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ABSTRACT: In this paper, we report dispersion-engineered metasurfaces with distinct
functionalities controlled by wavelength. Unlike previous approaches based on spatial
multiplexing or vertical stacking of metasurfaces, we utilize a single phase proﬁle with
wavelength dependence encoded in the phase shifters’ dispersion. We designed and
fabricated a multiwavelength achromatic metalens (MAM) with achromatic focusing for blue
(B), green (G), yellow (Y), and red (R) light and two wavelength-controlled beam generators
(WCBG): one focuses light with orbital angular momentum (OAM) states (l = 0,1,2)
corresponding to three primary colors; the other produces ordinary focal spots (l = 0) for red
and green light, while generating a vortex beam (l = 1) in the blue. A full color (RGB)
hologram is also demonstrated in simulation. Our approach opens a path to applications
ranging from near-eye displays and holography to compact multiwavelength beam generation.
KEYWORDS: Metasurface, dispersion engineering, visible spectrum, titanium dioxide, orbital angular momentum states,
achromatic metalens
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implement distinct tasks depending on the input polarization.29−33 By combining the geometric and propagation
phase, it has been shown that the phases for two orthogonal
polarizations can be completely decoupled.34 It is highly
desirable if similar capability can be achieved in the spectral
domain. That is, one can design metasurfaces to have
completely diﬀerent functionalities controlled by wavelength
(wavelength-controlled metasurfaces). The latter requires the
ability to independently implement arbitrary phase proﬁles at
diﬀerent wavelengths. This is, in general, not achievable with
either refractive optics or conventional diﬀractive optics, where
the spectral response is dominated by material dispersion and
dispersion from grating eﬀects, respectively. In both cases, there
is no degree of freedom to tune the phases at diﬀerent

