
PHYSICAL REVIEW APPLIED 14, 024035 (2020)

Axially Tailored Light Field by Means of a Dielectric Metalens

Xinhao Fan,1 Peng Li ,1,* Xuyue Guo,1 Bingjie Li,1 Yu Li,1 Sheng Liu,1 Yi Zhang,2 and
Jianlin Zhao1,†

1
MOE Key Laboratory of Material Physics and Chemistry under Extraordinary Conditions, and

Shaanxi Key Laboratory of Optical Information Technology, School of Physical Science and Technology,
Northwestern Polytechnical University, Xi’an 710072, China

2
School of Chemical and Biomedical Engineering, Nanyang Technological University, 70 Nanyang Drive,

Singapore, 637457, Singapore

 (Received 24 March 2020; revised 25 May 2020; accepted 10 July 2020; published 13 August 2020)

Metasurfaces that enable wave-front manipulation within the subwavelength range exhibit fascinat-
ing capabilities and application potentials in ultrathin functional devices. Therein, various metasurfaces to
realize delicate transverse and even three-dimensional structured light fields have been proposed for appli-
cations such as holographic displays, imaging, optical manipulation, etc. However, a metasurface with the
capability of tailoring the axial structure of a light field has not been reported so far. Here, we propose
and experimentally demonstrate a dielectric metalens to tailor the axial intensity distribution of a light
field, based on the independent control of amplitude and phase. The metalens is designed according to an
optimized Fourier spectrum encoding method, which allows construction of an ultrasmall nondiffractive
light field with any arbitrary preestablished axial structure. This axial modulation scenario enriches the
three-dimensional wave-front modulation functionality of the metasurface, and can be implemented for
other waves beyond optics, from acoustic and elastic waves to matter waves.
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I. INTRODUCTION

Metasurfaces are artificially ultrathin materials formed
by two-dimensional arrays of subwavelength structures,
which can modify the amplitude, phase, and polarization
distribution of electromagnetic waves on a subwavelength
scale [1]. Therefore, in recent years, they have been exten-
sively studied to develop miscellaneous devices, such
as lenses [2], wave plates [3], holograms [4], polariza-
tion detectors [5], multiplexers [6], and so on [7]. The
valid response of metasurfaces has been expanded from
the microwave to the visible spectrum [8]. According to
the actuating medium, metasurfaces can be classified into
two categories, metallic and dielectric [9,10]. The for-
mer category has prominent capabilities at microwave and
THz frequencies [11–13], as well as a nonlinear effect
[14–16]. The latter category, which consists of materials
with high refractive indices, currently attracts consider-
able interest, and has been widely designed into various
transmission-type devices, because of the advantages of
low loss, magnetic response, and managed dispersion at
optical frequencies [17–27]. Most impressively, achro-
matic metalenses with high numerical aperture (NA) and
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efficiency have been developed in depth for near-infrared
and visible frequencies [28–30]. However, the highly
efficient transmission brings about another issue, that is,
how to modulate the amplitude parameter. To address this
problem, dielectric metasurfaces commonly encode the
amplitude information of wave front into their phase func-
tions, using phase-only computer-generated holograms
[31–33]. Unfortunately, the accompanying background
noise is another issue.

Recently, some transmission-type metal metasurfaces
consisting of split rings and multilayer meta-atoms [34,35]
and dielectric metasurfaces with distinctive geometric ele-
ments have been demonstrated with the capability of
independent control of amplitude and phase [36,37]. The
full control of complex amplitude of a light field creates
significant improvements in holographic display, flexible
manipulation of diffraction, and so on. It is noteworthy
that, although various metasurfaces for modulating the
transverse and three-dimensional (3D) distribution of the
light field have been successfully proposed, a metasurface
aiming to tailor the axial structure of a light field has not
been reported so far.

