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Reversible Three-Dimensional Focusing of Visible Light

with Ultrathin Plasmonic Flat Lens

Xianzhong Chen,* Lingling Huang, Holger Miihlenbernd, Guixin Li, Benfeng Bai,
Qiaofeng Tan, Guofan Jin, Cheng-Wei Qiu, Thomas Zentgraf,* and Shuang Zhang*

Metasurfaces with interfacial phase discontinuities provide a unique platform
for manipulating light propagation both in free space and along a surface.
Three-dimensional focusing of visible light is experimentally exhibited as a
bi-functional phenomenon by controlling the radial orientation of identical
plasmonic dipoles, generating a desired phase profile along the interface.
With this technique, the in-plane and out-of-plane refractions are manipu-
lated by an ultrathin flat lens such that a beam can be focused into a 3D spot
either in a real or virtual focal plane, which can be reversed via manipulation
of the circularly polarized status of the incident light. Both the inverted real
image and the upright virtual image of an arbitrary object are experimentally
demonstrated using the same flat lens in the visible range, which paves the
way towards robust application of phase discontinuity devices.

ranges. These ultrathin plasmonic metal-
enses differ dramatically from traditional
lenses, which function either by control-
ling the surface topography or varying the
spatial profile of the refractive index.
Among all the applications of meta-
surfaces, one interesting development
is a plasmonic metalens exhibiting dual
polarities (e.g., convex for right circularly
polarized (RCP) incident light and con-
cave for left circularly polarized (LCP)
incident light, or vice versa)ll? at visible
and near infrared range. Polarization con-
trolled phase discontinuities were intro-
duced for circularly polarized (CP) light,

1. Introduction

As engineered artificial materials, metamaterials usually gain
their properties from structure rather than composition, and
have properties that may not be found in nature.l'"®! A novel
type of metamaterial consisting of only a monolayer of thin
plasmonic artificial atoms exhibiting interfacial phase disconti-
nuities—so- Called ‘metasurfaces’—have recently attracted enor-
mous interest.”'%) Metasurfaces typically consist of a planar
array of plasmonic antennas with carefully designed shapes
and orientations to generate a desired phase profile along the
interface. A plethora of plasmonic devices based on this new
concept have been experimentally demonstrated in visible[!!12]
and infrared wavelengths.’~1% Notably, polarization-dependent
directional surface plasmon polariton excitation using a meta-
surface with phase discontinuity has been experimentally dem-
onstrated.'®7] An abrupt phase discontinuity introduced by
a monolayer of plasmonic structures has been used in devel-
oping plasmonic lenses operating at telecom(!% and terahertz(!3]

which enables construction of a metalens

to converge or diverge the input CP light
depending on the helicity of the input light. This is in contrast to
previously demonstrated plasmonic lens,!!%!3 where the phase
discontinuity occurs for the conversion between two linear
polarization states. In principle, phase-discontinuity metasur-
faces’1 and metalenses!'®!3] all exploit the phase manipula-
tion via a planar surface containing nanoparticles.’! Hence a
surface with appropriate dielectric gratings can also accomplish
a similar functionality of metasurfaces!”®! or bi-functionality of
metalenses,'”) provided that the spatially varying grating pro-
vides a local twist to the phase of transmitted light.2*)

The dual-polarity metalens demonstrated previously'? only
manipulated the light along one direction owing to one-direc-
tional phase variation by the dipole array, resulting in distortion
of the image of an arbitrary object due to the different magnifi-
cations along two directions. Here we demonstrate an ultrathin
flat lens with polarization dependent radial phase variation to
display three-dimensional focusing spots either in the real or
the virtual focal plane. In particular, we demonstrate the forma-
tion of both real and virtual images of an object by changing the
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circular polarization of the input beam (i.e., RCP or LCP). The
imaging properties of such a flat lens are investigated for an
object located both within and outside the focal plane.

