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Traditional objective lenses in modern microscopy, based on the refraction

of light, are restricted by the Rayleigh diffraction limit. The existing methods
to overcome this limit can be categorized into near-field (e.g., scanning
near-field optical microscopy, superlens, microsphere lens) and far-field

(e.g., stimulated emission depletion microscopy, photoactivated localiza-

tion microscopy, stochastic optical reconstruction microscopy) approaches.
However, they either operate in the challenging near-field mode or there

is the need to label samples in biology. Recently, through manipulation of
the diffraction of light with binary masks or gradient metasurfaces, some
miniaturized and planar lenses have been reported with intriguing func-
tionalities such as ultrahigh numerical aperture, large depth of focus, and
subdiffraction-limit focusing in far-field, which provides a viable solution for
the label-free superresolution imaging. Here, the recent advances in planar
diffractive lenses (PDLs) are reviewed from a united theoretical account on
diffraction-based focusing optics, and the underlying physics of nanofocusing
via constructive or destructive interference is revealed. Various approaches
of realizing PDLs are introduced in terms of their unique performances and
interpreted by using optical aberration theory. Furthermore, a detailed tutorial
about applying these planar lenses in nanoimaging is provided, followed by
an outlook regarding future development toward practical applications.

1. Introduction

Nowadays, optical microscopy is almost ubiquitous in all
research fields and industrial sectors for imaging small objects.

Improving its image quality and resolu-
tion has always been one of the most
valuable topics since its invention. Due
to the fundamental laws governed by dif-
fraction, the spatial resolution of optical
microscopy is restricted to =200 nm at
visible light, which has been clearly elabo-
rated by Abbel!l and Rayleigh!??l through
the classic wave theory of light, or doubly
predicted by the uncertainty relationship
in quantum mechanics.*! With the rapid
development of nanotechnology, the lim-
ited resolution for an optical microscope
becomes insufficient in various applica-
tions such as biological imaging, mate-
rials science, and nanolithography. In
order to surpass the diffraction limit and
see finer details of objects, tremendous
efforts have been put over several decades
in developing various superresolution
techniques. We assigned these techniques
into three main categories: near field,
far-field fluorescence-based, and far-field
label-free methods.

1.1. Near-Field Superresolution Microscopy

In Fourier optics, an object can be mathematically taken as a
weighted superposition of many spatial frequencies.l’) Upon
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illumination, the scattering light from the object contains prop-
agating waves with low (<1/A) spatial frequencies and confined
evanescent waves with high (>1/A) spatial frequencies. Con-
ventional optical microscopy can only capture the finite object
information carried in propagating waves, leading to a limited
resolution due to the absence of high spatial frequencies that
only exist within one wavelength from the surface of object.
Therefore, the efficient exploitation of evanescent waves is the
key to near-field approaches for superresolution imaging.!®!

Near-field scanning optical microscopy (NSOM) is a com-
monly used technique with the help of an aperture or aperture-
less nanoprobe that can efficiently approach the surface of an
object and then scatter the evanescent waves for subsequent
collection by an objective lens. The resolution of NSOM is only
determined by the diameter of the probe. NSOM was initially
conceptualized by Edward Hutchinson Synge in 1928.”) Lim-
ited by the technical challenges, such as fabricating a nanoscale
aperture, achieving a sufficiently intense light source and main-
taining the aperture in close proximity to the specimen at the
nanometer scale, this visionary proposal had not been realized
until 1984, when it was demonstrated by a research group in
IBM Zurich laboratory.®! In 1986, they reported an imaging
resolution of below 50 nm.°-!1l The NSOM technique began to
evolve as a scientifically useful and important instrument, and
its imaging resolution of less than 10 nm can be achieved by
aperture-less NSOM.[12]

Using a superlens is another approach to realize superreso-
lution imaging and nanolithography. In 2000, John B. Pendry
reported in his epochal paper that a perfect lens enabling the
simultaneous collection of both propagating and evanescent
waves can be realized by using a material with negative per-
mittivity and permeability.l'l This concept was experimentally
demonstrated in 2004 by Luo and Ishihara for realizing optical
nanolithography!*] and then used to achieve an imaging
resolution of 89 nm in terms of a silver superlens in 2005 by
Xiang Zhang’s group in Berkeley.'8l Combining with the fre-
quency shift technique, Xiang Zhang’s group reported a far-
field superlens that can project a nano-object into a subdiffrac-
tion-limit image in 2007.'7:18 The superlens has also found
the applications in lithography due to the well-confined eva-
nescent waves.[1+19-22]

In 2011, Wang et al. reported a white-light microsphere-
based microscope with an achieved imaging resolution of
50 nm (1/8).”3) Combining with the laser scanning confocal
microscope, they demonstrated the enhanced lateral reso-
lution of =25 nm (A/17) under the illumination of 408 nm
wavelength.?*l Its working principle is that the dielectric
microsphere works as a “photonic nanojet’?’! to enhance the
near-field illumination as well as convert evanescent waves to
magnified propagating waves.?3242627] The subsequent studies
indicated that the imaging performance could be enhanced fur-
ther by using high-refractive-index microsphere, immersing the
microsphere by liquid or polymer ambient, vector-beam illumi-
nation and decorating the surface of the microsphere with engi-
neered structures.”’-!l Recently, a microsphere-based scan-
ning microscopy has been demonstrated with the microsphere
attached and fixed onto a cantilever of atomic force microscopy,
which is able to realize noninvasive nanoimaging with large
angle-of-view at the visible wavelengths. 32!
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Due to the near-field excitation of evanescent waves, these
approaches face the challenging operation in practice and the
potential damage to specimen.

1.2. Far-Field Fluorescence-Based Superresolution Microscopies

The fluorescence technique overcomes the diffraction limit
of light by selectively activating and deactivating fluorophores
assisted by the optical nonlinear processes. These fluorescence-
based microscopies are ideal to study the cell with <200 nm
scale in biology, allowing for a deeper understanding about cell
structures and tracking activities occurring inside living cells.33]

Stimulated emission depletion (STED) microscopy was
initially proposed by Hell and Wichmann in 199434 and
experimentally demonstrated later.®® It works by employing
stimulated emission with a doughnut-shape beam to inhibit
the fluorescence process at the outmost region of the excited
molecules.?® The doughnut-shape depletion beam and a solid
excitation beam are well-aligned in a concentric way. The
doughnut-shape beam has longer wavelength than the natural
emission photons from the fluorophores. The fluorophores are
first excited and then depleted by the doughnut shape beam,
leaving an effective fluorescent spot with a subdiffraction-limit
size in the nondepleted region. Combining with the confocal
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microscopy technique and raster scanning across the spec-
imen, a fluorescence-based superresolution imaging can be
achieved. The imaging resolution Ar of STED microscopy can
be expressed as Ar = AJ(2NA/1+ L /I,),P%*") where the A is
the wavelength of excitation beam, NA is the numerical aper-
ture of the system, I, is the peak intensity of the depletion
beam and I is the threshold intensity of the fluorophore. It
shows that the resolution is relative to I,,,, which determines
the depletion area in the excited fluorophores, and can be
enhanced further by increasing the ratio of I,, to I; but below
the damage threshold of fluorophores. The most recent STED
based on solid immersion lens has the capability of achieving
the imaging resolution down to 2.4 nm.B¥ Since the invention
of STED, many improvements such as multicolor channel,*’]
3D and video rate imaging of living cells, have already been
developed subsequently.*0-7]

Another type of superresolution fluorescence techniques
adopted broadly is single molecule switching and localization
microscopy, which includes photoactivated localization micro-
scopy (PALM) proposed by Betzig et al.**% and stochastic
optical reconstruction microscopy (STORM) developed by
Zhuang and co-workersP’'->* These approaches are based on
the stochastically photoswitching or photoblinking of individual
fluorophores between on and off states. Under the illumina-
tion of excitation beam, parts of fluorophores will be emitting
or blinking in each piece of time, which facilitates the accurate
localization of the fluorophores after the localization algorithm.
By implementing thousands of consecutive cycles of stochastic
photoswitching, the localization density of the fluorophores
with very high spatial resolution can be obtained. Then an
image of the fluorophore-labelled specimen is reconstructed
by merging the locations of all the individually activated fluoro-
phores. The typical resolution of the PALM and STORM could
be down to tens of nanometers.>¢

In addition, several other techniques, such as saturated struc-
tured illumination microscopy (SSIM),P”*8! superresolution
optical fluctuation imaging,>*" ground state depletion,¢!6
MINIFLUX, % etc., could also realize imaging beyond the dif-
fraction limit. All these technologies are based on fluorescent
molecules and have a selective dependence on specimen. It is
crucial to label the biological sample appropriately. Moreover,
the photobleaching is also an inevitable issue to be considered
in the fluorescence-based microscopy.

1.3. Label-Free Far-Field Microscopies

All those superresolution techniques discussed above rely on
either critical near-field operation or specimen preprocesses.
In recent years, we have witnessed various advances in the
development of far-field superresolution label-free imaging
technologies.[*+73]

A sparsity-based coherent diffractive imaging (CDI) tech-
niquel’’7#7 can reconstruct the image of some sparse nano-
objects from their multiple spatial spectra measured at the
far field. During the measurements, their phase profiles and
all the information from evanescent waves are lost. Their
retrieval is realized by using compressed sensing algorithms,
so that a digital image of these nano-objects can be obtained
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eventually.”!! In compressed sensing algorithm, the retrieval is
an optimization process that minimizes the difference between
the measured and optimized spatial spectra. The limitation of
such a technique is that it will fail when two slightly different
deep-subwavelength objects have the nondistinguishable spatial
spectra in measurement. Its applications are also constrained
to imaging sparse objects./”!

Another method for far-filed label-free microscopy is a
purely optical approach by using a planar diffractive lens
(PDL) integrated into confocal scanning microscopy. The
focused light spot by the PDL works as an optical noninva-
sive probe to illuminate the sample at the far field and directly
determines the resolution of PDL-based confocal scanning
microscope.’?73] Benefiting from the rapidly developed nano-
technology and powerful optimization algorithms, the planar
lenses composed of micro or nanostructures can be custom-
ized with many intriguing functionalities such as ultrahigh
numerical aperture,’?! large depth of focus (DOF),’®””l and
subdiffraction-limit focusing in the far-field,”®-8! allowing for
superresolution imaging. Because the PDLs have large degree
of freedom in manipulating the focal fields, rapid development
with special designs for various applications is expectable
in the near future. With compact size, flat surfaces, versa-
tile functionalities and powerful designs, the PDLs are also
challenging the traditional optical elements such as objective
and camera lenses.