etasurfaces are ultrathin planar optical components
consisting of subwavelength spaced scatterers patterned
at an interface. Arrays of scatterers with proper geometrical
parameters and orientation can control, often simultaneously,
phase, amplitude, and polarization of the scattered wavefront.1−4 The introduction and development of metasurfaces
have led to new physics such as the generalized laws of
reﬂection and refraction,5 generalized Brewster eﬀect,6 as well
as numerous technologically important devices/systems such as
ﬂat lenses (metalenses),7−10 holograms,11−13 structured beam
generators,14−19 ultracompact spectrometers,20,21 polarimeters,22−24 etc. Compared with conventional refractive optics,
metasurface-based optical elements have the advantages of
lightweight, compactness, and the ease to control the phase
proﬁle, oﬀering great potential in the integration and
miniaturization of current bulky optical devices.
A major advantage of metasurfaces is their multifunctionality.
It has been shown that a single metasurface can combine
distinct functionalities without signiﬁcant addition of design
and fabrication complexity.25−28 For example, metasurfaces can
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to OAM states [Figure 1b], which is diﬃcult to realize in
traditional devices, and could ﬁnd applications in communication. In addition, the WCBG can be designed to realize a
compact stimulated emission depletion (STED) microscope. In
a STED microscope, an excitation spot and a donut-shaped
depletion beam are applied simultaneously to ﬂuorescent
samples to achieve super resolution imaging.35 Conventional
STED microscopes handle the excitation, depletion beam, and
ﬂuorescent signal separately, which makes the device bulky and
adds complexity to the system alignment. A WCBG that
focuses light at the excitation and signal wavelengths, and
simultaneously generates a focused donut beam at the
depletion wavelength [Figure 1c] can integrate the three
required functionalities of STED in a single element, thus
greatly reduces the device footprint and alignment complexity.
Previous studies on wavelength-controlled metasurfaces have
mainly adopted two approaches. The ﬁrst approach is spatial or
spectral multiplexing in which individual phase shifters are
optimized for only one wavelength.36−42 Multiwavelength
operation is then achieved by spatially interleaving the phase
shifters speciﬁcally designed for each wavelength. Usually either
in-plane spatial multiplexing (several subpixels)36−40 or vertical
stacking of multiple metasurfaces (several layers)42 is utilized.
Multispectral operation based on the principle of holography
and the broad-band property of the berry phase has also been
reported.43 However, these methods have several intrinsic
limitations. The interleaving and cross-talk between diﬀerent
structures designed for diﬀerent wavelengths can degrade image
quality and can produce ghost images and unwanted diﬀraction
orders. In addition, spatial multiplexing sets an inherent limit to
their maximum eﬃciency. Vertical stacking requires complicated fabrication techniques. The second approach, dispersion
engineering of phase shifters, can potentially break away from
these limitations, oﬀering a higher image quality and eﬃciency.
In this method, individual phase shifters are engineered to fulﬁll
simultaneously target phases at all design wavelengths. This
approach has been utilized to design MAM in the nearinfrared,44−47 terahertz,48 and microwave regime,49−51 but a
similar design in the visible spectrum remains challenging.
Recently, metalenses with a tailored chromatic response in the
visible spectrum were demonstrated.52,53 However, the
methods used in designing broad-band achromatic focusing in
general cannot be easily adapted to achieving multifunctionality
at discrete wavelengths. In the former case, achromaticity is
primarily dominated by the phase and group delay (ﬁrst-order
dispersion) of the phase shifters. To maintain a broad-band
performance, the phase shifters need to be designed to exhibit
smooth dispersive responses and avoid sharp resonances. This
prevents the device from implementing completely distinct
tasks at diﬀerent wavelengths, since the latter usually requires
dramatic phase changes, which can not be provided by the
lowest (ﬁrst, second, third, etc.) orders of dispersion. In
addition, the device sizes in refs 52 and 53 are limited to tens of
micrometers because of the requirement that a large group
delay, which scale with the device size, has to be maintained
over a large bandwidth. As the group delay is proportional to
the Q factor, this goes back to the well-known Q factor−
bandwidth limit and presents a fundamental challenge to the
previous design methods. However, in our design, we
deliberately include sharp resonances to our advantage. These
resonances can eﬀectively decouple the realized phases at
diﬀerent wavelengths, allowing independent control of metasurface functions at multiple discrete wavelengths and achieving

wavelengths separately, and the device function at one
wavelength is predetermined by that at another wavelength.
One direct application of wavelength-controlled metasurfaces
is a multiwavelength achromatic metalens (MAM) [Figure 1a].

Figure 1. (a) Schematic view of multiwavelength achromatic metalens
(MAM). Four diﬀerent wavelengths (R, Y, G, and B) are focused at
the same distance. (b) Schematic view of the ﬁrst wavelengthcontrolled beam generator (WCBG1). Focused beams with diﬀerent
orbital angular momentum (OAM) states (l = 0, 1, 2) are generated at
red, green, and blue, respectively. (c) Schematic view of the second
wavelength-dependent beam generator (WCBG2). Light is focused (l
= 0) for red and green light and forms a donut shape for blue light. (d)
The phase shifter consists of a titanium dioxide (TiO2) nanopillar on
top of a silver (Ag) substrate with an intermediate thin layer of silicon
dioxide (SiO2). The nanopillars are H1 = 600 nm tall and have square
cross sections. The reﬂection phase can be controlled by adjusting the
width. The thickness of silicon dioxide and silver layers is H2 = 180
nm and H3 = 1100 nm, respectively. The TiO2 nanopillar has a width
of W and is patterned with the unit cell size U = 450 nm.

