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Abstract. Devices that form an optical image with a subwave-
length resolution in real time — metalenses — are considered.
Such devices either operate with near optical fields or convert
near fields into wave fields. As a result, the spatial resolution of
these devices is not limited by the diffraction limit. At the same
time, the image is formed at a considerable distance from the
object, which distinguishes near-field metalenses from the in-
struments used in near-field probe microscopy. Metalenses are
implemented based on metamaterials or their two-dimensional
analogs, metasurfaces. Historically, this line of research was
based on the so-called perfect lens, the concept of which did not
withstand experimental verification but gave impetus to the
development of real metalenses. Depending on the device and
principle of operation, metalenses are called either superlenses
or hyperlenses.
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1. Introduction

In optical microscopy, visualization of objects in real time is
implemented by focusing light with a lens, which is a
transparent dielectric medium limited by two refracting
surfaces (Fig. 1a). Due to the finite size of a lens and Abbe
diffraction (i.e., the light beam divergence in any medium,
including the free space), the transverse size of the focal spot
A, corresponding to a point source and obeying the Rayleigh
criterion, is determined as follows [1]:

A

4 =~ 0.61 NA (1)
where / is the wavelength of light, NA is the lens numerical
aperture, which (for a nonimmersion lens) equals
sin arctg [D/(2f)], f is the lens focal length, and D is its
transverse dimension. Note that Eqn (1) is derived within the
paraxial approximation of the diffraction theory, and for the
case of lenses with a very small focal ratio or apodization, this
formula is inapplicable [2]. Lenses with a small focal ratio
have limited application because of strong aberrations, which
cannot be suppressed by usual methods, and spreads the
image more significantly than the diffraction. Lenses with
apodization, the artificially introduced gradient of the
refractive index near the edges, allow removing the Airy
circles phenomenon in the field intensity distribution in the
image area. In this case, point objects separated by a distance
smaller than 0.61/ can be resolved. The apodization effect is
sometimes considered equivalent to emulating in Eqn (1) an
effective numerical aperture NA > 1 (sometimes leading to
misunderstanding and erroneous results). However, the effect
of apodization is relatively small. The diffraction is con-
sidered to set a lower bound on the image size of a point
source (the Airy circle), approximately equal to 1/2 (for
nonimmersion optics) [3]. Actually, this is not quite so, since
in the image area of an extensive object the part of the
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Figure 1. (Color online.) (a) Focusing a propagating electromagnetic wave
with a lens. (b) Representation of the electromagnetic wave in two-
dimensional k-space.

optical signal that corresponds to its small-scale spatial
variations and, correspondingly, evanescent waves are
assumed to be completely absent.

The spatial spectrum of radiation (scattering) from any
object is a superposition of inhomogeneous (evanescent) and
homogeneous (propagating) plane waves. If we take a line
connecting a point of the object with the observation point for
the z-axis, then, for an unlimited spatial spectrum of the field
created by the object, the transverse wave vectors k and k,, fill
the entire plane in Fig. 1b. For a wave propagating to the
observation point (Imk, = 0) with the wave number ky =
2n/ A, the spectrum of transverse spatial frequencies is limited
by the hatched circle in the figure: k. = (k2 — k2 — k2)"/2,
ki = k2 + k2. Beyond this circle, the electromagnetic wave
exponentially decays, and this spectrum of spatial frequencies
corresponds to evanescent fields. At a distance of approxi-
mately 4/2 from the object, the amplitude of the evanescent
wave electric field strength decreases by e times. Thus, free
space or the lens material acts as a low-pass filter of the spatial
frequency spectrum. Therefore, evanescent fields were not
taken into account when deriving Eqn (1). In other words,
their fields in the region of the image are assumed to be lower
than the noise level. However, upon reducing all optical
noises in the system, including the infrared (thermal) ones,
evanescent waves can be detected in a special microscope,
which allows increasing the resolution level to /4 > 1. In
this case, the resolution limit is actually determined by the
level of noise in the microscope [4].

The present review concerns the most frequent case when
the optical noise in a microscope cannot be reduced and,
nevertheless, it is required to get a subwavelength image in
real time without using fluorescent markers or mathematical
processing of optical signals. Multiple applications, to which
these limitations are relevant, are mentioned in review [5]. So
that to implement such image historically first metalenses
were created at the beginning of the 21st century, and
applying this term to focusing metasurfaces appeared in
some papers quite recently. In recent review [6], metalenses

based on metasurfaces, aimed at conventional focusing of
light, restricted by the diffraction limit, are described in detail.

Note that, long time before the appearance of metalenses,
it was understood that, to improve the spatial resolution in
absolute values, it is necessary to increase the circle radius kg
by either reducing the wavelength A (which is why the short-
wave visible or even ultraviolet (UV) range is used in practice)
or increasing the refractive index of the medium between the
lens and the image (immersion optics). Moreover, in Ref. [7],
as long ago as 1928, a local broadening of the spatial
frequency spectrum using an optical nanoantenna (probe) or
a subwavelength aperture in a metallic screen was proposed,
as shown in Fig. 2. In this case, the broadening of the spatial
frequency spectrum follows from the uncertainty principle
AxAk, ~ const.

It should be noted that the scattered light detected by a
remote detector contains frequencies k. and k, only within
the circle in Fig. 1b. The main drawback of this method is
the necessity to scan the sample surface with a nanoparticle
or a subwavelength aperture in the optical near-field
region.

Direct access to high transverse spatial frequencies,
ki +k?> kg, in the far field is possible using the wave
mixing technique at the expense of the so-called moiré
pattern effect (in Section 5, we will briefly mention meta-
lenses using this effect). Such metalenses also require point-
by-point scanning of the near field in the sample plane. From
this point of view, nanoantenna methods [7] and the moiré
pattern method are close to probing (near-field) methods of
imaging. In the latter, the subwavelength spatial resolution is
ensured by the a priori known lateral or axial position of the
probe, which is controlled by a piezoelectric scanner with a
precision of 0.1 nm for the distance between the probe and the
surface of the sample. The interaction of the sample with the
localized light allows overcoming the diffraction limit only in
the near-field zone, whereas in the far field the scattered light
inevitably experiences diffraction, so that a very slow scanning
process is inevitable.

The techniques based on reducing the focal volume (or
narrowing the point spread function) and its scanning over
the sample include a wide class of methods of subwavelength
imaging, such as scanning near-field optical microscopy
(SNOM) [8, 9], tip-enhanced Raman scattering, (TERS)
[10-13], and localized infrared (IR) microscopy (nanolR)
[14, 15]. In 2019, a spatial resolution of 1/1000 was first
demonstrated in the optical range by means of visualizing
normal vibrational modes of a single porphyrin molecule
using TERS microscopy [16]. Such unprecedentedly high
spatial resolution became possible due to the resonance
interaction of molecular vibration modes with localized
plasmon oscillations of a slit resonator.

In wide-field optical microscopy, the diffraction limit can
be overcome without using a nanoprobe by means of
mathematical processing of an array of images. Examples
are photoactivated localization microscopy (PALM) [17],
stochastic optical reconstruction microscopy (STORM) [18§],
and structured illumination microscopy (SIM) [19]. Finally,
subwavelength imaging is implemented without a nanoprobe
or secondary processing of optical signals using fluorescence
microscopy, in which a spatially nonuniform stimulated
emission depletion (STED) of fluorescent markers takes
place on the object surface [20, 21].

Below, we will not consider these lines of study, because
this review is devoted to metalenses, providing subwavelength
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Figure 2. (Color online.) (a) Demonstration of traditional optical microscopy, (b) and (c) schematics of diffraction-free optical microscopy based on a

nanoparticle and a subwavelength aperture, respectively.

resolution, i.e., devices that image an object in the far or near
wave zones without using probe scanning, fluorescence,
nonlinear optical effects, or mathematical processing of data
arrays.

2. Veselago—Pendry pseudolens
and Pendry superlens

In 1944, L I Mandelshtam (Fig. 3) introduced the notion of
backward waves, electromagnetic waves in which the group
and phase velocities are oppositely directed. Such waves
propagate in a hypothetical medium with a negative
refractive index, n <0 [22]. In the case of oblique
incidence on an interface separating such a medium from
free space or a dielectric, the refraction angle obeys Snell’s
law and, therefore, turns out to be negative. In 1957,
D V Sivukhin proved that Mandelshtam’s mode of back-
ward waves takes place in a medium with ¢ < 0 and p < 0,
where ¢ and p are the relative permittivity and perme-
ability, respectively [23].

In 1967, V G Veselago (who, according to our data, did
not know about papers [22, 23]) not only presented his own

original proof of the fact that a medium with ¢ < 0 and u < 0
has a negative refractive index but also systematically studied
a number of optical phenomena in such a medium [24]. In his
paper [24], the inversion of the Doppler frequency shift and
the inversion of Vavilov—Cherenkov emission were predicted,
as was the transformation of light pressure into light
attraction. However, the concept of the aberration-free
pseudolens appeared to be the most fruitful result of this

study.
The Veselago pseudolens is a plane-parallel plate of a
medium with n = —1 and sufficient thickness d. This plate is

not a focusing lens, since it does not focus a beam of parallel
rays incident on it. At a distance of d/2 from the back surface,
it focuses only the rays that come from sources located at the
same distance from its front surface. No other sources
produce images in this plane. In addition, due to the
dispersion of the medium with a negative refractive index,
the image formation by such a plate is frequency selective.

In practice, the above properties mean suppression of the
background illumination of the useful image by objects
located either far from the plate or too close to it, as well as
all parasitic images when using artificial light directed to the
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Figure 3. Founders of modern electrodynamics of materials with a negative refractive index.




358 K V Baryshnikova, S S Kharintsev, P A Belov, N A Ustimenko, S A Tretyakov, C R Simovski

Physics— Uspekhi 65 (4)

given region of objects. In applied optics, such an image is
called pseudoscopic; that is why Veselago called his plate a
pseudolens.

Conventional pseudolenses are formed by arrays of
microlenses, whose frequency selectivity is achieved either
using a resonance substrate (in the 1960s), or by submicron
profiling of each microlens (at present). Unfortunately, usual
pseudolenses with all their selectivity cannot image an object
without aberrations, and the suppression of aberrations
requires further complication of the optical system.

The most important advantage of the Veselago pseudo-
lens is the primordial absence of aberrations, as well as of the
reflection of waves; a medium with n = —1 has the same wave
impedance as the free space. Therefore, rays do not undergo
refraction when crossing the interfaces between the media,
and their beams do not lose homocentricity.

In 2000, J Pendry [25] showed that the Veselago
pseudolens not only removes aberrations but also overcomes
the diffraction limit of resolution. This happens due to the
effect of a resonant increase in the amplitude of evanescent
waves, k2 + k2 > k¢, inamedium with ¢ < 0 and 4 < Oin the
direction away from the source. Such an increase does not
contradict conservation laws, because an evanescent wave
does not carry energy. Pendry showed that, in the limit of
& — —1 and u — —1, the Fresnel reflection and transmission
coefficients for a transverse electric (TE (s)) and transverse
magnetic (TM (p)) polarized evanescent wave propagating
trough a plane-parallel plate with thickness d (Fig. 4a) has the
form [25]

lim RGP =, lim TP = exp (—ik-d). (2)
e—— e——
p——1 p——1

Since an evanescent wave has a purely imaginary k., the wave
exponentially increases with distance from the source inside
the medium layer, which completely compensates for its
decay in the free space at all spatial frequencies (ky, k,) such
that k2 + k2 > kg. Therefore, in contrast to a conventional
lens, a Pendry metalens in the image region creates a field in
which the contributions of propagating and evanescent waves
have a similar order of magnitude, just as in the optical near
field. According to Pendry’s theory, this is a necessary and
sufficient condition for nondiffractive imaging.

Thus, the Veselago pseudolens turns out to be a perfect
lens for objects separated by a distance / < d from the front
surface of the layer, the image being formed at a distance of
d — [ from the back surface, as shown in Fig. 4a.

A rigorous solution to the problem of exciting a Veselago—
Pendry lens with a point source can be obtained assuming that
the lens has nonzero losses (see, e.g., [26, §4.5.3]). An analysis
of the exact solution shows that, when the losses tend to zero,
the field distribution in the focal plane of the pseudolens and
at greater distances from it tends to a perfect image of the
source. However, the field in the region between the
pseudolens surface and the image plane (Fig. 4a) is quite
different from the object field. This means that a perfect
Pendry lens does not create a three-dimensional image of the
object. Moreover, when the losses tend to zero, the field inside
the lens and in the region of the image becomes singular. This
singularity is nonintegrable, so that the reactive energy stored
in a perfect pseudolens tends to infinity. We conclude that, in
the ideal case considered by Pendry, no physically acceptable
solution to the problem exists (see, e.g., [27, 28]). It is
interesting that, as Ref. [27] shows, a nonsingular solution
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Figure 4. (a) Formation of a perfect image of point object A by a Veselago
pseudolens in the Pendry theory. If there are no losses and the relative
permittivity and permeability of the Veselago medium remain ¢ = —1 and
1= —1 for all spatial frequencies of the field created by the object, then
there is no diffraction and point object A is imaged by point B. Fields of
spatial harmonics corresponding to the evanescent part of the spatial
spectrum are reproduced without distortions, since the damping of each
evanescent wave in free space is compensated by its growth in the medium
layer. (b) Introducing an additional source at point B and a sink at point C
[27] allows elimination of the singularity inherent in Pendry’s solution. S is
the Poynting vector.

can be constructed by placing an additional source at the focal
point and a point sink at the intermediate focus inside the
lens, as shown in Fig. 4b.