Here, we will mainly focus on the recent advances of the
fast-growing planar diffractive lenses. This review begins with
a general introduction of various superresolution imaging
techniques. The diffraction-based focusing optics will be intro-
duced and taken as the physical origin of PDLs, whose focal
spots, depth of focus, and diffraction limit in focusing are sub-
sequently discussed in details. We then proceed to discuss the
structures and properties of different PDLs from their design
principles, fabrication processes, focusing performances, and
optical aberrations. A theoretical treatment on PDL-based scan-
ning focal microscopy and direct wide-field imaging is provided
with the existing experimental results, followed by a detailed
comparison among all these optical superresolution micro-
scopies. Finally, this review is summarized with a short com-
ment on the current research status, challenges, and possible
directions for future applications.

2. Diffraction-Based Focusing Optics

2.1. Mathematical Fundamentals of Diffraction

Diffraction is an intrinsic phenomenon in water, electromag-
netic, and acoustic waves during their propagation in free space
and media. It can be explained by Huygens—Fresnel principle
describing a new wavefront as “a superposition of wavelets orig-
inating from an infinity of fictitious ‘secondary’ point sources”
in the primary wavefront.l’! Such a principle in electromagnetic
wave was mathematically formulated into an integral by Gustav
Kirchhoff and then modified as Rayleigh-Sommerfeld diffrac-
tion theory, which can be rigorously derived from Maxwell
equations.P! For a monochromatic wave with a given electric
field U(xy, yo) where x, and y, are the spatial coordinates, its
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diffraction field can be expressed by using Rayleigh-Sommer-
feld theoryP!

1 ¢
u (xyz) = Py ”;U(xo,y()) . g(x— X0,y — yO,z,l)dxodYO (1)

where the propagation kernel g(§n,z,4) = exp(iknR)-
(ikn — 1/R)-z/R%, R? = £ + n* + 2%, k = 27/ A, n is the refraction
index of ambient medium and A is the wavelength. Equation (1)
is valid for describing the electric field at any z of beyond-
evanescent region and therefore quite useful in designing the
diffractive lenses, especially for high numerical-aperture (NA)
ones that require the rigorous simulations without any approxi-
mation. Therefore, Equation (1) is the fundamental origin of
simulating and evaluating the optical performance of diffractive
elements. In a polar coordinate, Equation (1) has the form of

iknR

u(p,¢,z):;—;JO&J:”U(r,(p);T(ikn—%)zrdrd(p ()

where R? = 12 + p? + 22 — 2rpcos(@-¢), x> + o> = 1%, tang =
Yo/ X0, x¥* + y* = p?, and tan¢ = y/x. Generally, Equation (2) has
no analytical solution but can be solved by using numerical
integration, which is available in the packages of some com-
mercial software such as MATLAB and Mathematica.

For an incident field U whose phase or amplitude profile is
pixelated, its diffraction pattern can be calculated by using the
numerical integral of Equation (1). Assuming that the incident
field has the (N + 1)*(N + 1) pixels with every pixel pitch of
Axy*Ay,, where Axy and Ay, are the sampling intervals in x and
y directions respectively, we get the intensity profile u(x;, y;, 2) at
the position (x;, yj) of target plane z in terms of finite summation

-1
u(xi, Vi z) = EZZZMZZZZMZU(HX -Axo, n, .AyO) (3)

~g(xi — Ny A%y, Y — 1, - Ay, 2, /”L)AonyO

Equation (3) is a 2D convolution between the incident field
U and the propagation kernel g and can be simplified further
by using fast Fourier transform (FFT).’! If the optical field at
the target plane has the same pixel pitch with incident field, i.e.,
Ax; = Axy and Ay; = Ay, and the pixel number is assumed to be
(M + 1)*(M + 1), one can directly obtain

-1 -1 ’
T = —FFT [FFT(U")-FFT[g(X,Y,2,4)]] 4)

where FFT™! is the inverse of FFT, U’ is an (M + N + 2)*
(M + N + 2) matrix that equals U with more zeros padded
symmetrically in both x and y directions (i.e, U'(s +
Yo+ MJ2, t + Y2 + MJ2) = U(s, t) where s and t = 1,2,...,

N + 1), X=(—M+N—1,—M+N,A..,M+N—1,M+N)~Ax0, and
2 2 2 2
M+N _ M+N

Y:(_M+N—1,—M+N,__,, 1, )»Ayo- Thus, the dif
2 2 2 2

fraction field u (x;,y;,2) = T(i + Y2 + N/2, j + Y2 + Nj2), where i

and j =1, 2, ..., M+1. With the help of FFT, Equation (4) could

efficiently simulate the 2D diffraction of light at any propaga-

tion distance of z>A in principle.
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Equation (2) aims at solving the diffraction of a rotational-
symmetry lens such as zone-plate-based lenses. It is valid for any
diffraction problem that can be described in a polar or cylin-
drical coordinate. It should be noted that, to use Equation (2),
the incident field U(r,¢) must be formulated analytically. In
other words, Equation (2) has an analytical incident field U(r,¢)
and a pixelate output field u(p,,z). It means that Equation (2)
cannot be used to describe the diffraction of two cascaded rota-
tional-symmetry lenses, because the pixelate output field of the
first lens cannot be taken as the incident field of the second lens.

Equation (4) is able to calculate the diffraction of a pixelate
or discrete field modulated by holograms or metasurfaces.
Since both incident and output fields are pixelate, Equation (4)
is valid for single or cascaded metasurface lens, and a
metasurface lens focusing light in multilayered media. When
describing the propagation of light through different media,
one can change the parameter n in Equation (4) by addressing
its corresponding refractive index of medium. Equation (4) is
more powerful because it can simulate all the diffraction issues
in the area of metasurfaces.

The diffraction theory mentioned above is based on scalar
optics without considering the vector properties of light. In
fact, the vectorial Rayleigh-Sommerfeld diffraction® has the
similar form but contains more electric components that can
be derived from Maxwell equations. A detailed summary of
vectorial Rayleigh-Sommerfeld diffraction has been provided
in various coordinates,®! which is a good guideline for investi-
gating the diffraction of a vector beam such as cylindrical vector
beams!®#3 with spatially varying states of polarization.

2.2. Diffraction from a Ring Belt and Lens Design

Traditional objective lenses utilize the refraction phenomenon
happened at the interface between two media to focus light
into a spot by tuning the surface parameters such as their cur-
vatures,® as shown in Figure la. Fundamentally, the diffrac-
tive lenses employ the diffraction of light from a microscale or
nanoscale ring (see Figure 1b), which is usually adopted due to
the rotational-symmetry existing in most optical systems. Such
diffractive lenses are usually made in a thin film (at the order of
hundreds of nanometers) with its thickness negligible compared
with their transverse dimension of lenses.”2737085 Therefore,
we name them as PDLs with micro-/nanostructures to distin-
guish from the traditional refraction objective lenses with bulky
volume, although the refraction objective lenses also have the
diffraction effect in focusing light. In this review, the mentioned
PDLs mainly contain zone-plate-based lenses,”2737677:81 photon-
sieve-based lenses®#¥ and metasurface lenses.[85%° Different
from the refraction-based lenses, these PDLs realize the focusing
of light through elaborately tailoring the interference of light dif-
fracting from all the elements arranged in multiple concentric
rings by optimizing their locations. Therefore, a single ring is an
important diffractive unit in all PDLs and its diffraction behavior
directly determines the focusing performance of a PDL.1%

For a transparent ring with a width of Ar and central radius
of ry in Figure 1c, its diffraction field can be described by using
Equation (2). It should be noted that the transmitted pattern
depends on the incident polarizations when the ring width Ar
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Figure 1. Diffraction-based focusing theory. Sketch of optical focusing by a) a refraction-based objective lens and b) a diffraction-based planar lens.
c) A diffraction unit of a single transparent belt with the ring width Ar, central radius ry, maximum convergent angle « at the target plane z. sin a = ry/
(ro? + z%)'/? when Ar is small. Intensity profiles (red dots) of light diffracted from belts with d) small (Ar=0.5A) and e) large (Ar=1.7) widths. The
blue solid curves show the square of the zero-order Bessel function of the first kind. z = 20A. f) Difference between intensity profile at the target plane
and its zero-order Bessel function |Jo(kr sin ¢)[? with the same sin ¢ The difference is evaluated by their root-mean-square errors (RMSEs), where only
the cases with small RMSEs are shown in color. c—f) Reproduced with permission.'% Copyright 2014, Wiley-VCH.

is smaller than one wavelength. For simplicity, we assume that
the transparent ring is taken as a ring source with a uniform
azimuthal intensity profile, which is reasonable because it can
be realized physically by shining an unpolarized light onto such
a ring. In this case, light in the transparent area of ring will be
taken as unity in the simulation. To obtain a well-confined focal
spot, such a ring source is expected to have a diffracted inten-
sity profile similar to zero-order Bessel function at the target
plane, see Figure 1d showing its maximum intensity located on
the optical axis (i.e., r = 0). In contrary, such rings having bad
focusing performance like the one in Figure 1le should not be
involved in a PDL.

As a roadmap, Figure 1f illustrates the difference, evaluated
by the root-mean-square error (RMSE), between the diffracted
intensity and zero-order Bessel function for the rings with var-
ious width Ar and central radius r, (where r, is denoted in terms
of sin & = ro/(ry? + 2%)'/2, z is the longitudinal distance between
ring plane and target plane as shown in Figure 1c). The color
region in Figure 1f denotes all the parameters of rings with the
RMSEs smaller than 5%, which are preferred to construct a
well-performed lens. Figure 1f also indicates that the rings with
the width smaller than one wavelength have the ideal inten-
sity profile at the target plane and good tolerance to the cen-
tral radius of ring, which can explain why some PDLs prefer
the rings with subwavelength widths.”l In addition, when
the ring width Ar is larger than one wavelength, only rings
with limited central radius are available for a better focusing,
resulting in the fact that one reported lens with a ring width
Ar = 3A has a center-blocked profile to reject the rings with
bad performance.’27% The instructive guideline has been used
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9,101 72,76]

in designing the superoscillatory”®'%U and supercriticall
lenses, which have their central areas blocked.

