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Transmission of an anisotropic metasurface is analyzed in a polar base relying on the Jones calculus, and polari-
zation conversion from the spatial uniform polarization to the spatial nonuniform polarization is explored.
Simple and compact polarization converters based on rectangular holes or cross holes etched in silver film
are designed, and polarization conversions from the linear and circular polarization to the radial and azimuthal
polarization are realized. Numerical simulations of three designed polarization converters consisting of rectan-
gular holes equivalent to polarizers and quarter- and half-wave plates, exhibit the perfect polarization conversion.
The experiment results consistent with the simulations verify theoretic predictions. This study is helpful for
designing metasurface polarization converters and expanding the application of a metasurface in polarization

manipulations. © 2019 Chinese Laser Press

https://doi.org/10.1364/PRJ.7.000246

1. INTRODUCTION

A metasurface consisting of subwavelength arrays makes
surface-integrated photonics possible and provides an exciting
platform for ultrathin optics or flat optics [1,2]. Because of
the advantages of ultrathin thickness, low weight, ease-of-
fabrication, and high efficiency, metasurfaces have gained wide
attention, and different varieties of metasurfaces have applica-
tions in light manipulation, such as beam-steering devices [3],
holography plates [4,5], ultrathin lenses [6,7], and invisibility
cloaks [8], which are realized through controlling the ampli-
tude, phase, and polarization of light.

Polarization is the nature of light. The generation of a polari-
zation state and the conversion between different polarization
states are usually realized by using a polarizer, a wave plate, and
even an optical system. A well-designed optical metasurface
can be used to change the polarization state. The metasurface
structures used to convert the polarization states include high-
contrast dielectric elliptical nanoposts [9], rectangular antenna
arrays [10,11], V-shaped antennas [12], U-shaped aperture an-
tennas [13], and orthogonal nanoslits or nanorods [14,15].
These studies realize the conversion between uniform polariza-
tion states based on the anisotropy of an optimized metastruc-
ture unit, and they provide experience for the detection of a
polarization state and the conversion of different polarization
states.

Although there is no one uniform theory for the design of a
metasurface for polarization control, some studies relate to
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theoretical derivation in a Cartesian base and circular base
[16-18]. Most importantly, there are few studies about the con-
version of the spatial uniform polarization to spatial nonuniform
polarization based on a simple metasurface [19-22]. In our for-
mer work [21,22], we designed polarization converters based on
a field superposition and integration operation. The reverse pro-
cess to ascertain the metastructure enhances the design difficulty
and also makes the design mechanism of converters undetect-
able. In this paper, we aim to advance a general polarization
conversion theory that can directly guide the design of a meta-
surface polarization converter for conversion of the spatial uni-
form polarization to spatial nonuniform polarization. Here, the
mathematical expression of a transmission polarization state
through the metasurface is given in the polar base using the
Jones calculus, and the radial and azimuthal polarization is easily
obtained based on the dependence relation of the transmission
polarization state and the metastructure parameters and the il-
lumination condition. Based on this theory, three metasurface
polarization converters are proposed. The simulated results
verify the theoretic prediction, and the practical experiment
demonstrates the performance of metasurface polarization con-
verters. The study of this paper provides the foundation for the
design of metasurface polarization devices.

2. BASIC THEORY

The radial and azimuthal polarization states satisfy the orthogo-
nal condition in the inner product space, like two orthogonal
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linear polarization states or the left- and right-handed circular
polarization states. As we know, two orthogonal linear polari-
zation states constitute the Cartesian base, and left- and right-
handed circular polarization states form the circular base.
Similarly, the radial and azimuthal polarization states make
up the polar base. Assume that an optical metastructure is
illuminated normally by a coherent plane wave, and the com-
plex amplitudes of the incident and transmitted light can be
described by the Jones calculus in the Cartesian base:

() () o

where the amplitude components i, 7, £, and ¢, describe the
incident and transmitted polarization states. They are con-
nected through the transmission matrix 77, and they can be

expressed as
t T, T i
x — XX X 'x , (2)
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with the elements of the transmission matrix 7', and 7,
denoting the transmission ratio of co-polarization states, and

T, and T,
polarization states.

The incident and transmitted fields in the polar base can be
wrlFten as t = Aptp and 7 = Apzp with Ap being the change of
basis matrix, and they satisfy
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=A AL (3)
<t2 )p "\Ty Ty) "\),

Since the radial and azimuthal polarization states in the
Cartesian base are denoted by 7,4 = (cos @, sin @) and
Zim = (—sin @, cos @) with @ being the angular position of
the field, the change matrix A, and its reverse from the
Cartesian base to the polar base can be expressed as

cos ¢ —sin @ 0 cos ¢ sin @
A, = , A= . .
4 sin ¢ cos @ L4 -sin ¢ cos @
(4)

For any incident polarization state in the polar base (7, 7,),,, the
transmitted polarization state can be deduced by inserting
Eq. (4) into Eq. (3). Naturally, the transmitted polarization
state 2, depends on the incident polarization state i, and
the metasurface.