In addition, Pendry proposed in [25] an idea for a
relatively simple implementation of a superlens (for a single
polarization of the waves), which is a thin perfectly uniform
layer of a material with ¢ = —1 (or ¢ = —&y, if the surround-
ing medium is a dielectric with permittivity &) and u = 1.
Ignoring optical losses, silver is such a material in the near UV
range. In the silver superlens theory, disregarding losses, it is
stated that the field at the ends of a Hertz dipole normal to a
silver layer and placed at a small distance 0 = d/2, d < A from
the layer is almost perfectly reproduced just against the dipole
at the same distance d from the back surface of the silver
nanofilm. Since the subwavelength details of the object can be
identified as Hertz dipoles, upon irradiating the object with
TM-polarized light, its details will be reproduced in the form
of a symmetrically placed subwavelength image. According
to Ref. [25], the shape of an extensive object in such an image
can be distorted, but the subwavelength resolution of small-
scale details would be ensured.

Pendry’s view presented in Ref. [25] was supported in a
number of papers, e.g., [29-32]. Indeed, the intensity distribu-
tion of evanescent TM-polarized waves in the normal
direction from a dipole source in the absence of losses in the
case of 0 =d/2 is such that, for a wave of any spatial
frequency, the intensity at the ‘near-field image’ point
repeats the intensity at the source point, as shown in Fig. 5a.
However, this does not mean that the field inside a
subwavelength object is perfectly repeated at the ‘near-field
image’ point. First, the condition 6 = d/2 restricts the
superlens action to planar objects only. Second, even a thin
scatterer of a subwavelength size, e.g., a nanodisc, even one
illuminated with a TM-polarized wave, produces waves with
TE polarization. Finally, the field at any point of such a disc
contains contributions from not only evanescent but also the
propagating waves. Therefore, to judge the near-field image,
one should consider the physics of subwavelength imaging
rather than the proportion between the evanescent wave
damping in the free space and its gain in silver.

No doubt, this effect is due to the increase in evanescent
waves across the silver layer; however, the subwavelength
image in the region behind the silver film is not formed the
way it is in a perfect lens. A dipole object oriented normally to
the layer excites surface plasmon polaritons at the boundaries
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of the silver layer, the polariton amplitude on the silver back
surface turning out to be greater than on the front one [33, 34].

The spatial spectrum of a polariton wave package is very
wide and, therefore, the distribution of electric field intensity
in the plane of the layer has a sharp maximum at the dipole
axis. For a dipole whose dimensions are much less than d, the
effective width of this intensity maximum turns out to be
much less than the wavelength. The maximum of the
transverse distribution of the field intensity with a width of
A, created by the point dipole on the back surface of the silver
thin layer, is exactly the dipole image. For a silver layer in free
space, this width can be estimated with high precision as
A =~ 2nd/|log (¢”/2)|, where ¢” denotes the imaginary part of
the permittivity of silver [33].

If there were no losses in silver, then 4 would tend to zero,
A — 0, and the point dipole would indeed be imaged by a
point, but on the back surface of the silver layer rather than at
adistance 0 = d/2 from it. The distance from the object to the
silver layer equal to the layer half-thickness, 6 = d/2, turns
out to be generally not relevant to the subwavelength imaging
in a superlens. Subwavelength imaging, considered to be the
spatial resolution of two dipoles separated by much less than
Ain the superlens plane, is the best on the back surface of the
film, where this resolution is 4 [33, 34]. However, this
subwavelength resolution has no practical sense and does
not mean the formation of a subwavelength image, since it is
impossible to read it out. Near-field high-resolution optical
microscopes have probes with a metal-coated side surface;
therefore, the interaction of the probe with the metallic film
destructs the subwavelength spot, which, therefore, cannot be
considered a point object image.

In a real silver superlens, e.g., the one experimentally
studied in Ref. [35] and schematically shown in Fig. 5b, the
silver nanolayer is located between layers of a dielectric
(polymethylmethacrylate) with ¢, = —Ree. In this case, the
image is formed on the substrate surface, the photoresist
layer, having a higher permittivity in the linear regime. Such a
layered superlens is characterized by spatial intensity dis-
tribution different from that in the original Pendry silver
superlens [25, 29-31] placed in a homogeneous medium.

Near-field imaging by any plasmonic superlens (not only
Pendry type) is based on the formation by a point object of a
plasmon wave packet of subwavelength width called a hot
spot. If the hot spot lies on the back surface of the nanolayer
(silver, but not only), then, as mentioned above, it is useless
for imaging.

However, the presence of dielectric layers in which the hot
spot is pulled out from the silver in the normal direction with
practically preserved spot size allows using probe microscopy
to read out hot spots, which thus can be considered
subwavelength images of point objects, the resolution of two
point dipoles being approximately equal to the width of the
plasmonic spot.

The dielectric layer thickness, separating the silver film
from the photoresist, is much smaller than the wavelength,
and pulling out the hot spot through the entire thickness of
the layer occurs because the near field, produced by the point
object, in the region behind the silver film has the polarization
mainly normal to it. Therefore, at the photoresist-air inter-
face, a jump of the field occurs, equal to the square of the
resist refractive index. Thus, at the photoresist-air interface, a
second local maximum of the field appears, which is exactly
what explains the hot spot pulling out through the entire
width of the photoresist. In this case, the internal reflection of

: Near-field Pendry lens
|
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Incident
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Optical field
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Optical field
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Figure 5. (Color online.) (a) Exponential growth of evanescent wave
amplitude in a layer of a medium with ¢ = —1 and p = 1 in the theory of
a silver superlens is often interpreted as a necessary and sufficient
condition for near-field image formation. (b) Experimental demonstra-
tion of object visualization with subwavelength details of the order of 1/5
using a Pendry-type superlens made of silver film [35]. Space between the
film and the object and between the film and the image is filled with a
dielectric medium and the image is formed on the surface of the
photoresist. Total thickness of the dielectric layers is substantially greater
than d (Figure 5b from [35] is reproduced courtesy of the American
Association for the Advancement of Science; permission received via the
Copyright Clearance Center, Inc.)

evanescent waves in the photoresist layer facilitates preser-
ving nearly the same width of the intensity maximum as on the
back surface of the silver film.

In the layer superlens considered, the spatial resolution (in
both calculations and experiments) reaches a level of 4 =~ 1/5,
the distance between the source plane to the image plane
being nearly the same, and the silver thickness being close to
7./8[35]. Of course, this is only a particular result which does
not mean that a superlens forms such an image of a point
object, whose width is fixed to the wavelength of light incident
on the object. In fact, the image width is associated with the
surface plasmon wavelength and amounts to a few special
such wavelengths. The result 4 & //5 corresponds to the case
when the plasmon resonance of the silver layer takes place ata
wavelength of 1 = 360 nm.

Other layered superlenses are known in which subwave-
length imaging without loss of sharpness can be achieved at a
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certain distance from the back surface of the silver nanolayer
(see, e.g., review [36]). All of them can be considered Pendry-
type superlenses. A general requirement for subwavelength
resolution in a Pendry-type superlens is polishing of layer
surfaces such that the roughness is less than 1 nm and the
deviation of layers from ideally parallel does not exceed a few
nanometers within the area of the imaged object. Obviously,
expensive nanotechnology is required for this purpose.

Nevertheless, the Pendry-type superlens turned out to be
competitive in the production of X-ray diffraction gratings
[36]. In this case, expensive nanotechnology is used once to
fabricate the parent grating [36]. Somewhat blurred due to the
finite plasmon spot width but practically applicable copies of
the parent grating are produced in a photoresist using so-
called plasmonic lithography, a form of optical lithography,
implementing subwavelength resolution. In this case, the
parent grating is the imaged object, and the layered
structure, consisting of glass, silver, air, and photoresist
nanolayers, operates as a superlens. Plasmonic lithography
has two obvious advantages over the usual superhigh-
resolution contact lithography: it is much cheaper (a few ten
times in the case of mass production) and much faster. Using
contact lithography, it is possible to fabricate an X-ray
diffraction grating with an area of about 1 mm? in several
hours, whereas plasmonic lithography reproduces a replica of
the parent grating of the same area in less than a minute [36].

Note that the implementation of the Veselago pseudolens
for propagating waves described in Ref. [24] was confirmed
by precise calculations in 1978. In Ref. [37], R A Silin showed
through calculations that the waves propagating in a photonic
crystal formed by spherical cavities in a medium with ¢ > 1 are
backward. Such a discrete medium has an effective refractive
index n = —1, and a layer of such a medium is an aberration-
free pseudolens (we refer to it as a Veselago pseudolens, but to
our knowledge, Silin at that time was not aware of Veselago’s
work and independently reproduced his result on suppressing
aberrations). According to Silin’s book [38], his group
experimentally implemented a plane-parallel pseudolens in
the microwave range in the 1980s.

However, for evanescent waves, the photonic crystal
formed by spherical inclusions with a period of the order of
a wavelength in a matrix, of course, could not be interpreted
as a continuous medium with n = —1. Therefore, the effect of
spatial growth, or at least the absence of a decrease in
evanescent waves, which is a key effect for any superlens,
cannot be observed in such a structure, either.

As to continuous media with a negative refractive index,
they are possible only together with losses: the refractive
index is complex, its real part is negative and its imaginary
part is nonzero, though small. However, a negative refractive
index in the entire infinite frequency range is impossible: both
in the static limit and in the limit of frequency tending to
infinity it is necessarily positive, as known from textbooks on
the electrodynamics of continuous media. For n being
negative in a certain frequency range, strong frequency
dispersion of & and pu is required. As follows from the
Kramers—Kronig relations, dispersion inevitably leads to
optical losses. In magnetic semiconductors, as Veselago
found with regret, the condition Ren = —1 can be achieved
only at the cost of high losses, i.e., [Imn| > |Ren|.

When the concept of the perfect Pendry lens appeared at
the end of the 20th/beginning of the 2Ist centuries, the
scientific community set a goal to get closer to the perfect
image (the fundamental shortcomings of the concept itself

had not yet been identified). Therefore, an idea of a
metamaterial appeared, i.e., a composite medium with
optically small-scale discreteness, such that the material
could be considered optically continuous in the working
frequency range, not only for propagating waves but also
for evanescent waves of sufficiently high frequencies. At the
same time, the inclusions in the composite should be such that
not only the real part of the refractive index is negative, e.g.,
Ren ~ —1, but also the imaginary part is sufficiently small:
Imn| < |Ren|.

Since an inhomogeneous medium cannot be effectively
continuous over the entire infinite spatial spectrum of
evanescent waves and cannot have negligibly small losses in
the appropriate frequency region, the perfect Pendry lens
concept was replaced with a more realistic concept of a wave
superlens. The superlens produces both a far-field image
(conformal mapping of an extensive object) and a near-field
image (sufficiently fine spatial resolution of small-scale details
of the object). It was for this purpose that the first
metamaterials were created — their inventors believed in the
possibility of implementing such a superlens.

The first metamaterials were optically dense lattices of
metallic inclusions in a transparent matrix for experiments in
the microwave range. Examples of such composites are
shown in Fig. 6. If each inclusion has a response like that of
an oscillatory circuit, this is known to correspond to a
Lorentzian scattering line and Lorentzian dispersion of
electric and magnetic polarizability. Such a response is
resonant and narrow-band. If the inclusions possess a
collective response, like the plasma one, as, for example, in
metals in the infrared (IR) and visible spectral regions of
electromagnetic waves, then the response turns out to be
broadband.

For metals at optical frequencies, disregarding losses, the
permittivity can be presented as a function of frequency using
the Drude formula [3]: &(w) =1—o2/w?, where w.=
\/nee? /eomerr is the plasma frequency, 7. is the concentration
of electrons, and m is the effective mass of electrons. Such a
response in the microwave region is given by an optically
dense periodic lattice of parallel metallic wires (for waves
propagating perpendicular to the wires and having the field
electric component parallel to them) (Fig. 8a).

Therefore, the historically first metamaterial [39], which
demonstrated a negative refractive index in the microwave
range for the waves, propagating in a certain plane, consisted
of wires perpendicular to this plane, providing ¢ < 0 for the
corresponding waves in a wide range of frequencies, and of
resonance magnetic scatterers in the form of double wire split
rings that provided u < 0 in a narrow band of frequencies.
Anyway, in spite of the widest resonance inspired by
publication [39], this structure turned out to be unsound,
even to implement the regime of the Veselago pseudolens.
What is more, this material was not an effectively continuous
medium for evanescent waves. A review of unsuccessful
attempts and analysis of the reasons for failure can be found
in reference book [40, Ch. 1]. The main reason for the failures
is the high level of losses in subwavelength magnetic
resonators, which even in the microwave range does not
allow implementing the mode |Im#n| < |Ren| in the region
where Ren ~ —1.

