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ORIGINAL ARTICLE

Ultra-thin, planar, Babinet-inverted plasmonic
metalenses

Xingjie Ni, Satoshi Ishii, Alexander V Kildishev, and Vladimir M Shalaev

We experimentally demonstrate the focusing of visible light with ultra-thin, planar metasurfaces made of concentrically perforated,
30-nm-thick gold films. The perforated nano-voids—Babinet-inverted (complementary) nano-antennas—create discrete phase shifts
and form a desired wavefront of cross-polarized, scattered light. The signal-to-noise ratio in our complementary nano-antenna design is
at least one order of magnitude higher than in previous metallic nano-antenna designs. We first study our proof-of-concept ‘metalens’
with extremely strong focusing ability: focusing at a distance of only 2.5 pm is achieved experimentally with a 4-pum-diameter lens for
light at a wavelength of 676 nm. We then extend our work with one of these ‘metalenses’ and achieve a wavelength-controllable focal
length. Optical characterization of the lens confirms that switching the incident wavelength from 676 to 476 nm changes the focal
length from 7 to 10 pm, which opens up new opportunities for tuning and spatially separating light at different wavelengths within
small, micrometer-scale areas. All the proposed designs can be embedded on-chip or at the end of an optical fiber. The designs also all

work for two orthogonal, linear polarizations of incident light.
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INTRODUCTION

The convergence or divergence of an optical beam in a traditional,
refraction-based lens depends on the phase change of the light pro-
pagating inside the lens. The strength of the light bending in such a
system is therefore limited by the refractive index of a given dielectric.
Fabrication challenges are also paramount, as it is very difficult to
make lenses with a large aperture and a short focal length. By using
the Fresnel lens design, the mass and volume of material can be
reduced, but the thickness of the lens is still on the wavelength scale.
Fresnel zone plates, which consist of concentric rings (Fresnel zones)
and use diffraction instead of refraction or reflection, also can be used
to focus light, but it is impossible to shrink the size down to only a few
wavelengths since the radius differences between the neighboring opa-
que and transparent rings must be at least half of the wavelength of the
incident light, and typically a large number of rings is required for
good performance. However, advances in the area of plasmonics have
now opened up a new era for building compact, planar lenses. A
number of plasmonic lenses have been developed recently based on
superoscillation"” and mode-index manipulation of guided waves
inside nano-apertures (slits or holes).>™® Nevertheless, those designs
suffer from limited phase control, which restricts their minimum sizes
and thicknesses: either the size of the lens cannot be further reduced
because the design is based on the diffraction of the light through
transparent/opaque regions, or the thickness of the lens must be com-
parable to the operational wavelength because the phase change is
obtained by light propagating inside the lens material.

In the last few years, subwavelength-sized plasmonic nano-antennas
on a planar surface have been shown to create phase shifts covering
the full range (from 0 to 27) in cross-polarized scattered light due to
their asymmetric plasmonic resonances.””* An array of such nano-
antennas can form a metasurface to bend the light abnormally”® in a
fairly broad range of wavelengths and can create, for example, an
optical vortex beam.”'? In addition, a metasurface arranged of plas-
monic nano-antennas can be used as a very efficient coupler between
propagating waves and surface waves."”

These phase-shifting, plasmonic nano-antennas also can be used
to build optical lenses with surprising properties.">"” During the
preparation of this paper, a conceptual device was proposed inde-
pendently in the near-infrared (near-IR) spectral range.'® However,
in contrast to conventional nano-antennas shown in Refs. 8 and 18,
in this paper, we use an inverted design built on Babinet’s principle,
i.e.,, instead of metallic nano-antennas we use a set of similarly
shaped nano-voids (Babinet-inverted, or complementary nano-
antennas) milled in a thin metallic film, which provides a signifi-
cantly higher signal-to-noise ratio. We then arrange the nano-voids
in concentric arrays to create a planar plasmonic metalens and to
experimentally demonstrate efficient focusing of the incident light.
In contrast to the near-IR lens with focusing distances on the cm
scale discussed in Ref. 18, our plasmonic metalenses are very small
in size (a few micrometers) and have an extremely strong focusing
ability, with focal lengths of only few micrometers. Our metalenses
also work across the entire visible spectral range and can spatially
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Figure 1 Schematic designs and the results of full-wave simulations of the
individual Babinet-inverted nano-antennas at a wavelength of 676 nm. The
nano-antennas create discrete phase shifts from O to 7n/4 for cross-polarized
light. The linearly-polarized light enters the system from the glass substrate side