Here, we propose a single-layer dielectric metalens for
axially tailoring a light field. The metalens is designed
according to an optimized Fourier spectrum encoding
method. It consists of an array of rectangular nanopillars
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FIG. 1. Design of dielectric metalens
with independent control of amplitude
and phase. (a) Schematic of axial tai-
loring of light field via a single-layer
dielectric metalens. Inset: sketch of the
illumination details. For the normal inci-
dence of a circularly polarized beam,
the metalens transforms it into an oppo-
sitely polarized beam with radially vary-
ing transmission amplitude (denoted by
rectangles with different brightness) and
phase, then generates an axially tailored
field. (b) Top: meta-atom of poly-Si
nanopillar deposited on SiO2 substrate
with geometric parameters of L (length),
W (width), h (height), and P (period).
Bottom: top view of the meta-atom. θ

is the rotation angle of the rectangu-
lar nanopillar relative to the reference
coordinate system. (c) Transmission
amplitudes of 17 selected geometries. (d)
Normalized electric fields and phase dis-
tributions when x- and y-polarized light
beams illuminate the 1st (N 1) and 17th
(N 17) geometries. The red arrows and
crosses depict the polarization orienta-
tions of incident light beams.

with various geometric parameters and rotation angles,
which allow the complete and independent control of
amplitude and phase. As shown in Fig. 1(a), for an incident
circularly polarized light field, the metalens transforms
it into an oppositely polarized field with radially vari-
ant transmission amplitude and phase, which focuses into
an ultrasmall nondiffractive light field with preestablished
intensity profile along the propagating direction, namely
performing the axial tailoring of the light field. To vali-
date our proposed approach, we successfully fabricate two
metalenses and observe the construction of nondiffractive
fields with uniform and oscillating profiles.

II. METALENS DESIGN

A. Independent control of amplitude and phase

To realize the independent control of amplitude and
phase, we start by analyzing the response of a dielectric
metasurface that consists of subwavelength meta-atoms
with the simplest geometry, that is, a rotated rectangular
nanopillar, as reported in Ref. [37]. As shown in Fig. 1(b),
the meta-atom is a rotated rectangular nanopillar with
high refractive index deposited on a transparent substrate,
whose period and geometric parameters are denoted by
P and h (height), L (length), W (width), and θ (rota-
tion angle), respectively. The high-index nanopillar can
be considered as a truncated waveguide, which has cor-
responding effective refractive indices for two orthogonal

linearly polarized components. Hence, this rotated rect-
angular nanopillar performs wave-front modulation as a
birefringent element. Suppose that the transmission ampli-
tude and phase delay are denoted as T0 and δ, respectively.
Thus the Jones matrix of such an element can be expressed
as

J = T0eiϕ0R(−θ)

[
eiδ/2 0

0 e−iδ/2

]
R(θ), (1)

where R(·) is the rotation matrix and ϕ0= (ϕe + ϕo)/2
denotes the propagation phase depending on the accumu-
lated phases of two linearly polarized components (ϕe and
ϕo correspond to the extraordinary and ordinary compo-
nents, respectively). As a result, for the incidence of a
circularly polarized beam, whose polarization is described
as [1 i]T, the output field can be expressed as

E = T0eiϕ0

√
2

cos
δ

2

[
1
i

]
+ i

T0eiϕ0

√
2

sin
δ

2
ei2θ

[
1
−i

]
. (2)

Equation (2) clearly shows that the output field contains
two components with orthogonally circular polarizations.
The first component has the same polarization as the inci-
dent beam; in other words, it is the directly transmitted
component, whose amplitude is strongly dependent on
cos(δ/2). And yet the second component has an oppo-
site circular polarization, whose complex amplitude can be
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expressed as T0 sin(δ/2)exp[i(ϕ0+ 2θ )]. According to this,
a dielectric metasurface consisting of similar geometric
elements has been proposed recently to realize the inde-
pendent control of amplitude and phase, whose elements
have constant T0 and ϕ0 but varying δ and θ [37]. That
is, the second output component has modulated amplitude
and phase depending on δ and θ , respectively. Neverthe-
less, once the desired amplitude is not equal to 1, i.e.,
sin(δ/2) �= 1, according to Eq. (2), then cos(δ/2) �= 0. This
means that this metasurface has a significant directly trans-
mitted component. Therefore, a circular polarization filter
is required in front of the observer [37].