For the metasurface consisting of the anisotropic metastruc-
ture units with the period smaller than the wavelength, suppos-
ing 4, and 4, are the amplitudes of transmission electric fields
along two major axes in the Cartesian base and § is the phase
delay of two electric fields along two major axes, its transmis-
sion matrix in the Cartesian base is

representing the transmission ratio of cross-

(% cos® a + a,sin* ae®  (a, - a,é”)sin a cos @
~ \ (4. -4,@°)sin a cos a a.sin” a4 a,cos” ac’® )’

)
with a being the direction angle of the fast axis with respect to
the x axis. Thus, we can obtain the transmitted polarization
state in the polar base with the incident field components 7;
and 7, by
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1 (Ail + Bi; cos 2(a - @) + Bi, sin 2(a - (/))) ©)
t, = — ,
7 2\ Bi sin 2(a - @) + Aiy - Bi, cos 2(a - ¢)

where A = a, 4 4,¢° and B = a, - a,é°.

Because the metastructure unit can be taken as a polarizer,
a,=1,a,=0, and A = B = 1, then the transmitted polari-
zation state in the polar base is written as

, 1 (2iicos’(a-g) + i sin 2(a - @) )
» 7 2\ iy sin 2(a- @) + 2y sin*(a- @) )’

When the transmission axis direction and the position angle of
the metastructure unit are the same, namely, a = ¢, this equa-
tion is the radial polarization state 7;(1,0) in the polar base.
When the direction and position angles of the metastructure
unit satisfy @ - ¢ = /2, this equation is just the azimuthal
polarization state 7,(0, 1) in the polar base. To ensure effective
transmittance, the circular polarization light is usually chosen
as the illumination light. Naturally, there is an additional spiral
phase ¢*/¢ in the transmission for the incident circular polari-
zation with 7; = 271259 and i, = £271/%j¢%%, and this
spiral phase should be deleted to obtain the pure vector beam.
If the linear polarization light is chosen as illumination light,
the nonuniform intensity depending on the position of the unit
should be considered and the relative complex structure is
needed [22].

Because the metastructure unit can be taken as a quarter-
wave plate, A =144, B=1-j, and the transmitted state
in the polar base is simplified to

‘ =«/5€,-%<{1 =/ cos 2(a- ) - ji sin 2(a- ) ) )

L) iy - jiy sin 2(a - @) + ji; cos 2(a - ¢)
When the incident light is the left-handed circularly polarized
state with 7; = 27126 and i, = j271/2é, neglecting the con-
stant term of ¢™/4, Eq. (8) is the radial polarization state of
i1(1,0) in the polar base with the fast axis direction and the
position angle of the metastructure unit satisfying @ - ¢ = 7 /4.
When the incident light is the right-handed circularly polarized
state with 7; = 271/2¢7% and i, = -j271/2¢7%, Eq. (8) is the
azimuthal polarization state of 7,(0, 1) in the polar base with
the fast axis direction and the position angle of the metastruc-
ture unit also satisfying @ - ¢ = x /4. Similarly, the additional
spiral phase ¢*/* must be deleted to obtain the pure vector
beam. This result is consistent with our former work [21],
but the used analysis method is different, where the field super-
position and the integration operation are used. Furthermore,
as @ - @ = -n/4, the radial polarization state can also be
obtained with the right-handed circularly polarized light
illumination and the azimuthal polarization state is obtained
with the left-handed circularly polarized light illumination.

If the metastructure unit is taken as a half-wave plate,
A =0, B =1, and its transmission in the polar base is read as

;= (i1 cos 2(a - @) + i, sin 2(a—q))) ©)
4 iy sin 2(a - @) - iy cos 2(a-¢) )’

As the incident light takes the linear polarization light with the
polarization angle 0 and 7, = cos(0 - ¢) and 7, = sin(6 - @),
the transmitted state is the radial polarization (1, 0) with
a=(0+ ¢)/2 or the azimuthal polarization (0, 1) with
a=(0+ ¢)/2 + n/4. In fact, these two cases are equivalent
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to 0=0 for a=0+¢)/2+r/4 and 6 =7/2 for
a = (0 + @) /2. This indicates that for the same metastructure
with @ = @ /2 + /4, the transmitted state is azimuthal under
the condition of & = 0 and radial under the condition of
0 = /2. For circular polarization illumination, it is difficult
to realize the conversion of the radial or azimuthal polarization
with the simple metastructure.