of the sample. The pseudo-color field map indicates the cross-polarized light
scattered from each nano-antenna, clearly revealing the discrete phase shifts.
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separate light at different wavelengths within small, micrometer-
scale areas.

METHODS

Our metalenses are comprised of an array of different shapes of nano-
voids in a thin metallic film. Each shape of the complementary nano-
antennas provides a specific, discrete phase shift to the cross-polarized
scattered light (that is, the scattered polarization is perpendicular to
the incident polarization). The shapes are designed by simulating each
kind of nano-antenna individually using full-wave, three-dimen-
sional, finite element method calculations. Figure 1 shows the phase
shift ranging from 0 to 77/4 within the visible range depending on the
nano-antenna design. By using the complementary design, we increase
the ratio of the transmitted power of the useful, focused cross-polarized
light (P;) to the transmitted power of the background, co-polarized

scattered light (P,), which is equivalent to increasing the overall sig-
nal-to-noise ratio (SNR=10log;, (P,/P,) dB) of the design. In essence,
the SNR in our case is quite similar to the polarization extinction ratio
often used to characterize 90° phase plates. Our design efficiently pre-
vents the transmission of the co-polarized component because the rest
of the sample is opaque. The SNR in our design is estimated using two-
dimensional arrays in the simulation. For a reasonable periodicity of
300 nm in both the x and y directions, the SNR for the original metallic
nano-antenna design8 at 1.5 pm is about —14 dB, while for the Babinet-
inverted design at 676 nm the SNR is about —3 dB, which is 11 dB
higher.

We arrange the nano-antennas in concentric rings as illustrated in
Figure 2a. The nano-antennas of different shapes are distributed in
such a way that the individual, discrete phase shifts created by each
nano-antenna element cause the overall cross-polarized wave front
scattered at the interface to focus at a focal distance f. The design of
the metalens is obtained through the reciprocity principle, i.e., by
reverse-propagating the light from a point source located at the focal
point back to the lens plane. Therefore, the required relative phase shift
@ for a nano-antenna located at a distance of r from the center is

o=V )

where A is the wavelength of the incident light in free space. For
example, the relationship between ¢ and r is plotted in Figure 2b for
a metalens with a focal length of f=2.5 pm and an operational wave-
length of 2=676 nm (see sample A in Table 1). The solid line is the
required phase shift wrapped by 27, and the dots indicate the phase
shifts provided by the nano-antennas.

Figure 2c shows the results of a full-wave three-dimensional simu-
lation obtained for sample A from a commercial finite element
method solver (COMSOL Multiphysics). In our simulation, the geo-
metry of the metalens model is taken directly from the actual images
obtained from the field emission scanning electron microscopy of the
fabricated samples. The permittivity of gold is taken from the inter-
polated experimental data,’® which is consistent with the data
obtained directly from spectroscopic ellipsometry of our thin-film
gold samples. A refractive index of 1.5 is taken for the glass substrate.

a b o . c
1.8 :
Inci ' 8
ncidence =16 ] 7.
<14 : 6
212p «0 5
< 9 /4 ' ] g_ 4
o o T2 i <3
208 .34 : 5
% 06 o1 ! 1
» 5n/4 -
4 : |
04 3m2 : s
02f & 7wa \ 0 5 2] B
X (um

0 2
0 02040608 1 12141618 2 Y{HM 22 x(um)

Radius r (um)