In the optical range, the situation of synthesizing a
medium having negative permeability is even more complex
than for microwaves or millimeter waves. The metamaterial
that demonstrated Re u < 0 at a wavelength of 813 nm [41]
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possessed yet higher losses than the first metamaterial [39].
Also, there was no success in attempts to create a magnetic
plasma with Drude-type permeability, ie., p(w)=
1 — w2 /w?, where wy, is the analog of plasma frequency for
magnetic plasma (an idea of such plasma was proposed in
Ref. [42], and attempts were made to synthesize it using both
the resonances of plasmon clusters and the magnetic Mie
resonance in semiconductor spheres). The point is that a
necessary condition for high-frequency artificial magnetism is
the presence of a resonance response, and any resonance of an
inclusion in a transparent surrounding medium, even the Mie
resonance in an almost transparent sphere of crystalline
silicon, implies resonance losses in a medium consisting of
such inclusions [40].

Thus, the three-dimensional wave Pendry superlens — the
practical implementation of a perfect lens— turned out to be
unrealizable, and all known metamaterials, to be unable to
implement the negative refractive index mode for evanescent
waves. This also includes a metamaterial made of disordered
wire spirals [43], as shown in Fig. 6b.

At the same time, for propagating waves, the
|Im n| < |Ren| mode in the region where Ren ~ —1, i.e., the
mode that allows creating a Veselago pseudolens at optical
frequencies, was implemented not long ago (see, e.g., [44, 45]).
However, to realize this mode in the near IR range, it is not
necessary to use a metamaterial. A photonic crystal of air
spheres in a semiconductor matrix successfully copes with this
problem (see [46, Ch. 1], as well as [47]).

At the end of this section, let us discuss the experimentally
implemented near-field Pendry superlens. About 10 years
ago, a practical application was found in the technology of
fabricating X-ray diffraction gratings from a photosensitive
material, where it is used as a subwavelength concentrator of
the electric field generated by the primary X-ray grating
illuminated with a UV laser beam. In essence, the silver
superlens produces a 1:1-scale image of the primary grating
on a photoresist. In this way, it is possible to make a number
of replicas of the primary grating in the photoresist. At the
same time, all attempts to apply this superlens to imaging
structures different from the simplest amplitude grating with
an optically small period have been in vain until now. Let us
try to understand and discuss the reasons for this failure.

The physical mechanism of subwavelength resolution is
related to the excitation of a surface plasmon polariton on
both sides of a silver film. At the boundary of the silver, or
generally, an interface between a plasmonic metal and a
dielectric (Fig. 5a), a surface wave can propagate with the
wave vector

e(w)eg

ky =koy | ——,
’ 0 e(w) + &g

3)

where ¢4 is the permittivity. From Eqn (3), it follows that,
under the condition Re¢(w) = —&q, a resonance takes place,
i.e., in the absence of losses, the surface wave can have an
infinitely large amplitude. Since the metal permittivity
possesses dispersion approximately described by the Drude
formula, as well as a nonzero imaginary part, the surface wave
amplitude is finite. The proportion of the amplitudes of the
surface waves at the sides of the plasmonic metal layer
depends on the layer thickness. At some sufficient but not
too large a thickness of the layer, it turns out that the surface
wave amplitude on the back surface is greater than on the
front one. Since the surface wave exponentially decays with
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Figure 6. (Color online.) Schematic diagrams of metamaterials with a
negative refractive index: (a) combination of metallic rods and double split
rings, (b) disordered spirals [43].

the distance from the surface: it is evanescent. The fact that
the amplitude of the surface wave is greater at the back
surface of the film is nothing more than an increase in the
evanescent wave across the layer, similar to that in a perfect
Pendry lens. This effect yields a near-field image of the object
near the back surface of the layer. The physics of such an
increase has an analog in the theory of induced oscillations in
a system of two elastically coupled oscillators. It is thoroughly
considered in reference book [46, Ch. 1].

The near-field Pendry superlens as an imaging structure
has three main drawbacks. First, it does not form a wave
image of an extensive object. Second, it forms an image at a
very small distance from the object of the order of a quarter of
a wavelength (half of this distance being the thickness of the
silver film and a half being two similar dielectric gaps between
the object and the film and between the film and the probe).
The distance from the probe to the object is of the order of
A/4; if 2 =360 nm, it does not satisfy the requirements for
noninvasive imaging. Finally, the superlens operates in a very
narrow band of frequencies. In the analytical loss-free model,
surface plasmons are excited at the crossing frequency of the
dispersion curves for metal and dielectric permittivities
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Figure 7. (Color online.) Schematic diagrams of near-field metalenses: (a) single-frequency, (b) tunable single-frequency, and (c) tunable multifrequency
[51]. (Figure from Ref. [51] is reproduced courtesy of RSC Pu; permission received via the Copyright Clearance Center, Inc.)

(Fig. 7a). In the rigorous model, the relevant frequency band
has a finite nonzero width, which is, however, much less than
the signal bandwidth of existing UV lasers.

The excess frequency selectivity of a superlens gives rise to
a strong reflection of energy from it. Although evanescent
waves do not carry energy, their reflection leads to a loss of
energy, because a pair of coherent evanescent waves, arising
in the process of reflection, carries energy. Reflections of the
spectrum parts beyond the superlens bandwidth substantially
reduce the signal in the image region. Therefore, imaging
using a silver superlens turns out to be extremely energy
inefficient.

Instead of silver, a metal-dielectric composite described by
the effective permittivity &g [48] can be used. When adding
silver nanoparticles to a dielectric matrix with the volume
filling factor /(0 < f'< 1), it is possible to find the effective
permittivity using the Lorentz—Lorenz formula [49]

1+ 2f[(e — q) /& + 2¢4]
1 —f[(s—sd)/s+2sd] '

4)

Geff = &d

A numerical estimation using Eqn (4) is valid upon the
condition f'< 1/dg (here, dg is the medium dimensionality).
Beyond the percolation threshold, /> 1/dg, a more precise
method of extracting the material parameters of the layer
from its S-parameters (complex coefficient of reflection and
transmission) can be used to model the effective permittivity
(see, e.g., [50]). In Ref. [49], the aim of using the nanocompo-
site instead of silver was the potential to change the operating
frequency by varying the parameters of the particles, i.e., to
tune the superlens for operation at the wavelength of an
existing high-power laser. However, in recent paper [51], it
was shown that the use of a nanocomposite also allows
widening the frequency band, in which the composite
permittivity (more precisely, its real part) is negative.

In the percolation regime, some metal-dielectric compos-
ite films exhibit the double-epsilon-near-zero (2-ENZ) beha-
vior of permittivity, as shown in Fig. 7c. This means that the
plasmon resonance condition (4) is satisfied for inclusions at
two frequencies. In practice, if these frequencies are close to
each other, it becomes possible to double the superlens
bandwidth, which solves the problem of excess frequency
selectivity.

However, this is far from all that the mode of a 2-ENZ
medium allows. If a valley of function &.g(w) forms, a broad

band (frequency continuum) of plasmon excitations can arise.
In contrast to plasmon polaritons in usual plasmonic
materials, where special schemes of coupling laser light to
electronic plasma are required for their excitation, in 2-ENZ
metamaterials, the surface plasmon polaritons can be excited
by the direct action of light. Moreover, in a wideband valley,
the material can behave like a medium with a quasi-zero
refractive index, n = 0, if optical losses are not high. Although
a layer of a medium with #n ~ 0 is not the same as a Pendry
superlens, this layer also possesses an ability to form a near-
field image, if nonlinear effects are involved, such as
stimulated Raman scattering and nonlinear scattering in a
random medium (see, e.g., [S1-53]).

3. Superlenses based on media
with extreme optical anisotropy

3.1 Canalization of near-field images

in media consisting of wires

One possible method to overcome the diffraction limit and
transmit subwavelength images with a resolution no worse
than 4/10 in the visible and near IR ranges over distances
greater than a wavelength is the method of near-field image
canalization proposed in 2005 for the microwave range [54].
Later, it was extended to higher frequencies, including
optical ones, and many times verified experimentally in
various frequency ranges, from microwave to near IR [54—
66]. The authors of the proposed method abandoned the use
of the evanescent wave amplification effect. As an alter-
native, they proposed converting evanescent waves into
propagating ones. The conversion occurs with high effi-
ciency at the boundary of such a metamaterial, inside
which all eigenwaves excited by external sources are
propagating.

Actually, external sources at the interface can excite
evanescent modes as well, but the latter will not carry
energy, since the thickness of the metamaterial layer in such
a superlens is much greater than the wavelength. Upon an
absence of losses in the metamaterial and correctly chosen
layer thickness, the propagating waves will transfer the image
from one surface of the lens to another without loss of quality,
as if these surfaces were connected by means of an array of
subwavelength waveguides (Fig. 8). (In radiophysics, one can
easily imagine a dense array of parallel coaxial cables). On the
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Figure 8. (Color online.) (a) Photo of a superlens based on 21 x 21 wires
1 mlong. Radius of each wire is | mm. Results of scanning with a near field
probe of the source plane (b) and the image plane (c) [66]. (Figure from [66]
reproduced courtesy of © American Physical Society 2008.)

back surface of the superlens, the eigenmodes of the
metamaterial convert back into evanescent waves, and the
image is restored near the back surface.

A very important property of the metamaterial considered
is the absence of resonant losses. The near-field image
canalization requires the losses to be very small, so that, in
this case, the metamaterial properties are due to strong spatial
dispersion rather than resonances of inclusions.

Consider the physics of the canalization process in terms
of isofrequency. Let us assume that the metamaterial has a
flat isofrequency surface, i.e., for a wave propagating along
the x-axis, the range is restricted to the infinite band &, < kg
rather than the circle k7 + & < kg as for a wave in a vacuum
(Fig. 9). Then, a wave with any component k, of the wave
vector will be a propagating wave.

Since the implementation of a flat isofrequency surface
requires extreme nonequivalence of the x and y directions, the
metamaterial is to be extremely anisotropic. An example of a
metamaterial providing an isofrequency surface close to
planar in the range from microwave to near IR is the medium
of optically thin (but thick compared to the skin layer)
metallic wires in a dielectric matrix or vacuum. In the
analytical model of a medium consisting of wires in a
vacuum, its permittivity tensor is written in the form

|| 0 0
&= 0 &1 0 ’ (5)
0 0 &1

where the permittivity in the direction perpendicular to the
x-axis, along which the wires are stretched, is equal to the
relative permittivity of the vacuum, ¢, = 1, and along the x
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Figure 9. (Color online.) Isofrequency contours in the (k,, k,) plane for a
medium of silver nanowires in the mid-IR range. Curves are calculated
using three analytical models. Solid blue curves are obtained using the
exact model taking into account spatial dispersion in the metamaterial
(this model has been verified many times numerically and experimentally).
Solid red curves are obtained in the model that ignores spatial dispersion,
wire medium being erroneously treated as a hyperbolic metamaterial.
Green dashed lines correspond to the approximation of perfectly con-
ducting metal for wires. Painted areas correspond to propagating waves
(dark red for free space and light red for the medium of perfectly
conducting wires). (Figure adapted from Ref. [65]).

direction [67, 68],
2
Q

g(w,k:) =1 Tl o o2’

(6)

where Q, is the effective plasma frequency of a medium
consisting of wires, d corresponds to the absorption in the
metal, ¢ is the velocity of light in a vacuum, and w is the
circular frequency of the electromagnetic wave. A metama-
terial with such permittivity supports a hyperbolic dispersion
regime at frequencies below Q, (see the solid red line in Fig. 9).
For perfectly conducting metals, the absorption tends to zero,
then the permittivity along the direction of the wires
is described by the simple function ¢j(w,k;)=
1 —Q2/(w?* — ¢?k2), which corresponds to a planar isofre-
quency surface and the existence of special ‘waveguide’ modes
for |ky| < @/c (see the green dashed line in Fig. 9). For real
metals, with the spatial dispersion arising in the wire medium
taken into account, the isofrequency curve looks more
complicated (see the blue solid line in Fig. 9) [42, 61, 67, 69].
In Fig. 9, the red color highlights the domain of propagating
waves (compare with the circular domain for the case of free
space in the center of the figure).

At the interface between the superlens (a layer of wire
medium) and free space, TM polarized propagating waves
refract into the medium and convert into TEM modes
propagating along the x-axis (along the wires). Similarly,
TM polarized evanescent waves convert into TEM waves and
travel with the same phase and group velocities as the
propagating ones.

