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Metasurface design for the generation of an arbitrary assembly of different polarization states
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Manipulation of polarization states with metasurfaces is a compelling approach for on-chip photonics and
portable information processing. Yet it remains challenging to generate different types of polarization states
with a single piece of a metasurface. This paper demonstrates a metasurface to resolve this issue, which is
made of L-shaped resonators with different geometrical sizes. Each resonator diffracts a right- or left-handed
circularly polarized state with an additional geometrical-scaling-induced phase. The type of polarization state of
each diffracted beam is determined by the enantiomorphism, size, and spatial sequence of the resonators in the
unit cell. The number of the beams is modulated by the geometry and separation of the resonators. We provide
examples to illustrate how to achieve the specific number of diffracted beams with the desired polarization states
in experiments. We suggest that this strategy can be applied for integrated photonics and portable quantum
information processing.
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I. INTRODUCTION

Polarization is an important feature of the electromagnetic
wave in addition to its amplitude, phase, and propagation
direction. It plays an important role in ellipsometry [1], stress
detection [2], optical mineralogy [3], stellar spectroscopy
[4], display technology [5], and antenna technology [6], etc.
Recently, polarization management becomes an even more
important issue in quantum information and integrated pho-
tonics. For example, photons are encoded with multiple
different polarization states to guarantee the secure quantum
key distribution [7–10]. On the other hand, nowadays, polar-
ization generation and conversion are usually accomplished
by the combination of birefringent prisms and beam splitters
[11–13]. Usually, these optical elements are bulky and heavy,
and are difficult to incorporate into an on-chip device. The de-
velopment of metasurface-based polarization management is
a promising approach to miniaturize the conventional optical
elements [14,15].

A metasurface is an artificial microstructure made of arrays
of dielectric or metallic subwavelength resonators [14,16].
The anisotropic resonators with a single symmetrical axis,
such as “V” or “L” shapes, can be designed to convey the
distinct phases to the light beams polarized in two orthog-
onal directions. By modulating the phase distribution, the
metasurface can manipulate the amplitude, phase, polariza-
tion, and wave vector of electromagnetic waves [17–35]. As
a light beam passes through an isotropic dielectric mate-
rial, an add-up phase is built, which is determined by the
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refractive index of the material and the physical propagation
distance. This phase is usually termed the dynamic phase.
Another phase in the light-matter interaction is the geometric
phase, which arises from either the intrinsic atomic/molecular
anisotropy of the material itself or the anisotropic scatter-
ing of the subwavelength building blocks. This additional
phase is proportional to an effective optic axis orientation
or related to the shape of anisotropic scattering structures,
or both [36]. The geometric phase was first introduced in
interference theory by Pancharatnam in 1956 [37] and subse-
quently extended to quantum-mechanical systems by Berry in
1984 [38]. Nowadays, people usually use the Pancharatnam-
Berry (P-B) phase to describe the phase modulations induced
by the rotation of a microstructure in optics [39–49]. The
other source of the geometric phase, which is contributed
by the inflation/contraction of the interacted microstructure,
can be termed as the geometrical-scaling-induced phase (GSI
phase) [50] in contrast to the rotation-induced phase (P-
B phase). In this paper, we focus on the effects of the
GSI phase.

When an electromagnetic wave illuminates on the meta-
surface composed of periodic resonator arrays, the resonators
will be excited. Each resonator radiates with a specific phase
modulation determined by its physical properties. The in-
terference of the radiations from these resonators leads to
the diffraction beams. Consider a general scenario where
the metasurface comprises an array of unit cells (N1 × N2).
Each unit cell consists of Q1 × Q2 resonators. Suppose |Pj,k〉
denote the radiation field of each resonator (Pj,k with j =
1, 2, . . . , Q1; k = 1, 2, . . . , Q2) in the unit cell. When a plane
wave shines on the metasurface, according to Ref. [51], the
(n,m) order of the diffraction field of the metasurface can be
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expressed as

|kn, km〉 = 1

DxDy

Q1∑
j=1

Q2∑
k=1

{
|Pj,k〉

×
∫ ( j− Q1

2 ) Dx
Q1

( j− Q1
2 −1) Dx

Q1

e−i 2πn
Dx

xdx
∫ (k− Q2

2 )
Dy
Q2

(k− Q2
2 −1)

Dy
Q2

e−i 2πm
Dy

ydy

}

= an,m

Q1∑
j=1

Q2∑
k=1

|Pj,k〉e−i2π ( n j
Q1

+ mk
Q2

)
, (1)

where Dx(Dy) is the periodicity of unit cell in x(y) direction,
kn = 2π

λ
sin θx = 2πn

Dx
, km = 2π

λ
sin θy = 2πm

Dy
. λ is the incident

wavelength, m and n are either positive/negative integers or
zero (the diffraction order). θx and θy are the diffraction angles.
an,m is the coefficient related to λ, Dx, Dy, m, and n.

Suppose the incident beam is expressed as α|x〉 + βeiη|y〉,
where α and β are respectively the amplitude of the x and y
components of the incident beam, satisfying |α|2 + |β|2 = 1.
η is the phase difference between x and y components of
the incident beam. The Jones vectors of horizontally linearly
polarized (LP) state (|x〉) and vertically LP state (|y〉) are
expressed as [1

0] and [0
1]. The Jones vectors of the right-handed

circularly polarized (RCP) state (|R〉) and left-handed circu-
larly polarized (LCP) state (|L〉) are expressed respectively
as

√
2

2 [ 1
−i] and

√
2

2 [1
i]. The anisotropic resonator with a single

symmetrical axis can be described by the Jones matrix as

Jj,k =
[

cos θ j,k − sin θ j,k

sin θ j,k cos θ j,k

]
×

[
eiφ j,k 0

0 ei(φ j,k+	φ j,k )

]

×
[

cos θ j,k sin θ j,k

− sin θ j,k cos θ j,k

]
, (2)

where θ j,k is the rotation angle of the symmetrical axis of the
resonator from the x axis, φ j,k and (φ j,k + 	φ j,k ) are the phase
added by the resonator when the polarization of incident light
is in parallel and in orthogonal with the symmetrical axis of
the resonator, respectively. These phases are determined by
the geometrical sizes of the resonator [14]. It follows that
the electric field of the transmitted/reflected light from the
resonator can be expressed as

|Pj,k〉 = Jj,k (α|x〉 + βeiη|y〉)

=
√

2

4
eiφ j,k [(α − βei(η+ π

2 ) )(1 + ei	φ j,k )

+ (α + βei(η+ π
2 ) )(1 − ei	φ j,k )e−i2θ j,k ]|L〉

+
√

2

4
eiφ j,k [(α + βei(η+ π

2 ) )(1 + ei	φ j,k )

+ (α − βei(η+ π
2 ) )(1 − ei	φ j,k )ei2θ j,k ]|R〉. (3)

Equation (3) indicates clearly that the radiation field is deter-
mined by the incident field (α, β, η), the rotation angle (θ j,k),
and geometrical aspects of the resonator (φ j,k , 	φ j,k).

