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Abstract: Airy beams exhibit intriguing properties such as
nonspreading, self-bending, and self-healing and have
attracted considerable recent interest because of their
many potential applications in photonics, such as to beam
focusing, light-sheet microscopy, and biomedical imaging.
However, previous approaches to generate Airy beams
using photonic structures have suffered from severe chro-
matic problems arising from strong frequency dispersion of
the scatterers. Here, we design and fabricate a metasurface
composed of silicon posts for the frequency range
0.4–0.8 THz in transmission mode, and we experimentally
demonstrate achromatic Airy beams exhibiting

autofocusing properties. We further show numerically that
a generated achromatic Airy-beam-based metalens ex-
hibits self-healing properties that are immune to scattering
by particles and that it also possesses a larger depth of
focus than a traditional metalens. Our results pave the way
to the realization of flat photonic devices for applications to
noninvasive biomedical imaging and light-sheet micro-
scopy, and we provide a numerical demonstration of a
device protocol.

Keywords: achromatism; Airy beam; metasurface; Pan-
charatnam–Berry phase; transmission phase.

1 Introduction

As a nontrivial solution of the paraxial equation of light [1],
an Airy beam exhibits many remarkable features, such as
self-bending (even in the absence of any external potential
field), nonspreading, and self-healing after diffractions by
obstacles [2–7]. Owing to these attractive properties, Airy
beams have many potential applications in photonics, such
as for particle manipulation [8], as light bullets [9, 10], for
super-resolution imaging [11, 12], as autofocusingAiry (AFA)
beams [13–15], and for light-sheet microscopy [16]. In 2007,
Siviloglou and Christodoulides [17] proposed a truncated
form of Airy beam and then realized it experimentally. Such
a simplified version of an Airy beam, possessing finite en-
ergy, preserves all the key features of an ideal Airy beamand
has therefore attracted much attention recently.

The conventional generation of Airy beams utilizes
spatial light modulators (SLMs), which are bulky and lack
fine spatial resolution [18–20]. TheAiry beams generated in
this way do not exhibit good qualities, and the bulky
generation systems are unsuitable for practical applica-
tions. Recently, plasmonicAiry beams [19, 21, 22] have been
successfully generated on metallic surfaces on which are
placed nanoscatterers that have been carefully designed to
convert impinging light to surface plasmon waves with the
desired amplitudes andphases. Although these devices are
compact and exhibit improved spatial resolution, the
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generated Airy beams can flow only on certain planes, and
the working efficiencies are quite low owing to the intrinsic
losses and nonideal performances of the metallic nano-
scatterers that are used. For practical applications,
it is highly desirable to have ultracompact and broadband
devices that can efficiently generateAirybeams in free space.

Metasurfaces, ultrathin metamaterials consisting of
subwavelength microstructures (e.g., meta-atoms) with
tailored optical properties, offer a fascinating platform on
which to realize planar photonic devices with desired
functionalities [23–37]. In the past few years, Airy beams
have been successfully generated by carefully designed
metadevices constructed from meta-atoms of different
types (metallic or dielectric resonators) that can scatter
electromagnetic waves with desired amplitudes and pha-
ses [20,38–40]. These ultrathin devices can generate Airy
beams in free space with relatively high efficiencies.
However, since the phase responses of the adopted reso-
natingmeta-atoms typically exhibit Lorentz-like frequency
dispersion, such metadevices can usually work only at a
specific single frequency at which the system precisely
exhibits the phase/amplitude distributions required by the
analytical formula. Despite several attempts (using, for
example, geometric-phase metasurfaces [38, 39, 41, 42] or
double-stacked metasurfaces [40]), the constructed meta-
devices still suffer from chromatic issues [3,43–48], which
hinders their practical application.

In this paper, we experimentally realize achromatic
Airy beams in the terahertz (THz) regime with a carefully
designed dielectric metasurface. Our metadevice consists
of a set of silicon posts with different sizes and orientation
angles determined by the requirement to generate the
desired phase profile for achromatic Airy beams within a
broad frequency band of 0.4–0.8 THz.Wedemonstrate that
the generated achromatic Airy beams exhibit self-healing
properties. In addition, an Airy-beam-based metalens is
constructed by combining two such achromatic Airy beams
and possesses a large depth of focus and robustness
against scatterers. Our results stimulate us to propose a
device protocol for Airy-beam-based metalens microscopy
based on the proposed metasurface.