Up to now, the methods of designing the PDLs can be catego-
rized into optimization and optimization-free approaches. The
reported optimization methods mainly include the binary par-
ticle swarm optimization!”3! and genetic algorithms, ! which are
very competent at various problems minimizing or maximizing a
physical variable in optics. The only optimization-free method has
been reported to design a PDL by numerically solving a nonlinear
equation that contains the unknown ring widths and central radii
of all the rings in the PDL. Before solving the equation, one has
to predefine the pursued focal spot with special intensity at the
preferred locations. The predefined spot should exist in theory so
that the optimization-free approach can provide a physically rea-
sonable solution. The Newton method and its modified version
can be used to solve the nonlinear equation numerically.[10%103]
Such an optimization-free method can be used in efficiently
(taking several seconds in a personal computer) designing the
binary-phase diffractive elements for controlling many focal pat-
terns such as optical capsule,'® hollow-bottle beams,'%! and
optical subwavelength needles.1%1%] The detailed design pro-
cess of a PDL by using these two methods is ignored here and
the relative literatures('%*1% mentioned above are good refer-
ences for those who are interested.

2.3. Focal Spot and Superoscillation Criterion
For a PDL, the lateral size of its focal spot can be customized by

optimizing the structure (i.e., width and radial position of every

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Focusing behavior of a planar diffractive lens. a) A summary of focal spots created by a PDL. The intensity profiles on x-axis are shown for
various cases such as above-Rayleigh-criterion, subdiffraction-limit and superoscillatory spots, which are separated by the clear boundaries of Rayleigh
and superoscillatory criteria. b) Spot size of PDLs with different NAs. The Rayleigh and superoscillatory criteria divide the figure into three colored
parts, which denotes the features of focal spots. c) The experimentally measured needle generated by a supercritical lens under the illumination of a
405 nm circularly polarized light. d) The focal fields of a lens composed of three (r, = 0.74, r, = 1.9, and r; = 30A) belts with their Ar = 0. The spot
size of =0.171 is obtained at the plane of z = 104, while the depth of focus is =0.2A. b) Reproduced with permission.['° Copyright 2014, Wiley-VCH.

c) Reproduced with permission.l”2l Copyright 2017, Wiley-VCH.

ring) of a PDL to meet special requirements in various appli-
cations. Figure 2a gives a detailed summary about 1D (along
x) intensity profiles of various focal spots. A traditional Fresnel
zone plate (FZP) without further optimization usually focuses
light into an Airy spot with the size of =0.614/NA, which is the
same with Rayleigh criterion defined in a spherical-lens-based
optical imaging system.[® In addition to the main spot, the Airy
spot still has a weak sidelobe whose peak intensity is 1.75% of
that of main spot,’ as shown in Figure 2a. This sidelobe can
be further suppressed by a photon-sieve-based lens®®%7] while it
will lead to a larger main spot above Rayleigh criterion, which
is not preferred in applications such as nanoimaging’? and
lithography.[108-110]

Generally, optical superfocusing beyond Rayleigh criterion
brings more practical benefits but at the cost of the increasing
sidelobes (see Figure 2a). To realize it, careful optimizations
and elaborate designs of a lens are needed by adjusting the
proportion of high and low spatial frequencies involved in
the focusing, because light with higher spatial frequencies
corresponds to a smaller main spot. The extreme case is that,
light with only the maximum spatial frequency can be focused
into a hotspot, which is named as “maximum-frequency
spot.” To obtain its mathematical formula, Equation (2)
is employed under the condition of the ring width Ar—0.
Thus, the electric field of “maximum-frequency spot” can be
expressed as

iknR

_]_ 2 e . 1
Ut rre. (P2 Z0 ) = EArrmax -2, Jo U(rmax)?(tkn— E)d(p (5)
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where r,,,., is the central radius relative to the maximum spa-
tial frequency, z, is the longitudinal position of interest, light at
the ring is assumed to be uniform and rotation-symmetry, the
integral along r is ignored due to small Ar, and R? = r,, > + p? +
22 — 2rmagpcos@. To further simplify Equation (5), we intro-
duce the “near-axis” approximation of p<+ri.+z5, which
means that the radial dimension of interested field is much
smaller than the distance from the ring to on-axis point of the
cut plane z,. In Equation (5), we use these approximations: 1)
the denominator R* = \/r},, +25; 2) in the numerator exp(inkR),

2
. P = 2Plax COSQ
the item R= r,ﬁ“+z§-\/l+ﬁ=4r]§u+z§ .

max 2

the item
Z(I’rflax + zé) 2 : )

2 p—
(Hw): 1 P cose). 5
Toax + 20
1/R (< kn) is ignored. Thus, Equation (5) can be simplified as

—ikﬂ . k2 122 2 iknsi
uMax_Fre_(p,zo)z—zn_ AT - SIN Oy - 29" Z"L [t ¢ 11

(6)
= — k1 AT - SN Qg - Zge VP Jo(kNAp)

where $in 0.y = Fay/ (P2 + 28) 12, the numerical aperture NA =
nsinoy,,,, and we use the equality J e ™ do = —2mif, (%)Y, ],
is the zero-order Bessel function of the first kind. Equation (6)
shows that the electric field of this “maximum-frequency spot”
can be mathematically approximated as a zero-order Bessel func-
tion under the “near-axis” condition. One can easily find that,

the simulated results in Figure 1d verify that Equation (6) holds
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well when the radial positon is smaller than 24, which is large
enough to evaluate the lateral size of spot.

This maximum-frequency hotspot has a main spot with the
size of 0.381/NA (i.e., the first zero-point of Jy) and the peak-
intensity ratio of 16.2% between the strongest side lobe and
main lobe, which is still acceptable in applications due to the
good trade-off between small main-spot size and weak side-lobe
intensity.

Furthermore, the main spot can be further reduced so
that light at the main-spot region oscillates faster than the
maximum-frequency hotspot. This phenomenon is called as
superoscillation in mathematics.''2119 Correspondingly, the
item 0.384/NA kept in maximum-frequency hotspot is taken
as superoscillation criterion, which means that a superoscilla-
tory spot has its size smaller than 0.38A1/NA (see Figure 2a).
A detailed discussion about the definition of superoscillation
criterion in optical focusing can be found in our work.[1%
According to the superoscillation theory, the size of main
spot can be infinitely small without any limitation in prin-
ciple.B%120-122] However, such a superoscillatory spot has strong
sidelobe that its effective field of view in optical imaging is con-
fined within the limited area enclosed by the sidelobe.[2%124
This limitation has to be solved before it can be used in large
area imaging. Figure 2b is a universal map describing the rela-
tionship between focal size and numerical aperture of a lens
with the help of two important boundaries: Rayleigh and sup-
eroscillation criteria. The yellow region means that an above-
Rayleigh-criterion spot has its lateral size larger than 0.611/NA.
The cyan region covers a subdiffraction spot with its size
located between both criteria. The blue region denotes those
superoscillation spots having the sizes below superoscillation
criterion 0.38A/NA. In combination with Figure 2a, one can
find that the sidelobe of a focal spot increases smoothly as the
lateral size of main spot decreases across these three regions.

2.4. Depth of Focus and Optical Needle

A lens has another important factor of the DOF that directly
influences its performance in imaging and lithography. The
DOF discussed here is the longitudinal (or the propagation
direction of light, as denoted as z direction here) range around
the designed focal plane, where the pursued focal spot is well-
maintained without any loss in optical performance such
as the lateral spot size. In various applications, the preferred
DOFs are different, depending on their special requirements.
For example, 3D lithography!'?>'%¢l needs a smaller DOF to
obtain a volume-suppressed spot for enhancing the axial reso-
lution in fabrication. But, in a scanning confocal microscopy
(SCM),l1#-131] Jarger DOF is preferred so that the generated
spot can illuminate the samples with a good tolerance to spatial
deviation and obliquity.

For a traditional lens system in air or vacuum, its DOF can be
described as DOF = A/(1 — cosa,,,) by using the optical analog
of uncertainty principle.*132l The largest convergent angle Oy,
between the outmost ray and optical axis is relative to the max-
imum spatial frequency of this system with its NA = sinoy,,,.
For a low-NA (i.e., small a,,,) system, its DOF can be approxi-
mated as 24/sin?(O4pay), Which is commonly adopted in lens
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design and literatures.[®# Such DOF is also valid for a standard
Fresnel zone plate with its ring radii obeying®*l

T, = ,m/”tf+(n/l/2)2 (7)

where f is the focal length and n is the index of ring, and a
metasurface lens with a fixed phase profile oft#94133]

(=2 (r-J77+r) ®)

where f1is the focal length and r is the radial coordinate.

In comparison, the DOF of a PDL with optimized struc-
tures can be customized at a certain but physically reason-
able value by using careful designs. Categorized by the lateral
size of focal spot, the DOF of a PDL will be discussed in two
scenarios. First, for a PDL with its focal spot larger than the
superoscillation criterion 0.381/NA, its DOF reported in both
theoryBL106107.134-136] and  experiment”27677.79.137138] can take
the value of several tens of wavelengths (even for a high-NA
PDL), which is mainly attributed to the powerful optimiza-
tion technique. Based on constructive interference, such a
long DOF can be taken as an optical subwavelength needle,
which also exists in a high-NA objective lens with additional
phasell%197] or amplitude3%#! modulation. In physics, this
subwavelength needle is very interesting because it can propa-
gate without any significant divergence and keep its well-con-
fined shape for several tens of Rayleigh lengths®! (i.e., zg =
nwy?/ 2, where wy is the lateral size of a needle) that is usually
used to evaluate the divergence of a laser beam. For example,
an experimentally measured 12A-long needle with its lateral
size of around 0.407A7% (see Figure 2c) can propagate over ~23
Rayleigh lengths. It operates like optical spatial solitons!!#2143]
that usually need the complicated approaches including non-
linear metamaterials,'* transformation optics!"! and aniso-
tropic medial'*®'*] to achieve a divergence-free well-confined
beam. Such a PDL-based subwavelength needle might provide
a new physical insight for the soliton research.