This theoretical analysis in a polar base provides the direct
relation of the transmission polarization with the incident
polarization state and the metastructure unit, and it is the basis
for the design of the metasurface polarization converters to con-
vert the spatial uniform polarization to the spatial nonuniform
polarization.

3. NUMERICAL SIMULATIONS

Nanometer rectangular holes have obvious anisotropy and, as
examples, we design polarization converters based on rectangu-
lar holes equivalent to polarizers and quarter- and half-wave
plates to convert the polarization state. The numerical simula-
tions show that a rectangular hole with a larger length—widch
ratio like a long edge of 300 nm and a short edge of 100 nm
can be taken as a polarizer, and a rectangular hole with a long
edge of 310 nm and a short edge of 200 nm etched on silver
with a thickness of 200 nm can be taken as a quarter-wave
plate. The equivalent half-wave plate is a cross hole consisting
of two orthogonal rectangular holes etched in silver film
with a thickness of 220 nm, where one hole has a length of
600 nm and a width of 150 nm and the other has a length
of 220 nm and a width of 180 nm.

On basis of the theoretic analysis in Section 2, we design
first the polarization converter based on the rectangular holes
equivalent to polarizers, and it can realize the conversion of
circular polarization to radial polarization. To delete the spiral
phase introduced by the circular polarization illumination,
we arrange the rectangular holes along the Archimedes’ spiral
satisfying 7 = 7o + Agp@/27, where 7, is the initial radius
and A, denotes the surface plasmon polariton wavelength.
The short edge of the hole is toward the center of the polari-
zation converter. Figure 1(a) gives the structure of this polari-
zation converter, and the inserted magnified picture clearly
shows the orientation of the hole, where the transmission axis

0 1 2 0
x(pm) x(um)

Fig. 1. (a) Structure of the polarization converter consisting of rec-
tangular holes equivalent to polarizers, and transmitted fields for (b),
(c) a single rectangular hole and (d)—(f) this polarization converter.

is along the azimuthal angle. This structure is illuminated by
the right-handed circularly polarized light with the wavelength
of 0.633 pm. The polarization dependence for the trans-
mission of a single rectangular hole is shown in Figs. 1(b) and
1(c), where the orthogonal linear polarization light illuminates.
We can see that only the polarization light perpendicular to the
long edge transmits as the polarizer acts. Figures 1(d)-1(f) show
the transmitted intensity distribution and the x and y compo-
nents through this polarization converter with 7y = 4 pm. The
arrows inserted in Fig. 1(d) denote the polarization direction
of the field. These results indicate the transmission field is the
radial polarization.

Then, we design the polarization converter based on the
rectangular holes equivalent to quarter-wave plates, and it con-
verts circular polarization to azimuthal polarization. To delete
the spiral phase introduced by the circular polarization illumi-
nation, we also arrange the rectangular holes along the
Archimedes’ spiral. Figure 2(a) gives the structure of this polari-
zation converter, where the starting radius of the Archimedes’
spiral 7 takes 4 pm and the direction angle of the fast axis along
the long edge of the rectangular hole and its position angle sat-
isfy @ - ¢ = n/4. The single rectangular hole can realize the
conversion between the linear and circular polarization states,
like the intensity distributions shown in Figs. 2(b) and 2(c),
where the inserted patterns are the phase distributions and the
inserted arrows denote the polarization direction of the incident
light. Figures 2(d)-2(f) give the transmitted intensity and the x
and y components through this polarization converter with the
right-handed circularly polarized light illumination. Obviously,
these results are also consistent with the characteristics of azi-
muthal polarization.

Figure 3 gives the polarization converter based on the cross
holes, and it realizes the conversion of linear polarization to
azimuthal polarization. Figure 3(a) shows the corresponding
structure where the optimized cross hole is equivalent to a
half-wave plate, and it can realize the conversion between the
right-handed and left-handed circularly polarized light. The
phase distributions of Figs. 3(b) and 3(c) verify this structure.
The cross holes in Fig. 3(a) are arranged in one circle with a
radius of 6 pum, and the fast axis along the long edge of the

0.4
(a) t !
AR 02

0.0,

-0.2

o )

-04 -0.2 0.0 0.2 04
x(um)

-04 -0.2 00 0.2 04
x(1um)

-1

-1 0 0

x(um) x(um)
Fig. 2. (a) Structure of the polarization converter based on rectan-
gular holes equivalent to quarter-wave plates, and transmitted intensity
distributions for (b), (c) a single rectangular hole and (d)—(f) the
polarization converter. The inserted patterns in (b) and (c) are the
phase distributions.
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Fig. 3. (a) Structure of the third polarization converter based on the
cross holes equivalent to half-wave plates, and (b), (c) transmitted
phase distributions for a single cross hole and (d)—(f) the intensity

distributions of the polarization converter.

cross hole and its direction angle satisfy & = (0 + @) /2 + n/4
with @ = 0. Figures 3(d)-3(f) give the transmission of this
polarization converter with the incident linear polariza-
tion along the horizontal direction. The arrows inserted in
Figs. 3(a)-3(c) denote the polarization direction of the inci-
dent light, and the arrows inserted in Fig. 3(d) denote the
polarization direction of the field. The intensity distribution of
Fig. 3(d) and the x and y components of Figs. 3(e) and 3(f)
verify that the transmitted field is the azimuthal polarization.