To design a MAM, one needs to engineer the phase proﬁles at
diﬀerent wavelengths such that their focal lengths coincide.
High numerical aperture (NA) high eﬃciency metalenses with
diﬀraction-limited focusing and subwavelength imaging resolution have been demonstrated in the visible spectrum.7
However, most of the previously reported metalenses are
monochromatic and exhibit a strong chromatic dispersion. This
can be beneﬁcial for the design of compact spectrometers,20,21
but detrimental for a variety of applications ranging from
microscopy to photography, wherever diﬀerent wavelengths are
required to be focused at the same distance. MAMs are
especially desirable in wearable optical components and
displays, where the optical source combines several discrete
wavelengths (normally red, green, and blue (RGB) light).
Another example is the wavelength-controlled beam
generator (WCBG), which generates beams with diﬀerent
orbital angular momentum (OAM) states at desired wavelengths [Figure 1b,c]. Such device introduces a coupling term
between wavelength and OAM states and may lead to novel
physical phenomena. One can think of it as essentially a
counterpart of spin−orbital angular momentum coupling in the
spectral domain. The WCBG can function as a converter
between wavelength and OAM multiplexing schemes, allowing
information to be directly translated from the spectral domain
2421

DOI: 10.1021/acs.nanolett.7b05458
Nano Lett. 2018, 18, 2420−2427

Letter

Nano Letters
signiﬁcantly larger devices without the complication of the
phase shifters’ geometry. From a practical point of view, there
are many applications that do not require operation over a
continuous bandwidth, such as virtual reality display, which
only involves achromatic focusing at several discrete wavelengths in the visible spectrum. In those applications, our
method can allow more ﬂexibility in the control of device size
and multifunctionality.
In this paper, we demonstrated a MAM that has the same
focal length for four diﬀerent wavelengths (460 nm for blue,
540 nm for green, 567 nm for yellow, and 700 nm for red) in
the visible spectrum [Figure 1a] and two WCBG designs:
WCBG1 generates focused beams with diﬀerent OAM states (l
= 0, 1, and 2) for red, green, and blue light, respectively [Figure
1b]; WCBG2 functions as a focusing lens for green and red
light and produces a focused donut beam for blue light [Figure
1c]. An RGB hologram is also simulated to prove the versatility
of our design method.
Design Principle. We can denote the target phase proﬁle
for a general wavelength-controlled metasurface as
ϕ(x ,y ,λi) = f (x ,y ,λi) + C(λi)

i = 1,2 ... n

(1)

where λ is the design wavelength, (x,y) speciﬁes positions on
the metasurface, and n is the number of operating wavelengths.
ϕ(x,y,λi) consists of two parts: a general function f(x,y,λi) that
depends on both position and wavelength and a reference
phase C(λi) that is only wavelength dependent. Notably, the
functionality at each wavelength is determined only by f(x,y,λi).
This allows us to use C(λi) as a tuning knob in the design.
To realize a wavelength-dependent target phase proﬁle, the
corresponding phase shifter at each position (x,y) needs to
simultaneously fulﬁll the target phases ϕ(x,y,λi) for all design
wavelengths λ1,λ2...λn. In many cases, the target phases at two
positions can be the same for one wavelength ϕ(x1,y1,λ1) =
ϕ(x 2 ,y 2 ,λ 1 ), but very diﬀerent at other wavelengths
ϕ(x1,y1,λj=2...n) ≠ ϕ(x2,y2,λj=2...n). This requires having many
phase shifters that implement similar phases at λ1, but diﬀerent
phases at λj=2...n. In other words, one needs to build a phase
library where the realized phases at diﬀerent wavelengths are
eﬀectively decoupled. In contrast, monochromatic operation
needs only one phase shifter for a given realized phase at λ. In
the latter, the realized phases at all other wavelengths are
predetermined: one loses the degree of freedom to
independently implement diﬀerent phases at diﬀerent wavelengths [Figure S1].
To eﬀectively decouple the realized phases at diﬀerent
wavelengths, we utilize the folding of phases into 0−2π. The
schematic view of our phase shifter is shown in Figure 1d: it
consists of a 600 nm tall titanium dioxide (TiO2) square
nanopillar on top of a silver (Ag) mirror, separated by an
intermediate silicon dioxide (SiO2) layer. The only geometric
parameter that varies across the metasurface is the nanopillar
width. The eﬀect of phase folding is revealed by comparing
Figure 2a,b. In Figure 2a, each circular point represents a
speciﬁc nanopillar, with the marker color indicating the pillar
width. The Cartesian coordinates correspond to the unfolded
realized phase at 460, 540, and 700 nm. Only three wavelengths
are considered here for easier visualization. One can see that all
of the points form a line. The range of the line is referred to as
the phase coverage. Figure 2a is similar to Figure 2b, except that
the phases are folded into 0−2π. Now all of the data points
form a cloud of points spreading out on the entire 2π × 2π ×
2π cube (phase space), reﬂecting the decoupling of realized