Here, eliminating the coaxially transmitted component,
namely the first term on the right-hand side of Eq. (2), is
the precondition for realizing axial modulation. Accord-
ing to Eq. (2), we find that, when δ =±π , the ele-
ment acts as a half-wave plate, i.e., cos(δ/2) = 0 and
sin(δ/2) = ±1, by which the incident beam can be totally
transformed into the opposite polarization in theory, that
is, the directly transmitted component is eliminated. There-
fore, the transmission complex amplitude can be expressed
as T0 exp[i(ϕ0+ 2θ )]. Obviously, the amplitude of the out-
put field is only dependent on the transmission efficiency
of the element, which is determined by the geometric size.
The phase function is related to the combination of propa-
gation and geometric phases, i.e., ϕ0 and 2θ . To break this
correlation, we here introduce an indirect parameter, which
is defined as θ ′ = θ −ϕ0/2. Consequently, in practice, we

eliminate the propagation phase by adding an opposite
rotation angle of ϕ0/2 on θ . Therefore, the output light
field has independently modulated amplitude and phase,
which are tunable by steering the geometric parameters
and rotation angle of the meta-atom, respectively.

According to this principle, we choose polycrystalline
silicon (poly-Si) and SiO2 as high-refractive-index mate-
rial and substrate, then scan the length and width of the
nanopillar to pick out 17 geometries, for which the phase
delay is near to π as much as possible (see Fig. S1 and
Sec. 1 of the Supplemental Material [38]). The correspond-
ing transmission amplitudes are shown in Fig. 1(c). It
can be seen from this diagram that these selected geome-
tries present a good linear relationship. As an example,
Fig. 1(d) displays the amplitude and phase distribution
of normalized electric fields in the x-z plane, when x-
and y-polarized light beams illuminate the 1st (N 1) and
17th (N 17) selected geometries, respectively. The rotation
angles of the two geometries are both θ = 0. The black
dashed rectangles depict the interfaces of nanopillars.
These results are numerically calculated by using finite-
difference time-domain (Lumerical software) simulation.
The incident wavelength is 670 nm and the thicknesses
of the poly-Si and substrate are 570 nm and 500 µm,
respectively. The geometric sizes of N 1 are found to
be L = W = 220 nm. As shown, for this geometry, the
destructive interference of forward scattered fields induces
near-zero transmission amplitude [39], i.e., E0 ≈ 0. While

(b)(a)

(f) (e) (d)

(c)

Mask
Lens

FIG. 2. Assembling a dielectric metalens for axially tailoring a light field. (a) Schematic of generating Bessel beam based on
Durnin ring. Inset: Durnin ring mask with a sharp transparent ring and the corresponding normalized intensity profile on the z axis.
(b) Preestablished intensity profile I (r = 0,z) (top) on the axis and amplitude distribution of the corresponding spatial spectrum U(kr)
(bottom). (c) Transmission distribution of the Fourier spectrum mask. The mask sizes are 1.08 × 1.08 mm2. (d) Phase and (e) ampli-
tude distribution of the optimized mask calculated from the spatial spectrum, according to Eq. (5). (f) Assembly diagram of metalens
from the Fourier transform lens and optimized mask.
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for the N 17 geometry, whose geometric sizes are found to
be L = 166 nm and W = 112 nm, the transmission ampli-
tudes of the two components are obviously enhanced.
These results exhibit the tunability of transmission ampli-
tude by changing the nanopillar geometry.

B. Axial tailoring theory

We employ the spatial spectrum optimization method
of Durnin ring to implement the axial modulation [40,
41]. The operation principle is schematically shown in
Fig. 2(a). For this method, a Durnin ring mask with a
sharp transparent ring, whose radius is R, is placed at the
front focal plane of a Fourier lens, so the incident light
beam passing through this mask generates a quasi-Bessel
beam in the space near the back focal plane of the lens,
with a Gaussian-like intensity profile on the z axis, as
shown in the inset of Fig. 2(a). The Durnin ring and the
Bessel beam have a relationship of R/f = √

k2 − k2
z /kz,

where f denotes the focal length of the lens and kz is the
propagation constant of the Bessel beam. This correspond-
ing relationship has been introduced into dielectric gra-
dient metalenses to design axicons with high efficiencies
[42–44], which can only generate ultrasmall Bessel beams
with axial profiles similar to that of the inset in Fig. 2(a).