If there is no total reflection at the layer interfaces, the
information on the near field distribution is contained in
the amplitude and phase distributions of the wave packet.
The spatial frequencies of the wave packet are the
wavenumbers perpendicular to the x-axis. These spatial
frequencies do not determine the phase of group veloci-
ties— they determine only the period of spatial harmonics
in the yz plane.
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Thus, the necessary condition for near-field image
canalization is the absence of reflection at the interface
between the metamaterial and the environment. This is
achieved by choosing the layer thickness, which must be an
integer multiple of half the wavelength in the environment
medium. Under such a condition, the wire medium operates
like an array of noninteracting waveguides, along which the
TEM modes propagate (or, more precisely, quasi-TEM
modes, due to the presence of optical losses.

The advantages of the canalizing superlens are the
following.

(1) Low losses in the metamaterial, i.e., relatively high
energy efficiency. At large wire thickness compared to the
skin layer thickness, the electromagnetic wave barely pene-
trates into the wires and weakly decays when propagating
along them. Therefore, in superlenses implemented using
aluminum or silver nanowires, the energy losses in the
superlens are mainly due to the absorption in the matrix
surrounding the wires.

(2) Low sensitivity of the image quality to losses. For
extremely anisotropic materials, the eigenmode damping is
the same over the entire spatial spectrum of the wave packet,
which means that the losses reduce the image intensity rather
than cause distortions.

(3) Low sensitivity of the images to the precision of
material fabrication. Upon small deviations of wire thickness
from the mean value, as well as small variations of their
relative position, the image formed on the back surface of the
superlens stays virtually unchanged, as was shown by
experiments.

(4) Large distances through which the images can be
canalized. For example, in Ref. [62], it was shown that the
image can be transferred through a distance of up to 42
wavelengths in a matrix with a resolution of up to 1/10.
However, to obtain the resolution of A/25, the superlens
thickness should be reduced to five wavelengths.

The main drawback of the imaging method considered lies
in its essence: the image of an object can be obtained only for
its surface and only by ‘leaning’ it against the superlens. The
superlens gives no three-dimensional images, and the surface
images can be practically obtained only for distances of the
order of //10 (or less) from the front surface of the superlens,
i.e., in the near-field zone.

A few words about the ‘pitfalls’—nonobvious short-
comings of the canalizing superlens. As shown in Refs [56,
70], the reflection from a lens made of extremely anisotropic
materials is due to the resonances arising in the ‘waveguide’
modes inside the structure. Therefore, image transmission
with minimum distortions occurs only at wavelengths lying
within the band of waveguide modes. Image distortions are
possible also because of imperfect transmission of the near-
field image through the interface, even if there are no
reflections.

The strong spatial dispersion of a wire medium allows the
formation of a flat isofrequency surface. In media free of
spatial dispersion, isofrequency surfaces are spheres, ellip-
soids, or, in the exotic case of a hyperbolic medium,
hyperboloids. However, the same strong spatial dispersion
limits (in the region of evanescent waves) the spatial
frequencies for which the transmission coefficient of the
spatial harmonic is equal to one. For harmonics with very
large values of k, > ko, the transmission coefficient is
substantially different from one. From these considerations,
it is possible to derive the restrictions on the lens resolution.

Let us make use of the half-intensity criterion. Let the
image of two point sources separated by the distance J be
resolvable when the transmission coefficient lies in the range
of [1/v/2,V2]. The critical value of k™, for which this
condition is still valid, equals =m/d. Such a criterion of
resolution power is stronger than the Rayleigh criterion,
since it not only provides the given resolution but also
ensures image reconstruction with minimal distortions. The
half-intensity criterion competes with another fundamental
resolution limit derived in Ref. [70] grounded on the structure
periodicity of superlenses based on media consisting of wires.

Here, it is of primary importance to note that a small
variation in frequency can substantially change the resolution
of the device. For example, for fixed wire medium parameters
[58], kd/m = 0.996 corresponds to a resolution of 1/34, and
for kd/m = 0.96, the resolution falls to 1/10 (d being the lens
thickness). In fact, this means that the frequency band in
which it is possible to get resolutions no worse than 1/10
amounts to only 4%. In Ref. [56], a subwavelength resolution
was achieved for 18% of the bandwidth.

A few words should be said about the material for a
nanowire medium for operating at optical frequencies. At
frequencies higher than 30 THz, the absolute value of silver
permittivity is not high enough to realize the canalization
mode [71], and silver should be replaced with gold or
aluminum.

The first experiment in which superresolution was
obtained using a wire medium in the near IR range was
demonstrated in Ref. [64]. Gold rods 12 nm in diameter and
10 pm long were melted into an aluminum matrix. The
distance between the rods was about 50 nm (Fig. 10). The
authors of the paper managed to fabricate a structure of rods
with such a thickness in a matrix more than 10 mm in
diameter, keeping the rods from crossing each other. The
superlens provides a resolution at a level of 1/4 in the
wavelength range from 1510 to 1580 nm.

In recent years, a number of papers have been published
developing the idea of superlenses on media consisting of
wires. Thus, the authors of Ref. [72] propose an original
solution for creating a material of wires and graphene sheets
for imaging in the terahertz range. The near-field transmission
of images at THz frequencies can be of importance in such
applications as the detection and measurement of the mass and
volume of small-scale biological substances (e.g., blood cells),
many organic molecules, radioactive atoms, microbes, viruses,
and particles of explosives. In the structure of Ref. [72],
plasmonic modes excited in graphene interact with the
propagating modes inside wires. Due to this interaction, it
was possible to achieve a resolution of the order of 1/10 in a
wide frequency range of 5-65 THz. Moreover, a possibility
was demonstrated of controlling the metalens properties by
changing the graphene chemical potential. Although Ref. [72]
presents detailed instructions on the possible experiment, no
experiment itself has been performed with such a structure.

As a curios issue, we note that, in the literature, the three-
dimensional structure of metallic nanorods, proposed by the
team of S Kawata [73] for subwavelength imaging in the
short-wave visible region, is often not distinguished from a
medium consisting of nanowires. In fact, such a structure is
different from a wire medium. It is a resonant superlens that
uses for transmitting near-field images the localized surface
plasmons arising in the nanorods, which are strongly coupled
to each other electrodynamically by locally enhanced near
fields.
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Figure 10. (Color online.) (a) Subwavelength resolution imaging with a
superlens based on a wire medium at a wavelength of 1550 nm. Superlens
consists of metallic wires placed in a dielectric. Such a metamaterial allows
transferring subwavelength details of the image source over considerable
distances, exceeding the wavelength (Z) by more than six times. (b) Image
of characters NEU cut in a gold metal film 100 nm thick obtained using a
scanning electron microscope (SEM). Character width is 600 nm (0.44)
(c) Scanning the image source in the near field at a wavelength of 1550 nm
by means of a scanning near-field microscope (SNOM). (d) SNOM
scanning of the image obtained by means of a superlens located above its
surface [64]. (Figure from Ref. [64] reproduced courtesy of the American
Institute of Physics; permission received via the Copyright Clearance
Center, Inc.)

The physics of such superlenses is considered in Ref. [65],
where their drawbacks are also discussed in nearly the same way
as those of the Pendry lens. Compared to a continuous layer of
silver, the nanorod superlens has only one, albeit an important,
advantage — the possibility of operating at several frequencies.
However, the relative frequency range of a canalizing superlens
in the near-IR region turns out to be wider, and, therefore, the
practical advantage of the Kawata superlens is only the short-
wavelength range of optical frequencies at which it can operate,
in contrast to the canalizing superlens.

The authors of Ref. [73] proposed using a structure
consisting of metallic nanorods to transmit images of
incoherent sources; it was also shown in [74, 75] that it can
be applied for working with coherent sources as well.

Cascading the structures of metallic nanorods with small
gaps between the arrays [76] can provide the transmission of
images with subwavelength resolution in a wide frequency
range (up to transmitting color images), but only for an
incoherent source. In the case of coherent sources, the
functioning of such lenses is restricted to a narrow frequency
range [77], whose relative width is nearly equal (a bit smaller
than) that of the canalization.

3.2 Canalization of near-field images

in a one-dimensional metamaterial

and resonant tunneling in a photonic crystal

Although it is exactly wires (nanowires in the IR range,
microwires in the THz range) that are most frequently used
to canalize near-field images, this is not necessary. As shown
in Ref. [57], canalization is also possible in a periodic structure
of alternating silver and dielectric nanolayers, where, upon
the appropriate choice of layer thicknesses (the thickness of
silver nanolayers should be much less than the skin layer

thickness), quasi-planar isofrequency surfaces appear in the
long-wave part of the visible range. Simultaneously and
independently, this result was obtained in Ref. [78].

Based on calculations, the authors of Ref. [79] compare
the properties of similar nanostructures with various dielec-
trics: SiO, SiO;, SiC, Si3Ny, Si. The results of modeling the
formation of images of fluorescent markers using a metalens
of N layers of metal and N+ 1 layers of dielectric (N < 5)
were demonstrated. The model used also takes into account
the change in the emission rate of a fluorescent marker
because of the environment’s inhomogeneity. Tuning the
metalens parameters and the distance from the object to the
lens, the authors of Ref. [79] show that a regime exists in
which plasmon amplification at the metal-dielectric interface
together with the transmission effects lead to a very
impressive subwavelength resolution. For N =5, the dis-
tance between two markers that can be theoretically resolved
in visible light is 4 = 5 nm (of the order of 0.011) for point
objects separated from the lens by a distance of up to 30 nm.

The internal period of the canalizing structure is much less
than the wavelength, not only in the free space but also in the
dielectric medium separating the silver layers. Therefore, this
structure is a one-dimensional metamaterial, i.e., an effectively
continuous resonant medium. Unfortunately, the subwave-
length resolution in such structures turns out to be too sensitive
to the geometric parameters of the layers, and in the course of
practical implementation, deviations in the layer thickness are
technologically unavoidable; the distortions of fields from
different layers in such a superlens sum up and eliminate its
subwavelength resolution already at N > 2 [80, 81].

However, the regime of near-field image transmission close
to the canalization regime is observed not only in extremely
anisotropic continuous media but also in some photonic
crystals. In Ref. [81], this mode was called the resonant
tunneling of an image. At first, this mode was obtained as a
numerical result without explanation in Refs [70, 82-85].
Then, in Ref. [54], an analogy was revealed between the
transfer of near-field images through a photonic crystal layer
and the canalization mode. Indeed, in spite of the presence of
inclusions comparable in size to the wavelength, a number of
photonic crystals have extremely high anisotropy, which
relates them to continuous extremely anisotropic materials.
In such photonic crystals, the isofrequency surfaces can be
approximately planar, which explains the resonance tunneling.

The short paper [86] published in 2003 could be consid-
ered the first experimentally confirmed result on subwave-
length resolution. The image was formed at a distance of
2.75 cm from the back surface of the lens in a narrow
frequency range from 9 to 9.4 GHz with the best focus at a
frequency of 9.3 GHz (Fig. 11).

However, in contrast to media consisting of wires,
photonic crystals cannot be homogenized; therefore, it is
more difficult to use them for subwavelength imaging. An
evanescent wave (as well as a propagating one) upon
incidence on a photonic crystal layer with a planar isofre-
quency surface creates, in addition to a wave propagating
across the layer, a few evanescent waves, which affects the
amplitude and phase of the transmission coefficient. As a
result, the transmission coefficients for different spatial
frequencies turn out to be substantially different, and this
difference does not decrease upon variations in the layer
thickness. Therefore, it turns out to be impossible to
formulate theoretically the sufficient conditions for optimiz-
ing such a superlens. Numerical studies are necessary.
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Figure 11. (Color online.) Two-dimensional map of electromagnetic field
intensity in the system ‘source (left)—plane lens—image (right)’ [86].
Geometric dimensions of the map are 37.5 x 30.0 cm. Source intensity
varies from —20 dB (yellow) to —48 dB (black); intensity of the image from
—30 dB to —75 dB. (Figure from Ref. [86] reproduced courtesy of
© Springer Nature 2003.)

In 2003, the team headed by C Soukoulis (who, as far as
we know, was not aware of paper [37] by Silin) numerically
and experimentally obtained both the mode of all-angle
negative refraction and a pseudoscopic image in a photonic
crystal layer with a circular isofrequency [47, 48]. At the same
time, the team also obtained subwavelength resolution of two
microwave sources in a layer of a photonic crystal of dielectric
cylinders in air [88] (it was later shown that in this case the
isofrequency surface of the photonic crystal is nearly planar).
The effective width of the image of a practically point source
amounted to 0.21/ in the measurements [88]. Two years later,
paper [89] was published, in which a two-dimensional image
was obtained using a three-dimensional photonic crystal. The
half-width of the image maximum repeated that of the source
and amounted to 0.354. In 2009, an experiment with a one-
dimensional photonic crystal consisting of layers of alumi-
num oxide separated by layers of an optically less dense
dielectric [90] demonstrated a spatial resolution of 0.274 in
the microwave range.