2. Results

2.1. Design and Fabrication of the Lens

Methods for phase control have been described previously.'12
Briefly, the phase shift, ranging from 0 to 27, is realized by a
metasurface consisting of plasmonic dipoles with spatially
varying orientation angles ¢. The local abrupt phase change is
governed by the relation ¢ = £2¢, with the sign determined by
the combination of the incidence/transmission polarizations.['l
This phase change can be considered as the Pancharatnam-
Berry (PB) phase that is acquired when the polarization state
of light travels around a contour on the Poincare sphere.?1:??]
Specifically, for an incident beam with circular polarization o,
the phase difference between the scattered waves of opposite
circular polarization o— scattered by two dipole antennas of dif-
ferent orientations ¢; and ¢, can be viewed as half of the solid
angle enclosed between two paths on the Poincare sphere, 6—
L(¢1)—>0—-, and 06— L(¢,)—0—, where o and o- are represented
by the north and south poles of the Poincare sphere, and L(¢;)
are the linear polarization states residing on the equator of
the Poincare sphere.?!l Interestingly, the PB phase would be
reversed if the polarizations of the incident and scattered waves
are exchanged. Thus, by controlling the helicity of the input
and detected CP light, the sign of the phase discontinuity can
be readily reversed. In order to focus a circularly polarized inci-
dent plane wave, a phase shift needs to be introduced at the
metasurface which varies with the radius from the optic axis
(r). This can be realized by using dipole antennas with spatially
varying orientations. To achieve the phase profile equivalent to
a conventional two-dimensional lens, the following expression
governs the relation between the rotation angle ¢ and the loca-
tion of dipole antenna:

o(r) = £0.5k <\/f2 - |f|) (1)

where ky = 2m/A is the free space wave vector, f is the focal
length of the lens, and r is the distance to the origin. The ‘+’
and ‘~’ sign in Equation (1) corresponds to a positive and nega-
tive polarity, respectively, for a right circularly
polarized (RCP) incident wave, while the
opposite definition applies to a left circularly
polarized (LCP) incident wave.

As shown by Figure 1a, the metalens is
composed of dipole antennas arranged in a
number of evenly spaced concentric rings,
with the radius of the rings increasing by
a step size of 400 nm. Within each ring,
the dipole antennas have the same orienta-
tion and the separation between two neigh-
boring dipoles along the ring is 400 nm.
The antenna structures are defined in a
resist film by using standard electron beam
lithography. Thereafter, a 40 nm gold film
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Figure 1. Schematic of a metalens with interchangeable polarity and an
SEM image of the fabricated plasmonic lens. (a) The focusing proper-
ties of the same metalens can be switched between a convex lens and a
concave lens by controlling the helicity of the incident light. Each dipole
antenna is 200 nm long and 50 nm wide. (b) SEM image of the fabricated
two-dimensional dual-polarity plasmonic lens (top view) with a focal
length of 80 um (left). The corresponding phase shift profile is displayed
on the right. The dipoles that are arranged on the same annulus have
the same orientation. The distance between two neighboring annuluses
is 400 nm along both the radial and azimuth directions. The scale bar
is 2 um.

is deposited via thermal evaporation. The lens structures are
obtained by a lift-off procedure. An scanning electron micro-
scopy (SEM) image of the resulting patterns for the lens (left)
designed at a wavelength of 740 nm and the corresponding
phase shift profile (right) are shown in Figure 1b. The lenses
have a diameter of 180 pm with a focal length f= 80 um. Each
dipole antenna is 200 nm long and 50 nm wide (shown in
Figure 1a).

2.2. Characterization of the Lens

We first characterize the focusing performance of the metalens
with a laser beam at A = 740 nm. By gradually tuning the dis-
tance between an objective lens and the plasmonic metalens,
the optical intensity distribution is examined along the propaga-
tion direction to determine the focal point. Figure 2 shows the
microscope image of the metalens illuminated by white light
(Figure 2a) and the focal point at the focal plane (Figure 2b)
by using the laser beam. From the intensity distribution of the
laser beam at the focal plane (Figure 2c), a focused spot with
a diameter of 7.2 um at full width of half maximum is experi-
mentally obtained.

