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Broadband achromatic optical metasurface devices
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Shen-Hung Lu4, Ji Chen1,5, Beibei Xu1,5, Chieh-Hsiung Kuan4, Tao Li1,5, Shining Zhu1,5 & Din Ping Tsai 2,3,6

Among various flat optical devices, metasurfaces have presented their great ability in efficient

manipulation of light fields and have been proposed for variety of devices with specific

functionalities. However, due to the high phase dispersion of their building blocks,

metasurfaces significantly suffer from large chromatic aberration. Here we propose a design

principle to realize achromatic metasurface devices which successfully eliminate the

chromatic aberration over a continuous wavelength region from 1200 to 1680 nm for

circularly-polarized incidences in a reflection scheme. For this proof-of-concept, we

demonstrate broadband achromatic metalenses (with the efficiency on the order of ∼12%)

which are capable of focusing light with arbitrary wavelength at the same focal plane.

A broadband achromatic gradient metasurface is also implemented, which is able to deflect

wide-band light by the same angle. Through this approach, various flat achromatic devices

that were previously impossible can be realized, which will allow innovation in full-color

detection and imaging.
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Wavelength dispersion is a key characteristic of optical
materials, which always plays an important role in
designing optical components and systems. In most

dielectrics like glasses, the index of refraction decreases with the
longer wavelength, which is called normal chromatic dispersion1.
Utilizing such materials, refractive lenses will perform larger focal
lengths and prisms will deflect at a smaller angle for longer
wavelength. Such chromatic aberration significantly degrades
the performance of full-color optical applications, such as in
communication, detection, imaging, displaying etc. Taking
the refractive lenses as an example, complete elimination of
chromatic aberration at three and four wavelengths is accom-
plished by integrating several materials arranged into a single
component to achieve the same focal length, which are termed as
apochromatic and superachromatic lens2, respectively. Although
successful, this strategy adds weight, complexity and cost to
optical systems, which greatly limits their usage.

In contrast to the traditional bulk optical elements, meta-
surfaces3–6 provide a new perspective on flexibly shaping the
electromagnetic field7 by manipulating its phase, amplitude as
well as polarization at will via a compact and easy-of-fabrication
system. Such promising approaches prove their great features and
functionality in a variety of applications, such as nonlinear
dynamics8, light beam shaping9–11, highly dimensional holo-
graphic images12–15, polarization control and analysis16–18,
invisible cloak carpet19 etc. In addition to the compact dimension,
the main distinction between metalenses (planar lenses based on
metasurfaces) and traditional optical lenses is the integrated
functionality that allows the achievement of specific character-
istics such as multispectral20, dual-functional21 and off-axis
focusing22. Recent works reported the dielectric metasurfaces
for metalens with high numerical aperture (NA) and optical
planar camera with monochromatic aberrations that are
comparable with the commercial products, presenting their
potential prospect in real applications23, 24. However, these
proposed metasurface devices still exhibit large chromatic aber-
ration, which is mainly attributed to following fundamental
properties: the resonant phase dispersion of the building blocks
used in metasurfaces, the intrinsic dispersion in used materials, as
well as the different phase accumulation through light propaga-
tion in free space with various wavelengths. Many works have
shown that optical metasurfaces working in a relatively broad
wavelength bandwidth can be achieved25–30. However, in these
reports the optical performance of resonant elements in the
metasurfaces is unchanged in a broad bandwidth and this is
insufficient for the suppression of chromatic aberration.

Up to now, several pioneering works have realized multi-
wavelength achromatic metalenses that are capable of eliminating
the chromatic aberration at several discrete wavelengths31–37.
Very recently, there has been a successful demonstration of an
achromatic metalens which is able to suppress the chromatic
effect over a 60-nm bandwidth in the visible38. However,
although continuous, the working bandwidth (about 11.4% of the
central wavelength) is still not broad enough for practical
purposes and there is still lack of an effective design rule for unit
elements in achromatic metasurface devices. Therefore, much
work remains to be done in order to accomplish a broadband
achromatic flat optical component working over a continuous
bandwidth because of the abrupt phase change from the resonant
unit elements. In this work, we employ the integrated-resonant
unit element in metasurfaces with smooth and linear phase
dispersion combining with geometric phase to design broadband
achromatic flat optical components. For the proof of concept,
achromatic converging metalenses and beam deflector with
gradient metasurfaces are demonstrated that are valid at will
within a broad infrared (IR) bandwidth from wavelength of 1200

to 1680 nm. The broadband achromatic metasurface devices
based on our approach greatly innovate a complete class of
designs in full-color light manipulation and imaging and push
them forward to the practical applications.

