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Terahertz metasurface zone plates with
arbitrary polarizations to a fixed polarization
conversion
Zhen Yue1†, Jitao Li1†, Jie Li1†, Chenglong Zheng1†, Jingyu Liu2,
Guocui Wang2,3, Hang Xu1, Mingyang Chen4, Yating Zhang1*,
Yan Zhang2* and Jianquan Yao1*

Metasurfaces that can realize the polarization manipulation of electromagnetic waves on the sub-wavelength scale have
become an emerging research field. Here, a novel strategy of combining the metasurface and Fresnel zone plate to form
a metasurface zone plate is proposed to realize the conversion from nearly arbitrary polarizations to a fixed polarization.
Specifically, when one polarized wave is incident on adjacent ring zones constructed by different types of meta-atoms,
the transmitted waves generated by odd-numbered and even-numbered ring zones converge at the same focus and su-
perimpose to generate a fixed polarized wave. As function demonstrations, we have designed two types of metasurface
zone plates: one is a focused linear polarizer, and the other can convert nearly arbitrary polarized waves into focused cir-
cularly  polarized  waves.  The  simulated  and  measured  results  are  consistent  with  theoretical  expectations,  suggesting
that the proposed concept is flexible and feasible. Our work provides an alternative platform for polarization manipulation
and may vigorously promote the development of polarization photonic devices.
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Introduction
As  an  inherent  characteristic  of  electromagnetic  waves,
polarization has been widely used in many fields such as
information  processing1−3,  quantum optics4−6 and polar-
ization  imaging7,8.  Among  them,  the  polarization  states
of typical electromagnetic waves can be divided into lin-
ear polarization,  circular  polarization  and  elliptical  po-

larization. For  traditional  polarization  devices,  the  con-
version  of  arbitrarily  polarized  waves  into  the  specific
polarized wave relies on the combination of linear polar-
izers  and  other  polarization  devices  which  undoubtedly
hinder the  development  of  modern  optical  devices  to-
wards integration and miniaturization.

Recently,  the  proposal  of  chiral  metamaterials9−14 
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which can be constructed from chiral atoms with strong
circular dichroism, has provided another option for real-
izing  the  polarization  conversion  from  non-polarized
waves to circularly polarized (CP) waves. However, lim-
ited  by  processing  accuracy  and  manufacturing  cost,
chiral metamaterials  are  not  conducive  to  further  pro-
moting the development of circular polarizers. With this,
the in-plane chiral  structures15−21 were proposed to con-
struct  planar  chiral  metamaterials,  also  called  chiral
metasurfaces, to reduce the size of devices. Various chir-
al  structures  with  strong  circular  dichroism  have  been
investigated, such as L-type22, Z-type23,24, H-type25, asym-
metric split ring26,27 and fish-scale28.

In parallel, different from the above-mentioned metas-
urfaces  based  on  chiral  meta-atoms,  the  metasurfaces
formed  by  combining  several  anisotropic  meta-atoms
can  also  achieve  circular  asymmetric  transmission29−32.
For example,  two  pair  meta-atoms  with  a  specific  rota-
tion  angle  difference  are  utilized  as  a  cell  to  form  a
metasurface,  and  beam  interference  is  applied  to  make
left-handed  circularly  polarized  (LCP)  waves  incident
only  generate  right-handed  circularly  polarized  (RCP)
waves,  nevertheless  the  metasurface  do  not  engender
outgoing  wave  under  RCP  incidence30.  Besides,  linearly
polarized (LP) waves also play an important role in high-
resolution  imaging.  In  recent  years,  metasurface  linear
polarizers that  do  not  rely  on  external  analyzers  to  dir-
ectly observe  high-resolution  imaging  have  been  repor-
ted33−35. For  example,  by  utilizing  a  double-layer  metas-
urface  composed  of  aluminum  nanorods,  a  full-broad-
band polarization-selective transmission of light waves in
the near-infrared band has been realized33. Moreover, by
independently  tailoring  the  direction  angle  of  each
nanorod,  nearly  arbitrary  intensity  manipulation  of  LP
beam  could  be  obtained,  which  could  provide  another
option for imaging or information encoding.