Intensity (a.u.)

L

100 200 300 400 500

Distance (pixels)

Figure 2. Optical microscope images of (a) the metalens illuminated with white light and (b)
the focal point at real focal plane illuminated with a RCP incident laser beam at 740 nm. The
scale bar is 50 um. The position of the lens is marked by the white dashed circles. (c) Experi-
mental measurement of the intensity distribution at the focal plane along one direction. Each
pixel is equal to 0.37 um. The spot diameter at full width of half maximum is 7.2 um.
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Virtual focal plane Plasmonic Lens Real focal plane z

Figure 3. Lens polarity is switched by changing the helicity of the incident light. Optical
microscope images at virtual focal plane (left), lens surface (middle) and real focal plane
(right) for the incident light with (a) RCP and (b) LCP. The scale bar is 50 um. CP laser beam
is incident on the lenses from the left along the z direction, with the lens located at z = 0.
Positions of lenses are marked by the white dashed circles. The polarity of the two lenses on
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RCP incident light. The object to be imaged
consists of an array of “I” apertures with a
pitch of 20 um along both in-plane directions
(shown in Figure 4a), which are fabricated on
a chromium film with a thickness of 50 nm.
Each “T” aperture is designed with a height of
11 um and a width of 6 um. The object and
metalens are separated by an air gap whose
thickness is controlled by the spacers at the
edge of the samples.

For an object distance greater than the focal
length of the metalens, it is expected that an
inverted real image is formed for a positive
(convex) lens. This is confirmed by the meas-
urement with an object distance of 150 um
with RCP incident light, where the metalens
functions as a positive lens (Figure 4b). By
comparing with the image of the “I” patterns
without the plasmonic lens, the magnifica-
tion of the image formed by the metalens can
be obtained. Experimentally, we measured the
magnification of the image to be 1.3, which
shows reasonable agreement with a simple
ray calculation of 1.14. The slight difference
in magnification is due to the substrate flat-
ness and air gap accuracy. Due to the resolu-

the left is different from that of the lenses on the right for the same CP light.

To validate the reversible polarity of such cir-
cular phase-discontinuity lens, four metalenses
are fabricated side by side, including two posi-
tive lenses on the left and two negative lenses
on the right for RCP incident light. Figure 3
shows the optical microscopy images for two
different incident/transmission polarization
combinations: RCP/LCP (Figure 3a) and LCP/
RCP (Figure 3b). As shown by Figure 3a (left)
for the RCP incident beam, we observe two
bright focal points for the lenses on the right
at z = =80 um, which are virtual focal points
as they lie on the incident side of the plas-
monic lens. This confirms that lenses on the
right are negative (concave) for the incident
light with RCP polarization. On the other
hand, two real focal points on the transmis-
sion side of the plasmonic lens at z = 80 um
are observed for the two lenses on the left. As
shown in Figure 3b, when the circular polari-
zations of the incident and transmitted beam
are interchanged, the focusing behavior for
all the lenses is reversed, unambiguously veri-
fying that switching in the focusing properties
from positive (negative) to negative (positive)
is solely attributed to the helicity change of the
CP for the incident and transmitted light.

We further study the imaging functionality
of such circular metalenses. The lens used for
imaging has a diameter of 80 um and a focal
length of 80 um, and its polarity is positive for
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tion limitation of the measurement system, the

a b

Figure 4. Experimental demonstration of imaging. (a) A “T” pattern array with a pitch of 20 um
along both in-plane directions is used as an object. The scale bar is 20 um. The object and the
lens are separated by an air gap whose thickness is controlled by spacers at the edge of the
samples. (b) A real and inverted image with a magnification of 1.3 is achieved for RCP incident
light, in which the polarity of lens is positive (convex lens). The air gap is 150 um. (c) A virtual
and upright image with a magnification of 3.1 on a positive lens with an air gap of 55 um. The
edge of the image is marked by the white dashed lines. (d) For the same air gap as in (c), a
virtual and upright image with a magnification of 0.58 is obtained when switching the incident
light from RCP to LCP, with the polarity of the same lens being negative (concave lens).
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upright virtual image for LCP incident light with a predicted
magnification of 0.34 cannot be resolved.