The first attempt to get a subwavelength resolution in
photonic crystals operating in the optical range, namely, in
the near-IR range, is related to 2006. In Ref. [91], a layer of
two-dimensional photonic crystal was a lattice of round holes
with a micrometer period in a silicon film 260 nm thick on a
glass substrate. The attempt was unsuccessful: because of
overlap of aberrations and the subwavelength image, the
effective width of the point source image turned out to be
larger than a wavelength. Two years later, the authors of
Ref. [92] managed to reduce the image size using a photonic
crystal of triangular holes in an InP/GalnAsP/InP hetero-
structure on an InP substrate. But this was still far from real
subwavelength imaging. In Ref. [93], it was pointed out that
the surface (Tamm) states of a photonic crystal can play the
key role for the image size and even lead to the appearance of
aberrations.

All these hampering factors are taken into account in
Ref. [94], where subwavelength resolution in the resonant
tunneling mode combined with the pseudoscopic mode is
reported (in this case, no Tamm states arise at the crystal

boundaries). The spatial resolution experimentally achieved
in Ref. [94] in the near IR regions (at the wavelength of
1.5 pm) was 4 = 0.404. Such a photonic crystal superlens is
an analog of the Pendry wave superlens, i.e., a practical
implementation of the idea of such a lens, but without the
backward propagating waves and the increase in evanescent
waves.

In Ref. [95], it is shown that the point source image width
can be somewhat reduced by gradient change of the refractive
index of the photonic crystal layer [94] near the interfaces. The
effective width of the point image demonstrated in this paper
by numerical modeling amounted to 0.374.

Thus, although photonic crystal layers allow producing a
subwavelength image and even matching it with the wave
image at the expense of using the resonant tunneling mode, at
optical frequencies the spatial resolution improvement turns
out to be so modest compared to that of a common immersion
lens that it is hard to justify the increase in the device cost.
Therefore, the authors of papers published in recent years
propose using photonic crystal superlenses not only and not
exactly for imaging but for the diagnostics of an object [96, 97]
or for demultiplexing, i.e., spatial separation of waves having
different wavelengths [98, 99].

3.3 Canalization of near-field images

in a hyperbolic metamaterial

According to Fig. 9, metamaterials with hyperbolic isofre-
quencies implemented in the visible frequency range as
periodic structures of plasmonic metal nanolayers (silver or
gold), alternating with nanolayers of a dielectric, do not seem
very promising from the point of view of superlens creation in
comparison with media consisting of wires. Nevertheless, it
turns out that, by varying parameters in such a material, it is
possible to change the curvature of its hyperbolic isofre-
quency surface, so that some of the isofrequencies become
almost flat. Exactly this was the effect used in papers [57, 78,
79] already discussed above. Various superlens options using
hyperbolic metamaterials for various frequency ranges were
proposed, e.g., in Refs [57, 66, 100, 101]. A radiofrequency
experiment in 2010 showed that superlenses based on hyper-
bolic materials can reach the resolution 4 = 1/200 [100].

The authors of Ref. [101], devoted to hyperbolic super-
lenses operating at frequencies near the boundary between IR
and visible light, consider such small layer thicknesses (of the
order of 5 nm) that they begin to exhibit quantum effects. Such
a superlens provides a resolution of A~ A/14 at the
wavelength corresponding to all-angle negative refraction in
the metamaterial layer. An important advantage of such a
wave (Pendry-type) superlens over a photonic crystal wave
superlens is the possibility of controlling the negative refrac-
tion band by applying external voltage and changing the
properties of quantum wells from which the lens is composed.

Improving superlens properties is possible by using an
additional plasmon injection scheme of loss compensation.
The introduction of an additional source allows reconstruct-
ing the weakened spectral components of the image with
minor amplification of noise. The authors of Ref. [102]
confirm their idea by the example of a lens made of
hyperbolic metamaterials.

3.4 Hyperlenses

Hyperbolic metamaterials utilizing isofrequencies that are
close enough to planar ones appeared promising for creating
magnifying superlenses — hyperlenses.
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Figure 12. (Color online.) Anisotropic multilayer metamaterial in
(a) rectangular and (b) cylindrical geometry. In the case of a curved
metamaterial sample (b), the tangential component of the wave vector
decreases as the wave propagates along the radial direction, as a result of
which on the outer side of the metamaterial structure a magnified image is
formed.

In a hyperlens, the spatial spectrum is compressed so that
the incident evanescent waves that become propagating in the
metamaterial reduce their spatial frequency (i.e., the trans-
verse component of the wave vector) in the process of
propagation. As a result, when reaching the back surface of
the hyperlens, these waves do not convert into evanescent
ones, but remain propagating. At the same time, the
subwavelength information contained in them is preserved,
because the reduction in spatial frequencies occurs uniformly
all over the spatial spectrum.

In fact, the issue is a controlled (nondiffractive) diver-
gence of the wave beam carrying the near-field image in the
course of transmission. This effect is achieved by uniform
bending of the hyperbolic metamaterial layer such that its
initially planar boundaries become spherical (three-dimen-
sional option) or cylindrical (two-dimensional option).
Correspondingly, all nanolayers making up the metamater-
ial also become bent, as shown in Fig. 12. Thanks to the
conservation of angular momentum m = k,r, the tangential
components of the wave vector k, decrease as the wave
propagates along the radial direction. The image magnifica-
tion in this case equals the ratio of radii at two boundaries of
the lens.

Such magnifying superlenses allow obtaining field dis-
tributions with subwavelength detailing at scales larger than
the wavelength, which makes it possible to process them using
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Figure 13. (Color online.) Schematic of a hyperlens and numerical modeling
of images of subdiffraction objects [106]. (Figure from Ref. [106] repro-
duced courtesy of the American Association for the Advancement of
Science; permission received via the Copyright Clearance Center, Inc.)

the usual means of diffraction optics (Fig. 13) [35, 103]. Many
research teams [104—107] have presented practical implemen-
tations of hyperlenses based on layered media.

To avoid the problem of absorption in materials and,
thus, avoid image distortions in the far field, the hyperlens
design should ensure that all rays from the object plane travel
the same path length through the metamaterial. Scattering on
the hyperlens surfaces can play the key role for visualization
applications. Therefore, the hyperlens design should also
ensure impedance matching between the lens and the
environment [108, 109].

Other research teams have presented alternative solutions
for magnifying subwavelength images, also related to conver-
sion to curvilinear coordinates [110-113]. It has been shown
that a transformation of wave vectors, similar to that
occurring in curved layered metamaterials, can be achieved
at the expense of unique dispersion curves of hyperlens
materials, its external geometry remaining planar [111, 112,
114]; this is of particular importance for biomedical studies.

The first cylindrical hyperlens was practically implemen-
ted by depositing silver and aluminum oxide layers on the
surface of a semicylindrical cavity in silica [115]. The
hyperlens operated in the UV range of wavelengths and
provided the resolution 4 ~ 4/3 and twofold image magnifi-
cation.

In Ref. [116], a spherical hyperlens was experimentally
studied providing a resolution of 160 nm at a wavelength of
410 nm and image magnification by nearly 2.1 times. Silver
nanolayers in a semispherical cavity formed the hyperlens. In
Ref. [109], it was shown that the subwavelength resolution of
a hyperlens can be improved by optimizing the ratio of
thicknesses of plasmonic and dielectric material layers; also
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proposed was a technology of fabricating so-called rolled-up
hyperlenses subsequently developed in Refs [117, 118]. In
Ref. [119], hyperlenses based on texturized layers were
optimized, which made it possible to reduce the losses and
to achieve higher energy efficiency keeping the image scale
subwavelength.

Reference [80] discusses technical limitations of hyper-
lenses comprising metal/dielectric nanolayers. It is shown
that, because of strong compensation of contributions from
symmetric and antisymmetric eigenmodes excited in the lens
material, its resolution reduces with an increase in the number
of metallic layers. The authors point out that the optimal
number of metal layers cannot exceed 20. Moreover, they
studied and explained the effect of losses in the metal,
granularity, and the volume fraction of metal on the image
quality. Their main conclusion is that multilayer metal-
dielectric hyperlenses do not provide such a resolution and
magnification that could justify the cost of their fabrication
and, therefore, have no prospects of mass application. They
can find use, possibly, only in particular applications of near-
field microscopy, when it is necessary to increase the distance
between the object and the image.

Reference [120] proposes that the excitation of hyperbolic
phonon polaritons at the interfaces of a plane-parallel boron
nitride plate be used to get superresolution without image
magnification. Such a structure is a full analog of the silver
Pendry superlens, because, due to the presence of coupled
surface states, the growth of evanescent waves in the direction
from the source occurs in it. On the other hand, it can be
classified as being a hyperlens, since its material is optically
transparent and has a hyperbolic dispersion in the operating
range of frequencies, i.e. in the far IR range.

Such a hyperbolic Pendry superlens has much better
resolution than a silver one. Its theoretical spatial resolution
at the optimal thickness is 4 = 1/40, and, in the experiment, it
turns out to be 1/32. In spite of such record-breaking
resolution, the application of this superlens for imaging
subwavelength details in vivo is not relevant, since the actual
wavelength is 12 um. Such superlenses, according to [120],
can find application in photonic computing or become the
basis for an ultracompact subwavelength spectrometer.

3.5 Endoscopes with subwavelength resolution
By replacing the hyperbolic metamaterial with a wire
medium, it is possible to obtain a superlens, in which the
length of the wires is much greater than its transverse size. If,
in addition, these wires are made to diverge uniformly over
the sample cross section, then, in addition to canalization of
near-field images, we will get their magnification. Simulations
show that, if the angle between the edge wires and the axis of
such a structure (endoscope) is not too large, the canalization
mode will not be destroyed, and the magnification will
depend on the slope angle of the wires and the endoscope
length. It is interesting that the same endoscope can be used
for both magnification and demagnification of the image,
depending on the lens orientation with respect to the object.
Numerical modelling of a microwave superlens 1 m long
with threefold image magnification was carried out in
Ref. [121]; at the same time, in Ref. [62], a fivefold
magnification is reported. In experimental samples, operat-
ing in the microwave range [100, 122], it was possible to
achieve a resolution of 1/30 with a threefold image magnifica-
tion. However, in the microwave region, such structures find
no application. Subwavelength resolution endoscopes with
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Figure 14. (Color online.) Flexible terahertz endoscope with an array of
6 x 6 wires in a polymer matrix [127]. (Figure from Ref. [127] reproduced
courtesy of © The Optical Society.)

image magnification are in demand in the THz range [62, 123,
124], as well as at the megahertz frequencies used in magnetic
resonance tomography (MRT) [125, 126].

In Ref. [127], the properties of a terahertz endoscope
based on metallic microwires were analyzed for various
bending angles (Fig. 14). It turns out that bending of the
waveguide affects its transmission frequency bands. The
microwave range experiment confirmed this harmful effect
predicted by simulation. Even a slight bending of a waveguide
leads to a change from the ‘maximum power transmission,
minimum losses’ state to the ‘minimum transmission, max-
imum losses’ state at a fixed frequency. In this situation, the
subwavelength resolution no longer makes sense, since the
primary optical signal does not reach through the endoscope
even in the forward direction from the source to the object.
The data obtained show that the use of terahertz endoscopes,
in which subwavelength resolution is provided by a wire
medium, is associated with significant difficulties.

At megahertz frequencies in MRT, this effect has no
significance, because, as a rule, no endoscope bending occurs
in this case. Moreover, the length of endoscopes used in MRT
is not a hundred wavelengths as in a terahertz endoscope, but
exactly half a wavelength. Therefore, even upon bending, the
coefficient of power transmission through the endoscope at
its operating frequency decreases insignificantly.

4. Metalenses with subwavelength focusing
and subwavelength resolution based
on metasurfaces

Simultaneously with the development of superlenses based on
three-dimensional materials, development of the metamater-
ials concept proceeded towards simplifications. Probably, the
most practically important simplification is the replacement of
a bulk metamaterial with a surface one. In this case, the term
‘metamaterial’ is preserved for a bulk medium with artificial
inclusions (either resonant or providing an unusual frequency
or spatial dispersion), while an optically thin array of
inclusions of this kind is referred to as a metasurface [6, 128].

The frequency of mentions of the term ‘metamaterial’ in
the English-language literature rapidly grew in the early
2000s, which slowed down by the early 2010s and finally
gave way to a decline in recent years. Simultaneously,
mentions of ‘metasurface’ as a two-dimensional analog of a
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bulk metamaterial became more and more frequent. From
2015 to the present day, the frequency of using this term is in
the zone of nonlinear growth. This is not surprising, since
metasurface properties depend on the mutual arrangement of
inclusion only in two dimensions, instead of three as in
metamaterials.

Fabricating a bulk nanostructured metamaterial for
operating in the visible range of frequencies is a task at the
limit of modern technological capabilities, whereas metasur-
faces can be produced using standard methods, among which
the most expensive and slow is electron lithography. There are
a number of available and inexpensive technologies based on
the self-organization phenomenon.

The key question for our review is whether a metalens
obtained by removing one dimension in a metamaterial could
provide subwavelength focusing and subwavelength resolu-
tion. The answer to this question is affirmative.

