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A novel method is proposed to generate vector beams with
arbitrary spatial variation of phase and linear polarization at
the nanoscale using compact plasmonic metasurfaces with
rectangular nanoapertures. The physical mechanism under-
lying the simultaneous control of light polarization and
phase is explained. Vector beams with different spiral phase-
fronts are obtained bymanipulating the local orientation and
geometric parameters of the metasurfaces. In addition,
radially and azimuthally polarized vector beams and double-
mode vector beams are achieved through completely com-
pensating for the Berry phase, which provides additional
degrees of freedom for beam manipulation. © 2015

Optical Society of America
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Metasurfaces, due to their unique electromagnetic characteris-
tics, have drawn significant attention from scientists. Owing to
the precise control of light polarization and phase, various kinds
of plasmonic metasurfaces have been proposed in the applica-
tions of anomalous refraction or reflection [1,2], holographic
imaging [3], vortex beam generation [4–8], polarization con-
version [9–11], etc. Recently, vector beams have attracted sig-
nificant interest owing to their distinct features and interesting
properties. The spatially variant polarization states of vector
beams can potentially be used in various applications in optical
trapping and manipulation [12–14], light focusing [15,16],
nonlinear optics [17], particle acceleration [18], and so on. As
a result of these peculiar properties and extensive applications,
several conventional methods have been proposed to generate
vector beams, such as spatial light modulation [19,20], inter-
ferometry [21], and the use of spatially variant subwavelength
gratings [22]. Despite the successful generation of vector beams

using these methods, several problems still remain: (1) the
employed devices are bulky; (2) the generated beams are always
unstable or have low efficiency; and (3) the generated beams
cannot be suppressed at the nanoscale, which limits their
applications.

Scientists have attempted to overcome these disadvantages
by using plasmonic metasurfaces. For example, vector beams
carrying orbital angular momentum can be obtained by using
nanoscale single-layer metasurfaces [23–27]. The polarization
distributions can be easily manipulated by spatially arranging
the orientations of these metasurfaces. However, an additional
phase (Berry phase) is introduced to the transmitted light in
the process of polarization manipulation [28]. Because of the
lack of any effective phase manipulation to compensate for the
Berry phase, the generated vector beams always carry helical
phase distributions. As a result, it is still a great challenge to
generate the standard radially and azimuthally polarized vector
beams. Another method to generate cylindrical vector vortex
beams has been investigated by utilizing two separated meta-
surfaces [29]. This method requires the rigorous alignment
of two separate metasurfaces, and the whole device is difficult
to integrate. Therefore, searching for a feasible way to simulta-
neously control the polarization and phase of light at the nano-
scale is necessary.

In this Letter, we demonstrate a novel method for generating
vector beams at the nanoscale through the use of compact plas-
monic metasurfaces with rectangular nanoapertures. By means
of manipulating the local orientation and geometric parameters
of the metasurfaces, the light polarization can be varied across
the range of 360°, and the phase can be manipulated through-
out the entire 360° range. Furthermore, radially polarized
vector beams with different spiral phasefronts can be obtained
through simultaneous control of linear polarization and phase
of the transmitted light. The standard radially and azimuthally
polarized vector beams, together with the double-mode vector
beam, also can be generated by completely compensating for
the Berry phase.
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Figures 1(a) and 1(b) schematically illustrate unit cells of the
proposed metasurfaces with rectangular nanoapertures. Two
layers (120 nm thick) are separated by 100 nm along the z axis;
the top and bottom nanoapertures are either aligned or laterally
translated by S in the y direction. The optical parameter of gold
is described by a Drude model with a relative permittivity of
ε∞ � 9.0, a plasma frequency of ωp � 1.3166 × 1016 s−1, and
a damping constant of γ � 1.3464 × 1014 s−1 [30]. The whole
structure is embedded within silicon dioxide, whose dielectric
constant is 2.25. The 3D finite element method was utilized in
our numerical simulations with COMSOL Multiphysics [31].
The corner effect of rectangular nanoapertures has been con-
sidered in the simulation with a curvature radius of 6 nm.