Figure 2. (a) Unfolded realized phases at 460, 540, and 700 nm. Each
circular point corresponds to a speciﬁc designed nanopillar (phase
shifter). Color map represents the pillar width. (b) Realized phases at
460, 540, and 700 nm folded into 0−2π. Each circular point
corresponds to a speciﬁc designed nanopillar (phase shifter). Color
map represents the pillar width. The black star A represents an
arbitrary target phase point. Point B is the nearest neighbor of A
among all realized phase points. (c) Realized phase as a function of
nanopillar width at wavelengths of 460, 540, and 700 nm. As the pillar
width changes from 100 to 400 nm, the corresponding phase
undergoes multiple 0−2π phase cycles. The sharp phase jumps reﬂect
the excitation of guided mode resonance (GMR). One example of
GMR at a wavelength of 540 nm is marked out explicitly.

phases at diﬀerent wavelengths. Here the key concept is the
folding of phases into 0−2π. The folding process is essentially a
nonlinear mapping and breaks the one-on-one relation of the
unfolded quantities. Importantly, the unfolded phases have to
cover more than 2π, otherwise the folding becomes a trivial
identity mapping.
Phase folding provides a possible mechanism of decoupling
realized phases, but it still needs a suﬃciently large phase
coverage to successfully realize a wavelength-controlled
metasurface. To understand this, consider the target phase
ϕ(x,y,λi=1,2,3) at a speciﬁc position (x,y), represented by a black
star A in Figure 2b. We can ﬁnd its nearest neighbor point (B)
in the phase library. The distance between them reﬂects the
phase error of using B to approximate A. Since, in general, the
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layer was initially covered with 50 nm thick aluminum oxide
(Al2O3) to prevent oxidation during storage. The Al2O3 layer
was removed by HF before use. After removing Al2O3, a 180
nm thick silicon dioxide (SiO2) layer was deposited via plasma
enhanced chemical vapor deposition (PECVD) on top of Ag.
The titanium dioxide (TiO2) nanopillars were then fabricated
following the same procedure as mentioned in58 ref 54. The
optical image and scanning electron microscope image of the
fabricated samples are shown in Figure 3.

target phase point A can be located anywhere in the phase
space, it is necessary to have a phase library that occupies the
entire phase space with a relatively high average local density of
points. More phase coverage increases the average local density
of points and thus reduces error between realized and target
phases. Therefore, achieving a large phase coverage is a crucial
step in designing wavelength-controlled metasurfaces. This is
also where dispersion engineering of phase shifters comes in.
Two design strategies are utilized to expand the phase
coverage. First, we make use of the reﬂective conﬁguration to
eﬀectively double the propagation phase per pillar compared
with the transmissive case. Second, we design the nanopillars to
support guided mode resonances (GMR). GMR happens when
incident light couples to the leaky surface modes and reradiates
into free space via a phase-matching element.54,55 Rapid phase
change occurs around the resonances, contributing to a larger
phase coverage and further decoupling of realized phases at
diﬀerent wavelengths. Note that the nanopillar center-to-center
distance (U) has to be larger than all operation wavelengths in
TiO2 to satisfy the required coupling condition. In the
meantime, U must be smaller than λ/2NA and λ as well to
satisfy the Nyquist sampling criterion and avoid higher order
diﬀraction, respectively. Figure 2c shows the realized phases at a
function of pillar width at 460, 540, and 700 nm. Notice the
relatively sharp phase jumps corresponding to the GMRs.56
Through both the reﬂective conﬁguration and GMR, a phase
coverage as large as 28π is achieved [Figure 2a].
Method. Earlier, we visualized the error between the target
and realized phase as the distance between the nearest neighbor
pair in the phase space. However, in practice, one also needs to
consider the error in amplitude. In the optimization, we
account for both amplitude and phase by comparing the
complex ﬁeld. The average error is deﬁned as the mean
Euclidean distance between the target complex ﬁeld and the
realized complex ﬁeld.
Δ=

