mensions, the detailed simulation settings and results are in the
Supporting Information (part 2).
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Figure 2. Generation of a vector beam that varies continuously along the propagation direction via a metasurface. a) Structural parameters of the meta-
atoms. b) Design phases of LCP and RCP components. c) Longitudinal distributions of x and y polarization components in the transmitted vector field.
d) Transverse distributions of the x component at different z coordinates. e) The evolution of the vector field on a higher-order Poincaré sphere.

In order to obtain the required axial continuously changing
phase difference Ag(z), and to realize the manipulation of the
three electric field components at the same time, we choose the
focusing phase design with a long focal depth, and assign differ-
ent focal lengths and positions to the left and right circular polar-
ization components. The phase distributions of the two channels
arel*8l;

(1, O)ree = k- 1*/(f; + (Afy - 1/ R?) /2 + 10

6
@(r0)cp = k-1*/(f + (A, - r*/R?) /2 - 10 ©
where k is the wave vector in free-space, R is radius of the
metasurface, f; and Af; are the designed focal points and
length, respectively, I is the phase topological charge. Let Iy =1,
I, = -1, f, = 6000 um, Af, = 1500 um, f, = 4000 um, Af,
= 2000 pm. The mean numerical aperture can be considered
as NA = sin[atan(R X 2/(f; + f,))] = 0.783. The obtained design
phases of LCP and RCP waves are shown in Figure 2b, where
the number of the units is 90 x 90. Using the full-wave simu-
lation method, we obtained the three-dimensional transmitted
light field when the x-polarized plane wave is incident. The elec-
tric field distribution of the x- and y-polarized components in the
xoz plane are shown in Figure 2¢c, where the operating frequency
is 1 THz. It can be found that the focal lengths of the x and y
polarization components are significantly elongated. To further
observe the change of the vector beam along the propagation di-
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rection, we selected 6 different positions to show the electric field
of the transverse component (Ex, Ey), as shown in Figure 2d. The
red arrows represent the orientation of the intensity, and the solid
black line serves as the reference. Obviously, as the distance be-
tween the observation point and the lens gradually increases, the
intensity orientation of Ex rotates, which means that the polar-
ization distributions of the three-dimensional vector light field
is gradually changing. This is due to the fact that the metalens
we designed have different focal lengths and depths for the RCP
and LCP components, that is, the two vortices will accumulate a
phase difference related to the z-coordinate along different paths
during the propagation process. A more intuitive representation
of the vector field evolution is the higher-order Poincaré sphere,
as shown in Figure 2e, where the topological charge of polariza-
tion is 1. We put the vector polarization states of the six positions
in Figure 2d in the Poincaré sphere. Within the propagation dis-
tance from z, to z,, the phase difference covers a range of more
than 3z /2, which means that the change of the initial polarization
angle 0, exceeds 37 /4 within the distance.

We use ICP (Inductively Coupled Plasma) etching technology
to process the sample based on commercial high-resistance sili-
con wafers with a thickness of 500 ym, and the prepared sample
1 is in Figure 3. For the detailed preparation process, see Sup-
porting Information (part 3). Figure 3a shows a SEM (scanning
electron microscope) photograph of the sample, where the white
scale bar is 100 ym. We measured the transmitted terahertz
beam of sample 1 using the 2D electro-optic sampling system in

© 2022 Wiley-VCH GmbH
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Figure 3. Experimental results of the sample 1. a) Local scanning electron microscope (SEM) photo of sample 1, the scale bars are 100 ym. b) The
optical path of the THz time-domain system. c,d) Intensities of the x component at different z coordinates.

Figure 3b, which is supported by an amplified femtosecond laser
system (Spectra-Physics, USA) with pump and probe beams
(center wavelengths of 800 nm, spot diameter of 8 mm, repetition
rate of 1 kHz). Two ZnTe crystals are used to radiate and detect
the terahertz signals, respectively, and the sample (MS) was
placed between them. The femtosecond laser signal modulated
by the terahertz electric field is transmitted to the CCD (charge
coupled device) camera through a 4f system, and a quarter-wave
plate (QWP) and a polarization beam splitter (PBS) are used to
achieve balanced detection. Since the frequency of the sample
is not at the optimal frequency of the system, and the long focal
length leads to the weakening of the signal strength, we have
only measured the co-polarized components at the positions of
z, and z,, which show relatively large signal to noise ratio (SNR).
The measured results are shown in Figure 3c,d, which are in
good agreement with the simulation results in Figure 2d.

In the previous section, we have achieved continuous varia-
tion of the terahertz vector field in the direction of transmis-
sion. Here we will show independent control of the polarization
distributions of the field in multiple focal planes, which means
that A will be designed as different values at several discrete
z-coordinates. Taking the vertical double-point focusing as an ex-
ample, the designed phase distributions of two orthogonal circu-
larly polarized components in the metasurface are

ke /12 +f2410+A kA /12 +£2+10+A
@(1,0)cp =arg|e o et VT .

o Jewr )
(p(r’ Q)RCP =arg (ek- r2+f5-10 + ek- 12+ —19>

where f, = 5 mm, f, = 8.5 mm, the initial phase differences cor-
responding to the two focal planes are Ag, = /2, Ap, = —x/2.
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Different from sample 1, here the phase topological charge of
RCP and LCP waves are [y = -1, and || = +1.