To highlight the significance of long DOF in optical imaging,
a supercritical lens”?l has recently been reported to possess a
focusing spot slightly larger than superoscillation criterion
(0.384/NA), and a needle-like focal region with its DOF larger
than 24/NA? that distinguishes from traditional objective, FZP
and superoscillation lenses. This supercritical lens stands for
a nearly perfect balance among the subwavelength focal spot,
weak sidelobe, long DOF and large focal length for practical
applications. Integrated into a confocal scanning microscopy,
this supercritical lens has the overwhelming advantages in
improving the imaging resolution and mapping a 3D object
over some traditional microscopy technologies, as introduced
in details latter.

Second, the DOF of a superoscillation lens, taken as one of
the PDLs, is quite limited due to the physical origin of destruc-
tive interference occurred in a superoscillation field. Figure 2d
shows the cross-section (x—z plane) of a propagating field
having a superoscillation spot (with a lateral size of 0.17A)
located around z = 10A. The on-axis (x = 0 and y = 0) inten-
sity has a valley at the designed cut plane and increases quickly
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for a z-direction spatial deviation, accompanying with the fast
increment of the lateral size of the spot. This leads to a lim-
ited longitudinal region of =0.24 where the superoscillation
happens (see Figure 2d). Such a phenomenon has also been
observed in experiment,”®! which indicates that the destruc-
tive interference in a superoscillation field needs more rigorous
conditions than the constructive interference required in a sub-
wavelength needle. It means that the rigorous destructive inter-
ference cannot hold at an observation plane slightly deviated
from designed z-plane because its phase and amplitude profiles
from multiple interfered beams also change. To the best of our
knowledge, there has been no report about a free-space supero-
scillation needle with its lateral size smaller than 0.384/NA. It
should be pointed out that, although the phrase “superoscilla-
tory needle” has been used in some literatures,’”7%136.137] those
generated or proposed needles have the lateral size above the
superoscillation criterion and the superoscillatory spots are
obtained beyond the needle region.”” In addition, M. V. Berry,
the pioneer in this superoscillation area, has reported that a
superoscillation field containing the subwavelength details of
an object has the DOF at the 10~ order of magnitude during
its propagation.['13:114]

2.5. Diffraction Limit of a PDL

For an objective lens, its diffraction limit in optical focusing or
imaging is widely accepted to be Rayleigh criterion of 0.611/NA
(or 0.51 A/NA where the spot size is evaluated by its full width
at half maximum (FWHM)). In fact, such a diffraction limit can
be easily broken by combining the objective and some additional
diffractive optical elements with careful optimization.[64148149]
Therefore, the Rayleigh criterion has not precisely predicted
the real diffraction limit of light, especially for a PDL with
optimized structures. The above discussions about the focal
spot and DOF suggest that the new diffraction limit should be
updated as the superoscillation criterion of 0.38A/NA. The con-
siderations are in three aspects. First, when the spot is smaller
than 0.384/NA, its sidelobe gets stronger and can even exceed
the main lobe. This sidelobe sets an extremely limited field of
view in imaging!'?Y and is also a big barrier in nanolithography.
Second, the short DOF (<A among all reported literatures) of a
superoscillation spot makes the optical alignment challenging
in practical applications, which results in poor tolerance to the
spatial deviation and obliquity of samples. Finally, when the size
of the main focusing spot in the superoscillation lens is deep-
subwavelength, its intensity is so weak that it could be taken
as noise compared with the sidelobe.['*] Therefore, it is reason-
able to define the diffraction limit of a PDL as 0.381/NA.

3. Planar Diffractive Lenses

In order to distinguish different types of PDLs, we classify
them by their micro-/nanofeatures as zone-plate-based lenses,
photon-sieve-based lenses, and metasurface lenses. Among
them, the representative ones are specifically highlighted in
Figure 3, which gives a detailed comparison by addressing their
optical performances such as the size of focal spot, ambient
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medium, DOF, focal length, numerical aperture, operating
wavelength, and the functionalities.

3.1. Zone-Plate-Based Lenses

Standard Fresnel zone plates, as a good candidate of zone-
plane-based lenses, have been widely investigated and used in
many fields.'>*15] Therefore, here we only review the recent
advances in zone-plate-base lenses composed of many concen-
tric transparent and optimized belts. These novel lenses show
the superior performances such as tighter focusing spots and
broadband operation compared with the standard FZPs. They
are categorized by the modulation types into amplitude and
phase zone-plane lenses, as discussed below.

The amplitude zone-plane lenses are frequently demon-
strated due to its easy fabrication by etching the belts in a thin
metal (e.g., gold, silver, chromium, etc.) film. A superoscillatory
lens composed of 25 transparent belts with the feature widths
of 200 nm (smallest) and 1200 nm (largest) has been experi-
mentally demonstrated with a focal spot of 0.294 (FWHM) in
oil and a focal length of 16.14,73 see Figure 3a. As one of the
most intriguing demonstrations, this high-NA superoscillatory
lens excites intensive researches on various zone-plate-based
PDLs. A similar binary-amplitude lens was aimed at generating
a subdiffraction-limit optical needle for the linearly and circularly
polarized light.””) Then, a microstructured lens with a diameter
of 978.4 pm was designed for focusing azimuthally polarized
vortex light into a 12A-long optical subwavelength needle with an
impressive focal length of 2404 at the wavelength of 633 nm,”®l
see Figure 3b. Due to the feature size of micrometer scale, it
can be fabricated by using laser direct writing or standard UV
photolithography for mass production, without the requirement
of high-cost and time-consuming electron-beam or focused-ion-
beam lithography. A 0.98NA microscale lens was then demon-
strated as the first prototype of supercritical lens with its focal
spot close to 0.384/NA and a long DOF at the violet light,”?
which has the great advantages in noninvasive imaging as shown
later. In principle, at the different wavelengths such as red, green
and blue light, the needle light can also be generated with a slight
longitudinal deviation, named as chromatic dispersion. But, the
longitudinal extension of these colored needles makes them
overlay partially over a certain region where all three colored
spots can be obtained at an identical z-cut plane.*¥! In addition,
a low-NA 3D lens,*® composed of three longitudinally stacked
FZPs that have the same focal lengths at three primary colors
respectively, was also proposed to correct the chromatic aberra-
tions, see Figure 3c. Although these amplitude lenses have excel-
lent performances, their total efficiencies are limited below 10%.

The binary-phase zone-plated lenses,["”-1%8 with the enhanced
efficiency of around 40% in theory, " have also been reported for
tailoring the radially and circularly polarized light, see Figure 3d.
Different from the amplitude lenses, these phase lenses fabri-
cated on a transparent dielectric (e.g., SiO,, Si3N,) film have the
size-varying grooves, which introduce the required phase dif-
ference of m. Focused by a traditional objective or a PDL with
high NA, a radially polarized beam has a strong longitudinally
polarized needle with a subwavelength lateral size in the focal
region.l'%197] In ref. [157], the longitudinally polarized (i.e., E,)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
MATERIALS

www.advmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Size Ambient Focal Wavelength .
ILenses Types Refs. SEMs Spot @#winyMedium DOF ength NA () Function
N
Rogers ] 020 o Nt 61 134 | 640nm | Focusing
o |etal [l ~ Reported
=
A § Qin . .
2 g ot al. 721 0414 Air 124 1352 0.98 405nm Focusing
~
s Avayu 5.78) Not | 1818 450nm -
Q 1 [156] L 442/ AII' 0 0.11 550nm FOCUSlpg
N etal. 1'>%k 3955 Reported|(550nm) 650nm | & Imaging
2 | v 0.44 : ,
= | 1157 Air 52 2004 0.93 633nm Focusing
= et al. -0.524
§ ) Llu "*.L 3 X .
5 ‘g et al. [87] e 1.034 Air 4.5 17.54 0.48 640nm Focusing
wnn X N
= = ,
% g | Huang I ™~ . Not .
2 < ot al. (8] ( J 0.324 Air Reported 214 0.83 633nm Focusing
~ P
g | Alta A 1200 | Air N 19367 0015 | 1550nm | Focusin
2] % et al. [9] . J= Reported ’ &
g :
< =
8 5™ Arbabi et o 0.574 Al Not | 3234 097 1550nm | Focusing
< 1r
= al. 7791 0.917 Reported[™ 777, T 0.52 850nm | Imaging
§ o Khorasa- ' Not Focusing
2 %:é 2 gtlrﬁja[\g] © | ~07h| Al penored 13634 | 0.8 532nm | & Imaging
& .
S | Chen 045L | Not | 3087 4050m | Focusing
&) et al. [921 o 05, 11 |Reported 845/, ' 53onm | & Imaging

Figure 3. A summary of various PDLs based on different structures. a—c) Amplitude and d) phase zone-plate lenses contain the basic diffraction elements
of concentric belts. e,f) Photon-sieve lenses employ the nanoholes drilled in a thin and opaque film. Metasurface lenses use the g,h) gradient and i,j) geo-
metric phase to realize optical focusing. In the item “Function,” all the lenses are categorized by evaluating their capabilities of imaging an object directly,
so that the superoscillation and supercritical lenses are labelled as “Focusing” function because they demonstrate the imaging function with the help of
confocal scanning microscopy. Images: a) Reproduced with permission.”?l Copyright 2012, Nature Publishing Group. b) Reproduced with permission.’2
Copyright 2017, Wiley-VCH. c) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License.['>® Copyright 2017, The
Authors, published by Nature Publishing Group. d) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License.['>’]
Copyright 2016, The Authors, published by Nature Publishing Group. e) Reproduced with permission.8”l Copyright 2017, Wiley-VCH. f) Reproduced with
permission.®8 Copyright 2015, Nature Publishing Group. g) Reproduced with permission.[®! Copyright 2012, American Chemical Society. h) Left: Repro-
duced with permission.l®! Copyright 2015, Nature Publishing Group. Right: Reproduced under the terms of the CC-BY Creative Commons Attribution
4.0 International License.l?’l Copyright 2016, The Author, Published by Nature Publishing Group. i) Reproduced with permission.®> Copyright 2016, The
American Association for the Advancement of Science. j) Reproduced with permission.l2 Copyright 2017, American Chemical Society.

needle measured by using a nanofiber-based NSOM is the first
experimental evidence since its theoretical prediction in 2009.11%7]
The component E, of electric field cannot be directly measured
in an objective-based system due to the polarization filtering
effect caused by the magnification of an imaging system.[6160-162]
It has recently been well-solved by some approaches such as
E,-enhanced second harmonic generation!'®!l and Raman spec-
troscopy, 1%l which can be found in more details in ref. [164].