When illuminating with a normally incident circularly
polarized (CP) plane wave, the phase of the transmitted light
can be conveniently manipulated by changing the length L of
the rectangular nanoaperture due to the local resonance of ex-
cited surface plasmon polaritons (SPPs) [32]. The range of
phase shifting can be further extended by tuning the lateral
translation S. An SPP standing wave can be formed because
of the coupling between the two metal layers. When the lateral
translation S � Py∕2, where Py is the period in the y direc-
tions, the charge oscillations at the bottom nanoapertures will
exhibit opposite direction compared with those of S � 0.
Thus, the transmitted light has a phase difference close to 180°
for the two cases of S � 0 and S � Py∕2, as shown in Figs. 1(c)
and 1(d). Meanwhile, the field component along the major axis
of a rectangular nanoaperture will be simply filtered out based
on the anisotropic polarization response. The proposed dual-
layer metasurface can be regarded as an effective local linear
polarizer. The calculated transmissions parallel and vertical
to the major axis of a nanoaperture for S � 0 and S � Py∕2
when excited by normally incident CP light are illustrated in
Figs. 1(e) and 1(f ), respectively. There only exists a transmitted

light polarized vertical to the major axis of the nanoaperture in
a broadband wavelength range for the two cases. Therefore,
the phase variation spanning over the entire 360° range can be
easily achieved by tuning the rectangular length L and control-
ling the lateral translation S to change the existing waveguide
mode between dual-layer nanoapertures. Linearly polarized (LP)
light with an arbitrary polarization direction can be obtained
by rotating the unit cells of the plasmonic metasurfaces.
Considering the fabricated process, a slight change of the param-
eter such as the lateral translation S, dielectric thickness between
two layers, and the curvature radius of corners has a little influ-
ence on the presented polarization and phase properties.

We adopted a system of 12 units to generate the vector
beams in Fig. 2. The lateral translation S for the first and
second six units is 0 and 225 nm, respectively. The transmitted
phase can be controlled by tuning parameters L and S, while
uniform transmissions for 12 units can be obtained by adjust-
ing parameter W . Figure 2(a) illustrates the transmitted phase
and amplitude of 12 units under CP incident light at the wave-
length of 850 nm. The transmission phase of the units con-
trolled by structural parameters covers the entire 360° range
with an interval of 30°; all units have a similar transmission
amplitude of around 28% when the rotation angle of the units
is fixed. We also extracted the ellipticity e (the minor-to-major-
axis ratio) and the polarization directions of transmitted light,
as shown in Fig. 2(b). The results show that the ellipticity of
transmitted light is always around the minimum value of zero
for the 12 units, indicating that the transmitted light has an
impressive degree of linear polarization. On the other hand,
the polarization angle of the transmitted light is maintained
at 90°. Thus, LP light with an arbitrary direction of polarization
can be easily achieved by changing the orientation of the units.
Therefore, these units enable us to generate various combina-
tions of phases spanning the entire 360° range, in addition to
polarization directions covering the entire 360° range. Because
of the broadband response of the unit cells [see Figs. 1(e) and
1(f )], these properties can be observed at the wavelength range
from 820 to 900 nm.

The ability in flexible manipulation of light phase and linear
polarization enables the plasmonic metasurfaces to generate

Fig. 1. Schematic of unit cells: top and bottom nanoapertures are
(a) aligned and (b) laterally translated by S � 225 nm. Blue and pink
cross sections correspond to the middle positions for the top and bot-
tom nanoapertures. The period of unit cells in the x and y directions
are Px � L� 100 nm and Py � 450 nm. (c), (d) Calculated
e-field patterns in the y direction. (e), (f ) Calculated transmissions
parallel and vertical to the major axis of nanoapertures with
L � 210 nm and W � 140 nm.
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Fig. 2. (a) Transmission phase, amplitude, and (b) polarization
states of each unit under CP incident light at a wavelength of 850 nm.
The geometric parameters (L, W ) of 12 units are (155, 140),
(170, 140), (185, 140), (210, 140), (270, 130), (320, 130), (170,
140), (185, 140), (210, 140), (240, 140), (290, 140), and (360,
150) nm. The index n is the number of 12 units. The polarization
angle is defined as the angle between the direction of polarization
and the x axis.
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vector beams through the appropriate selection and space-
variant arrangement of the 12 units. In order to demonstrate
the effectiveness of the proposed approach, we generated cylin-
drical vector vortex beams with radial polarization and different
topological charge l by arranging different plasmonic metasur-
faces excited by normally incident right-handed CP light at a
wavelength of 850 nm. As shown in Fig. 3, the plasmonic
metasurfaces were divided into six regions corresponding to six
types of unit. The spatially varying orientations range from 0°
to 360° (clockwise) with a step of 60°, leading to the desired
distribution of radial polarization. The process of polarization
manipulation introduces the Berry phase, and the phase differ-
ence between the units in different regions results in another
spatial phase distribution (Φ). Accordingly, the final phase of
the generated vector beam is determined by the superposition
of the Berry phase and Φ.