1
N

∑ ∑ |tt exp(iϕt ) − tr exp(iϕr )|
λi

Figure 3. (a−c) Optical image of the fabricated (a) multiwavelength
achromatic metalens (MAM), (b) wavelength-controlled beam
generator 1 (WCBG1), (c) wavelength-controlled beam generator 2
(WCBG2). (d) SEM image of a section of the fabricated WCBG1.
Scale bar: 500 nm.

A custom-built setup [Figure S2] is used to characterize the
fabricated samples. A laser beam from a supercontinuum laser
(NKT Photonics) is collimated and used to illuminate the
metasurface at normal incidence. We inserted a 50:50 beam
splitter between the source and the samples to direct the
reﬂected light to the imaging system. Two sets of objectives
with their tube lenses are cascaded to achieve a magniﬁcation of
40. The magniﬁcation factor is veriﬁed by imaging a target of
known size. A high dynamic range cMOS camera is used to
capture images. The sample is mounted on a motorized stage
with a minimum movement step of 100 nm. During the
measurement, the sample is moved along the z-axis
(propagation direction) and the images are captured accordingly. In the ﬁrst measurement of MAM, the stage is moved in
steps of 10 μm from 0.18 to 1.78 mm to capture a larger z
range. In the second measurement of MAM, the step size is set
to 3 μm to characterize the beam propagation near the focal
spot (z = 0.901−1.057 mm). The measurement is automated
with the help of a user-customized Labview program that
controls the laser, motorized stage, and camera simultaneously.
To measure the focused power, we placed an iris with an
adjustable diameter (D) in the image plane. The iris diameter is
set to 0.25 mm to block out the zeroth-order light and allow the
ﬁrst ring of the Airy disk focal spot passing through. A power
meter is placed immediately after the iris to collect the focused
light. To measure the reference power, the MAM is replaced by
a silver mirror of the same size (D = 400 μm), and the iris is
opened. Since the image of the mirror after the second
objective is larger than the receivable area (D = 9 mm) of the
power meter, we measure its power after the ﬁrst objective and
then adjusted the value according to the transmittance through
the second objective. We ﬁrst use a silver mirror with smaller
size (D = 200 μm) such that its image after the second
objective can be fully captured by the power meter. The
reﬂected power after the ﬁrst and second objective is recorded,
respectively. Their ratio is then used to adjust the reﬂected
power from the D = 400 μm silver mirror. Focusing eﬃciency is
calculated as the ratio of the focused power and the adjusted
reference power.

i = 1,2 ... n

x ,y

(2)