Results
Phase requirement of broadband achromatic metalens. As the
most basic and important functional element, converging
lens plays a crucial role in various optical systems. The typical
distribution of phase retardation for a metalens follows:

φ R; λð Þ ¼ � 2π
ffiffiffiffiffiffiffiffiffiffiffiffiffi
R2þf 2

p
� f

� �h i 1
λ

ð1Þ

where R¼ ffiffiffiffiffiffiffiffiffiffiffiffi
x20þy20

p
is the distance from arbitrary position (x0, y0)

on the metalens to the center and f is the focal length. To realize a
broadband achromatic metalens (BAML), which is schematically
shown in the right side of Fig. 1a, such phase retardation with a
fixed focal length is exactly required in a wide range of
wavelength. Generally, for the case of working wavelength
λ 2 λmin; λmaxf g, with λmin and λmax being the boundaries of
the interested wavelength band, the phase in Eq. 1 can be re-
written as:

φLens R; λð Þ ¼ φ R; λmaxð ÞþΔφ R; λð Þ ð2Þ
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Fig. 1 Achromatic metalens. a Schematic for chromatic (left) and
achromatic (right) metalenses. In the case of chromatic metalens, the focal
length is changed as the incident wavelength is switched, resulting in a
rainbow-like focal line when it is illuminated by a light source with
continuously changed wavelength. The focal point will become a single spot
for the case of BAML with optimized phase compensation. b Phase profile
for a BAML at arbitrary wavelength of λ∈ {λmin, λmax}
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The BAML can only be realized once these two key phase
characteristics are exactly satisfied simultaneously; therefore, the
designed phase of BAML can be accordingly divided into two
components. The former part in Eq. 2, φ(R, λmax), is considered
as a basic phase profile, which is only related with λmax and is
independent to the working wavelength λ. Such phase profile can
be acquired by exploiting the geometric phase as the phase
modulation in each metalens unit element. The geometric phase,
also called Berry phase, is produced from the rotation of the
resonant elements in metasurface with a circularly-polarized

incidence39. The produced phase modulation only depends on
the orientation of scattered elements, which can therefore work as
the solution for the wavelength-independent phase modulation.
In contrary, the latter part in Eq. 2, Δφ(R, λ), is a function of
working wavelength and presents a linear relation with 1/λ, which
is considered as the phase difference between various incident
wavelengths. Such phase difference can be obtained by suitably
designing the phase response of each unit element of the
metalens, which must also exhibit the phase dispersion owning a
linear relation with 1/λ, in consistent with Δφ (R, λ). Since the
mechanism of this resonant phase response is completely
different from the geometric phase, these two parts of phase
won’t disturb with each other, but can be simply merged together.

It should be mentioned that an additional phase shift φshift(λ)
can be introduced to optimize the phase compensation effect
from the specially designed metalens, since such phase shift won’t
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Fig. 2 Phase profile of integrated-resonant unit elements based on coupled nano-rods. a, c, e RCP-to-LCP polarization conversion efficiency (red curves),
phase profile (blue curves) and (b, d, f) electric field distribution (color mapping) of integrated-resonant unit elements. Each unit element with 550 nm
periods along x and y axes consists of one or several gold MNRs with fixed thickness 30 nm. The MNRs stand on a SiO2/Au substrate with varying gap size,
length and width are optimized to achieve various phase compensation between λmin and λmax (Supplementary Tables 1 and 2). The thickness of dielectric
spacer SiO2 is 60 nm. Gray region and black arrows remark the range of working bandwidth of BAML and positions of resonant modes, respectively
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affect the focusing property of the metalens34, as shown in Fig. 1b.
Then, the phase profile of the achromatic metalens is changed to