Suppose an x-polarized (α = 1, β = 0) incident beam
shines on a metasurface made of identical V-shaped
(L-shaped) resonators orienting to different directions.

Each resonator is designed as a half-wave plate, with
	φ j,k = π , φ j,k = 
. In this case, the only variable in
Eq. (3) is θ j,k . Equation (3) can be simplified as |Pj,k〉 =√

2
2 ei
 [ei(−2θ j,k )|L〉 + ei(2θ j,k )|R〉]. The P-B phase added to the

LCP component equals −2θ j,k , and that added to the RCP
component is 2θ j,k . This situation makes the RCP and LCP
components strongly correlated in phase. Consider a sce-
nario that the resonator within the unit cell is arbitrarily
arranged, by taking |Pj,k〉 =

√
2

2 ei
 [ei(−2θ j,k )|L〉 + ei(2θ j,k )|R〉]
into Eq. (1), the concrete forms of the (n,m) order of the
diffraction field |kn, km〉 and the (−n,−m) order of the diffrac-
tion field |k−n, k−m〉 are obtained. The constant prefactor√

2
2 an,mei
 (

√
2

2 a−n,−mei
 ) of |kn, km〉 (|k−n, k−m〉) does not
affect the polarization and can be taken as unity. It can be
seen that |kn, km〉∗ = |k−n, k−m〉 is always satisfied, where
the star in the superscript stands for the conjugate oper-
ation. This means that no matter how the resonators are
arranged in the unit cell, the output beams of (n,m) and
(−n,−m) orders are always in conjugated states, i.e., they
are a pair of conjugated elliptical polarized states or circu-
larly polarized (CP) states, or pairs of LP states with the
same polarization. We should emphasize that if the incident
beam is y-polarized, we can obtain the same results. There-
fore we conclude that the polarization states of the output
beams of (n,m) and (−n,−m) orders are always correlated.
In other words, with the P-B phase, it is impossible to si-
multaneously generate an assembly of polarization states of
different types.

To resolve the restriction in generating polarization states,
several attempts have been made. Wu et al. proposed con-
structing a metasurface with six individual regions with
different P-B phases to generate four LP states and two CP
states [42]. Yet with this approach, the correlation of the
diffracted LCP and RCP light resumes. Besides, the separated
regions with different functionalities impose a much stricter
requirement on the homogeneity of the intensity profile of
the incident beam if an equal-intensity output is required.
Recently, it has been reported that by changing both the ge-
ometrical size and the rotation angle of the resonators in a
metasurface, the phase distribution of LCP and RCP at the
interface can be separately controlled [52–56]. In Ref. [52],
the resonator is so designed that 	φ j,k = π . In Eq. (3), the
independent variables become θ j,k and φ j,k . Suppose the in-
cidence is RCP (LCP), Eq. (3) shows that the phase added
up to the output LCP (RCP) is (φ j,k − 2θ j,k ) ((φ j,k + 2θ j,k )).
Meanwhile, the add-up phase imposed on LCP and RCP com-
ponents can be tuned separately, where φ j,k is a parameter
determined by the geometrical parameter of the resonator. In
Ref. [55], the incidence is a CP state. There are three indepen-
dent variables φ j,k , θ j,k and 	φ j,k . If the incidence is an LCP
state, based on Eq. (3), the phase of the LCP and RCP com-
ponent of the radiation field are respectively (φ j,k + 	φ j,k/2)
and (φ j,k + 	φ j,k/2 − π/2 + 2θ j,k ). The sum of the phases
adding up to LCP and RCP components is not zero, and the
functionalities of the output LCP and RCP components can be
realized separately. In Refs. [52,55], despite the phase distri-
bution of the output RCP and LCP can be separately tuned,
it remains difficult to generate different types of polarization
states in the output beams.
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In Ref. [50], Gao et al. demonstrated a metasurface made
of L-shaped resonators with different geometrical sizes and
mirror-imaged counterparts. Each resonator satisfies 	φ j,k =
π/2, θ j,k is fixed as π/4 for the L-shaped resonator and as
3π/4 for the mirror image of the L-shaped resonator. Hence
the independent variable becomes φ j,k only. It follows that for
an x-polarized incidence, the radiated field from the resonator
is either an LCP or an RCP state. The add-up phase to the
output state φ j,k is a GSI phase. With this approach, the phase
distribution of output LCP and RCP states becomes com-
pletely independent. In this way, any assembly of different
types of polarization states becomes possible with a single
piece of metasurface.

However, in Ref. [50], the enumeration approach has
been applied to select resonators to generate the desired
polarization combination. Although this approach seems
straightforward, practically, using parameter scans makes the
whole process cumbersome and time-consuming. Here, with
the matrix inversion approach, the construction of the unit cell
becomes a concise, standard process. The desired structures
can be more easily targeted.

In this paper, we demonstrate examples of the combination
of different numbers and different types of polarization states
diffracted from a metasurface simultaneously based on the
GSI phase. Each resonator diffracts either RCP or LCP state
in the unit cell with an add-up phase determined by its geo-
metrical features. The interaction of the diffracted field from
these resonators leads to multiple output beams. The output
polarization state is determined by the enantiomorphism, size,
and spatial sequence of the resonators within the unit cell.
The number of the output diffraction beams can be accurately
modulated by selecting the resonators and their separation.

More specifically, our metasurface is made of an ar-
ray of symmetric L-shaped resonators with various arm
lengths and widths, and their mirror images sitting on top
of a SiO2-gold-silicon substrate. By deliberately selecting
the resonators within the unit cell based on matrix inver-
sion, an assembly of LCP, RCP, and any orthogonal LP
states is simultaneously generated. Further, the number of
output beams can be controlled. By shrinking the peri-
odicity of the unit cell, the number of the output beams
can be reduced to two, with one beam in RCP/LCP, and
the other in one of the LP (horizontally/vertically/±45◦)
states, or two beams in LP (horizontally and vertically)
states. By changing the spatial sequence of the resonators
in the unit cell, it is even possible to generate only one
CP/LP beam. These examples demonstrate the unique feature
and powerful functionality of the metasurface based on the
GSI phase designing.