where the subscript t and r indicates a target and realized
quantity, n is the number of operating wavelengths, and N is a
normalization factor. The target amplitude tt is assumed to be
the unity in all of our designs, and the target phase proﬁle ϕt is
deﬁned in eq 1. The realized amplitude and phase are denoted
as tr and ϕr, respectively. The summation is taken over all
positions (x,y) on the metasurface and all design wavelengths
λi(i = 1,2...n). Particle swarm optimization toolbox (from
Matlab) is used to minimize the error function. The reference
phase C(λi) (deﬁned in eq 1) is utilized as an optimization
parameter to oﬀer an additional degree of freedom. The
Fresnel−Kirchhoﬀ integration method is then used to evaluate
the performance of the optimized design.
To design the RGB hologram, we ﬁrst decompose the target
image into its R, G, and B channels. The iterative Fourier
transform algorithm (IFTA) is used to obtain the target phase
proﬁle at each wavelength. The above-mentioned optimization
method is applied to ﬁnd the optimal choice of phase shifters.
We then simulate the reconstructed holographic image using
the phase and reﬂectance of the designed structure via fast
Fourier transform.
We ﬁrst deposited a 1100 nm thick silver (Ag) layer on a
silicon substrate using the method described in57 ref 53. The Ag
2423
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Figure 4. (a−d) Focal spot images of the multiwavelength achromatic metasurface (MAM) at (a) 460, (b) 540, (c) 567, and (d) 700 nm. The
corresponding focal length is 0.979, 0.985, 0.976, 0.982 mm, respectively. Scale bar: 2 μm. (e−h) Blue/red curve: measured intensity proﬁle along
the horizontal (x)/vertical (y) line cutting through the center of the focal spot at (e) 460 nm, (f) 540 nm, (g) 567 nm, and (h) 700 nm. Black dashed
curve: intensity proﬁle of the diﬀraction-limited focal spot with the unity peak intensity. The measured proﬁles are normalized to yield the same
focused power as the theoretical ones. (i) Measured intensity proﬁles of the reﬂected beam by MAM in the x−z plane at the wavelength of 460, 540,
567, and 700 nm from z = 0.18−1.78 mm. (j) Magniﬁed measured intensity proﬁle in the x−z plane from z = 0.901−1.057 mm.

Results. As a ﬁrst example of wavelength-controlled
metasurface, we designed a MAM with NA = 0.2 and D =
400 μm. The target phase proﬁle is given by
ϕ(r ,λi) =

2π
f−
λi

(

r2 + f 2

)

+ C(λi)

ϕ(r ,θ ,λi ,li) =

2π
f−
λi

(

r2 + f 2

) + l θ + C(λ )
i

i

(4)

where (r,θ) is the cylindrical coordinates on the metasurface, li
is the OAM quantum number at λi, and f is the focal length.
The phase proﬁle contains an achromatic focusing term

(3)

2π
λi

where f is the focal length. The lens exhibits achromatic
focusing at wavelengths of 460 (B), 540 (G), 567 (Y), and 700
nm (R). The measured focal spot images are shown in Figure
4a−d. Focal length was measured as 0.979, 0.985, 0.976, and
0.982 mm at the B, G, Y, and R wavelength, respectively
[Figures 4i,j]. Near-diﬀraction-limited focal spots are achieved
with Strehl ratios of 0.86, 0.91, 0.81, and 0.92 at corresponding
wavelengths [Figure 4e−h]. The measured focusing eﬃciencies
are 17.7%, 16.0%, 21.4%, and 22.6% for B, G, Y, and R,
respectively. Figure 4i shows the evolution of the reﬂected
beam in the x−z plane from z = 0.18−1.78 mm. The measured
intensity proﬁle is in good agreement with simulation [Figure
S3]. Residual unwanted higher order focal spots are observed,
but with intensity much lower than the primary focal spots. A
zoom-in view of the x−z plane propagation proﬁle near the
focal plane is illustrated in Figure 4j. It is clear that B, G, Y, and
R light all focuses at nearly the same position. A comparison
between the target and realized phase proﬁle is shown in
Figures S4 and S5.
We also designed metasurfaces that generate focused beams
with a diﬀerent OAM depending on wavelength (wavelengthcontrolled beam generator, WCBG).
The target phase proﬁle for WCBG is given by