φ0
Lens R; λð Þ ¼ � 2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ f 2

p
� f

� �h i 1
λ
þ φshiftðλÞ ð4Þ

The phase difference consequently becomes
Δφ0 R; λð Þ ¼ Δφ R; λð Þþφshift λð Þ. To maintain the linear relation
with 1/λ, φshift(λ) has to match the form as φshift (λ) = α/λ + β,
with α ¼ χ λmaxλmin

λmax�λmin
and β ¼ �χ λmin

λmax�λmin
, where χ denotes the

largest additional phase shift between λmin and λmax at the central
position of the BAML. It is the key parameter in the design of
BAML, especially for the determination of the diameter of BAML.
How to design special unit elements to compensate the phase
difference at corresponding position is subsequently the crucial
issue. Here, for a proof-of-concept demonstration, the working
wavelength is chosen in the commonly used telecom region,
i.e., {λmin, λmax}→{1200, 1680 nm}.

Design of integrated-resonant unit elements. In our design, the
basic building blocks of the BAML are metallic nano-rods
(MNRs) and their assemblies, coupled MNRs. The metal-
dielectric-metal structural configuration (insets in Fig. 2) is
implemented to access a cavity-like resonance so as to enhance
the operating efficiency of metasurfaces40, 41. Generally, a single
MNR is able to support multiple plasmonic resonances, such as
the fundamental dipolar mode and various high order modes. An
abrupt phase shift usually occurs when these plasmonic reso-
nances are excited, which does not fit the requirement of smooth
and linear phase difference Δφ′(R, λ) (Supplementary Fig. 1). In
contrast, the phase distribution between these resonances exhibits
a smooth trend with a nearly linear profile against 1/λ. Since such
state is fall in between the two strong resonant modes, it could be
termed as an integrated-resonant state. In addition, such
integrated-resonant features provide a promising method to
slickly compensate the phase difference for BAML. Moreover,
since the produced phase compensation owns a linear relation
with of 1/λ, the BAML will naturally be achieved at any wave-
length within the working bandwidth as long as the largest phase
difference Δφ′(R, λmin) is exactly compensated by the designed
unit elements.

Due to linear relation of the phase distribution, the slope S in
the phase spectrum can be directly obtained as

S ¼ C= 1
R1

� �
� 1

R2

� �
, where λR1 and λR2 are the resonant

wavelengths of the MNR, and C is a constant. This
indicates that the slope of the phase profile can be tuned
via tuning the wavelength distance between two resonances.
Therefore, one can effectively steer the phase compensation
δ(λ) provided by the integrated-resonant unit elements
composed of MNRs or coupled MNRs, which obeys

δ λð Þ ¼ S 1
λ � 1

λmax

� �
¼ C 1

λ � 1
λmax

� �
= 1

λR1
� 1

λR2

� �
. The largest phase

compensation produced by these unit elements between λmin and

λmax therefore becomes δ ¼ C 1
λmin

� 1
λmax

� �
= 1

λR1
� 1

λR2

� �
, which

can be directly utilized to cover the largest phase difference
Δφ′(R, λmin) required at any position in BAML.

For the case of slight slope S corresponding to the small phase
compensation, a single MNR with large aspect ratio is utilized, in
which the fundamental dipole mode and high order mode are
excited. When the wavelengths of these two plasmonic modes are
tuned far away from each other, the small phase compensation is
realized. The detail information of the single MNR structure with
large aspect ratio can be found in Supplementary Fig. 2. To
improve the operating efficiency, multiple MNRs are integrated

within an integrated-resonant unit element. Following this
approach, the smallest phase compensation, also a key parameter
for determining the size of BAML, can be achieved at around 30˚,
as shown in Fig. 2a. The electric field distributions at the
wavelengths corresponding to the dipole mode and second order
plasmonic mode are respectively plotted in Fig. 2b.

The larger phase compensation can be acquired by decreasing
the difference between two resonant wavelengths of the MNR.
With the aspect ratio of the MNR decreasing, the dipole mode
along its short axis can be excited instead of the second order
plasmonic modes, being the nearest resonant mode from the
dipole mode along the long axis. With the wavelength distance
between these two modes shrinking, larger phase compensation is
obtained. As shown in Fig. 2c, two dipole modes can be evidently
observed in the operation efficiency spectrum, in which 120˚
phase compensation is realized. The electric field distributions at
these two resonant wavelengths are shown in Fig. 2d, which
obviously indicates their identities.