Figure 2 Design principles of the metalenses. (a) An illustration of the complementary nano-antennas forming a circular metalens in a plane which focuses light at a
focal point F. Pis an arbitrary individual nano-antenna at radius rwhich contributes to the light convergence. All light scattered by such nano-antennas should have
constructive interference at F. (b) The solid curve shows the required phase change at the surface vs. the distance to the center of the lens, and the dots show the phase
that can be actually provided by the designed complementary plasmonic nano-antennas. The different colors of the dots indicate the phase changes provided by
different designs. (¢) The intensity profiles of the cross-polarized scattered light at the transmission side of sample A (Table 1). The data are obtained from the full-wave
FEM simulations. (c, left panel) Pseudo-color E-field intensity maps depicted on two orthogonal cross-section planes (the xz- and yz-planes). Both planes intersect at
the optical axis of the metalens. (c, right panel) E-field intensity mapped on the other cross-section plane (the xy-plane) that goes through the focal point; the cross-
section is parallel to the surface of the metalens (i.e., perpendicular to the optical axis). FEM, finite element method.
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Table 1 Design parameters of the fabricated metalens samples

Samples A B C
Focal length at 676 nm f (um) 25 5 7
Radius r (um) 2 35 4.7
Numerical aperture (NA) at 676 nm 0.62 0.57 0.56
Number of nano-antennas 349 1067 1768

RESULTS AND DISCUSSION

The samples are milled in a 30-nm-thick gold film using a focused ion
beam. The initial metal film is deposited on a glass substrate with
electron-beam vapor deposition. Three different metalens designs
are fabricated on the same glass substrate to facilitate characterization.
The parameters for the designs are shown in Table 1. Figure 3a shows a
field emission scanning electron microscopy image of sample A. Note
that the focal lengths are designed for a wavelength of 676 nm, and the
thicknesses of the samples are only about 1/22 of the operational
wavelength.

The schematic of the experimental setup is shown in Figure 3b and
is similar to the setup used in Ref. 6. The cross-polarized light intensity
is measured using a conventional optical microscope with a 100X object-
ive lens (Numerical aperture=0.75, Working distance=0.98 mm) on the
transmission side. The stage resolution along the vertical direction (z-
axis) is 0.5 pm, and the depth of focus of our optical system is approxi-
mately 0.5 pm, which is sufficient for our measurements.

The sample under test is mounted on the microscope stage with the
metalens side up. The sample is then illuminated from the substrate
side with a linearly polarized Ar/Kr laser in CW mode. Uniform illu-
mination is ensured by using an incident beam diameter that is orders
of magnitude larger than the diameter of a given lens under test. The
transmission images from the samples are recorded by a CCD camera.
A pair of perpendicular polarizers is placed in the path, one before the
sample and the second before the CCD camera, to ensure that only
cross-polarized light is collected in the measurement and to eliminate
any possible co-polarized background light. As our full-wave simula-
tions of the actual lenses (with experimentally-fit geometries and
material constants) prove, the metalenses do not produce any signifi-
cant cross-polarized stray light; for that reason, there is almost no light
capable of distorting the intensity profiles obtained by our method.
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By changing the height of the stage in increments of 0.5 um, we can
obtain the intensity distribution at different distances from the surface
of the metalens on the transmission side. The focal point of the objec-
tive lens and the surface of the sample are coincident at z=0, and (x,
¥)=(0, 0) is the center of the metalens. The insets in Figure 3b show the
CCD images obtained from sample C at different heights with 676-nm
incident light. From the CCD images, three-dimensional intensity
distribution profiles of the cross-polarized light are reconstructed.

Our approach is different from that of confocal scanning optical
microscopy,” which requires scanning in the x and y directions. A
conventional microscope is employed here to recreate the spatial dis-
tribution of light by approximating the intensity of the cross-polarized
light in the immediate vicinity of the metalens focus. This way, the
diffraction that affects the shape of the waist of the beam focused by a
metalens is recreated well near the microscope image plane. The CCD
detector simply maps this resulting, scaled intensity distribution.