II. PRINCIPLE OF THE METASURFACE DESIGN

Equation (1) describes the diffraction field from the meta-
surface made of an array of unit cells consisting of Q1 × Q2

resonators. Here, we consider a special case, Q2 = 1, and the
periodicity of the unit cell in the y direction, Dy, satisfies
Dy < λ, where λ is the incident wavelength. With this setup,
there will be no diffraction in the y direction, so we focus on
the contribution of the resonator assembly in the x direction
only. The radiation field from each resonator (Pj with j =

1, 2, . . . , Q1) is denoted as |Pj〉. By taking Q2 = 1 in Eq. (1),
the nth order of the diffraction field of the metasurface can be
expressed as

|kn〉 = 1

Dx

Q1∑
j=1

∫ ( j− Q1
2 ) Dx

Q1

( j− Q1
2 −1) Dx

Q1

|Pj〉e−i 2πn
Dx

xdx. (4)

Based on Eq. (4), |kn〉 and |Pj〉 can be connected by an
R1 × R2 matrix, A, where R1 is the number of the expected
diffraction states, and R2 is the number of the independent
resonators in the unit cell. |kn〉 and |Pj〉 are R1 × 1 and R2 × 1
column vectors, respectively. Equation (4) can be rewritten as
|kn〉 = A|Pj〉. Once |kn〉 and A are given, |Pj〉 can be obtained
directly from |Pj〉 = A−1|kn〉. A is a reversible matrix when
R1 = R2, and its determinant should be nonzero.

In this paper, the resonators in the unit cell are designed
as the symmetric L-shaped gold resonators sitting on top of a
SiO2-gold-silicon substrate [17]. The incident light shines on
the metasurface in the normal direction. By carefully selecting
the incident wavelength, the thickness of the SiO2 layer on
the substrate, and the geometrical size of the L pattern, the
phase difference between x and y components of |Pj〉 can be
adjusted to 90◦ or 270◦. In this way, a CP state is generated
from the resonator [17]. Moreover, by choosing the length
and width of the arms of the L resonator, a specific GSI
phase (φ) is imposed on the generated CP state. By taking the
mirror image of the L resonator, the CP state of the opposite
handedness is formed [50]. For a specific incident wavelength,
we construct a pool of 16 resonators. Eight resonators make a
set {Si} (S1, S2,..., S8); the other eight are their mirror-imaged
counterparts {Si

′} (S1
′, S2

′,..., S8
′). The range of φ for the

resonators in {Si} covers 0 to 2π with a step of π/4, and the
same applies for that in {Si

′}. The mathematical form of the
radiation from the resonator in {Si} ({Si

′}) can be written as
eiφSi |R〉 (eiφSi

′ |L〉). The resonators within the unit cell are all
selected from both pools {Si} and {Si

′}.
Consider the matrix representation of Eq. (4), |kn〉 = A|Pj〉.

For a given set of expected polarization states (|kn〉), |Pj〉
can be obtained directly from |Pj〉 = A−1|kn〉 when A is a re-
versible matrix. The number of the expected diffracted beams
R1 is associated with the diffraction order n, which relies
on the ratio of the periodicity of the unit cell in x-direction
Dx and the wavelength λ, i.e., |n| � Dx

λ
. Yet, R1 may not

equal R2. To satisfy R1 = R2, some protocols are applied in
selecting the resonator from the pool. The ultimate require-
ment is that the determinant of the corresponding matrix A
should be nonzero. In this paper, we apply the following
etiquettes. Assume Q1 is an even number. In the unit cell,
Q1/2 resonators, Pj ( j = 1, 2, . . . , Q1/2), are independent,
whereas the rest of the resonators in the unit cell, Pj+Q1/2 ( j =
1, 2, . . . , Q1/2), are affiliated to Pj by adding an additional
phase. More specifically, we let the diffraction field |Pj+Q1/2〉
( j = 1, 2, . . . , Q1/2) possesses a phase difference π with re-
spect to |Pj〉. It follows that all the even order diffraction fields
in Eq. (4) vanish, and the output beams only have odd order.
Suppose we expect to generate four beams with different
states from the metasurface (R1 = 4). Q1 should be set as 8.
Hence, the number of the independent resonators in the unit
cell R2 = Q1/2 = 4 = R1. Therefore A is a square matrix. It
is known that the diffraction efficiency, which is defined as
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the ratio of the intensity of the diffracted beam to that of the
incident beam, depends on the diffraction angle [51]. Usually,
the high-angle diffraction has lower diffraction efficiency. For
this reason, we consider four orders of diffraction with the
highest diffraction efficiency, ±1, and ±3.

By taking Q1 = 8 in Eq. (4), and considering four orders,
±1, and ±3, the matrix A can be written as

A = 1

2

⎡
⎢⎢⎢⎣

ei 5
8 π e−i 1

8 π e−i 7
8 π ei 3

8 π

ei 7
8 π ei 5

8 π ei 3
8 π ei 1

8 π

e−i 7
8 π e−i 5

8 π e−i 3
8 π e−i 1

8 π

e−i 5
8 π ei 1

8 π ei 7
8 π e−i 3

8 π

⎤
⎥⎥⎥⎦. (5)

For simplicity, here the amplitude of |k−3〉, |k−1〉, |k1〉, and |k3〉
has been normalized. Clearly, the determinant of this matrix
does not equal zero. By integrating Eq. (4), and performing a
matrix inversion of A [Eq. (5)], Eq. (4) becomes

⎡
⎢⎣

|P1〉
|P2〉
|P3〉
|P4〉

⎤
⎥⎦ = 1

2

⎡
⎢⎢⎢⎣

e−i 5
8 π e−i 7

8 π ei 7
8 π ei 5

8 π

ei 1
8 π e−i 5

8 π ei 5
8 π e−i 1

8 π

ei 7
8 π e−i 3

8 π ei 3
8 π e−i 7

8 π

e−i 3
8 π e−i 1

8 π ei 1
8 π ei 3

8 π

⎤
⎥⎥⎥⎦

⎡
⎢⎣

|k3〉
|k1〉
|k−1〉
|k−3〉

⎤
⎥⎦. (6)

Theoretically, for a given set of |kn〉, |Pj〉 can be obtained
directly from Eq. (6). Generally, the Jones vector of a spe-
cific polarization state can be expressed as [ �n

	neiδn ], with

|�n|2 + |	n|2 = 1. For example, for LCP (RCP) state, the

Jones vector is
√

2
2 [

1
ei π

2
](

√
2

2 [
1

e−i π
2
]). For the horizontally (ver-

tically) LP state, the Jones vector is [1
0] ([0

1]). Here, we express
|kn〉 as the superposition of the LCP and RCP states, |kn〉 =
eiϕkn (αn|L〉 + βn|R〉), where ϕkn is the initial phase, which does
not affect the state of polarization. For the desired state, by

taking |kn〉 = eiϕkn [ �n

	neiδn ], |L〉 =
√

2
2 [

1
ei π

2
], |R〉 =

√
2

2 [
1

e−i π
2
] into

the expression of |kn〉, we obtain αn =
√

2
2 (�n + 	nei(δn−π/2)),

βn =
√

2
2 (�n − 	nei(δn−π/2)). In this way, for the desired po-

larization state, αn and βn can be acquired from �n, 	n, and
δn. For example, for the LCP (RCP) state, �n =