In cylindrical coordinates, a light field with arbitrary
axial intensity function [I (z) = |E(z)|2] can be decomposed
into orthogonal Bessel spectra with different propagation
constants kz as [40]

E(r = 0, z) =
∫ k

0
U

(√
k2 − k2

z , z
)

exp(ikzz)kzdkz, (3)

where E(r = 0,z) denotes the preestablished axial ampli-
tude function, U(·) corresponds to the coefficient of the
Bessel spectrum, and k = 2π /λ is the wave number.
According to the inverse Fourier transform of Eq. (3), the
spatial spectrum thus can be expressed as

U
(√

k2 − k2
z , z = 0

)
= 1

2πkz
F−1{E(z) exp(ikz0z)}, (4)

where F−1{·} denotes the inverse Fourier transform func-
tion and kz0 is the propagation constant corresponding to
the main spatial spectrum. Considering the Fourier trans-
form relationship between the Bessel and delta functions,
the complex coefficient in Eq. (4) actually represents the
complex amplitude at the Fourier spectrum plane, which
replaces the sharp transparent ring. Figure 2(b) illus-
trates the Fourier spectrum optimization principle of an
axial rectangle function, i.e., E(r = 0, z) = rect(z/a), with
a denoting the width of the rectangle function. The lower
diagram in Fig. 2(b) depicts the radial amplitude distribu-
tion of the optimized spatial spectrum. Figure 2(c) displays
the transmission distribution of the corresponding mask.

To design a compact metalens integrated with Fourier
transform functionality, the transmission function at the
front focal plane, that is, the complex amplitude function
expressed in Eq. (4), is replaced by a transfer function that
contains the propagation process from the front focal plane
to the surface of the lens, which can be described as the
Fresnel diffraction of the light field in Eq. (4) as

U(x, y) = T(x, y)eiϕ(x,y)

∝ F
{

1
2πkz

F−1{E(z) exp(ikz0z)}exp
(

ik
x2

0 + y2
0

2f

)}
.

(5)

Figures 2(d) and 2(e) display the phase and amplitude
distribution of the optimized complex transmission, i.e.,
U(x,y), which is calculated from Fig. 2(c) according to
Eq. (5). The assembly of the metasurface is schemati-
cally shown in Fig. 2(f) (see Sec. 2 of the Supplemental
Material [38]).

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figures 3(a) and 3(b) display scanning electric
microscopy (SEM) images of the metalens fabricated
according to the theory discussed above. As shown in
Fig. 3(b), nanopillars present radially variant geometries
and rotation angles with a period of 450 nm, indicating
the radial variation of transmission. The pixel sizes of the
metasurface are 2400 × 2400.

(a) (b)

(c)

FIG. 3. (a) SEM image of the metalens and (b) its locally
enlarged image. This metalens is fabricated for generating a non-
diffractive light field with rectangular intensity profile along the
z axis. (c) Experimental setup. QWP: quarter-wave plate. The
microscopic measurement system consisting of objective and
tube lenses and CMOS camera is placed on a linear translation
stage that moves along the z direction.
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This single-layer dielectric metalens is fabricated based
on the processes of deposition, patterning, liftoff, and etch-
ing. At first, a 570-nm-thick poly-Si film is deposited
on a 500-µm-thick SiO2 substrate by inductively cou-
pled plasma enhanced chemical vapor deposition, and then
a 100-nm-thick hydrogen silsesquioxane electron beam
spin-on resist (HSQ, XR-1541) is spin-coated onto the
poly-Si film and baked on a hot plate at 100 °C for 2 min.
Next, the desired structures are imprinted by using stan-
dard electron beam lithography (Nanobeam Limited, NB5)
and subsequently developed in NMD-3 solution (concen-
tration of 2.38%) for 2 min. Finally, the desired structures
are transferred from the resist to the poly-Si film by using
inductively coupled plasma etching (Oxford Instruments,
Oxford Plasma Pro 100 Cobra300).