3.2. Photon-Sieve Lenses
Photon sieves as proposed in 2001 are the holes penetrated

through an opaque metal film.®% They were initially designed
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to suppress the sidelobes in the focal spot. Recently, it has been
found that the nanoscale circular holes have no effect of polariza-
tion dependence that exists in a zone-plate-based lens with purely
subwavelength widths,®81%5] which should be distinguished
from the superoscillatory lens composed of wavelength-scale
rings in ref. [73]. A fractal photon-nanosieve lens,®”) with the
nanoholes located within the belt regions of FZPs, was designed
to suppress both side lobes and high-order diffraction, see
Figure 3e. Due to the low NA, this lens has a diffraction-limited
focusing spot. To achieve a smaller spot, more nanoholes are
needed at the outmost belts to include light with higher spatial
frequencies, which eventually increases the total size of lens and
brings a challenging issue in its simulation and design. When
the hole is at the scale of nanometers, the rigorous vector theory
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of diffraction is needed to approximate the diffraction fields of
a lens. For a large-scale photon-sieve lens, the commonly used
simulation method by finite-difference time domain cannot
afford due to the high cost in computing sources.

In order to solve the problem, a hybrid approach has been
proposed to describe the vector fields of light diffracted from a
nanohole in an analytical way, which opens the door to mani-
pulate light with high accuracy at the nanoscale.®® Benefitted
from this, the photon sieves with optimized locations have
been proposed to demonstrate a high-NA focusing lens with
a deep-subwavelength focusing spot beyond superoscilla-
tion criterion for a linear polarized light,®® which is realized
by precisely manipulating the interference of diffracted light
at the focal plane, see Figure 3f. In addition, a hologram with
randomly located nanosieves can be realized with good uni-
formity, ultrabroadband operation and large angle of view.[1%!
Such a nanosieve platform suffers from the low transmission
at the visible and infrared wavelengths, which leads to a low
efficiency for a nanosieve-based optical device. However, the
accurate manipulation of transmitted waves makes the nano-
sieve platform competent at short-wavelength such as X-rayl'¢’]
and matter wavesl'81% in novel microscopies, due to higher
transmission efficiency.

3.3. Metasurface Lenses

Metasurfaces are the spatially varying and ultrathin nanostruc-
tures that can realize the full manipulation of light including its
phase, amplitude, wavelength, and polarization.l'’*17% As one
of the most important applications in metasurfaces, metalenses
have gained much attention for their applications in optical
focusing and nanoimaging due to its ultrathin feature and easy
integration compared with commercial objective lenses. One
review paper by F. Capasso’s group provides a thorough intro-
duction to the intriguing performances of visible-light TiO,
(Titanium Oxide)-based metalenses.® In addition, the under-
lying limitations of metalenses have also been discussed in
details by P. Lalanne and P. Chavel from a historical viewpoint
of diffractive optical elements.'8% In this review, we focus on
the continuous efforts to confront the fundamental challenges
such as optical aberrations and broadband operation.

Different from the binary phase or amplitude modulation
in zone-plate and nanosieve lenses, the metalenses are able to
obtain the multilevel phases by gradually changing the shape
of nanostructures (for gradient phase) or rotating the ori-
entation of size-fixed nanostructures (for geometric phase).
The initial metalenses with gradient phase were conceptually
demonstrated with a quite low NA at the visible and infrared
wavelengths by using the size-varying V-shape plasmonic nano-
structures,’®181 see Figure 3g. But, operating in such a trans-
mission mode, these metalenses can only transfer a small part
of incident polarized light into the transmitted light with cross
polarization and required phase, resulting in a low efficiency.

Now, the metalenses made of low-absorption dielectric
nanostructures (TiO, for visible wavelengths®>* and Si for
near-infrared wavelengths!”’~)) are considered to be the
most promising candidate for achieving the high efficiency
in a transmission mode. For example, metalenses made of
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amorphous-Si nanostructures can achieve a focusing efficiency
of =80% at near-infrared wavelengths of 915 and 1550 nm,*’-%’]
see Figure 3h. The TiO, metalenses with geometric phase have
also been demonstrated with high efficiency of 66-86% at the vis-
ible wavelengths ranging from 405 to 633 nm/®>*4 (see Figure 3i)
and have found convincing applications in chiral imaging®! and
oil-immersion nanoimaging®®? (see Figure 3j). The dielectric
metasurfaces make use of the magnetic resonances existing in
nanostructures,'82183 which means that the imaginary part of
refractive index in dielectrics must be small for a high-efficiency
metalens. Therefore, the dielectric materials should be care-
fully prepared to guarantee the well-performed metasurfaces.
For visible-light metalenses, the TiO, film is prepared on a pat-
terned resist by using atomic layer deposition, #8418 followed
by a carefully controlled reactive ion etching to eradicate the
unwanted TiO, for the final removal of the resist. Single-crys-
talline Si with a low absorption at the visible and near-infrared
wavelengths is also utilized as metasurfaces with the efficiency
of 71%.18% To realize a high-efficiency reflective metalens, one
might refer to these nanostructured metasurfaces made on the
top of uniform metal and insulator films.[87:188]

These metalenses imparted with a fixed phase profile of
@(r) = 2/ A [f - (P + f)1/?], as mentioned above, have their focal
spots limited by Rayleigh criterion. Such a phase profile enables
light passing through metalens to own the same optical path at
the designed focus, leading to the constructive interference. In
fact, the optimization technique is needed to diminish the size
of the focal spot of a metalens, as the zone-plate and photon-
sieve lenses have done. Therefore, it is reasonable to expect a
tighter focusing spot beyond Rayleigh criterion by using an
optimized metalens.['®¥) Considering that all the PDLs such a
metalens, a zone-pate or a photon-sieve lens, have the similar
optical aberrations, the next section will be fully focused on the
aberrations of PDLs to highlight the significance of correcting
them for practical applications.

4. Optical Aberrations

In a PDL-based system, the aberrations mainly originate from
the off-axis and multiwavelength illumination. But, a tradi-
tional objective lens has another on-axis aberration, named
as spherical aberration,® which refers to that, the divergent
rays coming from an on-axis point source are focused at the
different longitudinal (or axial) locations that depend on their
divergent angles, due to the imperfection of a spherical lens.
The spherical aberration is absent in a single-wavelength PDL
because light incident on the inner and outmost regions of a
PDL is designed or optimized to have the same focal position.

4.1. Off-Axis Aberrations

Optical imaging by using a single PDL is feasible to map an
object P onto the designed image plane, with the object and
image distances labeled by ; and I, respectively (see Figure 4a).
Correspondingly, the structures of a PDL are constructed to
guarantee the constructive interference, that is, all rays coming
from an on-axis object have the same optical paths at the
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Figure 4. Off-axis aberrations of a PDL. a) Sketch of an imaging PDL with its object and image distances of I; and /,. The structure (or phase) profile
can be derived from Equation (9) (or Equation (10)). A point source located at P(&,1) of object plane is used to investigate the off-axis aberrations of
PDL. For the cases of low (/; = 2004 and I, = 300A) and high (/; = 50A and I, = 754) NA lenses with R = 1004, the simulated intensity profiles at the
image plane are shown in the panels (b) and (c) respectively by addressing their off-axis locations of P(£n). d) Off-axis (or coma) aberrations of a
Fresnel zone plate under the tilting plane-wave illumination. The simulated intensity profile at the focal plane is also shown in the cases of 6=0°, 1°,
and 2°. e) One solution composed of two metasurface lenses that are fabricated on both top and bottom sides of a quartz substrate. The 3D phase
profiles of these two metalenses are shown in the inserts. The pseudocolor intensity profiles are simulated by using Equation (3). f) Simulated intensity

profiles of focal spots under the tilting illumination.

designed image positions. In this configuration, the relative
imaging FZPs have their radii r,, obey

\/lf+rf+\/l§+rf—ll—lzzgl 9)

Similarly, the phase profile of a metalens is modified as
¢(r):27ﬂ(ll+lz—\/llz+r2 i) (10)

We have to emphasize that Equations (9) and (10) are valid
for the on-axis objects and have the aberrations for the off-axis
objects.

To show the off-axis aberrations in an imaging PDL, we assume
the object P is located at (&, ) without the loss of generality (see
Figure 4a), because any off-axis object is composed of infinite
points. The off-axis aberrations in a PDL can be evaluated by
using the optical path difference between the central (blue dashed
line) and marginal (blue solid lines) rays emitting from an off-axis
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point source P to its ideal image point Q. After a brief mathemat-
ical derivation, the optical path difference can be expressed as

bl

Al= 2 — JB+(R=Ltan6)’ —\JZ +(R+tan6)’ (11)
S

co

where I; and I, are the object and image distances from the
PDL, R is the radius of PDL, 0 is the angle between the optical
axis and the central ray. Any off-axis aberration in such a PDL
can be predicted by using Equation (11).

Taking a metalens for example by using Equations (3) and
(4), we show the simulated intensity profiles at the image plane
when the off-axis value of the point object is different. For a low
NA case in Figure 4b, this metalens-based system has the para-
meters R = 1004, I; = 2004, and [, = 3004, resulting in its NA =
sin(tan"!(R/;)) = 0.447. Figure 4b shows that the intensity profile
of the image gets the increasing distortion when the off-axis dis-
tance enlarges. But, the distortion for low-NA case is still accept-
able compared with the 0.9NA case as shown in Figure 4c, which
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has the parameters R = 1004, I; = 504, and I, = 75A. One can find
that the severe distortion happens when the deviated distance
is larger than two wavelengths for a high-NA case. Correcting
the off-axis aberrations of a high-NA PDL is more challenging as
well as significant because the high-NA lens is more powerful in
focusing light into a hotspot and resolving tiny objects.