Therefore,  circular  and  linear  polarizers  relying  on
metasurfaces efficiently  realize  polarization  manipula-
tion on  the  sub-wavelength  scale.  Certainly,  metasur-
faces that  can  control  the  wavefront  while  realizing  po-
larization manipulation are more attractive. Here, we in-
troduce  the  Fresnel  zone  plate  into  the  metasurface  to
construct  the  metasurface  zone  plate36−38 with  focusing
function  to  generate  LP  or  CP  wave.  For  metasurface
zone plates, the odd-numbered and even-numbered ring
zones  are  composed  of  different  meta-atoms  and  the
total  number of  rings  is  even.  Then,  once one polarized

beam is  incident,  the  outgoing waves  in  response to  the
odd-numbered  and  the  even-numbered  ring  zones  are
focused on  the  same  point  and  superimposed  to  en-
gender a fixed polarized wave. As shown in Fig. 1(a) and
1(b), when the unpolarized beam is incident,  the outgo-
ing  beams  generated  are x-LP  and  RCP,  respectively.
Such a strategy provides a novel platform for the design
of multifunctional  polarized  metasurfaces  and  is  expec-
ted to  promote  the  development  of  optical  devices  to-
wards miniaturization and integration.
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Fig. 1 | (a) Performing diagram of x-LP beam generator. (b) Schem-

atic diagram of RCP beam generation under non-polarized incidence.
  

Results and discussion
 

Principle
Here,  to  realize  the  polarization conversion from nearly
arbitrary polarizations  to  a  fixed  polarization,  metasur-
face zone plates are proposed. Compared with the tradi-
tional  zone  plates,  each  ring  in  the  metasurface  zone
plates  is  composed  of  micro-structured  dielectric  pillars
to realize the independent manipulation of the polariza-
tion,  phase  and  amplitude,  which  empowers  the  zone
plates  diversified  functions.  For  one  metasurface  zone
plate, the outer radius of the nth ring can be expressed as
(see Supplementary information Section 1 for details): 

rn =
√
nfλ0

(
1+

nλ0
4f

)1/2

, (1)

where λ0 =  300  μm  is  the  performing  wavelength,
f =1.7 mm is the focal length corresponding to λ0, and n
represents a positive integer. When the metasurface zone
plate meets the following conditions: all  the meta-atoms
constituting the ring zone are the same, and the number
of  rings n is  less  than  20  and  greater  than  2,  the
complex  amplitude  at  the  focus  is  (see  Supplementary
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information Section 1 for details): 

E =

n∑
j=1

Ej ≈
{
m |E1|+ eiπ (m− 1) |E1| , n = 2m− 1
m |E1|+ eiπm |E1| , n = 2m

,

(2)
where m is  a  positive  integer  greater  than  1.  It  is  worth
noting that when n is an even number, the absolute val-
ues  of  the  complex  amplitudes  generated  by  the  odd-
numbered and the even-numbered ring zones at  the fo-
cus are practically equal.

Next,  we  discuss  the  case  where  the  odd-numbered
and the even-numbered rings are composed of different
meta-atoms, and n is an even number. Assuming that the
incident  beam Ein with an  amplitude  of  1  can  be  ex-
pressed as: 

Ein =
[ A
B

]
= A

[ 1
0

]
+B

[ 0
1

]
, |A|2+ |B|2 = 1 , (3)

where A and B stand for arbitrary complex numbers. In
the  Cartesian  coordinate  system,  the Eq.  (3) can be  re-
written as: 

Ein =
A+ iB

2

[ 1
−i

]
+

A− iB
2

[ 1
i

]
. (4)

In recent years, coupled mode theory (CMT) has been
used  to  study  the  relevant  properties  of  transmission
metasurfaces39−42, which  further  promotes  the  develop-
ment of  metasurfaces.  Here,  only  the  polarization  con-
version  properties  of  metasurfaces  are  considered  to  be
studied from the Jones matrix. For a lossless anisotropic
meta-atom, the corresponding Jones matrix is: 