√
2

2 , 	n =
√

2
2 ,

δn = π
2 (�n =

√
2

2 , 	n =
√

2
2 , δn = −π

2 ). Accordingly, αn = 1,
βn = 0 (αn = 0, βn = 1). Similarly, for a horizontally LP
state, αn = βn =

√
2

2 . For a vertically LP state, αn = −
√

2
2 i,

βn =
√

2
2 i. It can be seen that for the desired output state, αn

and βn are fixed, yet the initial phase ϕkn can be arbitrarily
selected. From Eq. (6), |Pj〉 can be written as the superposition
of |L〉 and |R〉 (α j |L〉 + β j |R〉), where the coefficient α j and β j

are directly determined by the value of ϕkn . In our system, |Pj〉
should be the radiation from the resonators from the pools {Si}
and {Si

′}, and always possess the form of eiφSi |R〉 or eiφSi
′ |L〉.

This requires that either α j or β j should vanish. To obtain |Pj〉
that can be realized by the L-shaped resonators from the pool,
a parameter scan of the initial phases ϕkn of |kn〉 should be
made. More specifically, for the desired set of polarization
states,

|kn〉 =

⎡
⎢⎢⎣

eiϕk3 (α3|L〉 + β3|R〉)
eiϕk1 (α1|L〉 + β1|R〉)

eiϕk−1 (α−1|L〉 + β−1|R〉)
eiϕk−3 (α−3|L〉 + β−3|R〉)

⎤
⎥⎥⎦.

αn and βn are known, and the initial phase of each diffracted
beam ϕkn scans from 0 to 15π/8 with a step of π/8.
Because there are four desired beams, and 16 possible values
(0,π/8, 2π/8,..., 15π/8) of the initial phase of each beam,
the number of combinations of |kn〉 is accordingly 164. 164

combinations of |kn〉 correspond to 164 combinations of |Pj〉.
From the total 164 combinations of |Pj〉, we select the one
that allows |Pj〉 ( j = 1, 2, 3, and 4) being written as eiφSi |R〉
or eiφSi

′ |L〉. For example, if we expect to have |H〉, |R〉, |V 〉,
and |L〉 at the order of 3rd, 1st, −1st, and −3rd, respectively.
When the initial phases of the four states equal to 0, |kn〉 has
the form of

|kn〉 =

⎡
⎢⎢⎣

√
2(|L〉 + |R〉)/2

|R〉
−√

2i(|L〉 − |R〉)/2
|L〉

⎤
⎥⎥⎦.

Taking |kn〉 into Eq. (6), we obtain |P1〉 = [ei 5
8 π |L〉 + (ei 9

8 π +√
2ei 11

8 π )|R〉]/2, |P2〉 = [(ei 15
8 π + √

2ei 1
8 π )|L〉 + ei 11

8 π |R〉]/2,
|P3〉 = [ei 9

8 π |L〉 + (ei 13
8 π + √

2ei 7
8 π )|R〉]/2, |P4〉 = [(ei 3

8 π +√
2ei 13

8 π )|L〉 + ei 15
8 π |R〉]/2. Obviously, the retrieved |Pj〉 does

not satisfy that one of α j and β j equals zero. Then we do the
parameter scan of ϕkn , and find that only when |kn〉 has the
form of

|kn〉 =

⎡
⎢⎢⎢⎢⎣

√
2ei 3

8 π (|L〉 + |R〉)/2

ei 7
8 π |R〉√

2ei 3
8 π (|L〉 − |R〉)/2

ei 15
8 π |L〉

⎤
⎥⎥⎥⎥⎦,

|P1〉 = |R〉, |P2〉 = ei 1
4 π |R〉, |P3〉 = eiπ |L〉, |P4〉 = ei 1

4 π |L〉.
|P5〉-|P8〉 can be obtained by adding eiπ phase. In this way,
the desired unit cell is established.

III. METASURFACE I: GENERATING
TWO LP AND TWO CP STATES

In order to elucidate the process to obtain multiple beams
with nonorthogonal polarization states, such as CP and LP
states, from a single piece of metasurface, we set the expected
states as |L〉, |V 〉, |R〉, and |H〉 at −3rd, −1st, 1st, and 3rd
order, respectively. By taking

|kn〉 =

⎡
⎢⎢⎣

√
2eiϕk3 (|L〉 + |R〉)/2

eiϕk1 |R〉√
2ei(ϕk−1 −π/2)(|L〉 − |R〉)/2

eiϕk−3 |L〉

⎤
⎥⎥⎦

into Eq. (6), and performing a parameter scan of the initial
phases ϕkn , we get

|Pj〉 =

⎡
⎢⎢⎢⎣

|R〉
ei π

4 |R〉
eiπ |L〉
ei π

4 |L〉

⎤
⎥⎥⎥⎦.

Since the diffraction field |Pj+4〉 ( j = 1, 2, 3, and 4) possesses
a phase difference π than |Pj〉, the phase and the handedness
of the light radiated from each resonator in the unit cell should
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FIG. 1. The simulation results of 16 L-shaped resonators (S1,
S2,..., S8 and S1

′, S2
′,..., S8

′) in PS1, where the x-polarized incident
light propagates in −z direction. (a) The detailed topography of the
L-shaped resonator sitting on top of a SiO2-gold-silicon substrate.
For the resonators in PS1, the thickness of the SiO2 layer h1 and
that of the solid gold layer h2 are 200 and 100 nm, respectively. The
thickness of the gold L-shaped structure h3 is 50 nm. The center-
to-center separation of each resonator is set as 700 nm. The length
l and width w of the eight resonators generating |R〉 (RCP state),
{S1, S2, . . . , S8}, and their mirror-imaged counterparts generating |L〉
(LCP state), {S1

′, S2
′, . . . , S8

′}, are listed in Table I. (b) The plot
showing the simulated reflectance ratio, and phase difference of
the y and x components of the reflected beam when the incident
beam interacts with S1. (c) The simulated GSI phase φ added to the
diffracted state from the elements in {Si} (i = 1, 2,..., 8). The incident
wavelength is 1300 nm. (d) The simulated GSI phase φ added to
the diffracted state from the elements in {Si

′} (i = 1, 2,..., 8). The
incident wavelength is 1300 nm.

be |R〉, ei π
4 |R〉, eiπ |L〉, ei π

4 |L〉, eiπ |R〉, ei 5π
4 |R〉, |L〉, and ei 5π

4 |L〉,
respectively.