(f −

)

r 2 + f 2 , a helical phase term liθ, and a reference

phase C(λi). Here, we design the metalenses with NA = 0.2, f =
0.98 mm, and diameter of 400 μm.
If l = 0, then eq 4 reduces to eq 3 and the device functions as
a normal focusing lens. For l ≠ 0, the device generates a donutshaped focal spot. The achromatic focusing term (ﬁrst term on
the right side of eq 4) can be generalized to have a wavelengthdependent focal distance or removed if desired. Note that a
rigorous treatment of the focused optical vortex beam involves
the vector diﬀraction theory. The latter requires considering
both polarization eﬀect and spin−orbital angular momentum
conversion, especially in the case of the tightly focused vortex
beam.59 However, our design (NA = 0.2) is far from the
strongly focused beam regime, and one can safely use the scalar
diﬀraction theory.
Two examples of WCBG are fabricated. Figure 5 shows the
measured intensity proﬁle of one device (WCBG1) that
generates a focused beam with l = 2, 1, 0 at wavelength 455,
540, and 700 nm, respectively, with a corresponding eﬃciency
of 31%, 37%, and 33%. The average eﬃciency is 34%,
comparable to the theoretical upper limit of average eﬃciency
using spatial multiplexing (33.4%). The experimental results
agree well with numerical simulations [Figures 5d−f].
2424
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polarization and vector diﬀraction theory need to be
considered. Simulation results of a high NA design (NA =
0.8) can be found in the supplementary ﬁle (Figure S8a−c).
The donut beams proﬁles [Figures 5a,b and 6a] show a slight
asymmetry in both devices due to imperfect phase ﬁtting and
optical alignment.
To demonstrate the versatility of our design approach, we
also simulated a full color hologram (Figure 7) operating at
480, 530, and 630 nm. The target image was well-reconstructed,
although the contrast is reduced due to phase ﬁtting error.

Figure 5. (a−c) Measured intensity proﬁle of wavelength-controlled
beam generator 1 (WCBG1) at z = 0.98 mm. The device generates (a)
a large focused donut beam (l = 2) at 455 nm, (b) a small focused
donut beam (l = 1) at 540 nm, and (c) a focal spot (l = 0) at 700 nm
at the same focal plane. Scale bar: 2 μm. (d−f) Blue/red curve:
measured intensity proﬁle along the horizontal (x)/vertical (y) line
cutting through the center of the beam in the focal plane. Black dashed
curve: simulated intensity proﬁle with the unity peak intensity. The
measured proﬁles are normalized to yield the same focused power as
the simulated ones.

Figure 7. (a) Target image and (b) the simulated holographic image
of a RGB hologram designed at 480, 530, and 630 nm.

The measurement results of a diﬀerent design (WCBG2)
that generates a focused beam with l = 1, 0, 0 at 480, 515, and
690 nm, respectively, at z = 0.98 mm are illustrated in Figure 6.

Although we emphasize the importance of having multiple
2π phase coverages, our devices should not be confused with
multiorder diﬀractive (MOD) optical elements.60,61 MOD
lenses are diﬀractive lenses operating at higher diﬀraction
orders. Unlike traditional diﬀractive lenses, the phase jump of
MOD lenses at the zone boundaries is a multiple of 2π to allow
for higher diﬀraction orders. With proper engineering, the mthorder focal spot at λ1 can coincide with the nth-order focal spot
at λ2 (λ1 > λ2,m < n). By tuning the blazing angle, MOD lenses
can achromatically focus light at several wavelengths with high
eﬃciency. Although the term multiple 2π phase is used in both
cases, there are major diﬀerences between our method and
MOD designs. First, MOD cannot implement diﬀerent
functionalities at diﬀerent wavelengths. In comparison, in our
design, the functionality at diﬀerent wavelengths can be
completely decoupled. Second, MOD devices trade achromatism with thickness. The thickness of visible MOD lenses, in
general, increases with the number of wavelengths corrected,
whereas our design does not require adding physical thickness
or fabrication complexity. In addition, the surface conﬁguration
of MOD lenses has a zone period that is a common multiple of
the period required at diﬀerent design wavelengths. This
multiplied zone period is the most important feature and a
necessary condition for MOD lenses. In contrast, our design
has an aperiodic surface conﬁguration, and the achromatic
performance is encoded locally in the dispersion property of
individual phase shifters.
It is also feasible to adapt the proposed design principle to
transmissive conﬁgurations. First of all, we believe the basic
principles are still applicable. For example, one can use phase
folding to decouple the realized phases at diﬀerent wavelengths
and expand the phase coverage as much as possible to reduce
error. Second, the essence of the phase shifter design, increasing
propagation phase per pillar and incorporating resonances,
remains valid, although the actual implementation may vary.
More speciﬁcally, rather than doubling the propagation phase
via reﬂection, one may increase the pillar height instead;

