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ABSTRACT: Metasurfaces provide unprecedented control over light propagation by
imparting local, space-variant phase changes on an incident electromagnetic wave. They
can improve the performance of conventional optical elements and facilitate the creation of
optical components with new functionalities and form factors. Here, we build on knowledge
from shared aperture phased array antennas and Si-based gradient metasurfaces to realize
various multifunctional metasurfaces capable of achieving multiple distinct functions within a
single surface region. As a key point, we demonstrate that interleaving multiple optical
elements can be accomplished without reducing the aperture of each subelement.
Multifunctional optical elements constructed from Si-based gradient metasurface are realized,
including axial and lateral multifocus geometric phase metasurface lenses. We further
demonstrate multiwavelength color imaging with a high spatial resolution. Finally, optical
imaging functionality with simultaneous color separation has been obtained by using
multifunctional metasurfaces, which opens up new opportunities for the ﬁeld of advanced
imaging and display.
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the size and complexity of imaging systems. Recently,
metasurface lenses at visible wavelengths have been developed
for imaging,17,31 but their use has been limited to single
wavelength applications chieﬂy due to the large degree of
chromatic aberration in the lens design. Although various
eﬀorts have been made to avoid this problem,32−34 achromatic
imaging based on metasurfaces at visible wavelengths is still not
available.
Here, we create a multifunctional metasurface lens (MML)
by capitalizing on developments in interleaved phased array
antenna technology35−39 and Si-based gradient metasurfaces.9
We show that, by interleaving multiple distinct optical
elements, multifunctional wavefront shaping can be accomplished within a single shared aperture,11,12 without reducing
the numerical aperture of each subelement. Two MMLs
constructed from Si nanobeam antennas9,40,41 are realized as
proof of this concept: an axial and lateral multifocus
metasurface lens. Imaging systems using these MMLs are also
implemented, demonstrating imaging at multiple wavelengths
and simultaneous color separation using a single metasurfacebased optical element.

etasurfaces have started to replace bulky optical
components with ultrathin planar elements.1−7 Metasurfaces are two-dimensional optical elements composed of a
dense array of metallic or dielectric optical nanoantennas
capable of manipulating light by imparting space-varying local
amplitude and phase changes on incident electromagnetic
waves.7−12 Metasurfaces have been used to create optical
elements that focus or redirect light,13−17 control the state-ofpolarization,18,19 generate an ampliﬁed photonic spin Hall
eﬀect,20,21 produce holograms,22,23 concentrate nonlinearly
generated light,24 and even actively modulate the intensity.25,26
Dielectric gradient metasurfaces, which avoid the optical losses
typically associated with the use of metallic antennas by using
low-loss dielectric nanostructures, have been investigated to
achieve ultracompact beam manipulation and wavefront
control9,27 as well as high diﬀraction eﬃciencies in the visible
and near-IR spectrum.17,28 Moreover, dielectric metasurfaces
based on geometric phase1,2,9,13,29,30 can be easily patterned
into a single layer of high index material.
Silicon-based gradient metasurfaces have been demonstrated
by patterning an ultrathin Si ﬁlm into a dense arrangement of
nanobeams.9 Because these metasurface-based optical elements
are ultrathin and ﬂat, they can be realized using commercially
available fabrication facilities, making them easier to fabricate
than multilevel diﬀractive optical elements. As a result, they
could have a major impact on advanced imaging by reducing
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Figure 1. (a) Schematic of three MLs designed to focus light of diﬀerent wavelength to the same focal plane. Each lens displays signiﬁcant chromatic
aberration. (b) Illustration of the nanopattern design of the MLs in panel a. (c) The three lenses in panel b are divided into a set of small
subelements and complementary elements are chosen from each lens. (d) A composite, multifunctional metasurface lens created from the
subelements from the original lenses. The composite lens oﬀers multiwavelength focusing to a shared focal plane.