The pool PS1 is designed for the x-polarized incidence with
wavelength 1300 nm. Figure 1 shows the polarization and
phase characteristics of the diffraction from each resonator
in the sets {Si} and {Si

′} of PS1, which are simulated by the
finite difference time domain (FDTD) method. As indicated
in Fig. 1(a), each resonator is an L-shaped gold structure
sitting on top of a SiO2-gold-silicon substrate, with its opening
pointing towards 45◦ (or 135◦) [17]. The thickness of the SiO2

layer h1 and that of the solid gold layer h2 are 200 and 100 nm,
respectively. The thickness of the gold L-shaped structure h3

is 50 nm. The center-to-center separation of each resonator
is set as 700 nm. The length l and width w of the eight
resonators generating |R〉 (RCP state), {S1, S2, . . . , S8}, and
their mirror-imaged counterparts generating |L〉 (LCP state),
{S1

′, S2
′, . . . , S8

′}, are listed in Table I. We focus on three

TABLE I. l and w of the L-shaped structures in PS1. The center-
to-center separation of the neighboring structures in the x direction is
700 nm. Each resonator diffracts a CP state with a GSI phase φ. The
incident wavelength is 1300 nm.

|R〉 S1 S2 S3 S4 S5 S6 S7 S8

|L〉 S1
′ S2

′ S3
′ S4

′ S5
′ S6

′ S7
′ S8

′

l (nm) 500 410 235 300 220 285 345 465
w (nm) 145 40 50 30 85 150 185 210
φ 0 π/4 π/2 3π/4 π 5π/4 3π/2 7π/4

parameters for each resonator: the reflectance ratio of y and x
components (ryx/rxx), the reflected phase difference between
y and x components (	φ), and the GSI phase φ. ryx/rxx and
	φ determine the polarization state of the diffraction from the
resonator. For a CP state, the reflectance ratio equals 1, and the
phase difference equals 90◦ or 270◦. Figure 1(b) illustrates
the simulated reflectance ratio ryx/rxx and the phase differ-
ence between y and x components when the incident light
shines on the resonators S1 in PS1. The reflectance ratio keeps
unity, and the phase of the x component is 90◦ advanced at
1300 nm, meaning that the resonator generates an RCP state.
Figures 1(c) and 1(d) show the simulated GSI phase φ of the
diffracted CP state from the resonators. It can be seen that the
range of φ for the resonators in {Si} covers 0 to 2π with a step
of π/4, and the same applies for that in {Si

′}. The simulation
results in Fig. 1 indicate that upon normal illumination of an
x-polarized incidence of 1300 nm, resonators in {Si} ({Si

′})
of PS1 generate RCP (LCP) state, and a GSI phase φ is
introduced to the diffraction field from each resonator.

To meet the requirement that the phase and the handedness
of the light radiated from each resonator in the unit cell are
|R〉, ei π

4 |R〉, eiπ |L〉, ei π
4 |L〉, eiπ |R〉, ei 5π

4 |R〉, |L〉, and ei 5π
4 |L〉,

the resonators should be selected as S1, S2, S5
′, S2

′, S5, S6,
S1

′, S6
′ from PS1, as illustrated in Fig. 2(a). In this case,

since the separation of resonators in the x direction is 700 nm,
and the number of resonators within the unit cell is 8, Dx

becomes 5600 nm. The incident wavelength is 1300 nm. It
follows that |n| � 4. Because the output beams only have odd
orders, the observable n is ±1 and ±3. This situation means
that all of the four beams |k−3〉, |k−1〉, |k1〉, and |k3〉 can be
diffracted into the free space. We emphasize here that the
four generated polarization states include two CP (LCP, RCP)
states and two LP (horizontal, vertical) states, which cannot
be achieved so far with other approaches to the best of our
knowledge.

An array of L-shaped resonator assembly on SiO2-gold-
silicon substrate has been fabricated to verify the theoretical
design, as shown in Fig. 2(b). To characterize the fabricated
sample, a supercontinuum laser and a Glan-Taylor polarizer
are used to generate the LP incident beam with a wavelength
range of 400–2000 nm. A near-infrared fiber spectrometer
(900–1600 nm) is installed on the rotation stage to measure
the diffraction intensity in the ranges of −60◦ to −12◦ and
12◦ to 60◦ in the reflection mode. The region between 12◦
and −12◦ cannot be detected due to the technical restriction
of the reflection mode, which is marked by two dashed lines
in the angle-resolved diffraction spectrum. An achromatic
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FIG. 2. (a) The plot to show the GSI phase φ and the handedness
(represented by the red/blue dots) of each resonator in the unit
cell. The resonators are selected from PS1. Four from {Si} and four
from {Si

′}. The metasurface generates two LP and two CP states.
(b) SEM micrograph of the fabricated metasurface as designed in
Fig. 2(a). The inset is the enlarged SEM micrograph. The dash line
box marks the unit cell. Both the white and yellow bars represent
1 μm. (c) Measured angle-resolved diffraction spectra. Four bright
lines represent the diffracted beams measured at different wavelength
at different diffraction angles. The color bar stands for the intensity.
(d) The normalized beam intensity of four diffracted beams. Ipol,num

represents the intensity of numth order with pol polarization. (e) The
measured light intensity ratio of each beam.

quarter-wave plate and/or a polarizer are installed in front of
the detector to identify the polarization state of each diffracted
beam. The angle-resolved diffraction spectrum is illustrated
in Fig. 2(c). It can be seen that four diffracted beams, from
left to right, correspond to −3rd, −1st, 1st, and 3rd order of
diffraction, have been detected. To characterize the diffraction
efficiency, we define the normalized beam intensity as the
intensity of the diffracted beam and that of the incident beam,
as illustrated in Fig. 2(d). At wavelength 1300 nm, the nor-
malized intensity of the diffraction beam is 14.42%, 15.72%,
17.96%, and 14.32%, respectively, corresponding to −3rd,
−1st, 1st, and 3rd order. The total intensity reaches 62.42%.
Experimentally we define a parameter, the light intensity ratio,
to characterize the purity of each generated state. For the LP
beam, the light intensity ratio is defined as the ratio of the in-
tensity of the investigated beam and the intensity detected with
the orthogonal polarization; for the CP beam, it is defined as
the ratio of the intensity of the investigated beam and that with
the conjugated CP. For the ideal situation, this ratio should be
infinity for a pure CP/LP state. However, in real experiments,
the conjugated polarization state does not vanish completely
due to defects in lithography. Consequently, this ratio usually

TABLE II. l and w of L-shaped resonators in PS2 when the
center-to-center separation of the neighboring resonators has been
shrunk to 400 nm. Each L-shaped resonator diffracts a CP state with
a GSI phase φ. The incident wavelength is 1200 nm.

|R〉 S1 S2 S3 S4 S5 S6 S7 S8

|L〉 S1
′ S2

′ S3
′ S4

′ S5
′ S6

′ S7
′ S8

′

l (nm) 230 270 310 290 150 220 160 200
w (nm) 125 125 80 30 25 20 50 105
φ 0 π/4 π/2 3π/4 π 5π/4 3π/2 7π/4

ends up with a large value. This suggests that each resonator
in the unit cell contributes a more accurate phase and ampli-
tude. Hence, the interaction of all the diffracted light leads
to the beams with the desired polarization states. The light
intensity ratio of these four beams is presented in Fig. 2(e).
The intensity ratios are respectively 19.18 (−3rd order), 8.16
(−1st order), 11.78 (+1st order), and 13.26 (+3rd order) at
1300 nm. Figure 2(e) confirms that two CP states and two LP
states have been experimentally realized.