In order to observe the upright virtual image, we decrease
the air gap to 55 um. As the air gap is within the focal length
of the plasmonic metalens, upright virtual images are observed
for both circular polarizations of incident light, as shown in
Figure 4c,d. The magnifications in Figure 4c and d are 3.1 and
0.58, respectively, which coincide with the magnification of 3.2
for positive lens (convex) with RCP incident light, and magnifi-
cation of 0.59 for the negative lens (concave) with LCP incident
light. Thus, the reconfigurable imaging functionality of the
same plasmonic metalens as a convex lens or a concave lens is
clearly demonstrated by controlling the helicity of the incident
CP light.

3. Discussion

The conversion efficiency between two circular polarization
states is an important parameter in the performance of the
lens. In our presented work the conversion efficiency between
the focused power and the incident power is measured around
5%. With further optimization of the design parameters, for
example, by increasing the density of the dipoles, and better
alignment of the resonance wavelength of the antennas to
the operating wavelength of the lens, the dipole antennas can
achieve a significantly higher transmission in the converted
polarization. Considering that scattering of the dipole antenna
is evenly split between left handed and right handed circular
polarizations, and further split equally along the transmission
and reflection directions, the upper limit of efficiency is 25%
if the material loss is neglected. If each unit cell consists of
two orthogonal dipoles with detuned resonance frequencies
and consequently a significant phase difference, there will be
a constructive interference for conversion from one circular
polarization to the other, and the conversion efficiency can be
further enhanced."”! The image quality is mainly determined
by the quality of the fabricated sample and the measurement
system. By minimizing the fabrication error and defects (e.g.
missing dipoles) during the fabrication process and opti-
mizing the imaging system, the image quality will be greatly
improved.

4. Conclusion

Here we have experimentally realized a polarity reversible cir-
cular flat metalens operating at visible frequencies. The unam-
biguous evidence of lens focusing shows that the CP light can
be converged into a real 3D spot or diverged to form a virtual
3D spot by one identical flat plasmonic lens. The polarity of
the same lens is interchangeable by controlling the helicity
of the incident and transmitted beams. For the first time, the
inverted real images and the upright virtual images of an arbi-
trary object without distortion are experimentally demonstrated
on the same dual-polarity metalens in the visible range. Such
two-dimensional plasmonic metalenses are an important step
toward practical applications of switchable flat aberration-free
lensing, empowered by phase discontinuity.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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5. Experimental Section

A poly methyl methacrylate resist layer is spin-coated on the ITO coated
glass substrate and baked on a hotplate at 150 °C for 10 min to remove
the solvent. The antenna structures are defined in the resist by using
standard electron beam lithography, followed by a lift-off procedure.
The optical measurement setup includes multiple lenses, two quarter-
wave plates, two linear polarisers, an objective, and a charge coupled
device (CCD) camera. The incident CP light and the opposite circular
polarization in transmission are generated by a quarter-wave plate and a
polariser on each side of the plasmonic lens. To measure the transmitted
light with opposite helicity to that of incident light, the polarization
directions of the two polarisers are oriented parallel to each other. The
distance between an object and the metalens is controlled by a spacer
with different thickness inserted between them. A 20x/0.40 objective
to collect the scattering light after the sample is mounted on a three-
dimensional stage. To image an object, light from a laser source at a
wavelength of 740 nm is incident on the backside of the lens. By moving
the stage and controlling the position of a CCD camera, the transmission
through the sample (object and plasmonic lens) is collected with the
objective and imaged on the CCD camera.
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