The plasmonic metasurface shown in Fig. 3(a) was em-
ployed to generate a vector vortex beam with topological charge
l � 1. The six regions were filled with the same type of
unit, which led to Φ � 0. The final spiral phasefront shown in
Fig. 3(b) resulting from the Berry phase is characterized by eiθ,
where θ is the unit rotation angle. More complicated spiral
phase distributions can be formed through adjusting the phase
Φ. Figures 3(c) and 3(d) illustrate the case of topological charge
l � 2. The phase difference between adjacent regions in the
clockwise direction is 60°, which equals to θ, leading to
Φ � eiθ. The final helical transmission phase has the form of
e2iθ when considering the Berry phase. Similarly, the radial
polarization with topological charge l � 3 can also be tailored
by utilizing another group of six units, as shown in Figs. 3(e)
and 3(f ). In this way, we realized the cylindrical vector vortex

beams with topological charges l � 1, 2, and 3 by designing
different spatial phase distributions Φ. Furthermore, by adopt-
ing the same method, we are able to realize cylindrical vector
vortex beams with other polarization distributions and other
topological charges. For instance, the phasefronts with opposite
topological charges (i.e., l � −1, −2, −3) can be generated by
suitably selecting the units with Φ � e−2iθ, e−3iθ, and e−4iθ.

When employing the units with conjugate phase Φ � e−iθ,
the locally varying Berry phase can be completely compensated
for. This kind of metasurface can generate a vector beam with
an identical phase, which corresponds to the situation of topo-
logical charge l � 0. Figure 4(a) shows the schematic diagram
when six regions are filled with six different units, which have
a phase difference of −60° between adjacent regions along the
clockwise direction. The simulated results of instantaneous
transmitted polarization and phase distributions at different
moments are given in Fig. 4(b). It can be observed that the trans-
mitted light has a radial polarization distribution. Moreover, the
electrical oscillations in the six regions are in phase, resulting
from the complete compensation of the Berry phase. Hence,
a standard radially polarized vector beam is generated by the
designed metasurfaces.

By using the same method, we can also realize the standard
azimuthally polarized vector beam by readjusting the six units,
as shown in Fig. 4(c). The orientations of the units must start at
90° and increase by a step of 60° (clockwise). The selected six
units can also form a spatial phase distribution Φ � e−iθ to
completely compensate for the Berry phase. Thus, the azimu-
thal polarization distribution is well generated with an identical
phase, as shown in Fig. 4(d).

In addition, the presented plasmonic metasurfaces also
exhibit the ability to generate vector optical beams with more
complex spatial polarization distributions. We combine 12
units, which were used above, to realize a kind of double-mode
vector beam, as an example. The created double-mode vector
beam contains a mixture of radially (outer-mode) and azimu-
thally (inner-mode) polarized vector beams, as indicated in
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Fig. 3. Schematic models of plasmonic metasurfaces and three cal-
culated instantaneous e-field distributions (red arrows) on the cross
section at the distance of 1300 nm from the exit surface with different
topological charges: (a), (b) l � 1; (c), (d) l � 2; (e), (f ) l � 3. White
and yellow rectangles represent the positions of the nanoapertures in
two layers. Blue arrows indicate the desired polarization and phase
distribution at t � 0. Backgrounds of (b), (d), and (f ) are the sketch
maps of different spiral phase distributions. T is the e-field oscillation
period. The transmission phase in the upper region is defined as 0
when its e-field has the largest resonance along the positive direction
of the y axis.
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Fig. 4. Schematic models and three calculated instantaneous
e-field distributions of (a), (b) radially polarized vector beams;
(c), (d) azimuthally polarized vector beams; and (e), (f ) a double-mode
vector optical beam.
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Figs. 4(e) and 4(f ). It reveals that the proposed method pro-
vides more degrees of freedom to generate arbitrary vector
beams. The number of regions and the input circular polariza-
tion handedness can be flexibly changed. By increasing the
number of divided regions, the resolution of phase and polari-
zation distributions can be further improved. For another case
of left-handed CP light illumination, the units should be
arranged in a counterclockwise direction to generate the desired
vector beams; this is because the sign of the Berry phase
depends on the input circular polarization handedness.

In conclusion, we have demonstrated the use of compact
plasmonic metasurfaces to generate vector beams with arbitrary
spatial variation of phase and linear polarization at the nano-
scale. Such a plasmonic metasurface serves a convenient way
to simultaneously manipulate the polarization and phase of
light. Different varieties of vector beams can be realized
through simple alterations in the design of the plasmonic meta-
surfaces. This novel and flexible method of vector beam gen-
eration will have wide applications in optical manipulation,
imaging, and super-resolution microscopy, among other fields.
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