Beyond the off-axis case shown in Figure 4a, the most
frequently used FZPs and metalenses are structured with
Equations (7) and (8) respectively under the plane-wave illumi-
nation, where the optical path difference to evaluate the off-axis
aberrations can also be obtained in Equation (11) by setting
l;—eo. Thus, we have the optical path difference

’ = Roin0— i + (R —Ttan0)’, (12)

Al=—2
Ccos

which has been used to investigate the optical aberration in a
low-NA FZP under the assumption of small 6.'% The inten-
sity profiles of a metalens under the tilting illumination with
the angles of 1° and 2.5° have been reported theoretically and
experimentally.’”’l To compare with the off-axis aberrations
between a metalens and FZPs, we sketch the optical system
of FZP under the tilting illumination with an angle of 0 in
Figure 4d, which also shows the simulated intensity profiles
at 0=0° 1°, and 2°. One can find that both FZPs and metalens
have the similar off-axis aberrations.

Efforts have been made to correct the off-axis aberrations in
a low-NA system. A metasurface doublet composed of a phase-
correction metalens and a focusing metalens (see Figure 4e) has
been proposed to suppress the off-axis aberration at 850 nm wave-
length and show a well-behaved focusing spot even at a tilling
angle of 30°%7] (see Figure 4f). Both metalenses with gradient
phase realized by size-varying Si nanopillars are fabricated on the
top and bottom surfaces of a quartz substrate with good align-
ment. The correction and focusing phase profiles, as denoted by
lens 1 and lens 2 in the insets of Figure 4e, are provided with
a 3D view. The correction lens 1 has a smaller diameter than
focusing lens 2, so that only a limited part of focusing lens
2 is illuminated as shown by the propagation of light through
the metasurface doublet in Figure 4e. The propagation is simu-
lated by using the numerical Rayleigh-Sommerfeld formulas in
Equations (3) and (4). Although it brings some problems such
as decreased efficiency, bad integration, challenging alignment
between metalenses, low resolving power in imaging, such a
doublet approach confirms the feasibility of correcting optical
aberrations by using multiple metalenses,

Another role of correction lens 1 is to work as an aperture,
which alleviates the difficulty in suppressing the off-axis aberra-
tion and solves the low efficiency problem of the whole doublet.
It means that, if the correction lens 1 has the same size as the
focusing lens 2, the aberration might be unable to be well-cor-
rected. Due to the small size of correction lens 1, the efficient
NA of this doublet is determined by the diameter of lens 1 (not
the focusing lens 2) and the focal length, resulting in a larger
focal spot. It implies that the off-axis aberration of metalens is
corrected at the cost of low resolution in focusing and imaging.
Therefore, it might be impossible to pursue a PDL system con-
taining the superresolving power (i.e., below Rayleigh criterion)
and having its off-axis aberrations corrected simultaneously, as
pointed out in ref. [92].
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4.2. Chromatic Aberrations

In optics, chromatic aberrations usually refer to the wavelength-
dependent focal shifts of a lens, as sketched in Figure 5a. To
show it clearly in a PDL, we provide the simulated focal spots of
a 0.6NA metalens with geometric phase under the illumination
of the red (620 nm), green (550 nm), and blue (480 nm) light.
Obeying Equation (8), the phase profile designed at the green
wavelength is directly applied to the red and blue wavelengths
because the geometric phase is dispersion-free.

For a diffractive optical element, the chromatic aberrations
mainly come from material, resonance, and propagation dis-
persions.[t%] Material dispersion,[%¥ that is, the refractive index
of a material is wavelength-dependent, exists in most diffrac-
tive optical elements. Resonance dispersion, occurring in
photon-sieve lenses and metalenses, refers to the fact that the
modulated amplitude or phase obtained through the interac-
tion between optical modes and a nanostructure is relative to
wavelength, structure geometry, and refractive index of mate-
rials. Both material and resonance dispersions are usually
called as a joint name of modulation dispersion because the
material dispersion is considered in resonating processes of
optical modes. Propagation dispersion means that the phase
or amplitude of multiwavelength light have the wavelength-
dependent values even after propagating over the same dis-
tance, which occurs in all optical systems!'®21°!l and cannot be
eliminated in principle. Up to now, the chromatic aberrations
can be suppressed by three approaches: dispersion compensa-
tion, spatial multiplexing of monochromatic devices, and multi-
cycle phase with different dispersion.

The method of dispersion compensation employs the elabo-
rate tuning of the electromagnetic resonances in metasurfaces
so that the total dispersion (i.e., a summation of modula-
tion and propagation dispersions) is zero.’” Such a concept
was demonstrated experimentally by using a beam deflector
made of silicon metasurfaces that can tune light at the near-
infrared wavelengths of 1300, 1550, and 1800 nm into the same
refracting angle.’” It behaves well only at the designed wave-
lengths but fails at other wavelengths. The propagation disper-
sion depends on the spatial distance between the device and the
target plane, which changes in a case-by-case (such as Fresnel
or Fraunhofer region) manner. The method is valid only when
the modulation dispersion is flexible enough in the tuning
range to compensate the propagation dispersion.

Reorganizing multiple monochromatic elements spatially
into an achromatic device provides another route for solving
the dispersion problem. Three ultrathin FZPs,[*>® operating
at the red (650 nm), green (550 nm), and blue (450 nm) wave-
lengths, respectively, are located along the propagation direc-
tion of light and can focus light with three colors at the design
focal plane, as shown in Figure 5c,d. Benefitted from this, the
integrated FZPs can image a three-color object onto a camera
without the significant chromatic aberration, as depicted in
the inset of Figure 5d. Similarly, an alternative approach by
transverse multiplexing of elements for three wavelengths can
also focus multicolor light at the same plane.'?] Figure 5e
shows the sketch of such a transversely multiplexed device
with the scanning electron microscopy (SEM) images and its
measured color spots at the focal plane.
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Figure 5. Chromatic aberrations. a) Sketch of chromatic dispersion existing in a PDL. b) Simulated cross-section (y—z plane) intensity profiles of a
metalens under the illumination of 480, 550, and 620 nm wavelengths. The 0.6NA metalens is designed with a focal length of 27.5 um at the wave-
length of 550 nm and has the phase profile defined in Equation (8). c) The experimental intensity profile at the x—z plane for an achromatic Fresnel
zone-plate lens. d) Sketch of the achromatic lens in (c). Inserts: imaging result of an object with three primary colors. e) Transverse-multiplexing
achromatic lens. Inserts: the SEM image of the lens is shown at the upper-right corner and the recorded intensity profile at the target plane is
displayed at the bottom. f) Sketch of manipulating the dispersion by using a reflective metasurface with a multicycle phase profile. The signs g;,
g, and g3 stand for the different geometries of nanostructures. g) Dispersion map of a metalens with its NA changing from 0.2 to 0.9. The trans-
verse coordinate denotes the on-axis intensity profile along the propagating axis of z. The focal length at the designed wavelength of 550 nm is
fixed at 27.5 um. The different NAs are obtained by changing the radius of metalens. The red, green, and blue colors mean the intensity profiles
at the wavelengths 620, 550, and 480 nm, respectively. h) The cross-section intensity profile of a metalens with its NA = 0.9 that is shown in (g).
c,d) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License.l>®l Copyright 2017, The Authors, published
by Nature Publishing Group. e) Reproduced with permission.l'*?l Copyright 2016, American Chemical Society.

The multicycle phase method provides the phase modulation
from 0 to N*2rx (the integral N > 1) for increasing the flexibility

but have the different phase modulations of ¢;, ¢,, and ¢; at A,
due to the wavelength-dependent phase derivations, as shown

in phase selection among the wavelengths of interest. Such a
principle has been used to manipulate the multiwavelength
light by using traditional diffractive optical elements, 193194
which employ the accumulated phase of light by going through
the height-varying (i.e., longitudinal multiplexing of structures)
dielectric reliefs. For the metalens case in Figure 5f, the reflec-
tion phase can be tuned precisely with a sufficiently large range
by transverse-geometry-varying (i.e., transverse multiplexing of
structures) silicon nanostructures.l'! For example, for all the
nanostructures, three (i.e., g;, &, and g3) of them generate the
phase @y, @y + 27, and @, + 47 respectively at the wavelength 4,
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in Figure 5f. It means that one can choose three structures to
suppress the dispersion existing at A, meanwhile maintain all
the optical performances at A; without any change. Based on
this, a dispersion-free reflective lens has been experimentally
demonstrated at the near-infrared wavelengths from 1450 to
1590 nm. Due to the great degree of freedom, it has been used
to control the chromatic dispersion arbitrarily from negative,
zero and positive dispersions. If such a mechanism is applied
at the visible wavelengths, one might realize various multiwave-
length applications such as high-efficiency full-color holog-
raphy, display, and projector.
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These efforts in fighting against chromatic aberrations are
quite exciting, but most of them work only for several discrete
wavelengths. More solutions are still needed to correct the
dispersion over a continuous and wide spectrum, and in a high-
NA lens, which are more challenging. To elaborate it, we show
that a detailed focal shifts of a metalens (its parameters are the
same as those in Figure 4b) enlarge with the increment of the
NA of metalens, as shown in Figure 5g. We have to point out
that the focal spots are well-maintained when NA < 0.8. How-
ever, the spherical aberrations arise at the un-designed (such
as red and blue light in Figure 5h) wavelengths for NA > 0.8,
which indicates that a longitudinally extended needle-like field
(not a pursued well-confined spot) is generated in the focal
region at the red and blue wavelengths, see Figure 5h. It means
that both chromatic and spherical aberrations exist simultane-
ously in a high-NA lens, which has been observed experimen-
tally in a 0.98NA silicon-nitride metalens.l'* Due to the exist-
ence of both aberrations, we predict that a metalens (phase
profiles obeying Equation (8)) with its NA larger than 0.8 can
operate efficiently only at the designed wavelength if no aberra-
tion is corrected.
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5. Applications

A PDL can focus light into a hotspot, which can directly be
applied to, e.g., optical imaging and lithography. The section is
assigned to discuss the applications of PDLs.

5.1. Nanoimaging

Most of the superfocusing zone-plate and photon-sieve lenses
can focus light into a designed spot but could not directly
image the objects due to their severe aberrations. For the
imaging purpose, such PDLs can be used as the illuminating
light source in a SCM setup, and is therefore named as scan-
ning imaging. Conventional FZPs obeying Equation (7) or (9)
and metalenses obeying Equation (8) or (10) can be used to
image some objects directly. The detailed introduction of both
imaging methods is provided below.