Metasurfaces can locally change the phase of a transmitted
or reflected wave, which is thoroughly considered in review [6].
This property offers a possibility of light focusing by an
azimuthally symmetric metasurface with radially nonuni-
form density and orientation of meta-atoms (inclusions).

Let us briefly recall what kind of metalenses were discussed
in Ref. [6]. Controlling the size and/or orientation of inclusions
(meta-atoms), it is possible to achieve a hyperbolic profile of
the phase shift in the radial direction. When the lens is
illuminated by a plane wave, such a phase distribution ensures
the transformation of the plane wave front into a spherical one
converging on a point [129]. Metalenses designed in this way
possess a number of advantages compared to refracting lenses,
such as the planarity of technology, subwavelength thickness,
the absence of spherical aberrations, and many others [130].
However, the light focused in this way is concentrated at a
distance from the metalens comparable to a wavelength, and
the converging wave beam obeys the same Abbe diffraction
laws as in the case of conventional lenses. Therefore, the spatial
resolution of such lenses is limited by the Rayleigh criterion.

The above limitation can be overcome with metasurfaces
using other physical mechanisms. The following methods of
subwavelength focusing and subwavelength resolution are
known: using two metasurfaces parallel to each other,
creating zone plates for evanescent waves, using phase
conjugation of the wave front, and so-called superoscilla-
tions in the space domain. Moreover, by using frequency
scanning and digital processing of the measurement data, it is
possible to implement subwavelength resolution with only
one resonant metasurface.

4.1 Superresolution using a double metasurface

In the simplified analytical model, the principle of operation
of a superlens consisting of two metasurfaces strongly
coupled by near fields is analogous to that of the Pendry
lens. In Section 2, we mentioned that this physical mechanism
has an analog in the theory of elastically coupled oscillators.
Let us discuss it in more detail, following Ref. [131].

Let two similar pendulums be coupled by a spring
(Fig. 15a). In the absence of the spring, each pendulum is an
oscillator with a single resonance frequency wy. The spring
couples the oscillators, and in the system the resonance is split
into normal modes with oscillation frequencies w; < wy and
wy > wy. If an external force F drives the first pendulum at the
individual resonance frequency g, then the oscillation
amplitude of the second pendulum turns out to be much
larger than the oscillation amplitude of the first one. More-

Figure 15. Illustration of the concept of coupled metasurfaces: (a) system
of elastically coupled pendulums driven by oscillating external force F,
(b) system of two plasmonic metasurfaces excited by a hot spot of light
with electric field E. (Figure from Ref. [131] reproduced courtesy of
© American Physical Society 2019.)

over, for any frequency within the range w; < w < w,, the
oscillation amplitude of the second pendulum is greater than
that of the first one, i.e., 6,/6, > 1, and this ratio reaches a
maximum at frequency wy. (At frequencies w; and w; of the
normal modes, the entire system behaves like a single
oscillator and 0, = +60,).

In the Pendry superlens, the role of the pendulums
(Fig. 15b) is played by surface plasmon polaritons at the
boundaries of the layer of the material with a negative real
part of the complex permittivity. The dispersion curve of a
single plasmon polariton in the region of evanescent waves
k¢ > ko is practically a horizontal straight line, so that for any
k¢ the interface is an oscillator with one and the same
eigenfrequency. In the case of a layer with finite thickness,
these oscillators are coupled by evanescent waves, which is
equivalent to elastic coupling. The dispersion curve splits into
two curves, both still close to horizontal straight lines at
ki > ko. Thus, the amplitudes of all spatial harmonics of a
plasmon polariton wave packet on the back surface will be
greater than on the front one. Since all these surface waves are
induced by incident evanescent waves, this effect means
nothing but the exponential growth of evanescent waves
across the superlens.

In Ref. [132], it is hypothesized that the surface waves
(polaritons) at resonant metasurfaces, being dense lattices of
resonant elements, behave in a similar way. In such a case, a
pair of parallel metasurfaces separated by a small gap will
possess the properties of a Pendry superlens. Moreover, the
Pendry superlens effect will be expressed much more strongly,
because, in a layer of a metamaterial, the evanescent waves
are indeed hybrid due to optical losses. At the same time, in
the dielectric gap between the metasurfaces, purely evanes-
cent waves are present. By using curved metasurfaces, it is
possible to create magnifying superlenses [132].

These hypotheses were confirmed for microwave super-
lenses by a number of computational and experimental
studies, in the course of which an enhancement of evanescent
waves uniform over the spatial spectrum was demonstrated,
subwavelength imaging and resolution were obtained, and
superlens optimization was carried out with a deviation of
dispersion curves from the horizontal in the region of surface
waves taken into account [132—135].

Realization of this idea for the visible frequency range,
where the resonant scatterers could be nanospheres of a
plasmonic metal, was proposed in Ref. [136]. Then, in
Ref. [137], calculations for two square lattices of silver nano-
spheres demonstrated the resolution of two point dipoles equal
to 4 =0.342, the image being theoretically formed at a
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Figure 16. (Color online.) (a) Calculated electric field distribution in the
image plane in the case of two vertically polarized sources. (b) Projection
of the distribution in plane y = 0[138]. (Figure from Ref. [138] reproduced
courtesy of © American Physical Society.)

distance of 0.554 = 240 nm from the object, and the gap
between metasurfaces was equal to 0.34. When nanospheres
were replaced with nanospheroids, as was done in Ref. [138],
the resolution could be improved only insignificantly (to
0.314) (Fig. 16), but the bandwidth within which the
resolution of 4 < 1/2 was achieved became extended to 13%.

In Ref. [131], it was shown that for a plasmon superlens
the simplified model of a double metasurface is inadequate.
The near-field interaction between the lattices of plasmonic
spheres cardinally changes the shape of the split dispersion
curves as compared to the dispersion curve shape of a single
metasurface. Therefore, the optimization carried out for
simplicity in Refs [137, 138] for one metasurface is not an
optimization for a pair of them.

True optimization requires calculating dispersion for two
coupled metasurfaces, for which in [131] an analytical model
was constructed based on techniques recently developed to
accelerate the convergence of dipole lattice sums. After
optimization, it turned out that, for frequencies in the visible
range, a square lattice of silver nanospheres with a diameter of
/./8 and period of A/6 allows getting a resolution of two
dielectric nanospheres at a level of 4 = 1/6. In this case, the
superlens thickness is nearly 1/2, and the distance between
objects located on one side of the superlens and their images
on the other side amounts to nearly 0.64. However, this is still
only a theoretical result.

The disadvantage of such superlenses, which use lattices
of resonant particles, is that their action extends only to
evanescent waves. To focus the propagating part of the
spatial spectrum, negative refraction is necessary, which is
not implemented by regular linear metasurfaces. This dis-
advantage can be overcome using nonlinear metasurfaces. In
Ref. [139], it is shown that a pair of parallel metasurfaces
characterized by the phase-conjugate boundary conditions

Ey = Et*f ) Hy = Ht*— (7)

operates as a perfect superlens. In the time domain, the
complex conjugation of tangential components of the fields
on both sides of the surface corresponds to time reversal.
Possible implementation based on lattices of nonlinear and
nonreciprocal bianisotropic particles was proposed and ana-
lyzed in Ref. [140]. The most important feature of the proposed
structure is its different response to propagating and evanes-
cent waves. In the microwave region, the necessary properties
can be realized using balanced modulators. In principle, in
these nonlinear and nonreciprocal lattices, the amplification of
evanescent modes also occurs due to resonance surface modes.
Using phase conjugation has also been proposed in Ref. [141],

but the metasurfaces described there should possess a non-
realistic efficiency as parametric amplifiers.

Returning to the concept of two coupled metasurfaces, we
note that, for a perfect subwavelength resolution in such
structures, it is desirable that the coupling between resonant
elements in the lattice be minimal. Each particle would then
be excited only by the incident field at the place of'its location,
which would ensure point-by-point formation of the image.
Of course, it is impossible to eliminate coupling between the
lattice elements, but this disadvantage can be turned into an
advantage using the frequency scanning principle [142].

Consider a planar regular lattice of small resonant particles
with the period substantially smaller that the wavelength. In
the microwave range, this could be, for example, a lattice of
small metallic spirals, or in optics, a lattice of silver nano-
spheres. Such a lattice of coupled resonators has many
resonance modes— as many as the elements in the lattice. If
the elements are coupled weakly, then the resonance
frequencies are close to that of an individual inclusion.

Suppose that we know (from measurements or calcula-
tions) the spectrum of the lattice eigenmodes. If the lattice is
excited by a plane wave (propagating or evanescent) at the
frequency of one of the lattice modes, the amplitude and
phase of oscillations of induced currents in the lattice will be
determined by the amplitude and phase of the incident wave.
In the superlens proposed in Ref. [142], the object under study
is irradiated by a wave whose frequency changes within the
resonance bandwidth of such a lattice, used as a sensor. The
field scattered by the object is expanded in a spatial Fourier
series, and the amplitudes and phases of the harmonics are
determined by measuring the amplitude and phase of the field
near two or three arbitrarily chosen lattice elements. The
spatial distribution of the field is found by numerical
summation of the Fourier series. It is interesting that the
numerical summation can be avoided using two parallel
lattices.

4.2 Superresolution using

a zone plate for evanescent waves

The idea of overcoming the Abbe limit for resolution at a level
of 4 =0.54 using a perforated silver nanolayer, which is a
zone plate for evanescent waves, was first presented in
Ref. [143], but was not implemented, even using calcula-
tions. R Merlin theoretically obtained subwavelength focus-
ing in such a structure in 2007 [144].

Fresnel-type zone plates for evanescent waves implement
the principle of nonradiative interference. This interference
redistribution of evanescent waves in space leads in this case
to a substantial increase in the electric field amplitude on the
axis of the plate. As a rule, evanescent fields are not associated
with phases, like propagating waves; however, in the plane
perpendicular to the axis along which the evanescent wave
decays, it is propagating and has a phase front, which makes
nonradiative interference possible.

For simplicity, consider a subwavelength zone plate in the
case of cylindrical symmetry. Then, instead of a point, the
ideal focus is a straight line parallel to the y-axis, and any
component F of the electromagnetic field obeying the
Helmbholtz equation can be expressed as

F(y,z,) = %“ N F(y',zp)exp [ig(y — y")

— o0

+ix(z, — zp)] dy' dgq, (8)
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Equation (8) relates the values of field F on two planes:
z=z,>0and z=2zp>0. Let us set F(y,0)=M(y)exp (igoy);
according to the data, |qo| > k, i.e., the incident wave is
evanescent with a large spatial frequency. Function M(y) is
determined by the local transmission coefficient of the plate,

located in the plane z = 0. Let us find F(y,z) using Eqn (8)
and approximating x(q) = i|qo|:

FO2) = 5 | [exp o) exp (<lal2)v )

s (]<k().

x exp [i(qo — ¢)y'] dy'dq. (10)

A sufficient condition for evanescent wave focusing is the
existence of a pole in the complex plane y. For example, the
quite realisable transmission function M(y)=(1+y2/L%)~"
has poles y=+iL, field F(y, L) at a distance z = L from the
plate being proportional to Lexp (—qoL)|sin [(qoy/2)/y]l, as
can be easily shown using Eqn (10). This corresponds to a
subwavelength focal spot size, since ¢y > k.

This principle, confirmed by quantitative calculations
(including three-dimensional ones) in Ref. [144], was further
developed in Refs [145-148]. Numerical modelling [146] using
the finite difference method in the time domain demonstrated
that a metal-coated zone plate can provide subwavelength
focusing for an evanescent wave in the visible range, the focal
spot size being independent of the metal choice (silver, gold,
aluminum, and tungsten were considered, the metal film
thickness being 300 nm for all these metals). This result
testifies to the fact that plasmon effects do not affect the
phenomenon of subwavelength focusing, which, as in a
conventional Fresnel zone plate, becomes possible exactly
due to the low transparency of the metal nanolayer. More-
over, it was shown that the focus in the near field of an
evanescent zone plate suppresses the higher-order foci, which
increases the focusing efficiency.

Metalenses with corrugated surfaces were theoretically
studied in Refs [149, 150]. The design of a metalens was
described as consisting of a slit with a waveguide surrounded
by linear nonperiodic grooves. It has been shown that
aperiodic grooves can form a magnetic field profile in a
focus with the effective width of 1/15 of the central maximum.

Since subwavelength focusing allows subwavelength
resolution and the amplitude profile synthesis can be
completed with the synthesis of the phase profile, a metalens
based on evanescent zone plates can be used for subwave-
length spatial resolution with magnification, like the plane-
parallel hyperlens discussed in Section 3.4. This idea was
realized in the microwave range. In Ref. [151], the metalens
comprised an array of comb condensers printed on a thin
substrate. The zone plate structure was optimized to provide
image magnification by two orders of magnitude at the best
resolution, approximately 1/20.