It will turn into another issue when the phase compensation is
larger than 150˚ in such integrated-resonant MNRs, in that
case steering the relation between two resonances is insufficient,
and one more resonance is necessary to be introduced into
the working wavelength region. However, it is quite challenging
to exhibit three resonances within the concerning wavelength
band using single MNR. Therefore, a compound structure
composed of two perpendicularly aligned MNRs with
different lengths and widths is utilized to introduce the third
plasmonic resonant mode. Assuming that the second
resonant wavelength λR2 located near the middle of resonant
wavelength region {λR1, λR3}, the slopes of phase spectrum
of two wavelength regions {λR1, λR2} and {λR2, λR3} can be

close to S21¼C21=
1
λR1

� 1
λR2

� �
� S32¼C32=

1
λR2

� 1
λR3

� �
, assuming

C21∼ C32 = C. Thus, the entire phase slope S can be expressed

as S � 2C= 1
λR1

� 1
λR3

� �
, which can theoretically be two times larger

than the single MNR case. Figure 2e presents the case of 210˚
phase compensation between λmin and λmax after structural
optimization with three resonances. The corresponding electric
field distributions are also provided to recognize which individual
MNR these resonances belonging to, as shown in Fig. 2f. Based on
this approach, the largest phase compensation can reach to even
360°, with a fairly good efficiency at most wavelengths
(Supplementary Fig. 3). In fact, the phase compensation can be
further increased by introducing more resonances to the
integrated-resonant unit element, which will enable a BAML
with larger size (Supplementary Fig. 10).

Characterizations of the BAML. Employing the proposed policy,
a broadband achromatic converging metalens with numerical
aperture (NA) = 0.268 is designed and demonstrated. Figure 3a
shows the optical image of the fabricated metalens, which has a
diameter of 55.55 μm and designed focal length of 100 μm.
This metalens was fabricated using standard electron beam
lithography (see Methods section for details). The measured focal
spots show the highly symmetric profiles, performing a good
ability on light convergence in designed BAML. The focal spot
at the middle of the working wavelength range, 1500 nm, is
presented as an example in Fig. 3b. Figure 3c presents the zoom-
in scanning electron microscope (SEM) image, in which a set of
integrated-resonant MNRs with accurate gap sizes are observed.
To capture the light intensity distribution, a couple of optical
components including an IR objective and an IR coupled charge
device (CCD) are moved together along the propagation direction
of reflected light at different x–y planes (see Supplementary Fig. 7
for details of measurement setup). The right-hand circular
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polarization (RCP) to left-hand circular polarization (LCP) light
intensity profiles on x–z plane is subsequently obtained from
stitching all captured images together. Figure 3d shows that the
measured and simulated light intensity profiles along the cross
section plane are in a good agreement with each other. As the-
oretical predication, the focal length keeps almost unchanged

while incident wavelength varies, indicating the realization of a
broadband achromatic converging property in near-IR region.

For optical characteristics of the designed metalens, the focal
lengths vs. incident wavelength of both achromatic and chromatic
metalenses are measured. Figure 4a shows the results of three
achromatic metalenses with different NA values, which exhibits
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Fig. 3 Verification of achromatic converging metalens. a Optical image of fabricated metalens with NA = 0.268. b Measured light intensity of focal spot at
incident wavelength λ= 1500 nm. c Zoom-in scanning electron microscope (SEM) image of fabricated metalens. More images and design details can be
found in the Supplementary Note 3. d Experimental (top row) and numerical (bottom row) intensity profiles of BAML along axial planes at various incident
wavelengths
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unchanged focal length with varied incident wavelength. These
results confirmed again that the designed BAML is able to focus
the incident light at the same focal plane in a continuous and
wide range of wavelength (~33.3% of the central wavelength).
Such perfect achromatic property can be realized from metalens
with various NA values. To the best of our knowledge, this is the
state-of-the-art demonstration of an achromatic metalens, which
is able to completely eliminate the chromatic effect over the
broadest wavelength range at continuously changed steps. In
contrast to the BAML, the focal length of chromatic metalenses
(which is designed and fabricated using Berry phase based
metasurfaces) strongly depends on the incident wavelength.
For comparison, the phase distributions of chromatic metalenses
are designed for similar NA values with the achromatic ones at
the longest wavelength in the interested wavelength range
(Supplementary Note 4). The obvious chromatic aberration can
be observed with evident focal length enlarging as the wavelength
decreasing in all three metalenses, shown in Fig. 4b.