Figure 6. (a−c) Measured intensity proﬁle of wavelength-controlled
beam generator 2 (WCBG2) at z = 0.98 mm. The device generates (a)
a focused donut beam (l = 1) at 480 nm, a focal spot (l = 0) at (b) 515
nm, and (c) 690 nm at the same focal plane. Scale bar: 2 μm. (d−f)
Blue/red curve: measured intensity proﬁle along the horizontal (x)/
vertical (y) line cutting through the center of the beam in the focal
plane. Black dashed curve: simulated intensity proﬁle with the unity
peak intensity. The measured proﬁles are normalized to yield the same
focused power as the simulated ones.

The eﬃciency is 31%, 32%, and 33% at each operating
wavelength. With the ability to focus light at two wavelengths,
and generate a focused donut-shaped beam at a third
wavelength, WCBG2 serves as a proof-of-principle prototype
for a compact STED microscope. Note, however, that a true
STED microscope requires a high NA, and therefore the
polarization eﬀect becomes non-negligible. In that case, the
design principle remains similar, but a proper incident
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moreover, other resonance mechanisms can be utilized instead
of GMR to achieve a more uniform transmission spectrum.
Strictly speaking, GMR is a collective phenomenon and
assumes a periodic boundary condition. On metasurfaces, the
nanopillar width varies across the surface and the system is no
longer periodic. However, we believe the concept of GMR
remains as a good approximation in our system. The high index
contrast between nanopillars and air leads to strong coupling
between the surface modes and free space radiation. The
guided waves are scattered out to free space rapidly and do not
propagate far in the lateral direction. This means the modes are
essentially localized, with the reﬂection property depending
only on the local geometry around each nanopillar.62 The
agreement between our measured intensity proﬁles and those
simulated via Fresnel−Kirchhoﬀ integration serves as additional
proof of the validity of such approximation.
A higher eﬃciency is expected with further improvement in
fabrication. To understand what limits the ﬁnal eﬃciency in the
current setup, we measured the power of light reﬂected from
the surface of MAM and a silver mirror of the same size. We
found that the former is less than 30% of the latter, which
suggests that the reﬂection loss is a main limiting factor to the
total eﬃciency. The ratio of the focused power and the total
power reﬂected from the MAM surface is more than 70% for all
wavelengths, indicating a good focusing performance. The
reﬂection loss can result from resonant eﬀect, which causes
more energy being absorbed by the metallic mirror. Therefore,
by replacing the metallic mirror with a dielectric Distributed
Bragg Reﬂector (DBR), one can potentially increase the
eﬃciency to around 70%.
In summary, we presented a versatile wavelength-controlled
metasurface design strategy in the visible spectrum. As a proofof-principle, we theoretically and experimentally demonstrated
a visible multiwavelength achromatic metalens (MAM)
operating at B, G, Y, and R wavelengths. We also designed
and fabricated two wavelength-controlled beam generators
(WCBG) that produce focused beams with diﬀerent OAM
numbers depending on wavelength. A full color hologram is
also demonstrated in simulation. The eﬃciency can be further
enhanced through improvement in design and fabrication. The
number of operating wavelengths can also be expanded to
accommodate a more complex functionality integration.
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