In order to verify the experimental results, we extend the analytical
model for two-dimensional diffraction lenses® to three-dimensional
space. In the model, each nano-antenna is represented as a point
source emitting light with a phase corresponding to that scattered
by the nano-antenna. The electric field from a point source is propor-
tional to the Green’s function in three-dimensional space, and the
overall profile of a lens is then just the superposition of the electric
field from the various electric point sources.”* Note that only the
cross-polarized component is considered in the model.

Figure 4 shows the reconstructed light intensity distributions for
cross-polarized light at 676 nm through three different metalens sam-
ples on the transmission side. The pseudo-color field maps obtained
from simulations and measurements for each design are plotted side-
by-side for comparison. We observed that light is strongly focused at
the expected position for each design. At their focal planes, the dia-
meters of the focused light spot are approximately on the scale of the
operational wavelength. As shown in Figure 5, the retrieved full widths
at half maximum of the intensity distribution on the focal planes are
approximately 630 nm, 1000 nm and 1090 nm for samples A, B, and C,
respectively. The throughput of a lens is defined by the ratio between
the power of the cross-polarized light transmitted through the lens and
the total power collected by the lens at the illumination side. The
typical throughput of our metalenses is on the order of 10%.
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Figure 3 (a) A FE SEM image of a fabricated planar plasmonic metalens with a focal length of 2.5 um at an operational wavelength of 676 nm (sample A). (b) The
schematic of the experimental setup for measuring the light intensity distribution after a metalens sample on the transmission side. FE SEM, field emission scanning

electron microscopy.
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Figure 4 Comparison between the measured and simulated results for three different metalens designs at a wavelength of 676 nm. (a) Results for sample A designed
for a focal length of 2.5 um. (b) Results for sample B designed for a focal length of 5 um. (c¢) Results for sample C designed for a focal length of 7 um. (al,a2, b1, b2, c1,
and ¢2) Reconstructed cross-polarized light intensity distribution on the transmission side of the metalenses as derived from measurements; (a3, a4, b3, b4, ¢3, and
c4) Simulated results for the same designs. (al, a3, b1, b3, c1, and ¢3) Intensity distributions for two cross-sectional planes cutting through the center of the
metalens. (a2, a4, b2, b4, c2, and c4) Intensity distribution at the respective focal planes (zcoordinates are shown on the plots). The x-y planesin (al), (b1l),and (c1)
are at z=0 pm. The x-y planes in (a3), (b3), and (c3) are at z=0.1 um (avoiding the singularity at z=0 um in the simulations). The effect of the depth of focus of the
objective lens has been taken into account in the simulations by averaging the intensity data in the zdirection within a 0.5-um window.

We showed in our earlier work that these nano-antennas func-
tion well in a relatively wide wavelength range for incident mono-
chromatic light without losing their ability to change the phase of
the cross-polarized scattered light.® Here, we specifically study the
chromatic ‘tunability’ in the sense that the lens focuses different
wavelengths at different positions. For conventional lenses with
their typically large, macroscopic focal lengths, this effect is called
chromatic aberration (CA) and is usually considered a drawback. In
our metalenses, with their ultra-short focal lengths on the order of
few micrometers, the absolute shift is comparable to the focal dis-
tance itself. To study the extraordinary large CA of the metalenses,
we also conduct measurements at incident wavelengths of 531 nm
and 476 nm for sample C. As shown in Figure 6, the metalens still
has a tight light-focusing capability at both wavelengths. The back-
ground noise level is higher in the shorter wavelengths because the
gold film is more transparent in that range. This could be overcome