J = RT
[

eiφx 0
0 eiφy

]
R , (5)

where R is the rotation matrix with the rotation angle θ,
φx (φy) represents the phase delay propagating along the
x (y)  direction under x-LP (y-LP)  incidence.  We set  the
Jones  matrix  of  the  even-numbered  zone  as J1 and  the
Jones  matrix  of  the  odd-numbered  zone  as J2,  then  the
following  transmitted  electric  field  at  the  focus  can  be
obtained  according  to Eq.  (2) (see Supplementary  in-
formation Section 2 for details):

Eoute = Ein · J1 =

(
A+ iB

2

[ 1
−i

]
+

A− iB
2

[ 1
i

])
· RT

1

[
eiφx1 0
0 eiφy1

]
R1

=

[
A− iB

4
· cos

(
Δφ1

2

)
· ei

∑
φ1
2 +

A+ iB
4

· sin
(
Δφ1

2

)
· ei

(∑
φ1
2 − π

2−2θ1
)]

·
[ 1

i

]
+

[
A− iB

4
· sin

(
Δφ1

2

)
· ei

(∑
φ1
2 − π

2+2θ1
)
+

A+ iB
4

cos
(
Δφ1

2

)
· ei

∑
φ1
2

]
·
[ 1
−i

]
Eouto = Ein · J2 =

(
A+ iB

2

[ 1
−i

]
+

A− iB
2

[ 1
i

])
· RT

2

[
eiφx2 0
0 eiφy2

]
R2

=

[
iB− A

4
· cos

(
Δφ2

2

)
· ei

∑
φ2
2 − A+ iB

4
· sin

(
Δφ2

2

)
· ei

(∑
φ2
2 − π

2−2θ2
)]

·
[ 1

i

]
+

[
iB− A

4
· sin

(
Δφ2

2

)
· ei

(∑
φ2
2 − π

2+2θ2
)
− A+ iB

4
cos

(
Δφ2

2

)
· ei

∑
φ2
2

]
·
[ 1
−i

]
, (6)

where Eoute (Eouto) is the transmitted electric field gener-
ated by  the  even-numbered (odd-numbered)  ring  zones
at  the  focus, φx1 and φy1 are  the  corresponding  phase
delays along the x and y axes in the even-numbered ring
zones, φx2 and φy2 are the corresponding phase delays in
the odd-numbered ring zones, and θ1 (θ2) represents the
rotation  angle  of  the  meta-atom  in  the  even-numbered
(odd-numbered) ring zones.  Besides,  the  phase  summa-
tions  and  differences  corresponding  to  the  meta-atoms
can be defined as: ∑φ1 = φx1 + φy1, Δφ1 = φx1–φy1, ∑φ2 =
φx2 + φy2, and Δφ2 = φx2–φy2.
 

Linear polarizer with focusing function
In order to convert the incident arbitrary polarization in-
to linear  polarization,  the  phase  difference  correspond-
ing to the meta-atom in the odd-numbered ring zones is

0, while the phase difference responses to two orthogon-
al  linear  polarizations  in  the  even-numbered  ring  zones
is –π. Therefore, Eq. (6) can be rewritten as:  

Eoute = −A− iB
4

· ei(φx1+2θ1) ·
[ 1
−i

]
−A+ iB

4
· ei(φx1−2θ1) ·

[ 1
i

]
Eouto =

iB− A
4

· eiφx2 ·
[ 1

i

]
− A+ iB

4
eiφx2 ·

[ 1
−i

] .

(7)
Then, the electric field of the transmitted wave on the

focal plane is: 

Eout =

[
−A− iB

4
· ei(φx1+2θ1) − A+ iB

4
eiφx2

]
·
[ 1
−i

]
+

[
iB− A

4
· eiφx2 − A+ iB

4
· ei(φx1−2θ1)

]
·
[ 1

i

]
.