5.1.1. Scanning Imaging

First, we introduce the imaging theory of PDL-based SCM by
following Sheppard’s method.l"?%! Figure 6a depicts the optical
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Figure 6. PDL-based scanning confocal microscopy (SCM). a) Working principle. b) Simulated resolution of this PDL-based SCM. In the simulations,
the spot generated by PDL is assumed to be the ‘maximum-frequency’ spot (i.e., Jo(kr)), whose intensity profile is provided in the insert. R and M are
the radius of the aperture and the magnification of the collection objective lens, respectively. ) Imaging results (right) of some random point objects
(left) by using a superoscillatory lens (SOL) based SCM. d) The experimental (middle) and simulated (right) images of random point objects (left) by
using a supercritical lens (SCL) SCM. e) Complex curved objects. f) 3D objects. The imaging results by traditional transmission microscopy and SCL-
based SCM are displayed at the upper and lower lines of right panel, respectively. c) Reproduced with permission.”?l Copyright 2012, Nature Publishing
Group. d,e) Reproduced with permission.”? Copyright 2017, Wiley-VCH.
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system of this PDL-based SCM. A PDL serves as the focusing
lens and generates a well-confined hotspot at the object plane of
an objective lens. This hotspot is used to illuminate the nano-
objects that are located at the confocal plane of the PDL and
the objective lens. With a magnification of M, the objective lens
functions as a collector of the scattered light from the nano-
objects. A circular aperture (or pinhole) with radius R is located
at the imaging plane of the objective lens. In theory, the detector
is assumed to be located immediately after the aperture, which
is reasonable because the detector is used to record only the
photon counts of the scattered light as the pixel value of a scan-
ning image. In this optical system, both the PDL and objective
lens are well aligned and the objects can move only in the con-
focal plane with lateral coordinates (xy, y,) with the help of a 3D
stage. When the objects are scanned in the confocal plane, the
detector records the intensity collected by the objective lens for
every scanning position of objects. The correlation between the
objects’ scanning positions and the detected signals allows for
reconstructing the images of the objects with the aid of computer
processing software. Assuming that the electric field at the object
plane generated by the PDL is hy(xq, yo), the complex amplitude
function of the objects at the object plane is ty(xo, yo) and the
impulse function of the collecting lens is h,(x;, y;; %o, Yo), We can
derive the amplitude function at the x;-y; imaging planel!2-130

U (xi: Yis X5, Ys) = .[j; J‘_:hl (xoy Yo)'to (xs — X0, Y5 — Yo)‘

(13)
h, (xiy Yis Xo, Yo) dxody,

where x, and y, denote the lateral deviation from the original
point when the objects are scanned in the confocal plane. In
Equation (13), the electric field at the imaging plane of the
objective lens depends on the deviation of objects in the con-
focal plane. The aperture permits us to select the partial inten-
sity at the imaging plane as the detected signal. Assuming that
the pupil function of the aperture is P(x;, y;), we can obtain the
reconstructed images of the objects

* dx, dy, (14)

I(xsr Ys)z J:J;P(xvy yi)'|U(xirYi;xs:Ys)

Equation (14) provides the final formation of the recon-
structed images by using such a PDL-based SCM. For the
objective lens (with an effective radius D), its impulse response
hy(x;, yi; %o, Yo) can be approximated as>1%7]

D' Ji(t)
Adod,  t

h, (xi: Yis Xo, Yo) = (15)
where dy and d; are the object and image distances as depicted
in Figure 6a, A is the operating wavelength, ;(t) is the first-order
Bessel function of the first kind and the parameter ¢ is given by

t=k-NA-\J(x/M = x,)" +(yi/M = yo )’ (16)

where NA and M are the numerical aperture and magnifica-
tion, respectively, of the collecting objective lens, the wave
number k = 27/A.
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In order to evaluate the imaging resolution of PDL-based
SCM, we adopt its point spread function (PSF) by setting the
object to be an infinitesimal point with its amplitude function
given by to(xo, yo) = (%0, yo)-'*”! In this case, Equation (14) can
be simplified as

I v2) = (v v ) <[ P ) @[ (5 v v ) | 17)

where A®B denotes the convolution operation of A and B.
Equation (17) yields the PSF pattern of the PDL-based SCM.
The FWHM of its PSF is a good measurement of the imaging
resolution. To show its performance in resolving power, a max-
imum-frequency hotspot (see the insert in Figure 6b) with its
electric field of Jy(kr), where 1% = x> + y,%, is used as the illumi-
nating source in our simulations. By using the magnification M
of the objective lens and the radius R of the pinhole aperture,
we can calculate its PSF and obtain its resolution (in terms of
FWHM) for different cases.

Figure 6b presents its corresponding resolution as we vary
the NAy, of the objective lenses from 0.6 to 0.9. We observe
that the resolution maintains its value around 0.36A without
much dependence on the NA, of the objective lens and the
relative aperture R/M. As seen in Figure 6b, there is some
improvement in resolution by decreasing the relative aper-
ture for R/M < A while such improvement is quite limited to
be =0.05A. It means that the resolution of a PDL-based SCM
is limited to be the size of illuminated spot generated by this
PDL. This result completely differs from the conventional SCM
in which the resolution depends strongly on the NA; of the
objective lens. Therefore, without the loss of the imaging reso-
lution, one might have huge flexibilities in choosing the objec-
tive lens when the PDL-based SCM is employed.

Considering that the illuminating spot used in the simu-
lations of Figure 6b is the maximum-frequency spot, we
predict that the imaging resolution (in terms of FWHM) of a
PDL-based SCM is limited to be 0.36A4/NA, where NA is the
numerical aperture of the PDL. If the immersion liquid with
a refractive index of 1.5 is used in the PDL-based SCM, the
imaging resolution will be =100 nm at the visible wavelength
of A =400 nm.

Next, we show some imaging results by using such PDL-
based SCM. Figure 6¢ shows the nanohole objects and their
images in an oil-immersion superoscillation lens SCM, which
can resolve two 210 nm diameter holes with a gap of =A/6 in
0il.”3! The high sidelobe in its superoscillatory spot leads to a
high background in the final image, although the sidelobe has
been suppressed after being mapped by an objective lens in a
standard microscopy, as shown in ref. [73]. Among all optical
properties of a superoscillatory lens, the sidelobe might be the
biggest challenge to obtain high-quality imaging and therefore
is taken as one of the limitations for superoscillatory technique.

To avoid these drawbacks in superoscillatory lens, we have
proposed a supercritical lens that can create a 124-length optical
needle with its lateral size of 0.4074 at A = 405 nm."? Integrated
into an SCM, such a supercritical lens has the imaging results
of point objects shown in Figure 6d. It can resolve two 165 nm
diameter holes with a 65 nm gap in air. A clear and background-
free image is obtained experimentally and agrees well with the
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simulated image by using Equation (14), which confirms the
validity of the proposed theory about PDL-based SCM. A com-
plex Merlion figure composed of many transparent curves with
nanoscale width can be also imaged in high quality as shown in
Figure 6e. Due to the enhanced imaging resolution by the super-
critical hotspot, such a supercritical-lens-based SCM shows the
superior advantages in imaging quality over the traditional SCM
and transmissive microscopy, as can be seen in ref. [72]. In addi-
tion, the optical needle generated in the supercritical lens opens
anew era, i.e., mapping the horizontal details of a 3D object (see
Figure 6f), for the microscopy community. It makes the high-
resolution imaging possible even if the object is located at the
out-of-focus plane, which can find more interesting applications
that are not applicable for other microscopies. Therefore, this
supercritical-lens-based SCM holds great promises for devel-
oping the next-generation scanning confocal microscopy.

5.1.2. Direct Wide-Field Imaging

A metalens (with a phase profile of Equation (8) or (10)) and
an FZP lens (with its radii following Equation (7) or (9)) can
be used to directly image the objects although they suffer from
optical aberrations. Here, we mainly focus on metalenses about
its imaging formation and aberrations because the imaging
properties of traditional FZPs can be found in many literatures.

The imaging equation of a traditional thin lens with a low
NA is only valid under the paraxial approximation,”! which
also holds for a metalens. In order to investigate the imaging
performance of a metalens with different NAs, the metalens
is imparted with the phase profile defined in Equation (10)
because this phase depends on the object and image distance
in various NAs (even if the imaging equation is not valid).
Figure 7a shows the sketch of an optical system based on an
imaging metalens with its radius R, object distance I, and
image distance ). The NA of this metalens can be evaluated by
sin o = sin[tan"}(R/;)], where « is the angle between optical
axis and the maximum divergent rays incident on metalens.
Different from the optical behavior of an off-axis point in
previous Section 4.1, we here employ a 2D object composed
of a 10 x 10 array of transparent 24 x 214 squares with the
smallest gap of 24, see Figure 7b. In our simulations by using
Equation (3), the metalens has the parameters R = 1004, /I, =
1.5, and the varying NAs by scanning /; from 5004 (NA = 0.196),
4001 (NA = 0.243), 3004 (NA = 0.316), 2004 (NA = 0.447), 1001
(NA = 0.707), 751 (NA = 0.8) to 504 (NA = 0.894). In addition,
the lenses have the fixed magnification M = I,/l; = 1.5, allowing
us to exclude the aberrations caused by different magnifications.

Figure 4b shows the simulated imaging results at the image
plane. For the metalense with small NA such as l; = 5004, the
fine details of object cannot be resolved due to the limited reso-
lution. The resolution is enhanced with the increment of NA
so that the object can be mapped correctly with the improved
imaging quality. As a consequence, a clear image is obtained
by using the metalens with I; = 200A. However, when NA
increases further, the optical aberrations become significant as
predicted in Section 4.1, leaving the pillow-shape images with
pincushion distortions (see the cases with [; = 1004, 754, and
50A). These simulations confirm that the optical aberration
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is more significant in a high-NA lens than a low-NA one.
Therefore, the reported high-NA metalens is usually used to
image the objects directly at the large objective distance, which
implies that the efficient NA employed in constructing the
image is much smaller than the NA carried by the metalens.
Thus, the demonstrated images have the large-scale details but
little aberrations, as shown in Figure 7c¢,’!l d,® and e.1%’]

For imaging resolution, a metalens with an NA of 0.8 has
been reported to enable resolving a 450 nm gap between two
holes,®] see Figure 7f. Considering that its focusing spot has the
measured FWHM of 375 nm, the imaging resolution of this met-
alens is shrunk significantly. The measured modulation transfer
function shows that light with its spatial frequency larger than
1000 lines mm™! cannot pass through this metalens,® which
might give the reason for the decreased resolution in imaging.
Fundamentally, dielectric nanostructures in metalens have
the low transmission for the incident light with a large tilting
angle, ¥ which is relative to the large divergent-angle rays (i.e.,
high spatial frequencies) emitting from an object (see Figure 7a).
During the image formation process in a metalens, the lack or
decrement of high-spatial-frequency light will definitely lead to
the loss of fine details in objects, leading to a decreased resolu-
tion in their images.’! Therefore, limited by the low transmis-
sion of dielectric nanostructures at the large incidence angle, the
metalens working in the direct-imaging mode might be difficult
to achieve the resolution beyond Rayleigh criterion.