Figure 3(c) shows the experimental setup. A linearly
polarized beam from a diode-pumped solid-state laser
with a wavelength of 670 nm is normally incident onto
the metalens, after passing through a quarter-wave plate.
The desired light fields with longitudinally tailored inten-
sity and ultrasmall transverse scale are generated after
the metasurface. We use a microscopic measurement sys-
tem consisting of a 10× objective lens (NA = 0.25), tube
lens (f = 20 cm), and CMOS camera with a resolution
of 2048 × 2048 and pixel size of 5.5 × 5.5 µm2 (acA2040,
Basler) to characterize such special fields. The microscopic
measurement system is fixed on a linear translation stage
to implement the z-scanned measurement and to map the
3D intensity distributions. In experiments, we set the back
surface of the metasurface as the z = 0 plane.

We first assess the axial tailoring capability by observ-
ing the reconstructed light field from the metalens shown
in Fig. 3(a), which is designed and fabricated by using
parameters f = 3 mm, a = 2 mm, and R0= 200 µm. The
numerically reconstructed intensity distribution in the y-
z plane and the on-axis intensity profile are shown in
Figs. 4(a) and 4(b), respectively. These intensity distribu-
tions are normalized. As shown, this metalens supports the
construction of a nondiffractive light field, which presents
a rectangular intensity profile with slight disturbance in the
range from z = 2 to 4 mm. The disturbance is induced by
the deficiency of high-order spatial spectrum, because the
aperture of the metalens limits the Bessel components with
large transverse wave vector.

Figure 4(c) displays the experimentally measured 3D
intensity distribution in a longitudinal range from z = 1.6
to 4.2 mm, which is mapped from the scanned data with
an interval of 10 µm. Considering the rotational symme-
try of the reconstructed light field, we set the x = 0 plane
as a front surface to intuitively present the intensity dis-
tribution near the z axis. Figure 4(d) shows the measured
on-axis intensity distribution. Figure 4(e) displays the
transverse normalized intensity distributions at four planes
corresponding to the red points shown in Fig. 4(d). Con-
sistent with the theoretical prediction, this experimentally

(a)

(b)

(c)

(d)

(e)

FIG. 4. Normalized intensity distributions of a rectangle-
profiled light field. (a) Numerically reconstructed light field in
the y-z plane. (b) Calculated on-axis intensity distribution. (c)
Measured 3D intensity distribution in a longitudinal interval
of 2.6 mm. (d) Measured on-axis intensity distribution. Red
points: z1= 1.6 mm, z2= 2.1 mm, z3= 2.7 mm, and z4= 3.9 mm.
(e) Measured intensity distributions at the planes of z1, z2, z3,
and z4.

constructed light field retains its transverse width (half-
width of the main lobe is about 4 µm) in a longitudinal
interval of about 2 mm, namely showing a quasi-zeroth-
order nondiffractive light field in such a distance. More-
over, in contrast to the slowly varying intensity profile
shown in the inset of Fig. 2(a), Fig. 4(d) clearly shows a
steep rising edge and a relatively slow descending edge
near the z = 2 and 4 mm planes, respectively, indicating the
successful generation of an axially tailored light field from
the metalens. Note that the intensity patterns in Fig. 4(e)
clearly show that, besides the zeroth-ordered main lobe,
these high-ordered lobes follow the preestablished varia-
tion along the z direction likewise. This means that the
generated light beam has a nondiffractive property, which
is of great significance for optical processing [45].

To validate the flexibility and universality of this
axial tailoring concept, we design other structured light
fields. Figure 5(a) shows the spatial spectrum of a light
field with axially oscillating intensity on the z axis, i.e.,
E(z) = cos(2πbz), with b denoting the oscillating period.
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(a) (b) (d)

(c)

(e)

10 mm

FIG. 5. Measurement of oscil-
lating field constructed from
metalens. (a) Transmission
distribution of the mask cor-
responding to a cosinusoidal
profile. (b) Local SEM image of
the metalens. (c) Measured 3D
intensity distribution in a longi-
tudinal interval from z = 2.52 to
4.68 mm. (d) Measured on-axis
intensity and the corresponding
fitted curve. (e) Transverse inten-
sity distributions at four planes
corresponding to the points
shown in (d). Insets: top-view
intensity patterns. These intensity
distributions are normalized.