(8)
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When Eq. (8) satisfies the following conditions: φx1 =
π, φx2 = 0, we can get: 

Eout =

[
A− iB

4
ei2θ1 − A+ iB

4

]
·
[ 1
−i

]
+

[
iB− A

4
+

A+ iB
4

e−i2θ1

]
·
[ 1

i

]
= (−Asinθ1 + Bcosθ1)

[
sinθ1
−cosθ1

]
. (9)

According  to Eq.  (9),  it  can  be  determined  that  the
outgoing wave on the focal  plane is  the LP wave related
to θ1. Since θ2 does not affect the result, the metasurface
zone plate can be rotated at an arbitrary angle along the
optical axis to generate a corresponding LP wave on the
focal plane. For example, substitute θ1 = π/2 into Eq. (9): 

Eout =
(
−Asinπ

2
+ Bcosπ

2

) sin
π
2

−cos
π
2

 = −A
[ 1
0

]
.

(10)
Surprisingly, as long as A is not equal to 0, the polariz-

ation state of the transmitted wave on the focal plane re-
mains x-linear  polarization.  Specifically,  as  long  as  the
incident  polarized  wave  is  not  a y-LP  wave,  the  wave
generated by the metasurface zone plate only exists an x-
LP component on the focusing plane.

To further  verify  the  correctness  of  the  above  results,
CST microwave  studio  is  utilized  to  construct  and  de-

termine the required all-silicon meta-atoms with dielec-
tric  constant ε =  11.9.  After  parameter  scanning,  the
structure  diagram  shown  in Fig. 2(a) is  obtained.  The
period of  all  the  meta-atoms  constituting  the  metasur-
face zone plate is P = 150 μm, the length and width of the
dielectric  pillars  in  the  even-numbered  ring  zones  are
L1 = 50 μm and W1 = 120 μm, and the length and width
of  the  other  dielectric  pillars  in  the  odd-numbered  ring
zones are L2 = 60 μm and W2 = 60 μm (see Supplement-
ary information Section 3 for details). In order to obtain
the designed metasurface zone plate (see Fig. 2(a)), these
two  meta-atoms  are  arranged  according  to Eq.  (1). Fig-
ure 2(b) illustrates the intensity distributions of the x-LP
and y-LP  components  of  the  exit  wave  on  the xz plane
under x-LP incidence. It can be seen that the x-LP com-
ponent is focused on a point, while the intensity of the y-
LP component at this point is  negligible,  indicating that
the  metasurface  zone plate  generates x-LP waves  on the
focal plane under the incidence of x-LP wave. Figure 2(c)
depicts the simulated results on the x-o-z plane under y-
LP illumination, which are consistent with the above the-
oretical  results. Figure 2(d) shows  the  intensity  profiles
on  the  focal  plane  at  a  distance  of  1.7  mm  from  the
metasurface  zone  plate  under  the  incidences  of  LP,  CP
and  elliptically  polarized  (EP)  waves.  It  is  worth  noting
that  under y-LP  incidence,  the  metasurface  zone  plate
cannot  generate  the  electromagnetic  wave  on  the  focal
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Fig. 2 | (a) Schematic diagram of the linear polarizer. (b) Simulated results on the xz plane under x-LP incidence. (c) The intensity distributions of

the transmitted x-LP and y-LP components on the xz plane under y-LP illumination. (d) The intensity profiles of the orthogonal LP components of

the outgoing wave at the focal plane, under different polarized incidences.
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plane,  while  under  the  incidences  of  other  polarized
waves, the transmitted waves possess only x-LP compon-
ents on  the  focusing  plane.  In  addition,  it  can  be  con-
cluded that  under the incidence of x-LP waves,  the cor-
responding  polarization  conversion  ratio  of  the  focal
plane is close to 100%. Meanwhile, the polarization con-
version  ratio  under  the  CP  incidence  is  close  to  50%.
That  is  to  say,  the  more x-LP  components  occupied  in
the incident polarized wave,  the greater the polarization
conversion efficiency of  the x-LP wave generated by the
metasurface zone plate.