2 Results and discussions

2.1 Design principle for generation of THz
achromatic Airy beams

Rather than using a fixed spatial wavefront to generate a
chromatic Airy beam, here we exploit a wavelength-

dependent spatial phase based on a silicon metasurface
to generate an achromatic Airy beam with the same tra-
jectory. A schematic of the achromatic Airy beamgenerator
is shown in Figure 1(a). The incident THz wave impinges
vertically on the metasurface device and the transmitted
THz wave follows the trajectory along the white dash line
f (z). To realize the achromatic Airy beam, herewe study the
truncated Airy beam to acquire the wavelength-dependent
spatial phase of the achromatic Airy beam. The Airy beam
is generated by an initial field distribution in the meta-
surface plane at z = 0, given by ψ(x, z � 0) � Ai(x) . Here,
we employ the semiclassical approximation to analyze the
Airy function. The standard asymptotic forms show that
ψ(x, z � 0) is exponentially small for x > 0, and hence negli-
gible, and is oscillatory for x < 0, the precise expression being

ψ(x, z �0)≈(−π2x)−1/4sin[2
3(−x)3/2+ π

4]� A+eikϕ+ +A−eikϕ− ),

where ϕ± �∓2
3(−x)3/2+π/4 and A± �±(i/2)(−π2x)−1/4 are the

initial phases and amplitude functions. The initial phases ϕ+
and ϕ− give rise to rays that propagate along the +x and
opposite −x directions. Specifically, the ray species ϕ+
emerges sideways, converging toa caustic along the trajectory

f(z) �(az2)/4,where the variablea is equal to 1/(k2x30), and k
and x0 are the wavenumber and an arbitrary transverse scale.
The details of the parabolic trajectory are derived in Note S1 in
the Supplementary material. The geometric construction
deriving the phase profile is illustrated in Figure 1(b). The
parabolic trajectory is indicatedby theblackdashcurve f (z) as
shown, and we obtain the corresponding spatial phase
function φ(x) at the metasurface plane with z = 0 that will
generate the curve as a caustic. The caustic is constructed as
theenvelope toa familyof raysϕ+ such that eachpointxat the
plane z=0canbe functionally related toapoint on the caustic

via a tangent of slopeθ,where tanθ � f ′(z) � df(z)/dz. Since
the tangent can be parameterized in terms of x using

f ′(z) � [f(z) −x]/z, we can determine the desired phase
distributions by integrating the phase derivative condition:

dφ(x)
dx

� ksinθ � kf ′(z)���������
1 + [f ′(z)]2

√  . (1)

When the analysis in the preceding discussion is
simplified in the paraxial approximation, we obtain the
following wavelength-dependent phase profile:

φ(x, f ) � −4
3
a1/2π(−x)3/2 ⋅ f

c
+ φshift(f ) (2)

where the valueofφshift(f ) represents an integration constant
at the frequence of f. To realize an achromatic Airy beam
within f ∈ [ fmin � 0.4 THz, fmax � 0.8 THz] in Figure 1(c),
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we need to design ametasurface exhibiting the phase profile
φ(x, f ), as shown in Eq. 2, for every frequency within the
band [fmin, fmax].

We now illustrate how to design such a metasurface
exhibiting the desired phase profile. With φshift(f ) term
dropped for the moment, we decompose the remaining part
of phase profile φ(x, f) into two parts, namely a basic phase
profile φ1(x, f ) representing the phase profile required by
the device at fmin and φ2(x, f ) the phase difference at other
frequencies. Straightforward calculations yield that:

φ1(x, f ) � −4πa
1/2

3c
x3/2 ⋅ fmin  , (3)

and

φ2(x, f ) � −4πa
1/2

3c
x3/2 ⋅ (f − fmin) . (4)