It should be pointed out that the transmitted field distribu-
tions in Figs. 1-3 are simulated according to the finite differ-
ence time domain method [23], where the minimum spatial
step is set at 2.5 nm and the perfect boundary condition is used.
For the incident wavelength of 0.633 pm, the dielectric
constant of silver takes the value given by Palik [24]. The
observation planes for all the cases are set at 3 pm above
the silver film.

4. EXPERIMENT MEASUREMENT

To test the polarization conversion theory and validate the
performance of the designed polarization converters, we manu-
facture samples of metasurface polarization converters. Silver
film with an ascertained thickness is first deposited on a glass
substrate using the magnetron sputtering deposition method,
and then the holes are etched in the silver film using the
focused ion beam etching technique. One sample consists of
36 cross holes etched on the silver film with a thickness of
220 nm and arranged on the circle with » = 6 pm, where
one hole of the cross hole has a length of 600 nm and a width
of 150 nm and the other hole has a length of 220 nm and a
width of 180 nm. The arrangement of the cross holes is the
same as the above theoretic description, and the device can real-
ize the conversion of the linear polarization to the radial and
azimuthal polarization. We then put this sample into the
experimental setup of Fig. 4(a), and measure its transmission
intensity distributions. The linear polarization beam from a
He—Ne laser passes through the combination of a quarter-wave
plate and polarizer P1 and changes the polarization direction.
Then the beam illuminates the fabricated sample (S), and a
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Fig. 4. (a) Experiment setup, (b) SEM image of the polarization
converter, and (c)—(h) its transmission fields, where QWP denotes
the quarter-wave plate, P1 and P2 are polarizers, S represents the sam-
ple, and MO denotes the microscopy objective. The inserted red ar-
rows in (c) and (f) denote the incident polarization direction, and the
white ones in (d)—(h) denote the direction of polarizer P2.

microscopy objective (MO) is used to magnify and image
the intensity distribution of the sample onto the received
plane of a charge-coupled device (CCD) with No. DU-
888U3. Polarizer P2 is used to analyze the polarization of
the transmitted field.

The SEM picture for the sample is given in Fig. 4(b).
Figures 4(c)—4(e) show the transmitted intensity and its x
and y components through the sample of Fig. 4(b) illuminated
by the linearly polarized light with the polarization direction
along the horizontal direction. We can see these results are the
same as the ones in Figs. 3(d)-3(f), and this indicates that the
azimuthally polarized light is really generated. Figures 4(f)—4(h)
show that the incident polarization direction is along the ver-
tical direction. We can see that these results are the same as the
characteristics of the radially polarized light. In the practical
measurement, the incident polarization direction must fit the
orientation of the sample, so the accurate direction of polarizer
P1 is needed to obtain the perfect experimental results. Any
direction difference of the incident polarization as well as any
fabrication defects in the holes may influence the symmetry
of the fringes, as shown in Figs. 4(e) and 4(g). These results,
however, are still good enough to demonstrate the theoretic
prediction. Although only one polarization converter sample
and its transmissions are exhibited here, the proposed theory
is available for the design of other metasurface polarization con-
verters. The experiment results in our former work in Ref. [21]
give the verification.

5. CONCLUSIONS

In view of the potential applications of metasurfaces in inte-
grated polarization devices, we advance a polarization conver-
sion theory and design polarization converters based on a
metasurface consisting of nanoholes. By analyzing the transmis-
sion of an anisotropic metasurface in a polar base relying on the
Jones calculus, we deduce the general expression of the trans-
mission polarization depending on the incident polarization
and the metasurface. The theoretic analysis lays the foundation
to design a metasurface polarization converter to convert a
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spatial uniform polarization to a spatial nonuniform polariza-
tion. Three examples of the polarization conversions verify the
reliability of the theoretical analysis. Although some indivi-
dual studies using different methods have the same results as
our work, our proposed polarization conversion technique has
widely instructive significance for designing metasurface polar-
ized devices and our future work that will study achromatic
polarization converters. We think this work is favorable for
designing a functional polarization metasurface and expanding
the application of metasurfaces in polarization manipulation.

Funding. National Natural Science Foundation of China
(NSFC) (10874105, 11704231); Natural Science Foundation
of Shandong Province of China (2015ZRB01864).
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