As a result, the most recent oil-immersion metalenses
have turned to operate in the scanning mode (as shown in
Section 5.1.1.) for nanoimaging.’ Figure 7g shows the image
of a 200 nm width nanograting with a gap of 200 nm obtained
at the wavelength of 532 nm, showing improved imaging res-
olution compared with the direct-imaging case in Figure 7f.
Although the scanning mode has lower speed than the direct
imaging mode, its advantages in high imaging resolution,
small aberration and large object imaging will make the scan-
ning mode more practical in many applications.

5.1.3. A Detailed Comparison among Various Optical
Superresolution Microscopies

In order to make a guideline for potential users, we list the
representative microscopies that can resolve the nanoscale
objects beyond the diffraction limit of Rayleigh criterion, as
shown in Table 1. For the item of resolution, we use the value
of the smallest gaps and center-to-center distances between
two objects that have been experimentally resolved by these
microscopies. The displayed gap and center-to-center data are
exported directly from the relative literatures or derived from
the demonstrated images. In this table, the superoscillation-
and supercritical-lens-based SCMs with high resolving power
are included while all the metalens-based microscopies are
excluded due to their diffraction-limited resolution in imaging.

5.2. Nanolithography
Nanofocusing of light has another important application in

nanolithography, which requires the hotspot with small lateral
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Figure 7. Direct wide-field imaging by using a PDL. a) Sketch of an imaging PDL with its object and image distances of /; and I,, respectively.
b) The imaging results of an imaging metalens (whose phase is defined in Equation (10)) with its radius R=100A and [, = 1.5'/;. The black figure shows
the objects composed of a square array. The color figures display the relative images by addressing their object distances /; from 501 to 500A. c,d)
Chiral imaging by a low NA metalens. e) Image captured by a coma-corrected double-metalens. f) Image by a 0.8 NA metalens for testing its practical
resolution. g) Scanning images by using an oil-immerse metalens operating in scanning confocal mode. h) Decreased focusing efficiency induced by
limited pixel pitch in a high-NA metalens. A phase cycle of 27 needs a radial span of one wavelength at the outmost region of a high-NA metalens. Left
panel: the phase profile of a high-NA metalens. Right panel: the ideal case having the sufficient sampling (pixel pitch) of /22 provides the smooth
phase gradient for focusing all the outmost light into the designed focal plane. The real case realized by a metasurface lens with a limited pixel pitch
of A/2.5 can only focus the partial (e.g., =40% for two-level phase modulation) incident light at the focal plane. c) Reproduced with permission.'l
Copyright 2016, American Chemical Society. d) Reproduced with permission.B3 Copyright 2016, The American Association for the Advancement of
Science. e) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License.l’”] Copyright 2016, The Author, Pub-
lished by Nature Publishing Group. f) Reproduced with permission.®’l Copyright 2016, The American Association for the Advancement of Science.
g) Reproduced with permission.®2 Copyright 2017, American Chemical Society.

size and weak sidelobes. The superoscillatory spot is not appli-
cable in lithography due to the existence of the strong halo. In
fact, the zone-plate'®! and photon-sieve-based''?! lenses have
been employed for nanolithography in X-rays, extreme ultra-
violent and visible light. For example, a 0.9NA photon-sieve
lens operating at the 405 nm wavelength has been reported
and demonstrated for fabricating a 400 nm period grating.[1%8]
The structures contained in photon-sieve and zone-plate lenses
are based on the standard parameters defined in Equation (7),
resulting in a diffraction-limited focusing spot and the fabri-
cated structures at the scale of wavelength. It is expected that
the feature size of fabricated samples by an optimized PDL
should be scaled down to its optical limit of 0.381/NA.
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6. Conclusions and Outlook

In the past five years, exciting achievements about focusing
light into a hotspot by using optimized micro/nanostructures
in a planar surface have been obtained through extensive
researches including diffraction-based focusing optics, new
diffraction limit of light, superoscillation phenomenon, optimi-
zation techniques in optical simulation, and developing novel
optical materials such as metamaterials, metasurfaces, photon
sieves, and zone plates. These PDLs with compact volume,
light weight, planarity, and superior optical performances
are challenging traditional objective lenses. They hold great
potentials in reshaping the current microscopy and imaging
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Table 1. A summary of optical supersolution microscopies.

www.advmat.de

Microscopies Near-field microscopies

Far-field fluorescence microscopies

Far-field label-free microscopies

Parameters NOSM Superlens Microsphere STED PALM/ MINI-FLUX SIM/SSIM SOL SCL CDI
STORM
Working principle Evanescent waves Nanojets  Stimulated Photo Minimal  Structured Destructive Constructive Compressed
emission activation emission flux  Light interference interference  Sensing
depletion
Working mode Scanning  Wide field  Wide field Scanning Wide field ~ Wide field ~ Wide field ~ Scanning Scanning Wide field
Resolution
Gap <10 hm <60 nm <25 nm <20 hm <20 hm <6 nm <50 nm 105 nm 65 nm =40 nm
Center-to-center <75 nm <120 nm <50 nm <45 nm <20 nm <6 nm <120 nm 258 nm 228 nm 141 nm
Working distance <50nm  40-200 nm <500 nm >100 um >100 um >100 um >100 um >10 um >55 um >100 pm
Wavelength (1) Full spectrum ~ UV-IR UV-IR Visible Visible Visible Visible  Full spectrum Full spectrum Full spectrum
Sample features Unlimited Transparent Unlimited Labelling Transmission-contrasted ~ Sparse objects
objects
Efficiency Very low Low Moderate ~ Moderate Moderate ~ Moderate ~ Moderate Low Moderate Moderate
Pre-preparation No No No Yes Yes Yes Yes No No No
Postprocess No No No No Yes Yes Yes No No No
Invasiveness Mechanical damage Fluorophore contamination and photo damaging Noninvasive
References (11,12 [16,18]  [23,24] 34,39] [48,51] 63] [57,58] 173] [72] 7]
industries to meet the requirements on miniaturized optical  demonstrated by using phase-change materials,!'*2% gate-tun-

elements for portable devices, IT, and automation. However,
some challenges should be overcome before their final indus-
trial applications.

First, optical efficiency of a PDL is limited in focusing and
imaging. The zone-plate and photon-sieve lenses with binary
modulation have the theoretical limitation of below 40% in
efficiency. Although dielectric metalenses can improve the effi-
ciency up to 80-90%, the low transmission of light with high
spatial frequencies makes it difficult to enhance the imaging
resolution for a higher NA metalens. Even in focusing, light
incident on the outmost of a high-NA metalens is seldom con-
tributed to the focal spot because the large pixel pitches in a
metalens lead to the lower diffraction efficiency from incident
light to focal spot, compared with a sufficiently sampling met-
alens as shown in Figure 7h. Second, the problems associated
with high-quality imaging still exist in both operating modes.
For example, optical aberrations of a metalens operating in a
wide-field mode need to be corrected in premium applications
such as nanoimaging. The imaging speed of a PDL-based scan-
ning microscopy might need further improvements to obtain
a large-scale image with fine details. Third, dielectric mate-
rials with high refractive indices and low absorption at short
wavelengths such as visible and ultraviolet spectra are lacked
for realizing high-efficiency metasurfaces. Furthermore, the
robustness of the micro-/nanostructures in the PDLs in real-
world application needs to be addressed. Any solution must be
considered holistically to maintain the optical performance of
the PDLs. Finally, the process for large volume mass produc-
tion of the large-area PDLs with tense nanostructures has to
be built. Also, a huge desire and challenge ahead is to realize
the reconfigurable or programmable planar optical lenses
and devices for applications in dynamic imaging and display,
although some preliminary active nanodevices have been
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able conducting oxide,?*!l electrically controlled plasmonics/?%2
or stretchable substrate.20%]

Future work might be focused on both fundamental physics
and possible solutions confronting with those challenges for
industrial applications. The underlying physics addressing
the reason why the lateral size of an optical needle cannot be
below 0.384/NA (or 0.3581/NA by FWHM) needs more math-
ematical proofs, which are of great significance because this
might reveal some new physics hidden behind the fact. It is
still an open question what is the ultimate limit in optical
focusing without significant sidelobes, which is just like
that the diffraction limit defined by the Rayleigh criterion is
now updated by the superoscillation criterion 0.381/NA. For
enhancing the efficiency of zone-plate or photon-sieve lenses,
the thinner film such as 2D materials?*-2%] might be a pos-
sible solution although the working spectrum is limited. By
referring to the traditional objective lenses, multiple or cas-
caded metasurface-based singlet might provide a viable way
for correcting or reducing optical aberrations to meet the prac-
tical requirements in imaging and machining. The mapping
of the horizontal details of a 3D object realized by the super-
critical-lens-based scanning confocal microscopy might open
the opportunities to reconstruct a full-space fine detail of an
arbitrarily object in a purely optical way, without the need of
labeling technique used in bio-imaging. Such a new capability
in a microscopy might be added into one of the key features
in developing next-generation laser scanning confocal micro-
scopy. Moreover, the relative theory and technology develop-
ment are required to realize the superresolution focusing
through or in a diffusive medium such as living cells and tis-
sues,?-211 and multilayered media such as recording mate-
rials in high-density data storage.*¥l Therefore, the studies
in this field will grow further and the solutions in various

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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applications will expand continually in a quick way in the near
future.
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