Note that the Fresnel zone plate for evanescent waves is a
fundamentally nonperiodic metasurface. This gives rise to
great difficulties in its experimental realization in the optical
range, where it is a nanostructure. That is why there is no
experimental data on this type of optical metalens.

The results for corrugated metalenses from Refs [149, 150]
are experimentally confirmed in Ref. [152] also in the
microwave range. The approach to superresolution, based
on using thick metalenses, is experimentally checked in the
microwave range [153], the best resolution being 4/38 at the
physical distance of /33 between sources.

4.3 Superresolution via superoscillations

An important disadvantage of zone plates for evanescent
waves is the strict limitation on the object position, the image
of which is formed in the given plane. Indeed, since waves
decaying along the z-axis are involved, the object should be
separated from the zone plate by a distance much less than the
wavelength, and this sets a hard limitation on possible
applications of such metalenses.

Therefore, an alternative to zone plates was necessary —a
metalens with similarly high spatial resolution, but allowing a
farther location from the object, which would make it
applicable for extended object imaging. The concept of so-
called Aharonov-Pancharatnam—Berry superoscillations
[154] became such an alternative. The idea of superoscilla-
tions in the time domain belongs to Y Aharonov [155, 156].
Later, M Berry [157] described the relation between Ahar-
onov superoscillations and the concept, known as the
Pancharatnam—Berry phase, which was formulated much
earlier than Aharonov’s idea and introduced in quantum
electrodynamics.

The concept of superoscillations developed for the time
domain has been adapted to the space domain, as shown in
Refs [158-160]. In these papers, the relation of superoscilla-
tions to one more earlier known effect, the Schelkunov
superdirectivity of antenna arrays, was revealed. The use of
superoscillations for both temporal and spatial superresolu-
tion is thoroughly discussed in review [161].

Following Ref. [162], let us consider the concept of
superoscillations before proceeding to their application in
physical systems. A signal function is called superoscillating if
the maximal frequency of the signal oscillation exceeds the
maximal frequency of its frequency spectrum. How is this
possible?

Consider a periodic function f(x). If its Fourier spectrum

Fo) = | rtesp (i) dx ()
21 ) o

is zero beyond the frequency band —Q < w < Q, then it is
commonly accepted that the function itself changes with a
period of less than 21t/Q. However, this is not necessarily so.
For example, the function (see [155, 163])

f(x) = (cosx +iasinx)" | (12)
where N> 1 and a > 1 (sometimes referred to as the
canonical superoscillating function) can be written in the
Fourier representation with the maximum frequency of
oscillations equal to N, which is due to appearance of the
terms sin” x and cosVx when removing the brackets in
Eqn (12). However, if we consider the asymptotic behavior
of function f(x) in the neighborhood of x = 0, then, after
decomposing the oscillating harmonics into a Taylor series, it
turns out that the maximal frequency at which the function
oscillates equals aN. Indeed,

f(x) ~ (1 +iax)" = exp [Nlog (1 +iax)]

~ exp (iaNx) . (13)
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Here, we made use of the Taylor expansion of the logarithmic
function and took into account that x is small. Obviously, the
oscillation frequency of the obtained function is aN. Note
that the canonical superoscillating function is smooth, which
allows analyzing its properties analytically. After simple
mathematical operations, it can be presented as

NJ2 x
a
X)= |- ex iNJ k(x' dx’)7 14
10 = () oo (i ] k) (149
where the wave number k(x) is defined as
a
k(x) = 5 (15)

cos2x+a’sin’x
Figure 17 illustrates the behavior of the canonical super-
oscillating function at various argument scales. The fastest
oscillations — superoscillations — occur near zero, where the
local wave number is km.x = aN and the oscillation period is
Axmin = n/(aN) (Fig. 17a). The slowest oscillations corre-
spond to the wave number knox = N/a, the distance between
adjacent extrema being Axm.,x = ma/N (Fig. 17b). The
function amplitude in the region of slow oscillations is a®
times greater than in the region of superoscillations.

The last statement generalizes to any superoscillating
functions. Superoscillations have their cost: the function
amplitude between two closely spaced superoscillation zeros
is much less than the maximal amplitude of the function. In
Ref. [157], Berry made an attempt to answer the question of
whether it is possible within a bandwidth of 1 Hz to obtain a
signal reproducing the Ninth Symphony by Beethoven. Using
superoscillations, it turns out to be possible; however,
practical realization would require amplifying the signal
10" times.

The extremely low amplitude of superoscillations makes
them, at first glance, nothing more than an entertaining
mathematical curiosity without practical application. How-
ever, this is not so, if we speak about applications where the
superresolution is demanded.

The superoscillation concept was first realized in the space
domain in 2007 [164, 165]. In spite of the low superoscillation
amplitude, it was possible to record diffraction patterns from
quasicrystalline arrays of nanoholes. In 2008, the same
authors reported that a quasicrystalline array of nanoholes
in a metallic screen can simulate pseudolens properties,
forming an image of a source without magnification at a
distance of a few ten wavelengths from the lens [166]. The
measured spatial resolution of the lenses was comparable to
the resolution of traditional lenses with a high numerical
aperture, namely, at a wavelength of 660 nm the effective
focal spot width was 360 nm.

N Zheludev’s team presented the first design of a one-
dimensional superresolution lens in 2009 [167]. To achieve
superresolution, the distribution of fields in the lens focal
plane should be a superoscillating function. The formation of
such a distribution beyond the near field region is possible
using diffraction by a lattice. However, for this purpose, it is
necessary that the superoscillating function of field distribu-
tion in the focal plane be expanded in a spatial Fourier series,
i.e., represented as a superposition of plane waves.

Therefore, a major step in the development of metalenses
is the search for plane-wave decomposition of the transmitted
field with a limited bandwidth of spatial frequencies. The
wave functions of a prolate spheroid turn out to be a good
candidate for this goal. It is important not only that
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Figure 17. Canonical superoscillating function with parameters a = 3,
N =20 for argument values (a) —0.4 < x < 0.4 and (b) —54 < x < 54.
(Figure adapted from Ref. [162].)

spheroidal wave functions form a complete set, but also that
they be restricted to propagating waves [—ko, ko] in spatial
frequencies. To construct such a metalens, algorithm [159] is
used based on the reciprocity principle and transition from
sources distributed in space to sources distributed in spatial
frequencies.

Reference [167] states that the transition from the one-
dimensional case to the two-dimensional one is trivial.
However, the actual creation of two-dimensional metalenses
based on superoscillations requires further development of
the approach and the use of evolution algorithms, as was
shown in Ref. [168]. The authors of Ref. [168] predicted the
effective width of 0.294 for a focal spot located in the far zone.
A ring whose intensity significantly exceeds that at the focal
point surrounds the round spot in the form of an Airy disc.
This addresses the main drawback of superoscillations: the
small intensity of superoscillations compared to the side
parasitic signal (halo). But even if we disregard the ring and
calculate the lens resolution power by the size of the focal
spot, the spatial resolution of such a lens would improve
insignificantly, whereas the initial concept of superoscilla-
tions promised an arbitrarily small (subwavelength) size of
the point object image.

In recent years, considerable progress has been achieved
in this field: methods have been proposed to reduce the spot
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size, to extend the frequency range, and to use polarization
response to enhance spatial resolution [169]. In addition, in
the general theory of superoscillation, some new effects have
been found [154]. In Ref. [170], it is shown that the problem of
designing a superoscillating metalens can be solved as an
inverse problem rather than as an optimization problem. This
can substantially simplify the algorithm of finding optimal
lens configurations.

In applications, to obtain optical images, the side parasitic
signal is removed by means of confocal microscopy [160]. The
formation of a superoscillation focus (hot point) is provided
using a spatial light modulator, which allows changing its
shape. Such hybrid microscopy offers better spatial resolu-
tion than does standard confocal optical microscopy. In
addition, it allows the polarization contrast visualization of
transparent objects (e.g., biological cells).

In Ref. [171], a polarization contrast microscope is
developed for visualizing living nonmarked biological cells
with spatial resolution, significantly exceeding that of the
same microscope with standard illumination. Thus, the new
technology of optical visualization allows nonalgorithmic
visualization of nonmarked biological objects with super-
high resolution.

Another achievement in the field of creating superoscilla-
tion images is the development of a compact and cheap
superoscillation lens, based on phase modulation masks.
Such masks will allow achieving much more energy efficient
hot points, in contrast to zone plates that control either the
intensity or phase profile of the wave front by a binary
method. However, at present, there is no technology for
fabricating such masks. The situation is also complicated by
the fact that there is no computation algorithm to reconstruct
the image.

Recently a fundamentally new type of metamaterial was
demonstrated —a ‘superlens’, which is a planar array of
discrete subwavelength meta-molecules with individual scat-
tering characteristics. The superlenses create superoscillating
foci with arbitrary shape and size [172]. The new principle of a
superlens made of a far-field metamaterial is demonstrated by
manufacturing lenses and determining their characteristics in
free space with previously inaccessible numerical apertures of
up to 1.52 and the size of focal spots to 0.334. Such an
approach opens new possibilities for upgrading commercial
confocal microscopes by equipping them with superoscilla-
tion lenses that remove the limitation NA < I. Recent
achievements have shown that this technology is realisable,
but further work is needed to create efficient achromatic
lenses with high transmission capacity, which will become an
inexpensive replacement for conventional lenses. Superoscil-
lation visualization is rapidly developing and at present is a
field of primary importance in optical microscopy with
subwavelength spatial resolution.

An example of an achromatic superoscillation metalens is
presented in Ref. [173]. To be more precise, two variants of
the metalens are proposed made of plasmonic (for the IR
range) and dielectric (for the visible range) materials. Both
metalenses have shown the spatial resolution characteristic of
conventional immersion lenses without aberrations (of the
order of 0.44). The authors of Ref. [174] managed to
overcome the property of the subwavelength superoscilla-
tion focus to be surrounded by a high-intensity ring. The
numerical simulation showed a focal spot size of 0.384
without high-intensity neighboring zones with the radius
greater than the wavelength. Such a result became possible

Figure 18. (Color online.) Experimental images of characters E and N with
dimensions of 120 x 130 um. Numerical aperture of the entire system
amounts to 0.00864. (a, b) Images obtained using a traditional lens with
the given numerical aperture. (¢, d) Images obtained using a superoscilla-
tion metalens. Comparison shows that the characters are read much more
clearly in the cases corresponding to the superoscillation lens. Inset in the
center of the figure demonstrates the idea of the effect: although the main
peak remains unchanged and diffraction limited, the intensity of next-
order peaks can be substantially reduced at the expense of superoscilla-
tions, which leads to an improvement in image quality [175]. (Figure from
Ref. [175] reproduced courtesy of © The Optical Society.)

by using the concept of selective superoscillations. Since
electromagnetic waves obey the superposition principle, the
field of a wave passed through a metalens can constitute a
part corresponding to superoscillations in the focal plane and
have no part that corresponds to the zone of high intensity
around the focus. Reference [174] became an important step
towards the practical application of superoscillations in
nanophotonics.

In Ref. [175], an original idea was used to organize
superoscillations not at the focal point but in its nearest
neighborhood. By suppressing the signal near the focus (in
turn, restricted by the diffraction limit), it is possible to
substantially improve the resolution power of the system,
which is confirmed by the experimentally obtained images in
the visible range (Fig. 18).

Recently, results on superresolution of optical systems
based on superoscillations have been qualitatively improved,
and the resolution reached the value of 1/20. This became
possible by using advanced methods of optimization, e.g.,
evolution algorithms. Thus, in Ref. [176], using a genetic
gamult algorithm, optimization with respect to three target
functions was performed. The focal spot width was mini-
mized, as was the ratio of the field maximum outside the
observation zone to the field at the focal point; in addition,
the field maximum was minimized beyond the focal point, but
within the zone of observation, which allowed removing the
high-intensity zones near the focus. The optimization results
show a resolution up to 4/20; however, the authors noted that
at such a resolution the field amplitude in the focus is
negligibly small, which means such systems have no pro-
spects from the point of view of imaging. Nevertheless, the
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Figure 19. (Color online.) Images obtained using a superlens at a
wavelength of 4 =800 nm. First column demonstrates SEM images of
test samples: two holes 160 nm in diameter separated by a distance of
320 nm (0.47); ten holes of the same diameter separated by different
distances from each other. Next three columns correspond to three
different superoscillation lenses with a similar diameter of the observation
zone equal to (1) and different diameters of the focal spot: (0.331) (SOL2),
(0.394) (SOL3), (0.56) (SOLS5), as well as with a focal spot diameter equal
to (0.391) and different diameters of the observation zone: (21) (SOL11),
(41) (SOL12), (64) (SOL13). Last column refers to images obtained using
traditional lenses with the same aperture [177]. (Figure from Ref. [177]
reproduced courtesy of (© American Physical Society 2019.)

authors recommend their method for systems with a resolu-
tion of about 4/4, in which the amplitude of the fields in the
center of the focus is high enough.