Figure 1 illustrates how we construct interleaved Si-based
metasurfaces to achieve multiple functions within a shared
surface region or aperture. We ﬁrst demonstrate a transmissive
axial MML that can focus three primary red, green, and blue
(RGB) wavelengths (i.e., colors) to the same focal spot located
at a well-deﬁned focal plane behind the lenses, something that
cannot be achieved with noninterleaved geometric phase
metasurfaces. The axial MML is composed of three interleaved
metasurface lenses (MLs) which respectively focus red, green,
or blue to the same focal plane. The target phase proﬁle φj of
each sublens j is given by φj(r ) =

2π
(f
λj

−

represent the nanobeams and the white areas represent the
etched regions. The shown color of the stripes corresponds to
the wavelength of the incident light that will be focused by the
metasurface lens at the target focal plane. We approximate the
smooth phase distributions of the ML by concentric rings each
having discrete phase levels φg between 0 and 2π, linked to 8
discrete nanobeam orientations θ(x,y) between 0 and π.
To generate a MML we subsequently spatially multiplex the
three phase proﬁles described above. First we divide each 100
μm2 lens into segments with areas ∼1 μm2 by radially cutting
across and along the concentric rings. This choice strikes a
balance between achieving a smoothly varying phase proﬁle and
a high focusing eﬃciency as described in Supplementary
Section 2. These segments are then distributed across the
shared area of the MML with randomized tangential oﬀsets,
and allocating one-third of the area in each concentric ring to
each of the three sublenses. This randomized distribution
provides equal weight to each sublens and minimizes diﬀractive
artifacts. The segments from the center region of each sublens
are shown in Figure 1c. These segments ﬁt together to form a
single, multiwavelength lens that ﬁlls the entire surface area as
shown in Figure 1d.
Figure 2 shows a scanning electron microscope (SEM) image
of the fabricated MML comprised of Si nanobeam antennas
with subwavelength spacing and space-varying orientations,
fabricated by lithographic means.9 When illuminated by a
normally incident left circularly polarized (LCP) light beam,
this three-element MML is capable of focusing the light into
three focal points along the propagation axis. The intensity
distribution of the light transmitted through the metasurface
was measured using a confocal microscope setup.9 Figure 2b
shows the measured intensity distributions in the x−z plane on
the transmission side of the metasurface upon illumination with
480, 550, and 620 nm wavelength light, respectively. The
intensity proﬁles show three focal spots for each single
wavelength of illumination. All three colors are seen to focus
to a shared focal plane at a distance of 100 μm behind the lens.

r 2 + f 2 ), where f =

100 μm is the shared focal length for λj = 480, 550, and 620 nm,
and r is the radial coordinate. The ray tracing scheme for RGB
colors of each individual lens is depicted in Figure 1a; for
example, the ﬁrst lens focuses incident red light at the designed
focal plane located 100 μm behind the lens. This single
metasurface lens will also focus shorter wavelengths at a larger
distance, resulting in separate foci for green and blue light
incident on this MML. Note that the three lenses in Figure 1a
share the same focal distance of 100 μm (vertical dashed line in
Figure 1a) when illuminated by the three RGB colors.
The interleaved phase distribution is implemented using Si
nanobeams9 that can serve as half waveplates when placed into
an array with a judiciously chosen spacing. The MML is
constructed by patterning the surface with many such
waveplates while spatially varying their orientation in order to
control the local phase response to incident light. Circularly
polarized light incident on the nanobeams is converted into
light of the opposite helicity with a geometric phase φg given by
φg(x,y) = 2σ±θ(x,y), where σ± = ±1 denotes the polarization
helicity of the incident light and θ(x,y) is the in-plane
orientation of the constituent waveplates. In this work, we
created Si nanobeams with a thickness of 100 nm, a width of
120 nm, and a spacing of 80 nm by etching a 100 nm
polycrystalline Si ﬁlm on a glass substrate. The designed
nanopatterns are shown in Figure 1b, where the colored stripes
7672