Now our task is to design a series of meta-atoms, which
not only yield the required phases required by Eq. (3) at the
frequency fmin, but also exhibit the different frequency dis-
persions as dictated by Eq. (4). However, φ2(x, f ) exhibits
negative slopesagainst frequencyat everypointx,whichcan
not be realized by any resonating structures exhibiting
normal frequency dispersions (i.e., transmission phases
are increasing functions of frequency). Fortunately, there is
an additional term φshift(f ) in Eq. (2), which can be
freely chosen to solve this issue. Specifically, set
φshift(f ) � α ⋅ (f − fmin), we find that:

φ(x, f ) � φ1 + φ2 + φshift

� −4πa
1/2

3c
x3/2 ⋅ fmin + [− 4πa1/2

3c
x3/2

+ α](f − fmin) . (5)

Choosing an appropriate α value, we can make the

term [− 4πa1/2
3c x3/2 + α] taking positive values at every posi-

tion x, so that such frequency-dependent phase profiles
can be realizable using resonating meta-atoms.

We proceed to search a series of meta-atoms exhib-
iting the desired phases (Eq. (3)) at frequency fmin and
frequency-variation slopes as required by Eq. (5). The
building structures of the silicon metasurface are pre-
sented in Figure 2(a) and (b), consisting of solid and in-
verse rectangular structures on a silicon substrate. To
fulfill the complex requirements on the phase responses,
we design the metastructures based on a combination of
two mechanisms, namely, the resonance mechanism
yielding a frequency-dependent transmission phase and
the Pancharatnam-Berry (PB) one yielding a frequency-
independent phase. Since the PB mechanism is adopted,
we assume the incident THz wave to exhibit RCP, and
employ finite-difference time-domain (FDTD) simulations
to determine the width w and length l of our meta-
structures (with fixed lattice period p and etching depth t)
based on two criterions: 1) transmission phases exhibit

Figure 1: Schematic and phase profile of an achromatic Airy beam.
(a) Schematic of the experimental generation of terahertz (THz) achromatic Airy beams by a silicon metasurface. The transmitted left circular
polarization (LCP) THz intensities in the x–z plane fit the parabolic trajectory f (z) for the right circular polarization (RCP) incident light. (b) To
determine the phase distribution φ(x, f ) of the metasurface under design, we draw an auxiliary line (black solid line) tangent to the parabolic
asymptotical trajectory f (z) of the desired Airy beam (black dash line) at an arbitrary point, which intersects with x axis exhibiting an angle θ.
With θ(x) function obtained by repeating such a process, we then obtain φ(x, f ) based on Eq. (1). (c) Phase profile of an achromatic Airy beam
within the frequency range f ∈ [fmin, fmax], where fmin � 0.4 THz, fmax � 0.8 THz, φshift � 820∘ at 0.8 THz, and the arbitrary transverse scale
x0 = 650 µm in our design.
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linear dependences on frequencywith desired slopes; and
2) they possess relative high conversion efficiencies to
LCP within the frequency band of interest. The section of
method provides more simulation details. Finally, we
carefully select 32 different structural parameters con-
taining solid and inverse rectangular structures in Ta-
ble S1 and present the individual phase responses and
conversion efficiencies in Figure S1.To directly present the
coversion efficiencies, we provide an efficiency map (as
shown in Figure S2) of the selected meta-atoms with
respect to different frequencies. Here as an example,
Figure 2(c) presents the simulated phase differences of the
solid structure (sequence number 15, 580°) and the in-
verse structure (sequence number 27, 725°) with a same

etching depth t = 350 μm, showing the linear phase
response as a function of f (or 1/λ). Note that the inverse
structures in Table S1 have a wider phase response than
the solid structures in Table S1 and can compensate for a
larger phase difference, so that the positions of the inverse
structures are close to x = 0 and those of the solid struc-
tures are close to the left edge of the sample, as shown in
Figure 1(a).

Before closing this section, we emphasize that only
the LCP component of the transmitted wave can acquire
the PB phases under RCP incidence [49, 50], so that only
this wave component can generate the desired achro-
matic Airy beam. Moreover, the metadevice thus con-
structed does not work for linear-polarization incidence
under which the meta-atoms do not generate any PB
phase.