In 2019, article [177] was published, which, despite its title,
“Far-field superoscillatory metamaterial superlens,” was
exactly about a metasurface operating like a superoscillatory
metalens rather than about conventional metamaterial super-
lenses. The metalens efficiently changes the transmitted wave
local amplitude and phase due to figured holes in a gold film
100 nm thick on a silver substrate. In the mathematical
description of superoscillations, the wave functions of a
prolate spheroid were used. The experimental spatial resolu-
tion was Ax = 0.281. The results of the experiment are
demonstrated in Fig. 19.

To finalize this section, we briefly mention the polariza-
tion transformation in metalenses with superoscillations. For
usual metalenses, the polarization transformation problem
was investigated in the papers by F Capasso’s team (see, e.g.,
[178, 179]). It turns out that this function is possible in
superresolving metalenses too. Thus, in Ref. [180], the
possibility of transforming left-hand circular polarization
into a right-hand one and vice versa using a superoscillation
metalens is shown. However, the higher the metalens
resolution power, the smaller the view angle. Therefore,
metalenses with spatial superresolution require near-field
scanning, which reduces the value of polarization transforma-
tion in them. Nevertheless, in Ref. [181], the possibility of
using information on polarization in superoscillatory materi-
als to improve the accuracy of diagnostics in some biological
studies is pointed out.

5. Metalenses with subwavelength resolution
based on turbid media

Light scattering in disordered (turbid) media (the Tindal
effect) is an important tool for access to high spatial
frequencies of the object studied. In contrast to the super-
oscillation method considered in Section 4.3, approaches
based on turbid media allow forming an optical image in
real time. As a result of multiple elastic scattering, near optical
fields are generated in a turbid medium, the transfer of which
to the far field provides a subdiffraction resolution. In
practice, this is achieved using a defocusing near-field lens
(or superlens) consisting of randomly spread nanoparticles
(ZnO, TiO,, GaAs, etc.) [182—-185] or a rough surface of a
plane-parallel plate of gallium phosphate [186]. A disadvan-
tage of such a lens is the necessity of placing the studied object
at a distance shorter than the wavelength of light.

In Ref. [185], a concept of a scattering diffusor lens
separated from the object by a distance of 0.5 mm was
proposed. A subwavelength resolution is achieved by recon-
structing the wave front phase of the light scattered by an
object using the ptychography method (a numerical algo-
rithm of image reconstruction based on the processing of an
array of two-dimensional interference patterns). The sub-
wavelength optical visualization of objects can be implemen-
ted using the multiple inelastic scattering of light in a
disordered nonlinear titanium oxynitride medium [51-53].
An enhancement of stimulated Raman scattering of light in a
disordered nonlinear lens arises due to the excitation of
plasmon resonance in a wide optical range. The considered
class of superlenses provides a three- to five-fold advantage in
spatial resolution.

Let us consider the physical mechanism of subwavelength
spatial resolution due to multiple elastic scattering in a
medium consisting of randomly spread nanoparticles, as
schematically shown in Fig. 20a. An incident electromag-
netic wave with the spatial vector k forms at the output of the
defocusing lens a complex optical field with randomly
oriented complex vectors k,, (m =1,2,...). In the general
case, the scattered field E, comprises propagating and
evanescent electromagnetic waves. The amplitudes A,, and
phases ¢,, of such waves are statistically independent random
quantities. Since the elastic scattering is a linear process, the
resulting field can be presented as

En = Z Tnm (km)Am eXp (l(pm) ’

m

(16)

where T, (k) is the transfer matrix, containing the compo-
nents of the optical near field. Although the incident
electromagnetic wave does not contain imaginary wave
vectors, in the near zone the scattered field (16) comprises
such components. In the far zone, because of the random
orientation of wave vectors, disordered speckles are formed
whose dimensions are diffraction limited (Fig. 21a).
Visualization of the optical field in the near zone by means
of scanning near-field optical microscopy (SNOM) demon-
strates a significant reduction in the speckle size (Fig. 21b),
direct experimental confirmation of the presence of imaginary
wave vectors in the near zone. They allow forming a focal spot
not limited by diffraction. For this purpose, the initial wave
front of the incident radiation is divided into N channels with
a spatial light modulator (SLM). Relative phases in each
channel are detected by means of a SNOM probe, as shown in
Fig. 20a. Then, the phases are controlled by the SLM, which
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Figure 20. (Color online.) (a) Schematic illustration of an electromagnetic
wave propagation from a point source, created by the subwavelength
aperture of a SNOM probe, through a turbid medium. (b) Distributions of
optical fields in the near zone from the corresponding point sources
(shown in different colors) [182]. (Figure from Ref. [182] reproduced
courtesy of © Americal Physical Society 2014.)

Figure 21. (Color online.) 2D optical image of a turbid medium in the far
(a) and near (b) zones [183]. (Figure from Ref. [183] reproduced courtesy
of © Springer Nature 2013.)

ensures constructive interference of the fields in the near zone
and, correspondingly, subwavelength focusing. Using the
recorded optical near fields, a transfer matrix is formed:

Ei(r;) Ex(r) E,(r)
_— Ei(r2) Ex(r) E,(r2) (17)
E, (rm) E, (.rm) E, (rm)

The number of rows in the matrix 7, determines the
accuracy of optical image reconstruction and the maximal
size of the observation area. Based on the T, matrix, the
incident wave front is formed (Fig. 22a), which ensures
constructive interference in the near field and, correspond-
ingly, a subwavelength focal spot, as shown in Fig. 22b.
Figure 23a presents the experimental setup for subwave-
length optical visualization of an object in immediate contact
with a defocusing superlens (the distance between the object
and the lens is much less than the wavelength of light).
Figures 23c—d show a reconstruction of the image of the
initial object (Fig. 23b) without using and using matrix 7.
It is possible to improve the spatial resolution (within 30—
50%) using a nonlinear interaction of the n-th order, because
the point spread function PSF(x) o< I"(x), where I(x) is the

Figure 22. (Color online.) (a) Phase contrast of an incident wave front for
forming a subwavelength focal spot (b) [183]. (Figure from Ref. [183]
reproduced courtesy of © Springer Nature 2013.)
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Figure 23. (Color online.) (a) Experimental setup for overcoming the
diffraction limit based on a turbid medium. (b) Electron image of the
structure obtained by lithography. (c, d) Reconstruction of the optical
image without using and using a 7 matrix, respectively [183]. DPSS
laser —diode-pumped solid-state laser, BS—beam splitter, HWP —
half-wave plate, EMCCD — electron-multiplying charge-couple device,
PD — quadrant photodiode. (Figure from Ref. [182] reproduced courtesy
of © American Physical Society 2014.)

profile of the laser beam. Overcoming the diffraction limit is
possible using masks for spatial modulation of light [187, 188]
and induced decoherence with a ring-shaped laser beam [189].
Recently, methods of coherent anti-Stokes Raman high-
order (x©®, x() scattering of light have been intensely
developed [190-192].

6. Discussion

To date, the best developed and widely used approach is the
use of scanning probe microscopes. In these devices, the image
is formed by mechanical scanning of a thin needle, the tip size
of which determines the resolution. An obvious drawback is
the long duration of the image construction process, making
the study of fast processes in real time impossible. Other
methods use markers in the form of fluorescent particles or
quantum dots. In these methods, the studied objects must be
modified in a special way to make observations possible.
Recently, STED microscopes and single molecule localiza-
tion (SML) microscopes have been developed. With these
devices, however, it is necessary to irradiate the samples with
high-intensity beams, which may lead to sample damage,
particularly unwanted in biology and medicine.

Although methods that require no mathematical proces-
sing of optical signals possess obvious substantial advantages,
in the nearest future we expect computational methods and
artificial intelligence to grow in importance for imaging
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extremely small objects in a field of electromagnetic waves. An
example of using frequency scanning and simple numerical
algorithms is presented in Section 4.1 [142]. Another promising
example of subwavelength imaging in real time using data
array processing can be found in preprint [193]. In this method,
the small-scale structure of the object is studied by measuring
the field scattered to the far zone upon irradiation of the object
with an incident field containing spatial superoscillations. The
object structure is ultimately reconstructed by means of an
artificial intelligence algorithm, which is trained by making
comparisons with a field scattered by known objects.

Extremely promising are the conversion of subwavelength
details of an object into a signal that varies in time and is
transmitted using propagating waves [194], as well as the
inversion of this signal in time for the purpose of subwave-
length focusing [195-198].

Finally, it is impossible not to mention that in 2011 in
Ref. [199] a remarkable property of a glass microsphere to
form a magnified subwavelength image of objects located
near the surface of the sphere was discovered experimentally.
The image area is rather small, about 4 um around the point
of contact between the sphere and the substrate. However,
this area is significantly larger than that covered by the best of
known hyperlenses, to say nothing of the probes of near-field
microscopes. Of course, a glass microsphere should not have
significant irregularities in order to have the functionality of a
hyperlens. Nevertheless, it is much cheaper to produce than a
hyperlens [200]. At the same time, both the magnification of a
subwavelength image and, which is most important, the
spatial resolution in the glass microsphere are much better
than in known hyperlenses. Namely, a resolution of 1/8 for
dielectric objects [201] and /15 for objects of plasmonic
metal [202] is experimentally achieved in lateral directions.
For hyperlenses, as we saw above, this quantity in practice
does not exceed a quarter of a wavelength. The magnification
that can be practically achieved with hyperlenses is no greater
than three times, whereas a microsphere provides a magnifi-
cation of a few hundred times. Finally, the use of interfero-
metric together with spectroscopic equipment offers the
potential to reconstruct not only a two-dimensional but also
a three-dimensional image with subwavelength resolution in
the normal direction equal to 1/10 [203].

The mentioned effects make a glass microsphere a serious
competitor for any metalens. However, the physics of
subwavelength far-field imaging by a microsphere has been
far from completely studied. Therefore, it is not clear which
structures besides the microsphere already studied will work
like an improved hyperlens and which will not.

Theoretically, a few physical mechanisms related to
microsphere resonances or its resonant interaction with a
plasmonic substrate were found, but they do not explain most
of the experimental results. Some theoretical models of well-
known experiments, for example, [204], do not hold up under
scrutiny, as can be read in review [205]. Therefore, various
particular models of subwavelength far-field imaging by a
glass microsphere continue to be constructed. Thus, in recent
paper [206], hypotheses of two possible mechanisms of the
effect are presented, not related to any resonances. One of the
hypotheses, the formation of a diffraction-free diverging
beam of rays by the microsphere, is tested by numerical
simulation. According to the literature, it is possible to
conclude that, among all lines of research related to sub-
wavelength imaging without mathematical processing of data
arrays, dielectric microspheres attract the most interest from

physicists. Papers on subwavelength imaging using fluores-
cent markers are mainly published in interdisciplinary and
chemistry journals.

Nevertheless, in spite of all these new effects and
achievements, the metalens remains a subject worth atten-
tion from the point of view of both fundamental and applied
research. In our opinion, metalenses with subwavelength
properties are worth a special detailed review.

First, both well-developed fluorescence nanoscopy and as
yet only promising nanoscopy based on a glass microsphere
are contact methods of imaging. In one case, the markers are
to be applied directly to the object under study. In the other
case, the microsphere must be positioned so that the object is
sandwiched between it and the substrate. At the same time, a
metalens is a thin film that forms a subwavelength image of an
object in the transmitted field, i.e., on the other side of the
film. Therefore, contact of the imaged object with any parts of
the imaging system (except the metalens itself that serves as a
substrate for the imaged object) is excluded. As shown in
Ref. [131], image formation on the other side of the object is
an important advantage of any metalens, particularly for
medical applications.

Second, besides the metalens for subwavelength imaging,
we considered metalenses that perform subwavelength focus-
ing of an incident plane wave. However, the most interesting
application has not been described above. This application,
the most interesting in our opinion, a focusing metalens, is
found in so-called metatronics [207]. Metatronics is a research
field in photonics that links work aimed at creating an all-
optical processor, memory devices, and other components of
an all-optical computer of the near future. Here, we can
mention, for instance, papers [207-212]. The literature on
metatronics is vast and its volume is growing. Within
metatronics, metallic, dielectric, and semiconductor nanopar-
ticles (from nanospheres to nanowires) play the same role for
light photons as lumped elements of common circuits do for
current electrons. In addition, nanoparticles in metatronics
serve as a base for optical nanodiodes, nanotransistors, etc.
One of the most important tasks of metatronics is the focusing
of wave beams carrying an optical signal onto these
nanoparticles.

7. Conclusions

The creation of microscopes for observing extremely small
objects has been and remains an important task for science
and technology. The existence of the diffraction limit of
resolution in conventional optical devices requires novel
approaches using new physical principles. There are many
different methods, each having its area of application,
advantages, and drawbacks.

In the present review, we talked about the approaches that
can help to overcome disadvantages of known subwavelength
microscopy instruments. Of course, these methods also have
their limitations and disadvantages, but opening up the
possibility of observing nanoobjects in real time without
irradiation by strong fields is giving rise to great scientific
and practical interest.
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