To further examine the working performance of designed
BAML, full-width at half-maximum (FWHM) and operating
efficiency are measured at near-IR region, as shown in Figs. 4c
and 4d. The FWHM, which is defined as the beam waist of the
normalized light intensity at 0.5, is estimated by fitting the
measured light intensity along the focal line with Gaussian
function. All measured FWHM are located at the range of
1.5λ~2λ that are nearly diffraction-limited. The maximum
focusing efficiency of 8.4, 12.44 and 8.56% were measured for
BAML with NA = 0.217, 0.268 and 0.324, respectively. The
focusing efficiency drops at the boundaries of measured
wavelength region is due to the lower polarization conversion
efficiency of utilized unit elements at λmin and λmax. Though the
efficiency spectrum shows some fluctuations in the operating
wavelength range, which is the inevitable corollary from the

introduction of the integrated-resonant unit elements, the average
working efficiency can be further increased by replacing the
material components with dielectrics or further optimizing the
structural configuration42, 43.

Design and characterizations of the broadband achromatic
gradient metasurface. Generally, our design principle can be
used to realize various flat optical components without chromatic
effect like the broadband achromatic gradient metasurface
(BAGMS). The design of a BAGMS to deflect a normally incident
light by the same angle in a broad wavelength range is demon-
strated (Fig. 5a). The building blocks are the same as those used
in the above achromatic metalens, and the orientation of each
unit element is designed to obey the required phase distribution:

φ x; λð Þ¼ � 2π
λ
x sin θd ð5Þ

where x is the spatial coordinate and θd is the reflected angle of
anomalous beam, namely the LCP light beam reflection with RCP
incidence. To realize the phase requirement for deflecting light
with the same θd at different incident wavelengths, the specially
designed unit elements with proper orientation are implemented
to compensate the phase difference Δφ (x, λ), as shown in Fig. 5b.
The detailed information of design is shown in Supplementary
Note 5. As predicted, all the LCP light reflected angles are kep-
t almost unchanged when the incident wavelength is changed
from 1200 to 1650 nm, showing a broadband achromatic
performance in anomalous beam deflection (see Fig. 5c). It is
further experimentally verified by capturing the scattering light
through a slight focus (see Supplementary Fig. 8 for the optical
measurement). Figure 5d presents the SEM image of the fabri-
cated sample. As shown in Fig. 5e, the beam spot keeps in the
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center of CCD while the incident wavelength changed, presenting
a good agreement with the numerical simulation. The anomalous
reflected LCP beam can only be observed with cross-polarized
component, which is also verified by changing the polarization
state from detection.

Discussion
Compared with the flat optical devices using the strong resonance
based unit elements, our design employs the integrated-resonant
unit elements that enable the achromatic ability in a continuously
broad wavelength band. Theoretically, the BAML with very high
NA can also be realized with our design principle. For example,
a BAML with NA as high as 0.86 is achieved with a smaller
dimension (see Supplementary Fig. 9). Although the feature

size of achromatic metalenses with a fixed NA is limited by the
largest phase compensation, namely the largest additional phase
shift χ, it can be further increased through structural optimization
by introducing more resonances/resonators into the integrated-
resonant unit elements (Supplementary Note 8). We also would
like to emphasize that the proposed design principle is not only
valid to the reflective metasurface devices but can also be
employed for metasurface devices in a transmission scheme if one
can successfully introduce transparent integrated-resonant unit
elements into the devices. One of the promising candidates is
high-index dielectric metasurfaces, where multiple Fabry-Pérot
resonances are realized because they can be regarded as truncated
cross-sectional waveguides44. The versatility in the selective
change of phase distribution and control of chromatic dispersion
is beneficial for the development of specific functionalities like
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Fig. 5 Broadband achromatic gradient metasurfaces. a Schematic of beam deflection with BAGMS. All anomalously deflected angles are the same when
the incident wavelength is changed. b Phase distribution for a BAGMS at different incident wavelengths. The Δφ(x, λ) represents the phase difference
between λmin and λmax at certain surface position. c Simulated intensity of RCP-to-LCP scattering light vs. angle of reflection at various incident
wavelengths. The angle of reflection keeps at around 22.26˚ when the incident wavelength is changed from 1200 to 1650 nm. d SEM image of fabricated
BAGMS. e (Left) Experimentally captured CCD images of RCP-to-LCP scattering light from the BAGMS. The intensities are normalized by the maximum
value in each image. (Right) Cross section of normalized scattering light intensity along the central line of each corresponding CCD image for RCP-to-LCP
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opposite phase dispersion and phase mismatch in nonlinear
optical cavity that are difficult to be accomplished from bulky
chromatic systems.