IV. METASURFACE II: GENERATING ONE VERTICALLY
LP AND ONE RCP STATES

Let us consider the rearrangement of the resonators in the
unit cell. The diffraction order n requires |n| � Dx

λ
. For the

scenario 3λ < Dx < 5λ, n = ±1,±3 can be diffracted from
the metasurface to four directions [Fig. 2(c)]. If the separation
of the resonators in the unit cell has been so shrunk that
λ < Dx < 3λ is satisfied, then only ±1 order of diffraction
survives in the free space. This means that tuning Dx/λ is an
efficient way to control the number of diffracted beams.

To diffract only two beams from the metasurface, we shrink
the separation of resonators in the x direction from 700 to
400 nm. So Dx becomes 3200 nm. When we select the wave-
length as 1200 nm, we have |n| � 2. It is noteworthy that
once the separation of the resonators has been changed, the
other parameters of the system, such as the thickness of SiO2

layer h1 and the geometrical size of the resonators, should be
adjusted accordingly. Therefore we construct the second pool
PS2 for incident wavelength 1200 nm. The thickness of the
SiO2 layer h1 and that of the solid gold layer h2 are selected as
110 and 100 nm, respectively. The gold L-shaped structure h3

is set as 50 nm in thickness. The separation of each resonator
is 400 nm. The length l and width w of the eight resonators
generating |R〉 and their mirror-imaged counterparts gener-
ating |L〉 are listed in Table II. Figure 3(a) illustrates the

simulated reflectance ratio ryx/rxx and the phase difference
between y and x components when the incident light shines
on the resonators S1 in PS2. The reflectance ratio remains
unity and the phase of the x component is 90◦ advanced at
1200 nm, indicating that the resonator generates the RCP
state. Figures 3(b) and 3(c) are the simulated GSI phase φ

of the diffracted CP state from the resonators in PS2. It can
be seen that the range of φ for the resonators in {Si} covers
0 to 2π with a step of π/4, and the same applies for that in
{Si

′}. The simulation results in Fig. 3 indicate that upon nor-
mal illumination of an x-polarized incidence with wavelength
1200 nm, resonators in {Si} ({Si

′}) of PS2 generate an RCP
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FIG. 3. The simulation results of 16 L-shaped resonators (S1,
S2,..., S8 and S1

′, S2
′,..., S8

′) in PS2, where the x-polarized incident
light propagates in −z direction. For the resonators in PS2, the
thickness of the SiO2 layer h1 and that of the solid gold layer h2

are selected as 110 and 100 nm, respectively. The gold L-shaped
structure h3 is set as 50 nm. The separation of each resonator is
400 nm. The length l and width w of the eight resonators generating
|R〉 and their mirror-imaged counterparts generating |L〉 are listed in
Table II. (a) The plot to show the simulated reflectance ratio, and
phase difference of the y and x components of the reflected beam
when the incident beam interacts with S1. (b) The simulated GSI
phase φ added to the diffracted state from the elements in {Si} (i = 1,
2,..., 8). The incident wavelength is 1200 nm. (c) The simulated GSI
phase φ added to the diffracted state from the elements in {Si

′} (i = 1,
2,..., 8). The incident wavelength is 1200 nm.

(LCP) state, and a GSI phase φ is added to the diffraction
field of each resonator.

When the resonators are selected from PS2, and Q1 is
still equal to 8, |n| � 2 is always satisfied. In this paper, the
diffracted beams are limited to odd orders. Hence, only two
beams of ±1 order are diffracted. The higher diffraction or-
ders cannot be observed due to the restriction |n| � Dx

λ
. In this

scenario, Eq. (6) is still valid. The process of the parameter
scan of the initial phases is the same as that shown in Sec. III.
The only difference is that here only two states are observed,
whereas the other two beams (±3 orders) are evanescent
ones [57].

Suppose that the expected nonorthogonal states at −1st
and 1st order are |V 〉 and |R〉. The evanescent beams at −3rd
and 3rd order are |L〉 and |H〉. Hence, the mathematical form

FIG. 4. (a) The plot to show the GSI phase φ and the handedness
(represented by the red/blue dots) of each resonator in the unit cell.
The resonators are selected from PS2. Four from {Si} and four from
{Si

′}. The metasurface generates one LP and one CP state. (b) SEM
micrograph of the fabricated metasurface as designed in Fig. 4(a).
The inset is the enlarged SEM micrograph. The dash line box marks
the unit cell. Both the white bar and yellow bar represent 1 μm.
(c) Measured angle-resolved diffraction spectra. Two bright lines
represent the diffracted beams measured at different wavelength at
different diffraction angles. The color bar stands for the intensity.
(d) The normalized beam intensity of two diffracted beams. Ipol,num

represents the intensity of numth order with pol polarization. (e) The
measured light intensity ratio of each beam.

of |kn〉 is the same as that in Sec. III. It follows that these
two scenarios share the same solution. The phase and the
handedness of the light radiated from each resonator in the
unit cell are still |R〉, ei π

4 |R〉, eiπ |L〉, ei π
4 |L〉, eiπ |R〉, ei 5π

4 |R〉,
|L〉, and ei 5π

4 |L〉. The corresponding resonators are selected as
S1, S2, S5

′, S2
′, S5, S6, S1

′, S6
′ in PS2, as illustrated in Fig. 4(a).

In this case, the output diffracted beams are one RCP state and
one LP (vertical) state.

The metasurface diffracting CP state and other linearly
polarized states, such as ±45◦-LP or horizontally LP can be
treated similarly. For example, when |k−1〉 and |k1〉 are respec-
tively RCP and horizontally LP, meanwhile, the evanescent
beams at −3rd and 3rd order are |L〉 and |V 〉, the spatial
sequence of the resonators [the solution of Eq. (6)] is S1, S2,
S1

′, S6
′, S5, S6, S5

′, S2
′. When |k−1〉 and |k1〉 are respectively

RCP and −45◦-LP, meanwhile, |k−3〉 and |k3〉 are LCP and
+45◦-LP, then the spatial sequence of the resonators should
be selected as S8, S1, S2

′, S7
′, S4, S5, S6

′, and S3
′.