2.2 Numerical calculation of THz achromatic
Airy beams

To confirm thedesiredphase profileφ (x, f ) in Eq. (5) derived
by the geometrical construction method and reveal the
underlying mechanism of the achromatic Airy beam, we
performed numerical calculations based on Fraunhofer
diffraction integration. In our numerical results, the
structural region ranged along x axis from x = −7 mm to
x = +4 mm. Figure 3(a) shows the phase profiles at fre-
quencies fmin = 0.4 THz, f = 0.6 THz, and fmax = 0.8 THz.
Note that the phase profile at 0.8 THz is smaller than that
at 0.4 THz, which is in conflict with the relation between
transmission phase response and frequency. This
impasse is broken by introducing an additional phase
shift φshift(f ) that is larger than the phase difference Δφ �

Figure 2: Phase distributions and conversion efficiencies of the
solid and inverse structure.
Side views of (a) a solid and (b) an inverse silicon structures with
length l, width w, etching depth t, and lattice constant p on a silicon
substrate. (c) Simulated phase responses (blue curves) and RCP-to-
LCP polarization conversion efficiencies (red curves).

Figure 3: Fraunhofer diffraction integration of the phase profiles in Eq.(2) realized by PB phase.
(a) Phase profile of an achromatic Airy beam with additional phase shift φshift(f ). (b), (c) and (d) Numerically calculated Airy beams at
frequencies 0.4, 0.6 and 0.8 THz. The white dash lines are the parabolic trajectory curve f (z).
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φ0.4THz − φ0.8THz � 1350∘ at the position x = −7 mm. To
compensate for the large phase difference, the building
structures are no longer subwavelength. In this case, we
resort only to the geometric phases of three different
angles of rotation with respect to the laboratory coordi-
nate system to match the phase profiles of Airy beams
with different frequencies at 0.4, 0.6, and 0.8 THz.
Table S2 in the Supplementary material shows the
structural parameters and the rotated angle distributions.
Subsequently, we performed a numerical calculation

based on the initial field F {eikφ(x)}, in which all meta-
surfaces in the array with period 70 μm were considered
as subsources radiating cylindrical surface waves with
designed initial phase profiles. Figure 3(b–d) shows the
numerically calculated Airy beams and Figure S3(a–c) in
the Supplementary material show the FDTD simulated
beams at frequencies 0.4, 0.6, and 0.8 THz. We find that
the trajectories of the Airy beams are in good agreement
with the parabolic curve f (z), although they are both
imperfect owing to the limited number of metasurface
elements and the nonideal phase profiles.

2.3 Experimental setup and fabricated
samples

To validate the above theoretical analysis, we designed a
siliconmetasurface device for generating a broadband THz
achromatic Airy beam. However, the theoretical design of
achromatic Airy beams requires a phase compensation of
1350°, which cannot be compensated owing to the large
aspect ratio in experimental fabrication. Therefore, we
reduced the sample size, which ranges along the x-axis
from −3.2 to 4 mm. In our design, we chose the additional
phase shift φshift(f ) to be 820° at 0.8 THz. To encode the
phase profiles of the achromatic Airy beam within the fre-
quency band, we placed the 32 selected structures at x
coordinates with approximately equal phase differences,
as shown in Figure S4, in the Supplementary material. The
starting points of each vertical line is the initial phaseφ0 at
0.4 THz, and the height of each vertical line is the phase
coverage (or phase difference). The unresolved problem is
to realize the phase profile at 0.4 THz. Here, the phase
profile is taken as the basic phase φ1(x, f), determining the
parabolic trajectory of the achromatic Airy beamwithin the
frequency range. The basic phaseφ1(x, f) is related solely to
fmin and is independent of the working frequency f. The PB
phase, which is independent of the transmission phase, is
used to acquire the phase profile at 0.4 THz. To obtain the
correct basic phase φ1(x, f), the spatial rotation angle θ of

each structural unit is taken as θ � (φ1 − φ0)/2 (for further
details, see Table S3 in the Supplementary material)