DOI: 10.1021/acs.nanolett.6b03505
Nano Lett. 2016, 16, 7671−7676

Letter

Nano Letters

Therefore, a MML with multiple axial focal spots can generate a
multiwavelength focal spot on the designed plane. Such a
component can be used for multiwavelength imaging systems
or to minimize chromatic aberrations in color imaging.
The focal spots generated by the MML are near diﬀractionlimited, with spot sizes with a full width half maximum of 683
nm at wavelength of 550 nm and equal to those obtained by a
single, nonmultiplexed lens of the same diameter of 96 μm and
numerical aperture (NA) of 0.43 (Figure S1). By utilizing our
multiplexing scheme, the eﬀective diameter of each sublens is
equal to that of a single lens, and thus each sublens has the
same numerical aperture as the single, full lens. Therefore, the
multiplexed MML provides an enhanced NA compared to
multifunctional optical elements in which the functional
elements are spatially separated (see Figure S1). The
achievement of multiple optical functionalities without
compromising spatial resolution comes at the cost of a loss
in peak intensity of the focused light. The randomized
segmentation of the lenses generates an undesired speckle
that removes intensity from the foci, which has been predicted
to result in a peak intensity that scales as 1/Nc2, where Nc is the
number of functions in the multiplexed lens12 (Figure S1). In
many imaging applications a high spatial resolution is more
desirable than a high intensity, since the latter can be mitigated
with improved illumination and detection optics. Also other
methods of multiplexing could be explored to further increase
the intensity.12
The principle of spatial multiplexing can be applied to realize
a wide range of multifunctional metasurfaces. The optical
elements that are incorporated in the metasurface can be
chosen to meet the requirements for diﬀerent applications. For
applications where it is desirable to separate light of diﬀerent
wavelengths (colors), we designed a MML with multiple lateral
focal spots for incident red, green and blue light. Figure 3a
shows schematics of light rays focused and steered by individual

Figure 2. (a) SEM image of a fabricated axial MML. The inset shows a
two-dimensional intensity proﬁle in the focal plane 100 μm behind the
MML at a wavelength of 550 nm. The intensity distribution through
the focus is shown along the horizontal axis. The scale bars are 2 μm.
(b) Measured intensity proﬁles on the transmission side of the axial
MML along the x−z plane upon illumination with light of 480, 550,
and 620 nm in wavelength, respectively.

Figure 3. (a) Schematic of light rays focused and steered by individual laterally displaced MLs, with a focal length of 100 μm at wavelengths of 480,
550, and 620 nm, respectively. The focal spots are laterally separated for the three wavelengths. (b) Corresponding phase proﬁles of the
metasurfaces. (c) Nanopattern design of an MML that incorporates the optical functions of the three MLs. The colored areas are segments taken
from the lenses that focus blue, red, and green light to the same focal plane 100 μm away from the MML.
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Figure 4. (a) Scanning electron microscope images of the fabricated color separating MML. The scale bar is 2 μm. (b) Measured intensity proﬁle
behind the MML in the x−z plane upon illumination with 480, 550, and 620 nm wavelength, respectively. (c) Measured images at diﬀerent distances
on the z-axis. The connecting dashed lines indicate the corresponding image locations behind the MML.

MLs, with a shared focal length of 100 μm at wavelengths of
480, 550, and 620 nm, respectively. At the same time, the focal
spots are laterally separated in the focal plane by 10 μm for the
three wavelengths. Due to chromatic aberration, additional
focal spots appear at additional distances when the optical
elements are illuminated with multicolor light. The phase
proﬁles for MLs that can focus and steer light at the same time
are shown in Figure 3b. In order to realize the desired optical
functionality, the phase proﬁles φj of the three individual MLs
(j = 1, 2, 3) need to satisfy the relation
φj(r ) =