To verify the theoretical design, we fabricate the metasur-
face with the unit cell elements shown in Fig. 4(a), as shown in
Fig. 4(b). Figure 4(c) illustrates the angle-resolved diffraction
spectrum of the metasurface, where two diffraction beams
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belong to 1st and −1st order, respectively. The measured nor-
malized beam intensity of the two diffraction orders is shown
in Fig. 4(d). At wavelength 1200nm, the normalized intensity
of the diffracted beam is 18.16% and 15.94%, respectively,
corresponding to −1st and 1st order. The total normalized
intensity reaches 34.1%. The light intensity ratio of the two
beams is shown in Fig. 4(e). At 1200 nm, the intensity ra-
tios of the diffracted beams are respectively 7.03 and 33.59.
Figure 4 confirms that we have indeed experimentally realized
the theoretical design.

V. METASURFACE III: GENERATING ONE
HORIZONTALLY AND ONE VERTICALLY LP STATES

In Sec. IV, there are eight resonators in the unit cell, and
four are independent (R2 = Q1/2 = 4). To satisfy A is a re-
versible matrix, the number of diffracted beams should satisfy
R1 = R2 = 4. Hence, apart from the two desired states, two
evanescent beams are taken into consideration. In this Sec-
tion, we provide another solution about two diffracted beams.
We follow the same protocol as mentioned in Sec. II, that
the diffraction field Pj+Q1/2 ( j = 1, 2, . . . , Q1/2) possesses
a phase difference π with respect to Pj . Q1 and R2 satisfy
R2 = Q1/2. Here, we only consider the two desired beams
(R1 = 2). To satisfy A is square, R2 = R1 = 2, Q1 = 4. This
means that there are only four resonators in the unit cell. By
taking Q1 = 4 in Eq. (4) considering two orders, ±1, and
performing a matrix inversion, Eq. (4) becomes[|P1〉

|P2〉
]

=
√

2

2

[
e−i 3

4 π ei 3
4 π

e−i 1
4 π ei 1

4 π

][ |k1〉
|k−1〉

]
. (7)

For the given set of |kn〉, |Pj〉 is obtained directly from Eq. (7).
Then, the parameter scan is the same as that described in
Sec. II.

Here we focus on another example of the generation of
two beams with the resonators selected from PS2. When the
resonators are selected from PS2, and Q1 is equal to 4, |n| � 2
is still satisfied. Hence, only two beams of ±1 orders are
diffracted. Suppose that the expected states of 1st and −1st

order are |H〉 and |V 〉. By taking |kn〉 = [
√

2e
iϕk1 (|L〉 + |R〉)/2√

2e
i(ϕk−1

−π/2)
(|L〉 − |R〉)/2

]

into Eq. (7) and performing a parameter scan of the initial

phases ϕkn , we obtain |Pj〉 = [
|R〉

ei π
2 |L〉]. Since the diffraction field

Pj+2 ( j = 1, 2) possesses a phase difference π with respect
to Pj , it follows that the phase and the handedness of the
light radiated from each resonator in the unit cell should be
|R〉, ei π

2 |L〉, eiπ |R〉, ei 3π
2 |L〉, respectively. This means that the

resonators in the unit cell should be selected as S1, S3
′, S5, S7

′,
as illustrated in Fig. 5(a).

We fabricate the metasurface with the unit cell as S1, S3
′,

S5, and S7
′, as illustrated in Fig. 5(b). Figure 5(c) shows

the angle-resolved diffraction spectrum of the metasurface,
where two diffraction beams are clearly demonstrated. The
measured normalized beam intensity of two diffraction orders
is shown in Fig. 5(d). At 1200 nm, the normalized intensity
of the diffracted beam is 33.59% (−1st order) and 24.08%
(+1st order). The total intensity in these two directions is
57.67%. The light intensity ratio of the two beams is shown
in Fig. 5(e). The two ratios are respectively 21.50 and 8.07.

FIG. 5. (a) The plot to show the GSI phase φ and the handedness
(represented by the red/blue dots) of each resonator in the unit cell.
The resonators are selected from PS2. Two from {Si} and two from
{Si

′}. The metasurface generates one vertically and one horizontally
LP state. (b) SEM micrograph of the fabricated metasurface as
designed in Fig. 5(a). The inset is the enlarged SEM micrograph.
The dash line box marks the unit cell. Both the white and yellow
bars represent 1 μm. (c) Measured angle-resolved diffraction spectra.
Two bright lines represent the diffracted beams measured at different
wavelength at different diffraction angles. The color bar stands for
the intensity. (d) The normalized beam intensity of two diffracted
beams. Ipol,num represents the intensity of numth order with pol polar-
ization. (e) The measured light intensity ratio of each beam.

Figure 5 indicates that we have indeed experimentally realized
the theoretical design.

VI. METASURFACE IV: GENERATING
AN RCP STATE ONLY

Now let us consider the unique scenario where only one
diffracted beam is generated from the metasurface. Suppose
that the diffracted order is +1. The resonators are selected
from PS2, and there are eight resonators within the unit cell,
where λ < Dx < 3λ is satisfied. Only ±1 orders of diffraction
survive. The beams of other diffraction orders are evanescent
due to the restriction |n| � Dx

λ
. When |k1〉 is set as RCP, by

taking

|kn〉 =

⎡
⎢⎢⎣

0
eiϕk1 |R〉

0
0

⎤
⎥⎥⎦

into Eq. (6) and performing a scan of ϕk1 , we find that the
resonators in the unit cell should be selected as S1, S2, S3, S4,
S5, S6, S7, and S8, as illustrated in Fig. 6(a).
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FIG. 6. (a) The plot to show the GSI phase φ and the handedness
(represented by the red dots) of each resonator in the unit cell.
The resonators are all selected from {Si} of PS2. The metasurface
generates one RCP state. (b) SEM micrograph of the fabricated
metasurface as designed in Fig. 6(a). The inset is the enlarged SEM
micrograph. The dash line box marks the unit cell. Both the white
bar and yellow bar represent 1 μm. (c) Measured angle-resolved
diffraction spectra. The bright line represents the diffracted beam
measured at different wavelength at different diffraction angles. The
color bar stands for the intensity. (d) The normalized beam intensity
of the diffracted beams. Ipol,num represents the intensity of numth order
with pol polarization. (e) The measured light intensity ratio of the
beam.

To verify the theoretical design, we fabricate the meta-
surface with the unit cell elements shown in Fig. 6(a),
as illustrated in Fig. 6(b). The angle-resolved diffraction
spectrum in Fig. 6(c) shows the generated one diffraction
beam. The measured normalized beam intensity is shown
in Fig. 6(d). At 1200 nm, the normalized intensity of the
diffracted beam at the +1st order is 71.38%. The light inten-
sity ratio in Fig. 6(e) shows that at 1200 nm, the intensity ratio
of the diffracted beam is 29.09. Figure 6 shows that we have
indeed experimentally realized the theoretical design.