In summary, achromatic metasurface devices which can
suppress the chromatic aberration in a wide wavelength range
with continuous bandwidth are demonstrated. Through exploit-
ing geometric phase combining with phase compensation
from specially designed integrated-resonant unit elements, the
metasurfaces can provide the exact phase profile as the ideal
requirement for broadband achromatic flat optical devices like
converging metalens and metasurface deflector. Although
demonstrations in the near-IR regime, the working wavelength of
proposed achromatic metasurface devices can be further pushed
into the visible light by using aluminum or all-dielectric
based unit elements as the building blocks. Our design paves an
innovate class to control the phase dispersion at will and it will
greatly advance the development of innovative metadevices in full
color control to reach real practical applications.

Methods
Sample Fabrication. A 150-nm-thick Au mirror and a 3-nm-thick Cr were first
deposited on a Si substrate by e-gun evaporator. A 60-nm-thick SiO2 dielectric
spacer is then deposited by using plasma-enhanced chemical vapor deposition
(PECVD). A 100-nm-thick ZEP520A layer is consequently spin coated at 5000 rpm
on the prepared substrate and then bake on a hot plate for 2 min at 180 °C.
Subsequently, an Espacer layer is spin coated at 1500 rpm on the ZEP520A layer.
Espacer is an organic polymer with high conductivity to reduce the positional error
during the e-beam exposure process. An e-beam writing system at the acceleration
voltage of 100 keV with 100 pico-ampere of current is used. The structural profile
of metasurfaces is defined by the e-beam exposure and development process. The
final sample will be obtained after the 3-nm-thick Cr and 30-nm-thick Au
deposition and lift-off process.

Numerical simulation. All numerical simulations were performed by using the
commercial software Computer Simulation Technology (CST) Microwave Studio.
For the design of unit elements, a unit cell boundary condition is employed for the
simulation of reflection spectra and phase profile in an array configuration. For
simplicity, perfect matched layer (PML) and periodic boundary conditions are
respectively used for x and y direction for the simulation of metalenses; that is,
cylindrical lenses are simulated to simply evaluate the focal length of each metalens.
In the case of gradient metasurfaces, PML is employed as the boundary condition
for all boundaries to mimic a free space for far-field scattering simulation. The
refractive index of SiO2 is obtained from ref. 45. The permittivity of gold in the
near-IR regime is described by the Lorentz–Drude model with three times damping
constant larger than the bulky material.

Data availability. The data that support the findings of this study are available
from the authors on reasonable request, see author contributions for specific data
sets.

Received: 7 April 2017 Accepted: 2 June 2017

References
1. Hecht, E. Optics (Addison Wesley, 3, 1997).
2. Pedrotti, F. L. & Pedrotti, L. S. Introduction to Optics (Prentice-Hall, 1987).
3. Zhang, L., Mei, S., Huang, K. & Qiu, C.-W. Advances in full control

of electromagnetic waves with metasurfaces. Adv. Opt. Mater. 4, 818–833
(2016).

4. Arbabi, A., Horie, Y., Bagheri, M. & Faraon, A. Dielectric metasurfaces for
complete control of phase and polarization with subwavelength spatial
resolution and high transmission. Nat. Nano 10, 937–943 (2015).

5. Yu, N. & Capasso, F. Flat optics with designer metasurfaces. Nat. Mater. 13,
139–150 (2014).

6. Minovich, A. E. et al. Functional and nonlinear optical metasurfaces. Laser
Photon. Rev 9, 195–213 (2015).

7. Pu, M. et al. Catenary optics for achromatic generation of perfect optical
angular momentum. Sci. Adv. 1, e1500396 (2015).