According to the assembly method, we design and fab-
ricate a metalens, a SEM image of which is shown in
Fig. 5(b). Figure 5(c) displays the experimentally mea-
sured intensity distribution in a longitudinal range from
z = 2.52 to 4.68 mm. Intuitively, the on-axis intensity
presents an oscillating profile. Figure 5(d) shows the mea-
sured intensity distribution on the axis, where the black
squares and red curve represent the measured results and
the fit to the data, respectively. The experimental results
are in good agreement with the theory, presenting a cos-
inusoidal curve with a period of about 210 µm. Figure
5(e) displays the intensity distributions in a square region
near the axis at four transverse planes, whose longitudinal
positions are denoted by the dashed circles on the cosi-
nusoidal curve shown in Fig. 5(d), corresponding to these
four adjacent peak and valley points. Different from the
results shown in Fig. 4(e), this beam periodically varies
its transverse pattern with the oscillation of on-axis inten-
sity, presenting a “light cage” structure in 3D space, which
has been reported as having application potential in parti-
cle trap and manipulation [46], as well as imaging [47,48].
The longitudinal period is discussed in Sec. 3 of the
Supplemental Material [38].

Besides the compactness, another advantage provided
by the full control of complex amplitude is the transmis-
sion efficiency. Compared with the Fourier spectrum mask
shown in Fig. 2(c), which is commonly used in traditional
optical devices such as spatial light modulator because of
the single response of amplitude and phase [40,41], the
optimized mask can significantly enlarge the transmitted
area of the mask. Consequently, the generation efficiency is
enhanced from 3.8% to about 19.8%. These efficiencies are
estimated by integrating the transmittances. It is notewor-
thy that, in the experiment, the size of the Durnin ring is
adjustable to match the focus and the preestablished axial

structure, so that the transmitted area can be as large as
possible, resulting in the improvement of the generation
efficiency. Whereas, the efficiency is strongly dependent
on the preestablished profile, e.g., the efficiency of the
oscillating field is about 6.3%. Actually, the cosine profile
can be decomposed as the coherent superposition of two
Bessel beams with different transverse wave vectors. Con-
sequently, the spectrum mask consists of just two rings, as
shown in Fig. 5(a). On the other hand, for a light field with
a complex axial profile, more spectrum rings can enhance
the efficiency.

In addition, both the transverse and longitudinal struc-
tures of these proposed light fields can be further reduced,
by combining our method with a high-NA metalens, to
create structured light fields with subwavelength geome-
tries [49], and even superoscillating fields [50], providing
fruitful opportunities for applications in optical process-
ing, imaging, particle manipulation, and so on. Use of
such an axially oscillating field is a pioneering approach
for constructing tightly focusing fields with longitudinally
oscillating polarization [51]. Furthermore, this kind of
axial modulation scenario based on metasurfaces can be
implemented in other waves beyond optics, from acoustic
waves [52] to matter waves [53].

IV. CONCLUSION

In conclusion, we propose a single-layer dielectric met-
alens with independent control of amplitude and phase to
achieve the axial tailoring of a light field. Based on the full
control of complex amplitude of the light field, we design
and fabricate metalenses according to an optimized Fourier
spectrum encoding method, which enable the construction
of nondiffractive fields with any arbitrary preestablished
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axial intensity profiles. As demonstration, ultrasmall non-
diffractive light fields with axially uniform and oscillating
intensities are experimentally generated. This ultraflat and
ultrasmall metalens enriches the 3D modulation of light
fields at ultrasmall scale, and could be further investigated
in relation to other waves.
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[41] T. Čižmár and K. Dholakia, Tunable bessel light modes:
Engineering the axial propagation, Opt. Express 17, 15558
(2009).

[42] D. Lin, P. Fan, E. Hasman, and M. L. Brongersma, Dielec-
tric gradient metasurface optical elements, Science 345,
298 (2014).