2π
(f
λj

−

plane and thus aﬀord spectral separation as designed. Figure 4c
shows images recorded by a color CCD under simultaneous
RGB illumination, representing the intensity distribution at
diﬀerent distances from the MML. At distances other than the
designed focal length of 100 μm additional foci appear. For
example, at a distance of 87 μm from the ML, green and red
light is approximately focused by the sublenses designed for
blue and green light, respectively.
The previous examples all involved normal-incidence, planewave illumination. In contrast, imaging of an extended object
involves incident light covering a range of incident angles. In
the following we experimentally demonstrate a multiwavelength
imaging system using the MML design discussed above. A
schematic of the imaging system using a MML is shown in
Figure 5a. Figure 5b and c shows the imaging properties for the
previously discussed color separating MML (Figures 3 and 4
and Figure S5b). Here, we use an object that has a clear area in
the shape of the letter “S” with a width of 4 μm on an
aluminum background. When illuminated by a supercontinuum
white light source that is spectrally ﬁltered to transmit red,
green, and blue light, the object appears white (Figure 5b).
After the light passes through the MML, RGB colors are
steered to diﬀerent lateral directions through diﬀerent
sublenses, respectively, but come into focus at the same
image plane (Figure 5c). Indeed, laterally displaced red, green,
and blue images of the letter “S” are formed on the shared
image plane corresponding to the focal length of 100 μm (see
Figure S7, Supplementary S8). Note that the MML can resolve
the micrometer-sized target feature with similar image quality as
the nonmultiplexed ML. Therefore, the MML carries out
focusing and color separation at the same time, which could not
have been achieved by using a single optical element.
In conclusion, the presented spatial interleaving approach for
gradient metasurfaces enables the realization of multifunctional
optical elements patterned within a single surface area. These
multiplexed optical elements can achieve new optical

(x − dj)2 + y 2 + f 2 ) where dj = 10, 0,

and −10 μm, respectively, corresponding to the chosen lateral
positions of the focal spots of diﬀerent colors, and f = 100 μm is
the focal length at λj = 480, 550, and 620 nm. The phase
proﬁles can be recognized as lenses with displaced optical axes.
These phase proﬁles are again implemented as gradient
metasurfaces, and the three distinct optical elements are
integrated into a single MML by using spatial multiplexing.
Unlike the preceding case, the phase proﬁle is no longer
centrosymmetric, and consequently a diﬀerent segmentation
strategy is used. Here, the lens is divided into randomly placed
600 × 600 nm2 segments arranged on a square lattice. Figure 3c
shows the resulting nanopattern design that incorporates the
optical functions of the three metasurface lenses. The stripes in
the nanopattern represent Si nanobeams, and the colors
indicate from which original sublens they were taken.
When illuminated by a monochromatic collimated LCP
Gaussian beam, this MML (Figure 4a) is capable of focusing
the light into three focal spots at diﬀerent locations in both the
lateral and axial direction. Figure 4b shows the measured
intensity distributions in the x−z plane on the transmission side
of the metasurface upon illumination with 480, 550, and 620
nm wavelength light, respectively. The MML is seen to focus
the three colors at the same focal plane (z = 100 μm) but steers
light of diﬀerent wavelengths to a diﬀerent positions in the focal
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In the imaging measurements (Figure 5b−c), a setup was
used as schematically shown in Figure 5a. The target is placed
on the microscope stage while the ML is mounted on an XYZ
scanning stage with the patterned side facing the microscope
objective. The real image generated by the MML is located at
the focal plane of optical microscope. It is magniﬁed and
captured by the optical microscope and recorded by the highresolution CCD camera. A circular polarizer is added before the
CCD to ﬁlter out any transmitted RCP signal, which also
removes the zero order transmitted beam.
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Figure 5. (a) Schematic of the optical microscope setup that uses the
fabricated MML to image objects of interest. (b) Optical microscopy
image of target shows the letter “S” on an aluminum background that
appears white when illuminated with collimated lasers with RGB
colors, and (c) image generated by the color separating MML, which
separates diﬀerent colors at diﬀerent locations on the imaging plane.
The scale bar is 10 μm.
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were measured using an optical microscope as shown in Figure
5a. For these measurements, metasurfaces are directly
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