To verify the reliability of our designed metasurface
devices,we fabricated samples to generate achromatic Airy
beams and explore the corresponding characteristics using
THz near-field scanning microscopy (NFSM), as shown in
Figure 4(a). The polarizer controls the polarization of the
light output by the fiber laser, which is focused by the lens
and reflected by themirror, and finally illuminates the light
on the probe. In the real system shown in Figure S5 in the
Supplementary material, the collimated THz waves radi-
ating from a 100 fs (λ=780 nm) laser-pulse-pumped
photoconductive antenna emitter are modulated with an
appropriately polarized state. A commercial THz near-field
probe is positioned 2 mm away from the sample to detect
the Ex of the transmitted LCP light, with the RCP light
illuminating the metasurface device. The sample is fabri-
cated on a silicon wafer by conventional lithography
together with deep reactive ion etching. Further details of
sample fabrication are given inmethods. Figure 4(b) shows
an optical microscope image of the whole of the fabricated

Figure 4: Experimental setup of the terahertz (THz) near-field
scanning microscopy (NFSM) and sample images.
(a) Schematic of THz NFSM. (b) Optical image of the whole sample.
(c) Partial enlargement on the right side (red desh box) of the inverse
structures. (d) Partial enlargement on the left side (red box) of the
solid structures.
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sample. Figure 4(c) and (d) shows partially enlarged
scanning electron microscope (SEM) images of the inverse
and solid structures, respectively. Note that the inverse
structures with a larger phase compensation are located
toward the right of the metasurface device, while the solid
structures with a smaller phase compensation are located
toward the left side.

2.4 Experimental detection of THz
achromatic Airy beams

Figure 5(a)–(c) shows the normalized abs(Ex) distributions
of the transmitted LCP light obtained from the THzNFSM at
the three frequencies. Note that there are no data for the
first 2 mm in the experimental results because of a safety
distance imposed during the experiment to prevent colli-
sions. In these figures, the normalized abs(Ex) distributions
show a goodmatch with the parabolic trajectory (the white
dash line) at 0.4 THz. To verify the experimental results,
Figure 5(d)–(f) presents the normalized intensity distribu-
tions Ex simulated by FDTD at frequencies 0.4, 0.6, and
0.8 THz, respectively. Furthermore, in Figure S6 in the
Supplementary material, we present the results of
Fraunhofer diffraction integration at more frequencies, the
results of simulation, and experimental data, all of which
verify the achromatism of the Airy beams. For a more
intuitive comparison between the simulation results and
experimental data, we obtain the lateral offsets x of the
maximum normalized intensity (with error bars corre-
sponding to 95% of the maximum normalized intensity) at

different propagation distances z and compare them with
the numerical deflection. Figure 5(g)–(i) shows the results
of this comparison at the three frequencies, and it can be
seen that there is good agreement. In the simulation, we
calculated theworking efficiency of the device, as shown in
Figure S7 in the Supplementary material. The working ef-
ficiency ranges from 20 to 60% and is higher at frequencies
near 0.6 THz. Furthermore, we present the simulation re-
sults for the self-healing properties of the achromatic Airy
beam in the case of scattering by silicon particles in
Figure S8 in the Supplementary material.

2.5 THz achromatic Airy-beam-based
metalens

Airy-beam-based metalenses have many advantages for
detection, such as large depth of focus (DOF) and self-
healing properties, and so herewe design ametalens based
on autofocusing achromatic Airy beams. To realize this, the
achromatic Airy-beam-based metalens, a metasurface de-
vice composed of two symmetrical structures is designed to
generate two counter-propagating achromatic Airy beams.
Figure S9 in the Supplementarymaterial shows optical and
SEM images of the metasurface device. To highlight the
robustness of theAiry-beam-basedmetalens, an aluminum
foil cover is placed over a 1 mm region (ranging along the
x-axis from x = −0.5 mm to x = +0.5 mm) around the center
of the experimental sample. Figure 6(d)–(f) shows the
normalized abs (Ex) distributions of the metalens at