[43] W. T. Chen, M. Khorasaninejad, A. Y. Zhu, J. Oh,
R. C. Devlin, A. Zaidi, and F. Capasso, Generation
of wavelength-independent subwavelength bessel beams
using metasurfaces, Light Sci. Appl. 6, e16259 (2017).

[44] Z. Ma, S. M. Hanham, P. Albella, B. Ng, H. T. Lu, Y.
Gong, S. A. Maier, and M. Hong, Terahertz All-dielectric
magnetic mirror metasurfaces, ACS Photonics 3, 1010
(2016).

[45] M. Duocastella and C. B. Arnold, Bessel and annular
beams for materials processing, Laser Photonics Rev. 6,
607 (2012).

[46] M. Mazilu, D. J. Stevenson, F. Gunn-Moore, and K. Dho-
lakia, Light beats the spread: “non-diffracting” beams,
Laser Photonics Rev. 4, 529 (2010).

[47] G. Antonacci, G. D. Domenico, S. Silvestri, E. DelRe,
and G. Ruocco, Diffraction-free light droplets for axially-
resolved volume imaging, Sci. Rep. 7, 17 (2017).

[48] L. Gao, L. Shao, B. C. Chen, and E. Betzig, 3D live fluo-
rescence imaging of cellular dynamics using bessel beam
plane illumination microscopy, Nat. Protocols 9, 1083
(2014).

[49] H. Hu, Q. Gan, and Q. Zhan, Generation of a Nondiffracting
Superchiral Optical Needle for Circular Dichroism Imag-
ing of Sparse Subdiffraction Objects, Phys. Rev. Lett. 122,
223901 (2019).

[50] G. Yuan, K. S. Rogers, E. T. F. Rogers, and N. I. Zheludev,
Far-Field Superoscillatory Metamaterial Superlens, Phys.
Rev. Appl. 11, 064016 (2019).

[51] P. Li, X. Fan, D. Wu, S. Liu, Y. Li, and J. Zhao, Self-
accelerated optical activity in free space induced by gouy
phase, Photon. Res. 8, 475 (2020).

[52] B. Assouar, B. Liang, Y. Wu, Y. Li, J. C. Cheng, and
Y. Jing, Acoustic metasurfaces, Nat. Rev. Mater. 3, 460
(2018).

[53] Y. Yang, G. Thirunavukkarasu, M. Babiker, and J. Yuan,
Orbital-Angular-Momentum Mode Selection by Rotation-
ally Symmetric Superposition of Chiral States with Appli-
cation to Electron Vortex Beams, Phys. Rev. Lett. 119,
094802 (2019).

024035-8

https://doi.org/10.1038/s41467-017-00166-7
https://doi.org/10.1364/OPTICA.4.000625
https://doi.org/10.1038/lsa.2017.36
https://doi.org/10.1016/j.mtphys.2017.11.001
https://doi.org/10.1002/adom.201800348
https://doi.org/10.1002/lpor.201900366
https://doi.org/10.1002/adom.201700079
https://doi.org/10.1002/adom.201801479
https://doi.org/10.1039/C7NR07154J
https://doi.org/10.1038/s41377-019-0201-7
http://link.aps.org/supplemental/10.1103/PhysRevApplied.14.024035
https://doi.org/10.1063/1.4907536
https://doi.org/10.1364/OL.41.004811
https://doi.org/10.1364/OE.17.015558
https://doi.org/10.1126/science.1253213
https://doi.org/10.1038/lsa.2016.259
https://doi.org/10.1021/acsphotonics.6b00096
https://doi.org/10.1002/lpor.201100031
https://doi.org/10.1002/lpor.200910019
https://doi.org/10.1038/s41598-017-00042-w
https://doi.org/10.1038/nprot.2014.087
https://doi.org/10.1103/PhysRevLett.122.223901
https://doi.org/10.1103/PhysRevApplied.11.064016
https://doi.org/10.1364/PRJ.380675
https://doi.org/10.1038/s41578-018-0061-4
https://doi.org/10.1103/PhysRevLett.119.094802

	I. INTRODUCTION
	II. METALENS DESIGN
	A. Independent control of amplitude and phase
	B. Axial tailoring theory

	III. EXPERIMENTAL RESULTS AND DISCUSSION
	IV. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