With the matrix inversion approach, the metasurface
diffracting one beam with other polarizations can also be
designed. For example, if |k1〉 is set as horizontally LP, we
take

|kn〉 =

⎡
⎢⎢⎣

0√
2eiϕk1 (|L〉 + |R〉)/2

0
0

⎤
⎥⎥⎦

into Eq. (6). It follows that |Pj〉 has the form of
√

2[ei�1 |L〉 +
ei�2 |R〉]/2. This means that |Pj〉 contain both RCP and LCP

components, which cannot be generated from the pools {Si}
and {Si

′}. As a compromise approach, we introduce the beam
of −3rd order, which is evanescent due to |n| � Dx

λ
. Suppose

this evanescent beam at −3rd order is |V 〉. By taking

|kn〉 =

⎡
⎢⎢⎢⎣

0√
2eiϕk1 (|L〉 + |R〉)/2

0√
2ei(ϕk−3 −π/2)(|L〉 − |R〉)/2

⎤
⎥⎥⎥⎦

into Eq. (6) and performing a scan of ϕk1 and ϕk−3 , the spatial
sequence of the resonators (the solution of Eq. (6) is S1, S2

′,
S3, S4

′, S5, S6
′, S7, S8

′. If |k1〉 is set as 45◦-LP, similarly we
introduce the states at −3rd order as −45◦-LP. It follows that

|kn〉 =

⎡
⎢⎢⎢⎣

0√
2ei(ϕk1 −π/4)(|L〉 + i|R〉)/2

0√
2ei(ϕk−3 +3π/4)(|L〉 − i|R〉)/2

⎤
⎥⎥⎥⎦.

By taking |kn〉 into Eq. (6) and scan for the parameters of ϕk1

and ϕk−3 , we find that the spatial sequence of the resonators
[the solution of Eq. (6)] should be S1, S8

′, S3, S2
′, S5, S4

′, S7,
and S6

′.

VII. DISCUSSION

In our design, the number of the diffraction beams is deter-
mined by both the diffraction order n and the selection of the
resonators within the unit cell. The diffraction order n satisfies
|n| � Dx

λ
. Meanwhile, the selection of the resonators within

the unit cell can lead to the extinction of the electric field
in some diffraction orders. In Sec. III–V, because |Pj〉 and
|Pj+Q1/2〉 ( j = 1, 2, . . . , Q1/2) possess a phase difference of
π , only odd orders of the output beams survive. When 3λ <

Dx < 5λ, n = ±1,±3 can be diffracted from the metasurface
to four different directions (metasurface I). In the scenario
of λ < Dx < 3λ, |n| < 2. This means that only two beams
with ±1st diffraction order can be observed (metasurfaces II
and III). With a specific sequence, there is only one beam
diffracted from the metasurface (metasurface IV).

It should be emphasized that the spatial sequence of the
resonators in the unit cell affects both the output states and
the number of the diffracted beams. As an example, let us
take the unit cell consisting of S1, S2, S5

′, S2
′, S5, S6, S1

′,
and S6

′ from PS1. The eight resonators in the unit cell may
generate 384 (C1

8C1
6C1

4C1
2 ) combinations, all satisfying that the

diffraction field |Pj〉 and |Pj+4〉 ( j = 1, 2, 3, and 4) possess a
phase difference π . The output beams of the 384 combinations
are limited to ±1, and ±3 orders. Furthermore, since the
unit cell is periodically arranged in the metasurface, once the
resonators within the unit cell are sequentially permutated,
macroscopically, the output states resume. Therefore the num-
ber of really independent combinations will be 1/8 of 384. Let
us take the sequence S1, S2, S5

′, S2
′, S5, S6, S1

′, and S6
′ as an

example. Considering sequential permutation of the elements
in the unit cell, seven other sequences are generating the same
output states, such as S2, S5

′, S2
′, S5, S6, S1

′, S6
′, S1; S5

′, S2
′,

S5, S6, S1
′, S6

′, S1, S2; and S2
′, S5, S6, S1

′, S6
′, S1, S2, S5

′,
etc. It follows that the number of independent combinations
is reduced to 48 (384/8). By taking each of 48 combinations
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to Eq. (4), we find that eight combinations generate two CP
(LCP, RCP) states and two LP (horizontal, vertical) states,
eight generate three LP states (two +45◦-LP, one −45◦-LP or
two −45◦-LP, one +45◦-LP), and the rest of 32 combinations
generate elliptical polarization. For example, when the spatial
sequence of the resonators is selected as S1, S2, S1

′, S6
′, S5, S6,

S5
′, S2

′, the output states will be LCP, horizontally LP, RCP,
and vertically LP, corresponding to the diffraction order −3,
−1, +1, and +3, respectively. If the spatial sequence of the
resonators becomes S5, S2, S5

′, S6
′, S1, S6, S1

′, S2
′, the output

states become RCP, vertically LP, LCP, and horizontally LP
instead. It is noteworthy that there are eight combinations that
generate only three output beams because of the extinction
of the electric field at one of ±1, and ±3 orders. For example,
when the sequence is selected as S1, S2, S5

′, S6
′, S5, S6, S1

′, S2
′,

+45◦-LP, −45◦-LP, +45◦-LP are diffracted from −1st, 1st,
3rd orders, respectively. When the sequence is changed to S1,
S2, S1

′, S2
′, S5, S6, S5

′, S6
′, −45◦-LP, +45◦-LP, −45◦-LP are

diffracted from −1st, 1st, 3rd order. Therefore we conclude
that by tuning the spatial sequence of the resonators in the
unit cell, both the number of the output beams and the type of
output polarization states can be adjusted.

VIII. CONCLUSION

Simultaneous generation of multiple polarization states,
an important process in quantum information, can be real-
ized with a single piece of metasurface made of L-shaped

resonators with different arm width and length. Each resonator
generates an add-up phase in diffraction, which is determined
by its geometrical features. With such a metasurface, an as-
sembly of different polarization states, such as LCP, RCP,
horizontally, and vertically LP states, can be simultaneously
generated in different diffraction orders. The number and
the propagation direction of the diffraction beams can be
accurately modulated by selecting the geometrical feature,
separation, and spatial order of the resonators in the unit
cell of the metasurface. Here we have demonstrated a new
perspective in generating one, two, or four diffraction beams
with specific polarization states with one piece of the specially
designed metasurface. This work demonstrates the substantial
possibility of replacing bulky and heavy traditional optical
components in nanophotonic device applications and pro-
moting the development of integrated optics and information
technology.
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