We designed and experimentally verified sample 2 using a sim-
ilar method to sample 1, and the SEM photo is shown in Fig-
ure 4a. Figure 4b shows the design phase of the LCP and RCP
components calculated by formula (7), the two channels show
opposite phase change directions. We set the x plane wave in-
cidence and simulated the transmission field of sample 2. The
electric field intensities of the x-component in transmitted ter-
ahertz beam on two planes (z; = 4.7 mm, z, = 8.1 mm) are
shown in Figure 4c,d, where the two radial vector fields show
opposite polarization distributions. The measured results are
shown in Figure 4e,f, which are consistent with the simulations.
To further confirm the polarization distribution of the transmit-
ted field, we show the terahertz vector field distributions of the
two planes in Figure 4g,h, where the z-direction electric field is
very weak.

In addition to the transverse electric field components, the pro-
posed metasurfaces also appear to be very powerful in manipu-
lating the longitudinal electric field component (Ez) in the propa-
gation direction. It is well known that a tightly focused beam will
produce an axial (longitudinal) electric field component. More in-
terestingly, the focusing of a circularly polarized beam will ex-
hibit spin—orbit coupling effects in the Ez component,[*’] as far
as we know, manipulating the axial electric field component in
the propagation path has not almost been reported before. Here
we first study the sample 1. In the previous section, we have ex-
plained that the design topological charges of the two circularly
polarized components in sample 1 are I, = -1, [; = +1, respec-
tively. According to the spin-orbit coupling principle of focused
light fields(**:

l +o ®)

Longitudinal — I’Transverse
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Figure 4. Generation of the vector beams with independently controlled polarization distributions in two focal planes using metasurface. a) SEM image
of sample 2, the scale bar is 100 ym. b) Phase design of multi-point focusing for LCP and RCP wave. c—f) Simulated and measured results of the Ex
component in the two focal planes. g,h) The three-dimensional electric field distribution of the vector field in the two focal planes.

where ¢ = +1 is the spin angular momentum, the topological
charges of the longitudinal electric field components induced by
the two circularly polarized components will be 2 and -2, respec-
tively. This means that we will observe a gradually changing lon-
gitudinal electric field component as OAM superposition state in
the propagation direction.

To verify the above analysis, we further simulated sample 1 to
obtain the transmitted terahertz fields when the circularly and
linearly polarized plane waves were incident. Figure 5a—f shows
the Ez components in the transmitted field, including transverse
and longitudinal slices, under the incidence of RCP and LCP
waves, respectively. From the phase distributions in Figure 5b,e,
it can be seen that the phase topological charges of Ez component
caused by the LCP and RCP components are —2 and 2, respec-
tively. The normalized intensity relationship of the three elec-
tric field components in the transmission vector field is shown
in Figure 5g,h, and the intensity of Ez is about 1/5 of the radial
field component. The generation efficiency of the longitudinal
component can be improved by adjusting the numerical aper-
ture of the lens,5*!) longitudinal electric field generation of our
metasurfaces with different focal lengths can be seen in the Sup-
porting Information (Figure S4, Supporting Information). When
the incident wave is linearly polarized, it can be considered as
the simultaneous incidence of two circularly polarized compo-

Laser Photonics Rev. 2022, 2200325

2200325 (6 of 8)

nents. Figure 5i-n shows the longitudinal field components in-
duced by the linearly polarized incident wave, which appears as a
second-order vortex interference field, and the intensity distribu-
tions change along the propagation direction. This is also due to
the phase difference in the orthogonal circularly polarized waves.
The Ez component of sample 2 is similar to that of sample 1,
which can be seen in Supporting Information (part 5).

4. Conclusion

In summary, we demonstrate a new scheme for 3D vector light
field regulation based on all-dielectric metasurfaces. By introduc-
ing the phase difference accumulated by the propagation path
as well as the initial difference between the orthogonal circu-
larly polarized components, the effective control of the polariza-
tion distribution of the vector field in the propagation direction is
achieved. We designed two samples in the terahertz band for ex-
perimental verification, using a long focal depth and a longitudi-
nal multifocal metalens to demonstrate the continuous variation
and multi-plane independent control of the vector light field on
the propagation path, respectively. It is worth mentioning that
our scheme can not only design the polarization distribution
of the transverse electric field components, but also effectively
generate and control the wave propagation of the longitudinal

© 2022 Wiley-VCH GmbH
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Figure 5. Longitudinal electric field components of sample 1. a—f) Intensity and phase distributions of Ez components with LCP or RCP wave incidence.
g,h) Intensity comparison of three electric field components. i-n) The intensity and phase distributions of the Ez component, when the x-polarized wave

is incident.

component. This scheme demonstrates the generation of three-
dimensional vector field with three-dimensional spatial distribu-
tion changes using a single metasurface, which provides a new
idea for the generation and manipulation of vector light fields
based on metasurfaces.

Supporting Information

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