by using a thicker film or a material that is more metallic in that
spectral range, such as silver or aluminum.?? The measured inten-
sity distributions qualitatively match the simulated profiles. The
focal length is shifted to 9 pm and 10 pm at 531 nm and 476 nm,
respectively. Such a strong effect gives us a method of controlling
the focal length of a metalens by adjusting the incident light wave-
length within the entire visible spectrum. By comparing the calcu-
lated focal shift of an equivalent, conventional dielectric lens with
the shift obtained from our metalens experiments, we conclude that
the wavelength-tunable shift in metalenses could be at least an order
of magnitude higher than that in an equivalent conventional dielec-
tric lens (note that the Fresnel zone plates have the same large CA
as the metalenses). While it is hard to have such dynamic control
with conventional dielectric lenses because the effect is rather small
there, the extraordinarily large CA from metalenses could open up
interesting and useful opportunities for novel applications.
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Figure 5 Measured cross-polarized light intensity distribution on the focal plane for (a) sample A, (b) sample B, and (c) sample C along the y=0 (red solid curves) and
x=0 (blue dashed curves) axes. The intensity distribution is normalized to the maximum intensity pointin each curve. The retrieved FWHM for each sample is noted in
the plots. Note that there are flat peaks in (b) and (c¢) because the intensity is so large in the center of the focus that itis out of the CCD response range. Thus the actual
FWHM values will be smaller than those noted here. FWHM, full width at half maximum.
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Figure 6 Experimental and simulated results for sample C at an incident wavelength of (a) 531 nmand (b) 476 nm. (al, a2, b1, and b2) Cross-polarized light intensity
distributions on the transmission side reconstructed from measurements. (a3, a4, b3, and b4) Simulated results under the same conditions. (al, a3, b1, and b3)
Intensity distributions for two cross-sectional planes cutting through the center of the metalens. (a2, a4, b2, and b4) Intensity distribution at the respective focal planes
(z coordinates are shown on the plots). The x-y planes in (al) and (b1) are at z=0 um. The x-y planes in (a3) and (b3) are at z=0.1 um (avoiding the singularity at
z=0 pm in the simulations). The effect of the depth of focus of the objective lens has been taken into account in the simulations by averaging the intensity data in z

direction within a 0.5-um window.

Because of the specific symmetry of the nano-antenna building
blocks in our design (the last four nano-antennas are identical to
the first four nano-antennas upon 90° clockwise rotation), changing
the linear polarization of the incident light from x-polarized to y-
polarized creates just an additional 7 phase shift of the cross-polarized
scattered light. This is equivalent to exchanging the first four nano-
antennas with the last four (1 and 5 exchange, 2 and 6 exchange, etc.).
Therefore, the performance of the metalenses should not suffer due to
such a polarization change, and we have successfully verified this
prediction in our experiments.

CONCLUSIONS

We experimentally demonstrate x-/y-polarization-independent,
ultra-thin and planar metalenses with extraordinarily strong
focusing abilities such that the focal spot sizes are larger but still
comparable to the wavelength. The lenses are comprised of con-
centrically arranged, complementary plasmonic nano-antennas
(nano-voids) milled in a 30-nm-thick gold film. The nano-voids
provide discrete phase shifts ranging from 0 to 27 for cross-polarized
scattered light. The Babinet-inverted design greatly increases the
signal-to-noise ratio to typically more than 20 times higher than
that of previous metallic nano-antenna designs. A particular opera-
tional wavelength for our metalenses could be chosen within the
entire visible spectral range. This type of metalens is extremely
small (a few micrometers in size) and thin (much smaller than
the wavelength), and it is easy to design the focal length to be on
the order of the operational wavelengths. Thus, f=2.5 pum is
achieved experimentally with a 4-pum-diameter metalens. We also
demonstrate a wavelength-controllable focal length using one of
our samples; as our lenses exhibit an extraordinarily large chro-
matic aberration in comparison with conventional lenses, the
optical characterization of this sample confirms that switching the
incident wavelength from 676 to 476 nm changes the focal length
from 7 to 10 pm. Thus such lenses can spatially separate light at
different wavelengths within small, micrometer-scale areas. On top
of providing planar, ultra-thin lenses, we also expand the functional
space of metalenses by turning them into easy-to-tune elements of

doi:10.1038/Isa.2013.28

future photonics.”> All these features are advantageous for fabri-
cating on-chip or fiber-embedded optical devices, including nano-
photonic couplers, ultra-thin objectives, and micrometer-scale light
concentrators.
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