The sample  with  a  size  of  1.4  mm ×1.4  mm is  fabric-
ated exploiting standard UV lithography and inductively
coupled plasma  (ICP)  etching  techniques,  whose  scan-
ning  electron  microscopy  (SEM)  image  is  illustrated  in
Fig. 3(a). The sample is placed in a terahertz digital holo-
graphic imaging system to  characterize  its  optical  prop-
erties.  By introducing a half-wave plate, the polarization
state  of  the  probe  beam  can  be  changed,  and  then  the
two-dimensional terahertz  field  distribution  of  the  cor-
responding  polarization  state  can  be  obtained. Figure
3(b) shows  the  measured  intensity  distributions  of  LP
waves under LP incidences,  indicating that the designed
metasurface zone plate is a linear polarizer with focusing
characteristics. 

The CP conversion dichroism metasurface zone
plate
By  introducing  two  kinds  of  meta-atoms  with  a  phase
difference  of  π  to  construct  the  other  metasurface  zone
plate, it  can  convert  incident  polarized  waves  into  a  fo-
cused  CP  wave.  Thus,  substituting  Δφ1 =  Δφ2 =  π  into
Eq. (6) can be simplified to:

Eoute = −A+ iB
4

· ei(φx1−2θ1) ·
[ 1

i

]
+

iB− A
4

· ei(φx1+2θ1) ·
[ 1
−i

]
= G ·

[ 1
i

]
+H ·

[ 1
−i

]
Eouto =

A+ iB
4

· ei(φx2−2θ2) ·
[ 1

i

]
+

A− iB
4

· ei(φx2+2θ2) ·
[ 1
−i

]
= I ·

[ 1
i

]
+ J ·

[ 1
−i

] . (11)

According to Eq. (11), to generate only CP wave at the
focal plane, the following conditions need to satisfy:
  

G− I = −A+ iB
4

·
[
ei(φx1−2θ1) + ei(φx2−2θ2)

]
≡ 0

H+ J = iB− A
4

·
[
ei(φx1+2θ1) − ei(φx2+2θ2)

]
≡ 0

,

(12)
  

G+ I = −A+ iB
4

·
[
ei(φx1−2θ1) − ei(φx2−2θ2)

]
≡ 0

H− J = iB− A
4

·
[
ei(φx1+2θ1) + ei(φx2+2θ2)

]
≡ 0

.

(13)

Equations  (12) and (13) are  exploited  to  engender
RCP  and  LCP  waves  at  the  focal  plane,  respectively.
Here,  we  discuss  the  situation  where  the  metasurface
zone plate generates RCP waves at the focal plane under
nearly arbitrary polarization incidence. After careful cal-
culations, we have obtained a set of solutions to Eq. (12):

φx1 = θ1 = 0, φx2 = 3π/2 and θ2 = π/4. In the same way as
in  Section Linear  polarizer  with  focusing  function,  the
CST microwave  studio  is  utilized  to  determine  the  suit-
able meta-atoms which are depicted in Fig. 4(a) and 4(b).
These two types of meta-atoms are defined as Meta-atom
1  and  Meta-atom  2,  respectively.  For  Meta-atom  1,  its
period, length and width correspond to P = 150 μm, L1 =
118 μm and W1 = 50 μm. While the Meta-atom 2 is ob-
tained by rotating a rectangular silicon pillar with length
of L2 =  48  μm  and  width  of W2 =  78  μm  along  the  +x
axis  by  π/4. Figure 4(c) (Fig. 4(e))  plots  the  relationship
between the  amplitudes  of  the  CP  components  gener-
ated by  the  designed  meta-atoms  and  the  incident  fre-
quency,  under  LCP  (RCP)  incidence.  Obviously,  when
the frequency of the incident CP wave is 1 THz, the amp-
litude  of  the  co-polarized  component  of  the  outgoing
wave  is  almost  zero,  demonstrating  that  the  outgoing
wave  is  a  cross-polarized  wave. Figure 4(d) shows  the
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phase shift of cross-polarized waves in response to differ-
ent  incident  frequencies  under  LCP  illumination,  while
the relationship between the phase shift of the transmit-
ted LCP component  and incident  frequency under RCP
incidence  is  plotted  in Fig. 4(f).  For  LCP  incidence,  the
phase  difference  between  the  phase  shifts  generated  by
Meta-atom 1 and Meta-atom 2 is π at 1 THz, which can
be  seen  from Fig. 4(d).  For  RCP  incidence,  the  phase
shifts  of  the  transmitted  waves  generated  by  these  two