Figure 5: Achromatic Airy beam experiments.
(a)–(c) Experimental results on near-field detections at the three frequencies, showing that the intensity distributions of the left circular
polarization (LCP) field transmitted through the metasurface devices match well with the white dash line indicating the parabolic trajectory.
(d)–(f) Simulation results at the three frequencies. (g)–(i) Comparison of experiment, simulation, and theoretical deflections, where the error
bars correspond to 95% of the maximum normalized intensity.
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frequencies 0.4, 0.6 and 0.8 THz, respectively. Experi-
mental results are presented on the left and FDTD results
on the right. Experimental results at other frequencies are
shown in Figure S10 in the Supplementary material. In
particular, it should be noted that there is less energy in
the region covered by aluminum foil, which is quite
different fromwhat occurswith a traditionalmetalens. The
intensity distributions in the vertical direction at the center
of the two cases can be found in Figure S11 in the Sup-
plementary material. A comparison shows that the Airy-
beam-based metalens has the advantage of a larger DOF
and detection with a high signal-to-noise ratio. Interest-
ingly, the starting points of the autofocusing effect fit well
with the intersection of the parabolic trajectory. When two
counter-propagating achromatic Airy beams begin to
intersect, constructive interference occurs, and the tra-
jectory curves coincide with the lower edge of the
normalized intensity distributions of the focal spots.
Furthermore, because the full width at half maximum
(FWHM) of the focal spots is themain indicator to evaluate
the performance of Airy-beam-based metalenses, we
compared the experimental and theoretical distributions
at a focal length f = 10 mm andmeasured the FWHM at the
three frequencies, as shown in Figure 6(a)–(c). The FWHM
is 0.84 mm at 0.4 THz (λ = 0.75 mm), 0.52 mm at 0.6 THz
(λ = 0.5 mm), and 0.38 mm at 0.8 THz (λ = 0.375 mm). The

experimental results agree well with those of the simula-
tions, and the FWHMs are approximately equal to the
wavelength of incidence of the THz wave. The self-healing
property is typically verified by placing an obstacle on the
travel path of the parabolic trajectory. The trajectory re-
covers quickly if two silicon obstacles of diameter 400 μm
are located at (x, z) = (−0.8 mm, 6 mm) and (0.8 mm,
6 mm), indicating a rather robust self-healing property of
the generated Airy-beam-based metalens. The self-
bending, diffraction-free, and self-healing achromatic
properties are illustrated in Figure S12 in the Supplemen-
tary material.

3 Conclusion

We have experimentally demonstrated achromatic Airy
beams in the THz regime using carefully designed silicon
metasurface devices. Furthermore, we have shown
numerically that a metalens based on an achromatic Airy
beamhas the advantages of a larger DOF and a self-healing
property comparedwith a traditional achromaticmetalens.
The achromatic Airy beam developed in this paper has
important potential applications to light-sheetmicroscopy,
self-healing metalens bio-imaging, and high signal-to-
noise ratio detection.

Figure 6: Achromatic Airy beam-based metalens.
(a)–(c) Comparison of simulated and experimental results for the intensity distributions at the focal length. The full width at half maximum
(FWHMs) of the intensity distribution are 0.84 mm at 0.4 THz, 0.52 mm at 0.6 THz, and 0.38 mm at 0.8 THz. (d)–(f) Demonstration of the
generation of two counter-propagating achromatic Airy beams in experiments and simulations. The focal length f = 10 mm.
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4 Methods

4.1 Simulation details

FDTD was used to find and simulate the structural units and the
transmission Ex field of the metasurface devices. In the simulation of
the unit, the mesh grid size was set to 10 nm. In the simulation of the
whole metasurface device, the grid size was set to 1 μm

4.2 Sample fabrication

All the siliconmetasurface deviceswere fabricatedusing conventional
lithography together with deep reactive ion etching. The refractive
index n of silicon is 3.45 and its resistance R is higher than 104 Ω cm.
First, a 2-μm-thick silica layer was grown on a 500-μm-thick double-
side-polished high-resistivity silicon wafer. Next, by conventional
photolithography, the left photoresist and the silica became a double
layer of protection above the silicon posts. Conventional deep reactive
ion etching was then employed to make silicon posts of thickness
t = 350 μm. Finally, the remaining photoresist and the remaining silica
were cleaned off separately.

4.3 Experimental characterization

THz near-field scanning microscopy was employed in the experimental
tests owing to its high scanning speed and high resolution. Here, only
the x-polarized electric field Ex component was measured with RCP
illumination. The electric field was detected at 0.2 mm intervals
from −3.2 to 4 mm in both the x and z directions. Note that we reserved
2mmtoavoid collisionsbetween theprobeand themetasurfacedevices.
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