8. Lysenko, O., Bache, M., Olivier, N., Zayats, A. V. & Lavrinenko, A. Nonlinear
dynamics of ultrashort long-range surface plasmon polariton pulses in gold
strip waveguides. ACS Photon. 3, 2324–2329 (2016).

9. Chen, X., Zhang, Y., Huang, L. & Zhang, S. Ultrathin metasurface laser beam
shaper. Adv. Opt. Mater. 2, 978–982 (2014).

10. Walther, B. et al. Spatial and spectral light shaping with metamaterials.
Adv. Mater. 24, 6300–6304 (2012).

11. Liu, H. et al. Twisted focusing of optical vortices with broadband flat spiral zone
plates. Adv. Opt. Mater. 2, 1193–1198 (2014).

12. Wen, D. et al. Helicity multiplexed broadband metasurface holograms.
Nat. Commun. 6, 8241 (2015).

13. Huang, L. et al. Broadband hybrid holographic multiplexing with geometric
metasurfaces. Adv. Mater. 27, 6444–6449 (2015).

14. Huang, Y.-W. et al. Aluminum plasmonic multicolor meta-hologram.
Nano. Lett. 15, 3122–3127 (2015).

15. Wang, L. et al. Grayscale transparent metasurface holograms. Optica 3,
1504–1505 (2016).

16. Li, L. et al. Plasmonic polarization generator in well-routed beaming. Light Sci.
Appl 4, e330 (2015).

17. Wu, P. C. et al. Versatile polarization generation with an aluminum plasmonic
metasurface. Nano. Lett. 17, 445–452 (2017).

18. Chen, W. T. et al. Integrated plasmonic metasurfaces for spectropolarimetry.
Nanotechnology 27, 224002 (2016).

19. Ni, X., Wong, Z. J., Mrejen, M., Wang, Y. & Zhang, X. An ultrathin invisibility
skin cloak for visible light. Science 349, 1310–1314 (2015).

20. Khorasaninejad, M. et al. Multispectral chiral imaging with a metalens.
Nano. Lett. 16, 4595–4600 (2016).

21. Chen, X. et al. Dual-polarity plasmonic metalens for visible light.
Nat. Commun. 3, 1198 (2012).

22. Khorasaninejad, M., Chen, W. T., Oh, J. & Capasso, F. Super-dispersive off-axis
meta-lenses for compact high resolution spectroscopy. Nano Lett. 16,
3732–3737 (2016).

23. Khorasaninejad, M. et al. Metalenses at visible wavelengths: Diffraction-limited
focusing and subwavelength resolution imaging. Science 352, 1190–1194
(2016).

24. Arbabi, A. et al. Miniature optical planar camera based on a wide-angle
metasurface doublet corrected for monochromatic aberrations. Nat. Commun.
7, 13682 (2016).

25. Huang, L. et al. Dispersionless phase discontinuities for controlling light
propagation. Nano Lett. 12, 5750–5755 (2012).

26. Li, Z., Palacios, E., Butun, S. & Aydin, K. Visible-frequency metasurfaces for
broadband anomalous reflection and high-efficiency spectrum splitting. Nano
Lett. 15, 1615–1621 (2015).

27. Liu, L. et al. Broadband metasurfaces with simultaneous control of phase and
amplitude. Adv. Mater. 26, 5031–5036 (2014).

28. Jiang, S.-C. et al. High-efficiency generation of circularly polarized light via
symmetry-induced anomalous reflection. Phys. Rev. B 91, 125421 (2015).

29. High, A. A. et al. Visible-frequency hyperbolic metasurface. Nature. 522,
192–196 (2015).

30. Wu, P. C. et al. Broadband wide-angle multifunctional polarization converter
via liquid-metal-based metasurface. Adv. Opt. Mater. 5, 1600938 (2017).

31. Khorasaninejad, M. et al. Achromatic metasurface lens at telecommunication
wavelengths. Nano. Lett. 15, 5358–5362 (2015).