meta-atoms are equal (see Fig. 4(f)).
With this, the Meta-atom 1 and Meta-atom 2 are util-

ized  as  the  basic  unit  to  construct  the  even-numbered
and  odd-numbered  ring  zones  in  the  metasurface  zone
plate,  respectively. Figure 5(a) shows  a  cross-sectional
view of the metasurface wave zone plate designed based
on the above concept. Figure 5(b) and 5(c) illustrate the
simulated intensity profiles of the focal plane under LCP
and  RCP  incidence,  respectively,  whose  inset  is  the
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corresponding two-dimensional display. Comparing Fig.
5(b) and 5(c), it can be found that the designed metasur-
face zone plate can generate RCP waves at the focus un-
der  LCP  incidence,  but  cannot  engender  any  outgoing
waves  at  the  focus  under  RCP  incidence,  that  is  to  say,
the  metasurface  zone plate  has  a  chiro-optical  response.
It  is  worth noting that  the  polarization conversion ratio
is  a  crucial  parameter  to  measure  the  polarizer,  which
can  be  expressed  as  PCR= PR/(PR+PL),  where PR is  the
power of  the transmitted RCP component and PL is  the
power  of  the  LCP.  Through  simulated  calculation,  we
obtain  that  the  polarization  conversion  ratio  is  89.12%
under LCP incidence, indicating such a metasurface zone
plate  has  an  efficient  polarization  conversion  ratio.
Moreover, the simulated results in response to other in-
cident polarized waves are shown in Fig. 5(d). Obviously,
under LP or EP incidence, the outgoing wave on the fo-
cal  plane generated by the metasurface zone plate  keeps
as the RCP wave throughout.

Next,  the  sample  is  fabricated  exploiting  the  same
etching technique as in Section Linear polarizer with fo-
cusing  function,  whose  corresponding  SEM  image  is
shown  in Fig. 6(a).  The  intensity  distributions  (see Fig.
6(b))  of  different polarized components are obtained by
changing  the  polarization  state  of  the  incident  wave  in
the imaging system. It can be seen that the experimental
results in Fig. 6 are consistent with the simulated results
in Fig. 5: once the polarization state of the incident wave
is  not  right-handed  circular  polarization,  the  outgoing

wave at the focusing plane is the RCP wave. In short, the
results of experiments and simulations manifest that the
fixed polarization conversion can be effectively achieved
via the metasurface zone plate. 

Conclusions
In  conclusion,  we  introduce  the  Fresnel  zone  plate  into
the metasurface to construct the metasurface zone plate,
which  can  convert  nearly  arbitrary  polarizations  into  a
fixed  polarization.  As  demonstrations,  in  the  designed
metasurface  zone  plates,  the  odd-numbered  and  even-
numbered ring  zones,  which  can  be  regarded  as  inde-
pendent regions, are composed of different meta-atoms.
Arbitrarily polarized beams incident on the metasurface
zone plates will generate the outgoing wave which are su-
perimposed  at  the  focal  plane  to  form  a x-LP  or  RCP
beam.  The  feasibility  and  practicability  of  such  design
scheme are  verified  by  theory,  simulation  and  experi-
ment. We firmly believe that this strategy can effectively
reduce  the  difficulty  of  fabricating  polarized  generators
and may improve the versatility and integration of optic-
al devices
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