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ABSTRACT: Nanoscale optical resonators enable a new class of flat optical
components called metasurfaces. This approach has been used to demonstrate
functionalities such as focusing free of monochromatic aberrations (i.e., spherical
and coma), anomalous reflection, and large circular dichroism. Recently, dielectric
metasurfaces that compensate the phase dispersion responsible for chromatic
aberrations have been demonstrated. Here, we utilize an aperiodic array of coupled
dielectric nanoresonators to demonstrate a multiwavelength achromatic lens. The
focal length remains unchanged for three wavelengths in the near-infrared region
(1300, 1550, and 1800 nm). Experimental results are in agreement with full-wave
simulations. Our findings are an essential step toward a realization of broadband
flat optical elements.
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Lenses are one of the most commonly used components in
any optical system with a wide range of applications from

forming images of a scene to coupling in and out of optical
fibers or integrated circuits.1,2 Conventional refractive lenses
rely on gradual phase accumulation via light propagation
through a bulk material polished to a specific surface topology
to shape the incident beam. This mechanism is in general
strongly wavelength-dependent, resulting in chromatic aberra-
tions. For example, changes in the focal length of most lenses
for different wavelengths are expected, degrading their
functionality in optical systems.2,3

Overcoming chromatic aberrations is required in various
imaging systems ranging from conventional microscopy and
photography to sophisticated astronomical spectroscopy4 and
optical coherence tomography.3 Toward this end, double,
triple, and quadruple lens combinations have been used to
correct the chromatic aberrations yielding achromatic doublets,
apochromatic lenses, and superachromatic objectives.5−7 The
achromatic, apochromatic, and superachromatic terms refer to
paraxial color correction at two, three, and four wavelengths,
respectively.8,9 However, these multilens approaches are bulky
and require complex designs and multiple materials.
Metasurfaces have their conceptual roots in early works on

subwavelength gratings.10−15 Using nanoresonators as phase
shift elements, metasurfaces enable wavefront molding in a thin
layer and have been used for demonstrations of beam
bending,16−18 lensing,19−22 holography,23−26 and polarization

splitting.27−31 The basic units of metasurfaces are subwave-
length spaced nanoresonators whose responses (amplitude and
phase) are wavelength-dependent. Although several works have
reported that metasurfaces can be designed to operate over a
broadband wavelength range,16,17 the demonstrated devices all
suffer from strong chromatic aberrations resulting from the
intrinsic dispersive behavior of the resonators, thus compromis-
ing their performance. We note that even for resonators with
small quality factors and corresponding broadband phase and
amplitude responses, their operation still remains wavelength
dependent. Recently, we demonstrated a metasurface design
that overcomes this limitation, preserving its functionality for
several wavelengths.32 In the present work, we build upon those
results and experimentally demonstrate an achromatic lens at
the wavelengths of 1300, 1550, and 1800 nm. Our lens consists
of an aperiodic arrangement of coupled rectangular dielectric
resonators (RDRs) whose scattering phases are engineered to
achieve dispersion-free focusing. One can conceptually visualize
achromatic focusing in Figure 1a where three colors (red,
green, and blue arbitrarily chosen for clarity) represent the
three wavelengths of interest that are focused in the same line.
As light propagates from the metasurface interface to the

focal plane, it accumulates a different amount of phase shift for
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each wavelength. Therefore, to achieve equal focal lengths at
different wavelengths, an achromatic metasurface must impart a
wavelength dependent phase contribution to compensate for
the dispersive accumulated phase. Figure 1b shows the
necessary phase profiles for a lens with focal length f = 7.5
mm and diameter D = 600 μm for three different wavelengths
(1300, 1550, 1800 nm). Several design degrees of freedom are
needed to engineer a different phase profile for each
wavelength. This is achieved using an array of coupled
RDRs.32 As shown in Figure 1c, each unit cell of the lens has
size S and consists of two RDRs with widths WL and WR and
gap g. The height of the RDRs is h = 400 nm. By varying the
parameters WL, WR, and g, the resonances associated with
different transverse electric and transverse magnetic modes can
be adjusted to obtain the needed phase values of the scattered
field (Figure 1b) for incident light polarized along the y-
direction.
The fabrication process of the lens starts from a substrate of

fused silica which is cleaned using acetone followed by oxygen

ashing. Then, a 400 nm layer of amorphous silicon (a-Si) is
deposited using plasma-enhanced chemical vapor deposition
(PECVD). Double layer PMMA495/PMMA950 resists are
successively spin-coated at a speed of 6000 rpm and baked on a
hot plate at 180 °C for 5 min. Electron beam exposure is
performed using an Elionix ELS-F125 system operating at 125
kV. Subsequently, the resist is developed in a mixture of methyl
isobutyl ketone and isopropyl alcohol (MIBK:IPA 1:3) at room
temperature for 60 s, rinsed in IPA for 30 s, and then blown dry
in nitrogen. Next, aluminum (Al) is deposited by thermal
evaporation as a mask of 20 nm thickness. Lift-off is carried out
by soaking the sample in a solvent stripper (Remover PG from
Microchem). Inductively coupled plasma-reactive ion etching
(ICP-RIE) is then performed to define the RDRs. A mixture of
SF6 and CF4 is used, resulting in a highly anisotropic etching of
the a-Si.33 Finally the Al is removed. Optical and scanning
electron micrograph images of the fabricated lens are shown in
Figure 2a−b.
We performed the optical characterization of the fabricated

lens using the setup illustrated in Figure 2c. A supercontinuum
laser (NKT “SuperK”) equipped with a tunable bandpass filter
(line-width of 15 nm) is used as a source. The laser beam is
collimated by a broadband reflective collimator and passed
through a linear polarizer (electric field along y-direction) and
then through the sample (metasurface lens). The light
transmitted by the sample is collected by a microscope
objective lens paired with a tube lens to form an image on
an InGaAs camera. The objective lens, tube lens, and camera
are all mounted on an optical breadboard to keep their relative
distances fixed. The breadboard is placed on a xyz-stage and is
translated along the optical axis to record an image (intensity
distribution) of the propagating light after interaction with the
metasurface lens. Results of these measurements are shown in
Figure 3a−c and are in agreement with the simulations in
Figure 3d−f. The latter are obtained by performing full wave
analysis of the lens using the finite-difference time-domain
(FDTD) method (Lumerical FDTD Solutions). For simu-
lations, we used the same refractive index for a-Si as reported in
ref 32. For a better quantitative comparison, the intensity
distributions across the focal plane of the lens (z = ∼7.5 mm)
are measured for desired wavelengths and shown in Figure 4.
Two dimensional focal plane images captured by the camera at
the three design wavelengths are shown in Figure S1 of
Supporting Information (SI). These results confirm that the
lens indeed focuses the incident light at the same focal length
for wavelengths of 1300, 1550, and 1800 nm. Full-width at half
maximums (FWHMs) of 27.5, 29, and 25 μm are measured for
the wavelengths of 1300, 1550, and 1800 nm, respectively,
which are close to the diffraction limit (17, 20, and 23 μm, for a
lens with numerical aperture NA = 0.04). Absolute efficiencies
of 15%, 10%, and 21% are measured for wavelengths of 1300,
1550, and 1800 nm, respectively, and are less than the values
predicted by simulations (24%, 22%, and 28%). Absolute
efficiency is defined as the amount of power in the beam waist
at the focal line, divided by the input power. The beam waist is
the full width of the normalized intensity at 1/e2 and is
calculated by fitting the measured intensity distribution at the
focal line to a Gaussian function. The input power is the
amount of collimated power (beam diameter of 4 mm) that
passes through an aperture with the same dimensions as the
lens (600 μm × 600 μm). The difference between measured
and simulated efficiency values arises mainly from the imperfect
phase realization (see Figure S2 of SI) and nonuniform RDR

Figure 1. (a) Schematic of the metasurface lens. The metasurface is
designed to function as a lens that focuses three different wavelengths
into the same line. (b) Phase profiles of lens with numerical aperture
NA = 0.04, diameter D = 600 μm, and focal length f = 7.5 mm for
wavelengths of 1300, 1550, and 1800 nm as a function of the distance
from the center of the lens. (c) Schematic of the metasurface
consisting of amorphous silicon (a-Si) rectangular dielectric resonators
(RDRs) on a fused silica substrate. Each unit cell (size S = 1 μm)
contains two RDRs of widthsWL andWR (0 ≤WL andWR ≤ 600 nm)
and height h = 400 nm, separated by gap g (0 ≤ g ≤ 800 nm). The
light is incident from the substrate and the polarization is along the
length of RDRs (y-direction).
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Figure 2. (a) Top-view optical image of the metasurface lens. (b) False colored side-view scanning electron micrograph (SEM) image of the
metasurface lens. Each unit cell is identified by a different color. Scale bar is 400 nm. Gold (30 nm) is sputtered on the lens to facilitate SEM imaging.
(c) The light source is a supercontinuum laser (SuperK) with a tunable band-pass filter and a fiber coupled output. The output beam is collimated
and linearly polarized (LP). The objective (10×) and tube lenses form an image of the beam after the metasurface lens onto the InGaAs camera.

Figure 3. Measured intensities in the x−z plane after the lens at wavelengths (a) 1300 nm, (b) 1550 nm, and (c) 1800 nm and the corresponding
FDTD simulations (d−f). Measurements are performed using the setup shown in Figure 2c. First, the objective lens is focused on the lens to capture
the first image. The objective lens, tube lens, and InGaAs camera are then moved ∼120 μm away from the lens along the optical axis, z-direction, to
capture the second image. This process is repeated to capture the remaining images up to at a distance z = 12 mm from the metasurface. The
intensity distributions of each captured image, along the x−z plane, are stitched together forming an x−z plane intensity profile. For all simulations
and experiments, polarization is along the y-direction.
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scattering amplitudes across the metasurface. The latter can be
improved by choice of more advanced design strategies such as
genetic algorithms for optimizing the resonators geometry.
Computationally efficient methods will be also important for
designing metasurface lenses with large numerical apertures. In
addition, we note that the theoretical transmissions are 48%,
48%, and 65% for wavelengths of 1300, 1550, and 1800 nm,
respectively. Therefore, reducing the reflection by either a
metasurface stack21,34 or tuning the spectral position of electric
and magnetic dipole resonances of RDRs to achieve impedance
matching35 condition can also improve the performance.
We characterized the lens at several different wavelengths

and measured the focal length as shown in Figure 5. As

expected for the wavelengths of 1410, 1690, and 1940 nm
where phase compensation was not performed, the focal
lengths changed as a result of chromatic aberrations. For
instance, the focal length shifted to z = 3.83 mm at wavelength
λ = 1690 nm. Measured and simulated intensities in the x−z
plane at this wavelength are shown in Figure S3 of SI. We also
studied the effect of incidence angle on the performance of the
lens. For these measurements, first, the objective lens is fixed at

the focal length of the lens to capture the light distribution.
Then we changed the incidence angle relative to the normal to
the surface of the lens (in x−z plane) and captured the image
and calculated the fwhm at each angle and same location.
Results of these measurements are shown in Figure 6 where

there is minimal change in fwhm for angles of incidence up to
∼10°. In addition, the simulated focal lengths of the lens at
three design wavelengths versus incidence angle are shown in
Figure S4 of SI.
In summary, we experimentally demonstrated an achromatic

metasurface lens operating at three wavelengths in the near-
infrared. This approach can be adapted to achieve wavelength
independent optical components in a compact configuration,
overcoming a fundamental limitation of existing optical
components. Our demonstration is a significant step toward
the realization of broadband optical elements that have
applications ranging from optical microscopy to integrated
optics and astronomical imaging. Achromatic flat optics could
also provide innovative solutions for applications in imaging
and lightweight vision.
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Figure 4. Measured intensity profiles across the focal plane of the lens
for three wavelengths of 1300, 1550, and 1800 nm. Intensity profiles
are extracted from Figure 3a−c along the x-direction and at the focal
length.

Figure 5. Measured and simulated focal lengths of the metasurface
lens for several wavelengths. The focal length is fixed at 7.5 mm for the
design wavelengths (1300, 1550, and 1800 nm) whereas for
wavelengths of 1410, 1690, and 1940 nm where no phase
compensation was performed, the focal length deviates from this value.

Figure 6. Measured full-width at half-maximum of the lens at the focal
line (z = 7.5 mm) versus angle of incidence and wavelengths of 1300,
1550, and 1800 nm. Incidence angle is changed in the x−z plane.
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