32. Wang, P., Mohammad, N. & Menon, R. Chromatic-aberration-corrected
diffractive lenses for ultra-broadband focusing. Sci. Rep. 6, 21545 (2016).

33. Zhao, Z. et al. Multispectral optical metasurfaces enabled by achromatic phase
transition. Sci. Rep. 5, 15781 (2015).

34. Aieta, F., Kats, M. A., Genevet, P. & Capasso, F. Multiwavelength achromatic
metasurfaces by dispersive phase compensation. Science 347, 1342–1345
(2015).

35. Arbabi, E., Arbabi, A., Kamali, S. M., Horie, Y. & Faraon, A. Multiwavelength
polarization-insensitive lenses based on dielectric metasurfaces with meta-
molecules. Optica 3, 628–633 (2016).

36. Hu, J., Liu, C.-H., Ren, X., Lauhon, L. J. & Odom, T. W. Plasmonic lattice
lenses for multiwavelength achromatic focusing. ACS Nano 10, 10275–10282
(2016).

37. Deng, Z.-L., Zhang, S. & Wang, G. P. Wide-angled off-axis achromatic
metasurfaces for visible light. Opt. Express 24, 23118–23128 (2016).

38. Khorasaninejad, M. et al. Achromatic metalens over 60 nm bandwidth in the
visible and metalens with reverse chromatic dispersion. Nano Lett. 17,
1819–1824 (2017).

39. Kang, M., Feng, T., Wang, H.-T. & Li, J. Wave front engineering from an array
of thin aperture antennas. Opt. Express 20, 15882–15890 (2012).

40. Sun, S. et al. High-Efficiency Broadband anomalous reflection by gradient
meta-surfaces. Nano Lett. 12, 6223–6229 (2012).

41. Pors, A. & Bozhevolnyi, S. I. Plasmonic metasurfaces for efficient phase control
in reflection. Opt. Express 21, 27438–27451 (2013).

42. Pu, M. et al. Spatially and spectrally engineered spin-orbit interaction for
achromatic virtual shaping. Sci. Rep. 5, 9822 (2015).

43. Zheng, G. et al. Metasurface holograms reaching 80% efficiency. Nat. Nano 10,
308–312 (2015).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-00166-7

8 NATURE COMMUNICATIONS | 8:  187 | DOI: 10.1038/s41467-017-00166-7 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


44. Arbabi, A., Horie, Y., Ball, A. J., Bagheri, M. & Faraon, A. Subwavelength-thick
lenses with high numerical apertures and large efficiency based on high-
contrast transmitarrays. Nat. Commun. 6, 7069 (2015).

45. Ghosh, G. Dispersion-equation coefficients for the refractive index and
birefringence of calcite and quartz crystals. Opt. Commun. 163, 95–102 (1999).

Acknowledgements
We acknowledge financial support from National Key R&D Program of China
(2016YFA0202103,2017YFA0303700), National Natural Science Foundation of China (No.
11674167, 11621091, and 11322439), Ministry of Science and Technology, Taiwan
(Grant No. MOST-105–2745-M-002-005-ASP) and Academia Sinica (Grant No. AS-103-
TP-A06). They are also grateful to National Center for Theoretical Sciences, NEMS
Research Center of National Taiwan University, National Center for High-Performance
Computing, Taiwan, and Research Center for Applied Sciences, Academia Sinica, Taiwan
for their supports. T.L. thanks the support from Dengfeng Project B of Nanjing University.

Author contributions
S.M.W. and P.C.W. developed the theoretical aspects, performed the numerical design
and optical measurement, data analysis and wrote the manuscript; V.C.S. performed the
sample preparation and data analysis; Y.C.L. and C.H.C. carried out the simulation; J.W.
C. and S.H.L. fabricated the samples; J.C. and B.B.X. built up the optical system for
measurement; C.H.K. analyze the data; T.L., S.N.Z. and D.P.T. organized the project,
designed experiments, analyzed the results, and prepare the manuscripts. All authors
discussed the results and commented on the manuscript.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-00166-7.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-00166-7 ARTICLE

NATURE COMMUNICATIONS | 8:  187 | DOI: 10.1038/s41467-017-00166-7 | www.nature.com/naturecommunications 9

http://dx.doi.org/10.1038/s41467-017-00166-7
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications



