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Abstract. Since the second half of the 20th century, ideas to
develop methods for the formation of optical vortices (OVs) or
OV beams —regions of circular motion of energy flow in an
electromagnetic wave around so-called phase singularity
points —have become widespread. Such optical beams are
unique because of the special spiral shape of the wave front,
endowing them with orbital angular momentum (OAM) that
can be transferred to matter and cause rotation of nano- and
micro-objects. Presently, OV beams are actively used to solve
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both applied and fundamental problems in optics and photonics.
We systematically discuss the development stages and the main
advantages and disadvantages of methods for the formation of
OV beams, from the appearance of phase singularities in light
scattering in inhomogeneous media to the latest developments in
vortex microlasers for controlled generation of light fields with a
predefined OAM on nano- and microscales.

Keywords: singular optics, optical vortices, topological
charge, spiral phase plate, spin-orbit interaction, fork-
shaped holograms, metasurfaces, integrated optical ele-
ments, laser nanofabrication

1. Introduction

Vortices are a common phenomenon in both animate and
inanimate nature: they appear on the microscale, for example,
as supercurrent eddies in superconducting materials, and on
the macroscale as the motion of twisting gas in galaxies (for
example, Jupiter’s Great Red Spot is a giant vortex about
25,000 km in diameter). The formation of vortices can be
observed in various technological devices and mechanisms, as
well as in ocean currents and air flows. We note that vortices
can have positive effects, for example, creating lift thrust for
aircraft, but can also cause catastrophic destruction, generat-
ing tornadoes and hurricanes.

Since the second half of the 20th century, optical vortices
(OVs) have begun to be widely studied; they are areas of
circular motion of energy flow in an electromagnetic wave
around so-called phase singularity points due to violations of
the topological structure of the wave front. The growing
interest in vortices in the optical range is primarily due to
helical (spiral) dislocations of the wavefront that arise in
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Figure 1. (Color online.) Schematic representation of the emergence and
temporal evolution of OV generation methods, ranging from the random
occurrence of phase singularities in speckle fields generated by the passage
of laser beams through inhomogeneous media to recent results in the field
of vortex microlasers used as active controlled OAM radiation generators
on nano- and microscales.

them: the azimuthal change in the phase of the light field in
the vicinity of such a dislocation is 2n¢ relative to the
propagation axis, where ¢ is the number of turns on the
wavefront per unit wavelength, also called the topological
charge (TC) of the formed beam [1]. As was shown in 1992,
such a phase distribution leads to the presence of an orbital
angular momentum (OAM) equal to ¢7 per photon (where 72 is
Planck’s constant) of the resultant vortex electromagnetic
field [2]. The term ‘optical vortex’ itself was first introduced in
1989 [3] to emphasize the analogy between optical beams with
a helical wave front and superfluid vortices.

Active studies of the formation of OV beams and their
properties have led to the emergence of a new discipline called
‘singular optics,” which studies the properties of OV beams
and their formation mechanisms [4-6]. OV beams are widely
used in many areas of modern photonics, including laser
manipulation of microobjects, optical communications,
superresolution confocal optical microscopy, laser proces-
sing of materials, and imaging optics [7, 8]. To date, various
methods for the formation of OV beams have been developed
based on both elements of classical optics (for example,
combinations of cylindrical lenses) and diffractive optical
elements, which allow forming not only single OV beams but
also their one-, two-, and three-dimensional combinations, as

well as metasurfaces, which have become widespread in the
last decade because they allow OV beams to be formed by a
fundamental transformation of the spin angular momentum
(SAM) of light associated with circular polarization into its
OAM.

An analysis of recent publications and trends shows that
interest in OV beams, their properties, and their formation
methods continues to grow [9-14]. More and more new
areas of science and technology are involved in the field of
possible applications of OAM light beams. An increasing
number of experts are interested in studying the properties
of such beams and in efficient and optimal methods for their
formation for a specific range of problems. In this review,
we systematically consider the stages in the development of
methods for the formation of OV beams, starting from the
random occurrence of phase singularities in speckle fields
formed during the passage of laser beams through inhomo-
geneous media, and ending with recent results in the
development of vortex microlasers, which are active and
controllable generators of OAM-carrying radiation on the
nano- and microscale (Fig. 1). We comparatively analyze the
currently developed approaches to the formation of OV
beams, their advantages and disadvantages, and the techno-
logical options for their implementation. In Section 10, we
discuss one of the actively developing areas, largely ignored
in the existing reviews, which is aimed at studying the
interaction of intense OV beams with nanosize structures
and materials for nanophotonics and precision laser fabrica-
tion of functional nanostructures.

2. Speckle fields: phase singularities
in randomly inhomogeneous media

As is known, speckle fields are random interference patterns
that arise when coherent laser radiation passes through a
randomly inhomogeneous (turbulent) medium consisting of
many regions with refractive index inhomogeneities (Fig. 2a)
[15]. Such inhomogeneities cause amplitude and phase
distortions, leading to the formation of a random intensity
pattern due to the interference of scattered or refracted
radiation. In 1974, Nye and Berry [1, 16] showed theoreti-
cally that a light wave propagating in air and reflected
(scattered) on a rough surface contains phase singularity
points, where the phase of a complex scalar wave

l//(l', t) :p(l‘, t)exp [i@(rv t)]v r= (x,y,z), (1)

is undefined. Such phase singularities appear at points where
the real and imaginary parts of the complex amplitude of a
scalar optical field vanish [5] and are typically associated with
first-order OVs, those with the TC of the beam equal to 1. But
in the general case of OVs arising in speckle fields, as has been
shown in a number of studies [16-19], the phase changes
nonlinearly when going around a phase singularity point in
the azimuthal direction.

The first experimental demonstration of the appearance
of phase singularities in a random speckle field was presented
by Zel’dovich’s group [20-22] in 1981. Further experimental
studies were aimed at investigating the local properties and
structure of the core of the OVs formed in this case [23], as
well as their statistical properties, confirming the original
theoretical predictions that had been made by Nye and Berry
[1, 16]. Research in this area eventually led to the emergence
of a new field called stochastic singular optics [24-27], which
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Figure 2. (Color online.) (a) Formation of a speckle field due to the
interference of scattered waves during the passage of coherent laser
radiation through a turbulent scattering medium. (b) Characteristic
distribution of the intensity of the formed speckle field and (c) the result
of its interference with an oblique plane wave, demonstrating the
appearance of fork-shaped interference fringes (shown with white circles)
characteristic of phase singularity points.

studies the general properties of phase singularities in random
media.

In Fig. 2b, we show an enlarged cross section of a
typical speckle field, where individual speckle structures
and zero-intensity spots can be clearly distinguished. The
phase singularities can be detected using the interference of
the formed speckle field with a tilted plane wave, which is a
standard method not only for demonstrating the occur-
rence of an OV but also for measuring its TC. In this case,
the splitting of individual interference fringes into two,
leading to the formation of fork-shaped fringes (Fig. 2c),
indicates the appearance of a phase singularity point
associated with a first-order OV. The splitting of the
interference fringes into a larger number of fork-shaped
fringes indicates the appearance of higher-order OVs. The
absence of a higher-order OV in the example under
discussion can be explained by the fact that such OVs are
extremely unstable, even against small perturbations of the
wavefront field, causing a decomposition of an /th-order
OV into / first-order OVs [28]. According to the topologi-
cal charge conservation law, which states that the total TC
arising on a closed surface is equal to zero [27, 29], the
probability of the appearance of positively and negatively
charged first-order OVs (those with a positive or negative
TC) is the same. Thus, the total charge of all OVs
appearing in the speckle field is equal to zero [30-32]. In
the case of a typical speckle field with the average size of an
individual speckle estimated as ~ AR/D (where D is the
laser beam diameter, R is the distance between the image
plane and the scattering medium, and A is the radiation
wavelength) [33], the average density of phase singularities
and the associated OVs is approximately (A0)”/4%, where
A6 is the angular divergence of the beam [28, 30].

The extremely high sensitivity of speckle fields to any
perturbations in the medium (vibrations, stresses, tempera-
ture changes, etc.) is well known; it leads to random
distortions and a rearrangement of the structure of indivi-
dual speckles and a related change in the structure of the
formed OVs. Such spatiotemporal changes in the OV in
dynamical speckle fields were studied in detail in [34-38],
where a strong correlation was found between the displace-

ment of the scattering medium used to create speckle
structures and the corresponding displacement of the posi-
tion of the formed OVs [34]. It is noteworthy that the OV
trajectories turned out to be relatively short and winding for
rapidly changing speckle structures and rather extended and
more direct for slowly changing ones [35-37].

Thus, it can be concluded that speckle fields that can be
formed using only a roughly polished glass slide represent the
simplest way to generate OVs. In this case, however, it is
impossible to control either the spatial position of individual
OVs or the magnitude or sign of their TC associated with the
structure of their phase distribution.

3. Formation of optical vortices
at the laser cavity output

Phase singularities similar to those occurring in a random
speckle field can also be created in a controlled way: for
example, they can be directly generated at the output of a laser
cavity. In 1979, Vaughan and Willets [39] used a high-power
krypton-ion gas laser to observe the generation of an annular
laser beam with a helical wavefront characteristic of OV
beams [39]. They explained this effect by an increase in the
contribution of higher-order intracavity modes when the laser
was operated in the high-power regime. A combination of two
orthogonal TEMy; modes forms the so-called hybrid TEMg;
mode (Fig. 3) with an axially symmetric transverse intensity
distribution and a helical wavefront. Frequency analysis and
the study of two-beam interference of such hybrid laser modes
showed the possibility of generating a laser beam with a
helical in-phase surface [40]. Subsequently, the formation of a
stable intensity distribution in the form of an annulus with a
helical wave front was also observed in frequency-locked
helium-neon lasers in the presence of an intracavity absorbing
material [41]. This effect was explained by the interaction of
the almost degenerate intracavity TEM,; and TEM |y modes
of the helium—neon laser.

In 1989, Coullet and collaborators, by numerically
solving the Maxwell-Bloch equations, demonstrated the
appearance of a phase singularity of the electric field in a
laser cavity with a large Fresnel number [3] and theoretically
described a new state of the laser associated with the existence
of a vortex solution of the electrodynamic laser equations

TEMy, TEMo

2n

0
Figure 3. (Color online.) Combination of TEMg; and TEM;y modes to
form a hybrid TEMj; mode with a helical wavefront. The TEM,; mode has
am/2 phase delay. (a) Intensity distributions. (b) Mode phase distributions.
The total amplitude of the sum of the TEM,; and TEM;, modes is

i2712Ey +2712E)g = (Eor/w)exp (—=r?/w?)exp (ip), where Eo =
212 Ey(r/w)exp (=2 /w?)sin ¢ and Ejg=2"2Ey(r/w)exp (=2 /w?) cos ¢.
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underlying mode locking. Later, by adjusting the position of
the absorbing material inside the laser cavity to tune the
required axial mode, the possibility of intracavity generation
of first-, second-, and third-order OVs with high mode purity
was demonstrated in an argon ion laser with a low Fresnel
number [42].

In 1990, to demonstrate the bistability of the hybrid
TEMg; laser mode associated with the presence of two stable
vortex modes with opposite TC signs, Tamm and Weiss used
an optically induced switching scheme based on reinjection of
the laser output field into a laser cavity, but with a changed
field phase [43]. The transverse mode converter used in this
case, made of two cylindrical lenses and based on the
astigmatic transformation of higher-order transverse modes,
allowed distinguishing between two stable configurations of
the spatial field. Later, Abramochkin and Volostnikov
showed in [44] the possibility of using astigmatic optical
systems containing two spherical and one cylindrical lens to
convert nonvortex Hermite—Gauss laser beams into
Laguerre—Gauss (LG) vortex beams.

We note that a similar optical system was also used in
the very first demonstration that an LG vortex laser beam
LGy, with TC ¢ and radial index p has an OAM equal to ¢
per photon [2]. It was the pivotal paper [2] that contributed
to the further development of various methods for the
direct generation of OV beams using lasers: a range of
methods have developed, such as the coherent addition of
two orthogonally polarized transverse modes inside a laser
cavity [45], defocusing of radiation from a fiber laser diode
in compact solid-state end pumping [46, 47], the use of a
dielectric multilayer intracavity mirror with a resonant
corrugated grating [48], optical pumping by a pulsed laser
beam diffracted by a circular aperture [49, 50], various
methods of off-axis pumping [51-54], the use of a
segmented half-wave plate in the cavity of a titanium—
sapphire laser [55], the use of a capillary fiber to adjust the
shape of the laser pump beam [56, 57], birefringence-
induced bifocusing in the laser cavity [58], the use of the
Brewster effect in an optical element made of a convex and
concave conical prism inside the laser cavity [59], annular
beam pumping [60—-66], mode selection with [67] or without
[68] an intracavity element, the use of mirrors with defects
to suppress oscillations of the lowest transverse intracavity
modes [69-71], the use of an asymmetric cavity configura-
tion [72-74] or a cavity with an antiresonant ring [75], the
use of an optical parametric oscillator based on an optical
cavity that rotates the image by 90° for each pass [76], the
use of dynamical acoustic vortex gratings based on
stimulated Mandelshtam—Brillouin scattering [77], and
many more methods [10, 78-81].

The main advantage of the methods for direct generation
of OV beams is the possibility of obtaining OV beams with a
high average power up to 25 W [56, 82] and peak power up to
59 kW [83] in an extremely wide spectral range, from deep
ultraviolet to infrared (IR) [57, 84-87]. At the same time,
solutions were proposed to implement tunable generation of
first-order OV beams in various IR ranges: 0.97-1.174 pm
[88], 1.48—1.64 um [89], 0.546—1.562 pm [90], 1.36-1.63 pm,
3.07-4.81 um [91], and even 618 pum, i.e., covering the entire
mid-IR range, which is interesting from the standpoint of
applications of superresolution molecular spectroscopy [92].
In addition, intracavity generation methods make it possible
to form higher-order OVs at the laser output with a TC
greater than 200, an ideal beam quality, and a mode purity up

to 100% [42, 50, 69, 85, 93-96]. With the use of Q-switched
fiber vortex lasers, it is possible to tune the duration of the
generated OV pulses; in this way, the possibility of generating
pulses with a switchable duration of 1.098 ps and 542 fs was
shown [97]. We also note that only methods of direct laser
generation can ensure an extremely high repetition rate of the
generated OV pulses, up to several ten or hundred MHz [98].
And the use of mode-locked fiber vortex lasers can provide
additional tuning of the repetition rate of vector OV pulses
with a mode purity above 97% in the frequency range of
15.65-626 MHz with a step of 15.65 MHz and with high
stability [99].

4. Holographic methods
for the formation of optical vortices

4.1 Fork-shaped holograms

In 1990, Soskin et al. proposed in [100] using the principles
of holography for the out-of-cavity formation of OV
beams. The holograms were binary fork-shaped amplitude
structures, also called diffraction gratings with groove
bifurcation in the center (Fig. 4). Such holograms can be
used to simultaneously form OV beams with opposite TCs
in conjugate diffraction orders [100]. In [100], the forma-
tion of higher-order optical beams was first demonstrated
using computer-calculated holograms, which paved the way
for the development of methods for the controlled forma-
tion of optical beams with predetermined parameters. In
1992, Heckenberg and colleagues presented a theoretical
description of the diffraction of a Gaussian beam on a
fork-shaped amplitude hologram and calculated the resul-
tant field distributions [101]. The properties of OV beams
(including those with a fractional TC) formed by such
holograms were studied theoretically and experimentally
somewhat later in [102-106].

A theoretical description of Fresnel and Fraunhofer
diffraction of a Gaussian beam on fork-shaped gratings
defined by a generalized transmission function that com-
bines the cases of multilevel amplitude and binary gratings
and their phase analogs was given in [107]. In a cylindrical
coordinate system, the generalized transmission function is

Figure 4. (Color online.) Formation of OV beams using various types of
fork-shaped holograms: (a) binary amplitude grating, (b) sinusoidal
amplitude grating, (c) binary phase grating, (d) glare phase grating.
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+ ) tmexp {1}%(%" cos ¢ —pw)} : (2)

m=1
where r and ¢ are polar coordinates in the plane of the
grating, p is an integer one less than the number of strips into
which the central strip of the grating is divided, D is the period
of the rectilinear part of the grating, and ¢, are transmit-
tances, which are complex in the general case.

Depending on the method of realization of a hologram,
four main types of fork-shaped gratings can be distin-
guished (see Fig. 4): binary amplitude, sinusoidal ampli-
tude, binary phase, and glare phase beam gratings. For
binary amplitude fork-shaped gratings, the coefficients
tw are  to=1/2, typ—somw_1y = Fi/n(2m’ —1), and
tametom =0 (m' =1,2,3,...). Such elements form a non-
vortex beam in the zeroth diffraction order and OV beams
with the TCs ¢ = +(2m’ — 1)p in odd diffraction orders,
defined as £(2m’ — 1) (Fig. 4a). It is noteworthy that the
intensity of the beam in each subsequent diffraction order
decreases as 1/m2(2m’ — 1)*. In the case of an amplitude fork-
shaped grating with a sinusoidal variation in optical density,
only terms with m = —1, 0, and 1 remain in Eqn (2) (and, in
addition, #; = 7_; = /2), which means that only three beams
are formed behind the grating: a nonvortex beam in the zeroth
diffraction order and two OV beams with opposite TCs +p in
diffraction orders +1 (Fig. 4b). Although such an element
allows completely suppressing the formation of higher-order
beams, the beam formed in the zeroth order has a higher
intensity than that in the case of a binary amplitude grating.
The presence of such a phase-unmodulated beam in the
zeroth diffraction order and of beams in higher diffraction
orders, in combination with losses due to absorption, leads to
a rather low efficiency in the formation of the required OV
beams in the case of both amplitude-type elements. For
example, the formation efficiency of a single OV beam in the
first diffraction order is about 6% for a sinusoidal [108] and
about 10% for a binary [109] fork-shaped amplitude holo-
gram.

For the binary phase version of a fork-shaped grating with
ideal transmission, the coefficients in Eqn (2) are ¢y =
exp (ika) cos (kf), tupi(om—1) = Fexp (ika)(2/m)[1/(2m’—1)]x
sin (kf), and t4p,y =0 (m' =1,2,3,...), where ka is the
phase offset delay and kf is the phase modulation ampli-
tude. For example, for kf=m/2, we have 1 =0,
tim::t(Zm’fl) = :I:exp (lk“)(z/n)[l/(zm, - l)]’ t:,th =0, and
the corresponding phase element forms two OV beams with
opposite TCs £ = +(2m’ — 1)p in the £(2m’ — 1)th diffrac-
tive orders without any unmodulated beam in the zeroth
order (Fig. 3c). An analysis of the transmission coefficients of
the phase hologram shows that the deviation of kf8 from w/2
results in the appearance of a nonvortex beam in the zeroth
diffraction order, while the TCs of the OV beams formed in
+1st diffraction orders do not change [110]. We note that the
zeroth order also appears when the ratio between the width of
the phase strips over the grating period changes (which can be
achieved by binarizing the phase function on a level above or
below 7). In this case, even diffraction orders (+2m’) [111] are

also formed, which are absent in the standard ‘uniform’
binarization method.

Finally, in the case of a glare phase fork-shaped grating,
only the coefficient #; remains nonzero. In fact, the transmis-
sion function of the element in this case is given by the
azimuthally variable term exp(ifp) times the traditional
glare phase grating that directs a single formed OV beam of
the /th order to the diffraction order +1 (Fig. 3d). Ideal
versions of phase fork-shaped gratings allow suppressing the
beam formed in the zeroth diffraction order, which resultsin a
significant increase in the efficiency of the formation of the OV
beam with the required TC, up to 40% for a binary grating
[109] and more than 50% for a glare phase grating [112].

Theoretically, a nearly 100% conversion efficiency of the
initial radiation into an OV beam (without reflection losses)
can be achieved by using volume holograms with a built-in
phase singularity [113—115]. For example, in [113], bichro-
mated gelatin plates with an antireflection coating were shown
to have a conversion efficiency exceeding 90% at a wavelength
of 800 nm. The use of photorefractive glass allows an
efficiency of almost 85% to be achieved at a wavelength of
1064 nm [116]. In addition, the damage threshold of such fork-
shaped volume holograms can be quite high, more than
270 GW cm™2 [113, 117]. The combination of these proper-
ties, in principle, allows using fork-shaped holograms for the
formation of OV beams with extremely high TCs, exceeding
10,000 in higher diffraction orders, although currently only
OVs with the TC not exceeding 100 have been reported [118].

We note several important features of fork-shaped
holograms for the formation of OV beams. First, when
illuminated with an OV beam with a TC /¢, such holograms
form an OV with TCs ¢+ pn in higher diffraction orders
(where n is the corresponding diffraction order number),
together with an additional OV beam with the TC ¢ in the
zeroth diffraction order [112, 119-122]. Second, the misalign-
ment of the center of the incident beam and the bifurcation
point of the hologram as well as a tilt of the incident beam
relative to the normal to the surface of the hologram lead to a
corresponding displacement of the vortex core and distortion
of the annular shape of the generated OV beam intensity
distribution [123—-125]. A rigorous theoretical analysis of the
incidence of the illuminating beam at large angles showed a
transverse deformation of the formed OV beam (its compres-
sion in the transverse plane) [126, 127]. We also mention
paper [128], which shows the evolution of the structure of
first-order OV beams formed by a binary fork-shaped phase
grating etched at the end of an optical fiber in the near-field
zone. The use of such fibers allows implementing a fiber
optical communication system that performs both multi-
plexing and demultiplexing of OV beams in schemes with
mode multiplexing of channels by OAM [129].

To date, various popular methods have been used to
produce and implement fork-shaped holograms: electron
beam lithography [130, 131], the use of liquid crystal (LC)
cells [132], direct laser micromachining of metal mirrors [133],
photolithography [134], and many others. In fact, such
elements can even be produced by simply printing compu-
ter-designed templates using digital laser printers and plotters
and then converting these templates into transparent or
reflective elements [135, 136]. For example, there are studies
demonstrating the printing of fork-shaped holograms on
transparent sheets using laser printers with a 600 dpi resolu-
tion [137]. It is noteworthy that the use of LC spatial light
modulators (LCSLMs) makes it possible to implement fork-
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shaped holograms with a dynamically tunable TC [138]. Such
dynamically switched devices have been implemented, in
particular, using inexpensive SLMs fabricated from materi-
als extracted from used LC displays [139], employing
polymer-dispersed LCs [140, 141] and a microlithographic
utility installation based on a digital micromirror device [142,
143]. However, the characteristic tuning frequency for all LC
devices does not exceed several ten hertz. Faster switching can
be realized with blue-phase cholesteric LC devices [144],
providing a switching time of about 500 ps.

4.2 Spiral Fresnel zone plates

In 1992, Heckenberg and collaborators proposed a new type
of computer-calculated hologram for the formation of OV
beams, the so-called spiral Fresnel zone plate (SFZP) [145].
The transmission function of an SFZP with a TC ¢ can be
represented in polar coordinates (r, ) as (Fig. 5a)

T(r, ) = exp {iarg [cos (ar® + Le)] } (3)

where o = 1t/ Afis a scaling parameter and fis the focal length
on which the first-order SFZP is focused in the case of
radiation with wavelength 1.

In contrast to fork-shaped holograms, SFZPs form OVs
on the optical axis (Fig. 5a); all diffraction orders formed by
such elements are located along the light beam propagation
axis at different focal lengths [146]. At the same time, SFZPs
are not without the drawbacks inherent in axial Gabor
holograms [108, 147, 148]. For example, such optical

Figure 5. (Color online.) Formation of OV beams with SFZPs.
(a) Schematic representation of the formation of a first-order OV beam
(¢ = +1) using an SFZP. It can be clearly seen that, in contrast to
diffraction orders inherent in fork-shaped holograms, diffraction orders
formed by an SFZP and carrying OV beams with higher topological
charges (¢ > 1) are located along the optical axis at different distances
from the plane of the element. (b, c) Images of microsize SFZPs with
¢ = 41 and +2 made using direct laser recording and subsequent ion beam
processing. (Images from [162].)

elements do not allow separating the reconstructed beams
from each other or from the incident light, and the binary
structure of the elements gives rise to multiple images. In
addition, it has been found that the quality of the OV beams
formed by an SFZP decreases as the focal length modulus
increases at a fixed waist radius of the illuminating beam [149].
Nevertheless, the unique properties of SFZPs allow them to be
used in various applications, such as detection of wavefront
helicity [150, 151], optical profilometry [152], the formation of
vortex beams in the extreme ultraviolet range [153], optical
microscopy [154], and the formation of the inverse energy flux
[155]. Such elements can be used, among other things, to
create stable ‘rainbow’ OV beams in white light that persist at
sufficiently large distances (up to 80 m for a beam diameter of
several millimeters), which is important for solving various
fundamental and applied scientific problems [146].

Several new types of optical elements based on SFZPs
have been developed for the formation of OV beams: a spiral
zone plate (SZP) with an increased focus depth for the
formation of OV beams extended along the propagation
axis [156], a composite SZP for the formation of two OV
beams at different distances along the propagation axis [157],
a square binary SZP for the formation of OV beams with
fourth-order rotational symmetry [158, 159], a Dammann
SZP that forms a set of OV beams with opposite TCs (so-
called dipole vortices) along the optical axes in the immediate
vicinity of the focal region with a total efficiency of 70% for
the first five diffraction orders [160], fractional SZPs forming
OV beams with a fractional TC [161], a hybrid three-
dimensional microelement combining an SFZP and a micro-
axicon [162, 163], an SFZP with a displaced center for the
formation of superpositions of OV beams [164], a zone plate
with a helically shifted phase for the formation of various
types of OV beams with a controlled TC [165], various types
of fractal SFZPs with an increased focusing depth of the OV
beams formed on the propagation axis of the OV beams and
with the diffraction efficiency of the OV beam in the first
diffraction order increased to 8.5% [166-169], and even a
single-focus SFZP, an element that combines the structure of
an SFZP and a Gabor zone plate to form a single OV beam
with an efficiency of about 10% [170].

To fabricate SFZPs, approaches similar to those used to
fabricate fork-shaped holograms and gratings can be used:
lithography and liquid etching methods [160, 170], LCSLMs
[149], projection lithography [171], direct laser recording
methods [162, 163, 172, 173] (Fig. 5b, ¢), laser printing [174],
electron beam lithography [152, 154, 158], and element
template transfer using an electronic exposure device [165].
An interesting option for fabricating SFZPs on the surface of
a zinc oxide crystal by etching was shown in [175]: such a
diffractive element allows not only forming an optical beam
but also performing a nonlinear frequency conversion of the
initial radiation to higher-order harmonics. The main
advantages of SFZPs are their simple binary structure and
the possibility of forming OV beams located on the optical
axis. However, the SFZP conversion efficiency is quite low,
even compared to the conversion efficiency of binary fork-
shaped phase holograms.

4.3 Other types of computer-calculated holograms

Modern computer technology allows greatly simplifying and
significantly accelerating the calculation of holograms,
providing an efficient method for fabricating nonconven-
tional elements for the formation of OV beams. In the
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general case, by combining the azimuthal phase factor
exp (ilp) with the transmission function of some other
functional optical element, a new type of OV beam generator
with extended functionality can be created. In this section, we
briefly describe these more complex types of holograms and
their main characteristics.

For example, the use of a composite element—a spiral
fork-shaped plate that combines the SFZP and the fork-
shaped binary phase grating— allows forming two off-axis
OV beams with the TC determined by the sum and difference
of the TCs of the corresponding SFZP and the fork-shaped
grating [176]. A helical axicon with the axicon transmission
function modified by a helical phase factor has been
demonstrated in several papers [162, 177-179] for the
formation of higher-order quasi-Bessel OV beams. A similar
strategy was applied to create a vortex lens with the required
focal length and a TC of the formed OV beam up to 200,
attained by multiplying the element transmission function
with azimuthal phase modulation by the Fresnel lens
transmission function [180-183]. Also noteworthy is the
spiral fractal zone plate, which is a combination of the fractal
zone plate and the spiral phase [184], and the vortex ‘devil’s’
lens [185-187], which is a phase ‘devil’s’ lens (described by
Cantor’s ‘devil’s staircase’ function) modulated by a helical
phase structure with a theoretical conversion efficiency
reaching 60% [188].

In addition, calculated computer holograms allow form-
ing certain types of structured OV laser beams such as higher-
order LG modes [189-192], Bessel beams [193, 194], Mathieu
beams [195], Hankel beams [196, 197], and new types of OV
beams, including multi-annulus OV beams [198], elliptical OV
beams [199, 200], hypergeometric laser beams [201-204],
‘ideal” optical vortices (IOVs) with various profiles [205—
209], nondiffracting Bessel beams with complex displace-
ment [210], asymmetric LG beams [211], elliptical OV beams
[212], and many others [213-217].

In most cases, dynamical SLMs are the most convenient
commercially available tool for the implementation of
complex computer-calculated holograms, and SLM-based
holograms have therefore become widespread in the field of
formation of controlled and dynamically tunable OV beams.
However, SLMs have a slow response time, as noted above,
and are rather bulky. In addition, due to the rather low
damage threshold of the active matrix of displays, they must
be used with extreme care in combination with high-intensity
pulsed laser radiation. Therefore, such devices, despite all
their unique properties, also have significant drawbacks, and
hence the problem of finding new flexible approaches to the
formation of OV beams remains relevant.

5. Spiral phase plates

A spiral phase plate (SPP) with a TC ¢ is an optical element
with the azimuthally varying thickness 4 = ¢A¢/2nAn, where
An is the difference between the refractive indices of the SPP
material and the ambient medium. An SPP works by directly
applying the helical phase shift exp (i¢) to the incident laser
beam (Fig. 6a), allowing almost 100% of the incident
radiation energy to be converted into the OV beam. The
complex transmission function of an SPP with radius R in
polar coordinates is given by

T(r0) =eire ;) exp o). @)

Scanning
direction

Figure 6. (Color online.) Schematic representation of the formation of an
OV beam using an SPP with a (a) monotonic and (b) sectoral phase
increase from 0 to 21. Both elements shown allow the formation of an OV
beam with ¢ = 3. SPP images made using: (c) milling, (d, e) direct laser
recording, (f) electron beam lithography, and (g) ion beam lithography.
(Images c—g are respectively from [243, 233, 234, 230, 239].)

Optical elements with similar transmission functions have
been known for several decades under various names, such as
‘phase helical filter’ [218], ‘helical waveplate’ [219], or
‘Fresnel-type lens filter’ [220]. The use of SPPs to form OV
beams with OAM was first proposed in 1994 in [221]. Since
then, SPPs could be considered the most common optical
element for the formation of optical beams.

The azimuthal phase change required to form an OV
beam with a TC ¢ can be produced using either an SPP with a
monotonic phase increase from 0 to 2w [221] or a sectoral SPP
(also called a kinoform element [222]) separated into ¢
azimuthal sectors with the phase varying from 0 to 2m in
each of them (Fig. 6a, b). The production of monotonic SPPs
becomes a rather difficult task when higher-order OV beams
must be formed, because the height of the relief of the optical
element increases with increasing /. For example, to form an
OV beam with ¢ = 50 at a wavelength of 532 nm in air, an
SFZP must be fabricated from fused quartz with a relief
height difference of about 58 um. This requirement compli-
cates the manufacturing process of SPPs and also limits their
use in compact devices. The use of the sectoral SPP design
allows fabricating higher-order OV-beam generators whose
relief height is not related to their TC, but at the same time
requires a higher transverse resolution of the fabrication
technology [223-227].

Various technologies have previously been used to
fabricate SPPs, including ultraviolet lithography [228], the
molding technique [229], electron beam lithography in
polymethyl methacrylate (PMMA) [230-232], laser-induced
two-photon polymerization [233-237], direct laser recording
in combination with plasma etching of a quartz substrate
[238], ion-beam lithography [239, 240], mechanical polishing
of an olefin polymer [241, 242], and milling of a PMMA
sample [243] (Figs 6d—g). In addition, the construction of a
very simple SPP from combinations of quarter-wave plates
and spaced half-wave plates has been proposed [244]. Such
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elements can also be realized in the form of spiral phase
mirrors fabricated by photolithography or processing on an
ultraprecise lathe with a diamond coating [245, 246]. In the
last case, the required phase distribution on the mirror surface
is created mechanically using a cutter, and hence the SPP
phase profile is superimposed on the wavefront of the incident
beam during its reflection. We note that spiral phase mirrors
fabricated on an aluminum plate 1 inch in diameter have been
used to successfully form an OV beam with TCs up to 5050
[246].

To ensure the best performance of an SPP, its surface
profile must change monotonically, which is still a problem
for most manufacturing technologies. Discretization of the
element profile into a finite number of sectors, each having a
fixed height, allows simplifying the fabrication [247]. At the
same time, it is obvious that such discretization affects the
efficiency of the conversion of the incident radiation into the
desired OV beam. It has been shown that a multilevel SPP
with N = 16 levels can provide a 78% conversion efficiency
[247]. An analytic expression describing the scalar theory of
Fraunhofer diffraction of a plane wave by an SPP with a
multilevel continuous monotonic profile was derived in [248].
The authors showed that, in order to keep the deviation of the
conversion efficiency from the optimal one (corresponding to
the use of an ideal monotonic SPP) within 2%, the required
number of profile discretization steps should be from 19 to 39
for an OV beam with the respective TC from 2 to 10 to be
formed. Further studies have shown that, with an even
smaller number of steps of a discrete relief, the beam quality
deteriorates due to the appearance of OV beams with other
values of the TC ¢ [249].

It follows from Eqn (4) that the SPP properties depend on
the wavelength of the incident radiation. In accordance with
the theory of fractional-order OVs, the wavelength mismatch
in the case of an SPP with a monotonic profile changes the
profile of the generated intensity distribution, which in this
case can be represented by a superposition of two OV beams
with adjacent integer TCs [250-255]. In the case of sectoral
SPPs, such a mismatch leads to a decomposition of the
fth-order OV beam into / first-order off-axis OVs [256]. We
note that SPPs can also be used to form ultrashort femtose-
cond OV pulses with a large spectral width: in this case, the use
of so-called achromatic SPPs is required [257]. Achromatic
SPPs can be realized, for example, by combining two SPPs
made of different materials with a helicoid-like interface [258].
The use of a similar design to implement an achromatic SPP
with 36 discrete relief steps made it possible to form an OV
beam with a mode purity of more than 95% in a spectral
bandwidth exceeding 140 nm in the optical range [259].

Typically, SPPs are used to form OV beams with a fixed
TC. In 2004, however, a tunable SPP made of a deformed
Plexiglas plate with a radial crack was proposed, which
allowed forming OV beams with the TC in the range from 1
to 3 [252]. A modified version of the SPP, a radially
modulated SPP with an additional phase shift in the radial
direction, allowed tuning the TC of the formed OV beam in
the range from 2 to 5 by changing the radius of the incident
annular beam [260]. Such an element can also operate at
different wavelengths to form OV beams with the same TC.
Tunable SPPs based on LCs have also been implemented and
used to form OV beams with the TC up to 6 and the mode
purity exceeding 94% [261, 262]. Finally, it was reported that
an element that combines two SPPs with a moiré effect [263]
allows tuning the TC of the formed OV beam in the range

from 1 to 10 by rotating the plates relative to each other [264].
The transmission function of superimposed elements then
corresponds to the transmission function of a single SPP, and
the relative rotation angle allows gradually adjusting its TC.
The dependence of the SPP properties on the incident
radiation wavelength can also be used to change the TC of
the formed OVs when a high-relief SPP is illuminated with
laser radiation with an adjustable wavelength [265].

Tunable SPPs can also be implemented using adaptive
spiral mirrors bent into a helical shape [266]. This allows
converting 95% of the incident radiation into an OV beam
with the TC tunable in value and sign [267]. Such a spiral
mirror can be based on a cheap, compact, and lightweight
segmental deformable mirror with a small number of
segments. The possibility of using such mirrors to form OV
beams with a TC gradually increasing in the range from 0 to 4
was demonstrated in [268]. Moreover, sectoral deformable
mirrors, due to their achromatic properties and the possibility
of tuning, can be used to form optical beams with a higher
mode purity than that of optical beams created by sectoral
SPPs.

We note that the unique structure of SPPs allows
implementing a femtosecond OV beam generator with a
power up to 4.6 TW [269], as well as a variety of unique
microscale devices: an OV beam generator based on an SPP
integrated into an optical fiber [240], on-chip components
capable of wavelength-selective generation of OV beams (so-
called vortex microelectromechanical systems, MEMS filters)
[233, 236], OV beam generators for optical communication
integrated in the output aperture plane of a surface-emitting
vertical-cavity laser [239, 270], and optically driven micro-
rotors for applications of microfluidics and ‘lab-on-a-chip’
devices [271]. SPPs are also used as an intracavity optical
element for direct generation of OV beams with a mode purity
exceeding 99.9% [272, 273].

6. Spin—orbit interaction
for the formation of optical vortices

6.1 Formation of vortex beams

using natural anisotropic media

It is known that a uniaxial or biaxial crystal, which is an
anisotropic medium with dislocations of optical properties
dependent on the light propagation direction, converts
circularly polarized input laser radiation into the output
optical field with the opposite circular polarization and
screw wavefront dislocation. In this case, it is customary to
speak of the observation of a spin-orbit interaction, namely,
the interaction of the SAM associated with the circular
polarization of the incident light and the OAM associated
with its spiral wave front.

In 2001, King and collaborators first demonstrated the
formation of an OV beam as a result of the conversion of a
circularly polarized zeroth-order Bessel beam that passed
through a biaxial birefringence crystal [274]. The polariza-
tion vectors of the slow and fast modes inside such a crystal
can be expressed as

ci(p) = —i271/2 e, exp o —e_exp _e 7
2 2
ci(p)=2""2 {e+ exp (%) +e_exp ( f%’))] 7

(5)
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where ¢ is the azimuthal angle in polar coordinates,
e. =27'/2(e; +ie,) are the unit vectors for the right and
left circular polarizations, and e; and e, are unit vectors in a
Cartesian coordinate system with the z-axis parallel to the
crystal binormal. Analyzing the Fourier spectrum of the input
field of a birefringent crystal, one can show that the complex
amplitude of the light field inside the crystal can be expressed
in cylindrical coordinates (p, ¢,z) as

JJ (4, @1, 2)op (1) €p (1)

ipPgz]qdgde,, (6)
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y2] (kz +k2
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= t
f = arctan { 702

where f§ is the crystal anisotropy parameter, k is the
wavenumber, k, and k, are orthogonal components of the
wave vector, o, are the eigenvalues of the vectors ¢,(¢), ay is
the light field amplitude at the entrance to the crystal, ¢ is the
speed of light in a vacuum, v is the phase velocity of the wave,
€1, &, and &3 are principal values of the total permittivity
tensor, Fin(q, ¢;) is the Fourier spectrum of the field at the
input to the crystal, and ¢, is the angular coordinate in the
Fourier spectrum plane.

It can be shown using Eqns (5) and (6) that, for a light field
with left/right circular polarization, a superposition of two
waves with orthogonal circular polarizations is excited, one of
which is in fact an OV beam with the TC £ = +1,

(p,0.2) = 5% | Fla.2) Ualap) e cos (Baz)
—Ji(gp) exp (£ip)es sin (gz)]qdq, (7)

where J,, is the mth-order Bessel function of the first kind.

For certain values of the crystal length, the crystal
anisotropy parameter, and the angle of convergence of the
incident Bessel beam to the crystal axis, the conversion of the
incident radiation into an OV beam can be implemented with
an efficiency close to 100%. In addition, the repeated passage
of the formed OV through the crystal can be used to increase
its TC.

In 2002, Volyar’s group demonstrated that the propaga-
tion of a circularly polarized singular beam through a uniaxial
crystal is accompanied by the appearance of additional
features in the polarization structure of the converted beam.
It was found that, when a laser beam passes through a
birefringent quarter-wave plate and a polarizer, such fea-
tures transform into phase singularities [275]. The presented
approach can be used to form OV beams with the TC 1 and 2.
Later, it was shown that an optical system that combines two
uniaxial crystals with perpendicular crystal axes and a
polarizer is capable of converting circularly polarized initial
radiation into an OV beam for both coherent and incoherent
radiation [276]. Expressions for the left and right circularly
polarized components of a paraxial beam propagating along
the optical axis of a uniaxial crystal are presented in [277],
where the authors considered both polarization components
as a superposition of arbitrary-order vortex beams and
showed that the /th-order vortex only affects the (¢ 4 2)th-
or (¢ —2)th-order vortices of the propagating components

with respective right or left circular polarization. This leads to
the transformation of the initial circularly polarized beam
propagating inside the crystal into an OV beam with
orthogonal circular polarization with the TC ¢ = 2. Then,
the second-order OV beam is formed by transforming the
projection of the total angular momentum flux on the optical
axis of the crystal. The dynamics of such an optical spin-orbit
interaction in a uniaxial crystal were studied theoretically and
experimentally in [278-280]. It was also found that the
efficiency of spin-orbit conversion for Bessel-Gauss beams
propagating through a uniaxial birefringent crystal reaches
100%, even for a relatively small crystal length [281, 282]. Due
to the spin-orbit transformation, circularly polarized optical
fibers focused along an axis of an anisotropic crystal can be
used to form beams with cylindrical (radial and azimuthal)
polarization [283]. We note that the oblique incidence of
circularly polarized radiation on birefringent crystals can lead
to the formation of four independent OV beams, which
produce a complex field distribution, the so-called vortex
four-refraction phenomenon [284-286]. In addition, uniaxial
crystals can be used to obtain fractional-TC optical beams
with an efficiency up to 95% [287].

OV beam generators based on birefringent crystals are
characterized by an almost ideal 100% conversion efficiency
and a high destruction threshold, reaching 0.1 TW cm~2 [288],
as well as the ability to form OV beams in the case of
nonmonochromatic light, so-called white light OVs [289—
291], in a sufficiently wide spectral range, up to 250 nm
[292-294]. In addition, such elements do not require any
special high-precision processing technologies to realize a
birefringent crystal in the form of an optical microelement.

6.2 Pancharatnam—Berry optical phase element

In addition to using natural crystals, artificial crystals can
also be produced that exhibit birefringent properties to be
used to form OV beams. For example, a Pancharatnam-—
Berry optical phase element, which is a special configuration
of subwavelength periodic structures (nanogratings), acts as a
uniaxial birefringent crystal with optical axes parallel and
perpendicular to the orientation of these subwavelength
structures [295, 296]. The Pancharatnam—Berry phase, also
called geometric or topological, is the one that occurs as the
polarization changes in space and can be illustrated using a
Poincaré sphere (Fig. 7a). A Pancharatnam—Berry optical
element (PBOE) works like a wave plate with a constant
delay and continuously changing fast axes with the orientation
determined by the angle 0(x, y). The initial circularly polarized
laser beam (the north and south poles of the Poincaré sphere in
Fig. 7a) passes along different paths over the Poincaré sphere.
These paths lead to spatially noninvariant modifications of the
wavefront that arise from the local geometric phase
¢, (x,y) = £0(x,y) F arctan (sin2y tan ) = ¥Q/2 (where
Q is the angle of the geodesic triangle formed by the
polarization states under consideration, and the angle yx
specifies the ellipticity of the generated laser beam). Thus,
the orientation of the grating, determined by the spatially
varying grating vector Ky (x, ), can be used to control the
phase profile of the initial beam (Fig. 7b).

The formation of OV beams using a PBOE with a helical
geometric phase, the so-called helical PBOE, was first
demonstrated by Biner et al. [297] in 2002. The proposed
helical PBOE that formed an OV beam in the IR range (at a
wavelength of 10.6 pm) with the TC ¢ < 4 was a subwave-
length grating made by photolithography with the direction
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Figure 7. (Color online.) (a) Illustration of the principle of spin-orbit interaction using a Poincaré sphere. Light with right-hand circular polarization is
incident on a wave plate with a constant phase delay and the fast axis continuously changing in space, its orientation determined by the angle 6. Because
the direction of the fast axis changes in space, the light beam has different trajectories over the Poincaré sphere at different points, which leads to local
changes in the phase front due to the geometric (Pancharatnam—Berry) phase. (b) Schematic representation of the principle of OV generation using a
PBOE, illustrating the conservation of the total angular momentum of photons as a result of the transformation of a circularly polarized (SAM = +#)
Gaussian beam with zero OAM into an OV with a helical wave front (OAM = 2/i) and an oppositely directed circular polarization (SAM = —h). (¢) SEM
image of an optical element in the form of spatially varying subwavelength gratings (PBOE) with the fast axis oriented at different angles 0(x, ), and
corresponding Pancharatnam—Berry geometric phase values. (Figures a and b from [296], figure ¢ from [303].)

of the grooves constantly changing in space by an angle
defined as 6(r,p) = fp/2 in polar coordinates (Fig. 7b).
Implemented for the near and mid-IR ranges, PBOEs
provide a rather high efficiency of the incident beam
conversion into OVs, reaching 98% [298-300]. In moving to
the optical range, the characteristic periods of the spatial
arrangement and sizes of nanograting grooves are to be scaled
appropriately (the characteristic groove size must be an order
of magnitude smaller than the wavelength), which signifi-
cantly complicates the practical implementation of optical
elements based on them. At present, extremely expensive and
poorly scalable methods of electron and ion-beam lithogra-
phy remain the main approaches for the fabrication of highly
efficient PBOEs with a resolution of at least 100 nm. At the
same time, we note attempts to use high-performance laser
fabrication methods: laser-induced multiphoton photopoly-
merization and direct laser ablation of thin metal films for the
production of PBOEs for the optical spectral range [303, 304].
An example of such a PBOE formed by nanogratings
photopolymerized on the surface of a quartz substrate,
intended for the generation of OVs with a TC equal to 1, is
shown in Fig. 7c. The potential of the two-photon photo-
polymerization method was also demonstrated in [303] using
the example of a PBOE for the generation of optical fibers
with a TC up to 20.

6.3 g-wave plates

In 2006, Marrucci et al. [305] demonstrated a PBOE given by
a thin LC film fixed between two glass slides (Fig. 8a), which
allowed forming OV beams in the optical range. The authors
of [305] presented a new type of PBOE profile, given as

O(r,p) = qp + 0y, whereg = 0,+1/2, 41, ... isanumber that
changes with a half-integer step and determines the TC of the
optical element as £ = 2¢, and 6 is a constant equivalent to
the value of the initial rotation of all vectors of spatially
noninvariant subwavelength gratings that form this element.
Such an optical element, called a g-plate, introduces local
modulations +2¢¢ into the wavefront of the incident plane
wave, thereby allowing the formation of an OV beam with the
TC ¢ = 2¢q. The Jones matrix that describes the transforma-
tion of a field passed through a ¢-plate has the form

_ (cos(2qp)  sin(2qp)
M(p) = (sin (2qp) —cos (2q<1))) '

After passing through the g-plate with a phase delay =«
characteristic of half-wave plates, each circularly polarized
photon reverses its polarization, which leads to a change in
the z-component of the SAM from +7 to F4. The g-plate with
¢q = 1 then acts just as an optical SAM-to-OAM converter:
the z-component of the OAM of each photon changes from 0
to £27, and hence the total change in the angular momentum
of light is zero (Fig. 7b) [306, 307]. Calculating Fresnel’s scalar
propagator for a laser beam incident along the normal on a
g-plate surface element with ¢ = 1 shows the possibility of
achieving a conversion efficiency close to 100% [308]. We
note that, as in the case of holograms or SPPs, the TC ¢ = 2¢
of the formed OV beam can easily be increased by using a
cascade of several g-plates located immediately one after
another [305].

Various approaches have been used to fabricate ¢-plates,
including the formation of the required orientation profile of
LC cells using circular grinding [308], microscale grinding

(8)
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Figure 8. (Color online.) (a) Schematic representation of a piece of a
g-plate consisting of LC cells with a specific crystal orientation profile in
each cell. Right-hand side of the figure shows examples of g-plate profiles
with ¢ =0.5 and 1 and an optical image (in crossed polarizers) of
corresponding LC g-plates controlled by an external electric field. Lines
on the profiles of the g-plates indicate the orientation of the local
subwavelength gratings in the transverse plane. (b) Schematic representa-
tion of the process of producing anisotropic nanogratings formed inside a
transparent material using direct femtosecond laser recording. Local
orientation of the nanogratings is controlled by rotating the polarization
direction of incident laser radiation (shown schematically by red arrows).
Insets show SEM images of self-organizing nanogratings formed inside
quartz glass when it is scanned along the x-axis by femtosecond laser
pulses linearly polarized along or across the scanning direction. (Figure a
from [307, 320], figure b from [348, 330].)

[309], reverse grinding [310], and illumination of the LC layer
with photomasks or holographically formed beams [311] or
using the sample photopolymerization procedure with a
spatially controlled scanning laser beam [312]. However,
these methods do not allow realizing the dynamical rearrange-
ment of the structure of g-plates for the controlled formation
of OV beams at different wavelengths. To overcome this
limitation, tunable g¢-plates with an optical phase delay
controlled by thermal heating [313] or an external electric
field [314-316] have been proposed. In particular, an external
electric field can be used to create tunable LC g-plates with a
switching time of 25-30 ms [315] and, in addition, to create
g-plates that are tunable in terms of not only the radiation
wavelength [317] but also the TC of the formed OV beam
[318]. Faster switching (with a switching time up to 75 ps) of
the formation of OV beams with opposite TCs is also possible
when using static g-plates in combination with an electrically
controlled uniformly oriented ferroelectric LC [319].

Due to their properties, g-plates have found application in
many areas of modern science [320-326], including the

formation of an arbitrary vector laser beam of an arbitrary
order directly from a laser cavity [327]. A detailed review of
the principles of the implementation of ¢-plates and their
recent applications can be found in [328].

To conclude this section, we note that the concept of a
generalized g-plate described by the Jones matrix

[ cos (29(e))  sin (29(¢))
M(o) = ( sin (20(¢)) —cos (2®(p)) ) ®)

with an arbitrary continuous periodic function @(¢) was
introduced in 2019 [329]. A wider choice of the function
®(¢) and the possibility of implementation using, for
example, SLMs make the generalized g-wave plate an optical
element with great potential for the formation of vector OV
beams.

6.4 S-wave plates: g-plates formed inside transparent
dielectric materials

Structures exhibiting the birefringence effect, which underlies
the formation of OV beams with the help of crystals, can be
artificially created not only on the surface but also in the bulk
of transparent materials. In particular, such birefringent
structures can be formed due to self-organization induced by
ultrashort linearly polarized laser pulses focused in the bulk
of dielectric materials [330]. When the energy density of an
incident laser pulse exceeds a certain threshold, nonlinear
absorption of light occurs inside a transparent dielectric
material, which leads to its irreversible modification due to
the formation of structural defects [331], a local change in the
refractive index [332], or the appearance of nanocavities [333].

In 1999, unusual anisotropic polarization-dependent light
scattering was demonstrated, observed from micrometer-size
modified regions formed by femtosecond laser pulses inside
germanium-doped quartz glass [334]. Later, this phenomenon
was explained by the formation of a self-organizing nanograt-
ing in the irradiated focal volume, with the grooves oriented
in a direction strictly perpendicular to the polarization
direction of the incident laser radiation [335].

The formation of a nanograting is associated with the
appearance of a photoexcited material with a periodically
modulated intensity profile in the focal volume; this is caused
by the interference of incident laser radiation scattered by a
locally generated plasma. Subsequently, it was found that the
nanograting period can be controlled by both the number and
energy of laser pulses irradiating a selected area. Rotation of
the polarization direction of pulses focused in the bulk of a
transparent material can be used to control the spatial
orientation of the formed nanogratings (shown schemati-
cally in Fig. 8b), with the laser beam scanning creating areas
with specified birefringent properties inside the dielectric
material [336]. In 2011, Kazansky’s group presented a
spatially noninvariant half-wave plate fabricated by direct
laser recording of self-organizing nanogratings inside quartz
glass [337]. Such self-organizing nanogratings can be
regarded as birefringent crystals with the respective slow and
fast optical axes oriented parallel and perpendicular to the
grating groove direction. Such an element (also called an
S-wave plate or a Southampton-super-structured waveplate;
see the inset to Fig. 8b) can be used to transform an incident
linearly polarized Gaussian beam into a beam with an
annular intensity profile and a radial or azimuthal distribu-
tion of the profile polarization depending on the orientation
of the linear polarization of the incident radiation relative to
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the optical element axis. When illuminated by a circularly
polarized laser beam, the S-wave plate converts it into an OV
with the opposite circular polarization and the TC ¢ = 1[337—
339], as in the case of a g-plate with ¢ = 1/2.

The technology of direct femtosecond laser recording of
birefringent structures in the form of nanogratings has been
implemented in various crystalline materials, such as sapphire
[340] and TeO, [341, 342], and also in pure quartz [343],
titanium silicate [344, 345], and borosilicate [344, 346] and
alkali-free aluminoborosilicate glasses [347]. A typical thresh-
old value required for the irreversible modification of a
transparent material via the formation of a self-organizing
nanograting is approximately 1 TW cm~2 [347], and therefore
sufficiently powerful OV beams can be formed using such an
element. The TC of the generated OV beam can also be
increased using a cascade of S-wave plates. We note that an
S-wave plate for the formation of an OV beam with the TC
¢ = £100 was recently demonstrated [348]. At the same time,
the presented estimates based on direct laser recording
methods suggest the possibility of manufacturing plates with
a diameter of at least 10 mm for the formation of OV beams
with a TC up to 10,000.

We note that spatially varying self-organizing nanograt-
ings recorded inside a transparent material can have a
sufficiently high transmittance, which is mainly affected by
scattering losses. For example, an S-wave quartz glass plate
has a transmission of more than 80% in the optical range and
about 95% in the near-IR range. Standard S-wave plates
work efficiently in a rather narrow spectral range (£20 nm
from the central wavelength). However, a polarization-
selective filtering technique has been developed to extend the
spectral bandwidth of S-wave plates using a filter that
combines an achromatic quarter-wave plate and a linear
polarizer. This approach allowed an S-wave plate fabricated
for a wavelength of 530 nm to be used to form OV beams in
the entire optical and near-IR ranges (with a spectral band of
about 600 nm) with the conversion efficiency exceeding 50%
[349].

The production of S-wave plates using femtosecond laser
recording is a patented commercialized technology (EU
Femtoprint project) with a number of applications in various
fields of science and industry. The ease of use of these optical
elements and their integration into various optical systems,
combined with a high laser damage threshold and high
transmittance, have made them very popular in laser
material processing (see also Section 10). Such optical
elements have found application in problems concerning the
formation of coherent vector beams in the extreme ultraviolet
range [350] and in superresolution optical microscopy [349].
In addition, S-waveplates allow tuning the total OAM of the
formed OV beam in a range from 0 to 7% per photon by
changing the incident beam polarization from circular to
elliptical and linear. This possibility provides a convenient
tool for controlling the rotational motion of various particles
and biological objects (for example, DNA) captured by the
formed OV beam [348, 351].

6.5 Microscale generators of optical vortices based

on topological defects

Optical elements in the form of ¢g-plates and S-wave plates are
rather bulky, which does not allow their use in integrated
optics devices. In 2009, a microscale generator of OV beams
based on a droplet of birefringent liquid several micrometers
in diameter was presented [352]. As a result of the addition of

a surfactant (cetyltrimethylammonium bromide, CTAB) to a
spherical droplet containing nematic SCB LCs, both the
director, which is an axial unit vector that determines the
local directions of the long axes of molecules, and the local
optical axes inside the droplet acquire a three-dimensional
spherically symmetric spatial distribution. Such a spatial
conformation of optical axes determines inhomogeneous
birefringence with a defect at the center of the droplet, with
the director rotated through 2w about it. Optical beams with a
spiral wavefront also form when using such a ‘radial’ droplet
due to the geometric phase that arises in this case due to
continuous transverse changes in the radial distribution of the
optical axis with the same initial and final states. The
approach under consideration ensures the controlled forma-
tion of microscale OV beams with a variable TC and an
efficiency reaching 40%, depending on the droplet diameter.
The use of electrically controlled topological defects (so-
called umbilical points, or umbilics) in nematic LC films
allowed implementing the tunable generation of OV beams
[353-356] and also led to the creation of a class of umbilical
g-plates [357, 358]. We refer the interested reader to review
[359], where the mechanism of formation of OV beams using
umbilics in LC media is described in detail.

Topological defects in the form of voids or bubbles
inserted into an isotropic transparent medium with a
relatively high refractive index contrast are known to exhibit
edge birefringence associated with different transmissions of
s- and p-polarized waves [360]. In 2011, it was theoretically
and experimentally shown that, on spherical microvoids
formed inside glass under irradiation with femtosecond laser
pulses, the initial circularly polarized light is converted into a
second-order OV beam with reversed circular polarization
[361]. Thus, topological defects provide a reliable way to
implement highly efficient controllable OV beam generators
at the microscale. In particular, such devices allowing spin-
orbit interaction of light to be localized within a few
micrometers can be of interest in areas such as the optical
capture/rotation of micrometer and submicrometer particles
[362-364].

7. Plasmon generators of optical vortices

It is well known that, under certain conditions, electromag-
netic radiation incident on a dielectric-conductor interface
(with a noble metal typically acting as the conductor) can be
converted into a hybrid type of surface electromagnetic wave
(so-called surface plasmon—polariton waves, SPPWs) [365].
However, an electromagnetic wave cannot be directly con-
verted into an SPPW under normal incidence on a smooth
metal surface due to a mismatch in the wave vectors. A
number of approaches have been developed that allow
implementing such a transformation using various nanoan-
tennas (in the form of nanoslits, nanoholes, or nanotips),
prisms, or input gratings. In addition to that transformation,
nanoantennas arranged in a special way on a metal surface
allow focusing SPPWs, which can be used to implement
nanosize focusing elements for plasmon waves [366-369].

In 2008, Gorodetski et al. [370] demonstrated a plasmon
microlens that can effectively convert a normally incident
circularly polarized electromagnetic wave into SPPWs con-
verging at the center of the microlens and forming an OV. For
the conversion and subsequent focusing of SPPWs, the
authors of [370] proposed an original design of a microlens
made of spirally oriented nanogrooves engraved on the
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Figure 9. (Color online.) Plasmonic generators of OV beams. (a) Schematic
representation of the principle of operation of a plasmonic microlens
designed to generate and output into free space an OV beam formed at the
center of the microlens by converging SPPWs excited by helical nanoslits.
Cone-shaped nanotip transforms the plasmonic OV localized on the
surface into an electromagnetic wave propagating into free space. (b,
¢) SEM image and near-field optical image of a plasmonic microlens
generating an OV in the plane of a metal film. (d) SEM image of a
plasmonic microlens allowing the plasmon vortex to exit into free space.
(Figures b and ¢ from [372], figure d from [381].)

surface of a thick gold film by ion-beam lithography. A
similar design was realized somewhat later in [371], where,
for more efficient excitation and focusing of SPPWs,
nanoslits were used instead of nanogrooves, located along a
spiral trajectory

Jspmod (Yo, 2m)

2n ’ (10)

(@) =ri+
where mod (.. .) is the remainder of integer division, Agp is the
surface plasmon wavelength, ¢ is the TC of the plasmonic OV,
r; is the shortest distance from the center of the microlens to
the nanoslit, and ry = r; + Agp is the maximum distance from
the center of the microlens to the same nanoslit (Fig. 9a). The
general principle of operation of such plasmonic microlenses
is based on the creation of a specially designed nanorelief on
the surface of a noble metal, ensuring the excitation of SPPWs
converging toward the center of the microlens. The structures
forming the nanorelief are located along a spiral trajectory
relative to the center of the microlens, thereby providing the
corresponding phase shift for the plasmon waves that
converge to the center and forming the OV. The concept
developed subsequently became widely used, including for the
implementation of planar plasmonic elements for the forma-
tion of plasmonic OVs with a fractional TC [372-376].
Progress in this area has led to the creation of alternative
designs of plasmonic microlenses that can generate OVs when
pumped by linearly polarized radiation [377, 378].

We note that SPPWs exist at the metal-dielectric interface
and do not propagate into free space without the use of
additional methods and cannot therefore be detected by

classical optical methods. To visualize plasmonic OVs, near-
field optical microscopy methods are often used, with the
distribution of the electromagnetic field amplitude in the
plane of a metal film scanned by a nanosize optical probe.
An example of such a visualization of a microsize plasmon
OV focused by the spiral plasmonic microlens described
above is shown in Fig. 9c. The use of nanoantennas allows
not only efficient conversion of the incident radiation into
SPPWs but also reverse conversion, i.e., the output of
electromagnetic waves localized at the metal—dielectric inter-
face into free space (Fig. 9a). This concept was implemented
in the example of a similar helical plasmon microlens
produced on both surfaces of a metal membrane, in the
center of which a nanoantenna was formed by a through
nanohole in order to output the generated OV into free space
[379, 380]. To increase the efficiency of conversion of a near-
field OV into a propagating OV beam, a single-layer
plasmonic lens with a nanoantenna in the form of a cone-
shaped nanotip was later proposed [381, 382]; a scanning
electron microscope (SEM) image of the lens is shown in
Fig. 9d.

Plasmonic lenses for OV generation are characterized by a
relatively low laser damage threshold and a conversion
efficiency of several percent, and are also quite expensive to
manufacture; therefore, the practical necessity of creating
such optical elements for generating optical fibers raises
doubts. On the other hand, SPPWs can have a wavelength
much shorter than that of an electromagnetic wave propagat-
ing in free space, and the focusing of SPPWs is not limited by
the fundamental Abbe diffraction limit. From this standpoint,
the development of plasmonic OV generators can be regarded
as a first attempt to obtain singular light localized on a
nanoscale [383-386]. In addition, the planar geometry of
plasmonic elements of microoptics is an extremely convenient
platform for fundamental studies of electromagnetic waves
localized on subwavelength scales, including problems of their
spatiotemporal evolution and spin-orbit conversion [387].

8. Formation of optical vortices
using metasurfaces

Metasurfaces are a special class of nanomaterial made of
specially designed and organized nanoscale structures
(nanoantennas or meta-atoms) on a substrate surface that
allow implementing various ultrathin optical elements
(focusing lenses and axicons) [388], holograms [389, 390],
quarter-wave plates [391], and OV generators [392]. Several
reviews devoted to this extremely popular research subject are
currently available [393-396], and we therefore restrict
ourselves in this section to the main principles of operation
of metasurfaces for the formation of OVs, focusing on their
advantages and disadvantages in comparison with other
types of OV generators.

When using metasurfaces, the phase shift required to
transform the initial electromagnetic wave into an OV is
achieved due to nanosize structures, each of which can be
considered a local source of scattered electromagnetic waves.
In the general case, the phase shift provided by a nanoantenna
is determined by its geometric shape and orientation (relative
to the polarization of the incident radiation), which allows a
high-accuracy modulation of the wavefront of an electro-
magnetic wave reflected from or transmitted through the
metasurface (Fig. 10a). The first metasurfaces for controlling
the wave front of electromagnetic waves were based on
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Figure 10. (Color online.) (a) Schematic illustration of the transformation
of an incident linearly or circularly polarized Gaussian beam into an OV
using a metasurface formed by an array of V-shaped plasmonic nanoan-
tennas. SEM images of parts of metasurfaces formed by plasmonic and
dielectric nanoantennas, illustrating the variety of designs for implement-
ing OV generators: (b) V-shaped gold nanoantennas, (c) gold nanorods,
(d) L-shaped gold nanoantennas, (e) titanium dioxide nanopillars,
(f) elliptical silicon nanopillars, and (g) silicon nanoblocks. Scale bars in
all images are 1 pm. (Figures b—g are adapted, respectively, from [392, 400,
399, 418, 412, 413])

nanostructures made of noble metals that support coherent
electron density oscillations induced by the incident electro-
magnetic field (so-called localized plasmon resonance). It is
noteworthy that such electron plasma oscillations in nanos-
tructures can be described with sufficient accuracy using the
formalism of a Lorentz oscillator whose oscillations can cover
the phase tuning range from 0 to m due to a change in
geometry. Thus, to implement an OV generator based on
plasmonic nanoantennas, which requires covering the full
range of phase from 0 to 2m, the principle of geometric
phase (spin-orbit conversion), implemented in PBOE-type
elements, must be used. Examples of such devices [397, 398]
operating in the mid-IR, near-IR, and optical spectral
ranges are shown in Figs 10b-d. To date, various
configurations of plasmonic nanoantennas arranged into
metasurfaces have been developed that allow efficient
control of the incident radiation wavefront; their imple-
mentation in the form of various optical elements, includ-
ing OV generators operating for transmission and reflec-
tion, has been demonstrated [401-410].

We note that plasmonic nanostructures have a rather
weak scattering intensity in the forward direction. In the
optical spectral range, at the same time, noble metals, which
are the main building material for the formation of nanoan-
tennas, have significant ohmic losses, reducing the conversion
efficiency of OV generators based on them. Obviously, these
factors have led to the development of alternative approaches
to the design of nanoantennas, among which the use of
optically resonant nanostructures made of materials with a
high refractive index and low losses has become mainstream
[411]. In the optical and near-IR spectral regions, materials
widely used for the implementation of nanoantennas include
common semiconductors such as Si, Ge, GaAs, and TiO,
[412,413]. Nanostructures made from these materials support
so-called Mie resonances of an electrical and magnetic nature
[414]. The geometry of nanostructures allows controlling the
spectral position and intensity of resonances of both types.
The spectral match or mismatch of resonances of different
natures provides additional capabilities of controlling the
radiation pattern of nanoantennas, which can be used to
completely suppress waves scattered in a certain direction
(Huygens metasurface) [415]. We note that such broad
capabilities of controlling the wavefront of an electromag-
netic wave in the optical range cannot be realized using
plasmonic nanoantennas [416, 417].

The examples of metasurfaces used for the formation of
optical fibers based on silicon and titanium dioxide nanoan-
tennas of various geometries shown in Figs 10e—g indicate a
similarity between the main concepts and designs of optical
elements implemented using plasmonic and dielectric nanos-
tructures. At the same time, moving from metallic to dielectric
(semiconductor) materials in the fabrication of nanostruc-
tures for the optical spectral range allows the efficiency of the
conversion of incident radiation into OVs to be increased by
an order of magnitude [412, 413, 418]. For example, an
experimentally realized element based on an array of
titanium dioxide nanopillars (Fig. 10e) demonstrated a
conversion efficiency of 40% to 70% in the entire optical
range [418, 419]. The ability of metasurfaces to simulta-
neously control both the phase and polarization of the
electromagnetic waves they generate was used to implement
J-wave plates — unique optical elements that can convert the
SAM associated with the circular polarization of the incident
radiation into arbitrary states of the total angular momentum
(typically denoted by J) given by the sum of the SAM and
OAM [420, 421]. Thus, J-plates can be used to eliminate the
restrictions inherent in geometric phase elements (Panchar-
atnam—Berry elements) that transform an initial laser beam
with a SAM into a laser beam with opposite SAM and OAM
values in accordance with the momentum conservation law
(see Section 6). As in the case of other elements used to form
OV beams, J-plates can be placed inside a laser cavity to
directly generate OV beams with a TC up to 100 and mode
purity close to 100% [422, 423], and their cascades can be used
to form vector vortex beams with different configurations of
the total angular momentum [424]. Also, the use of combina-
tions of several quarter-wave plates and two SLMs made it
possible to implement a dynamic J-plate [425].

Metasurfaces, despite their compactness (optical elements
can be formed by a monolayer of nanoantennas with a
thickness reaching 100 nm), provide an unprecedentedly
high accuracy in controlling the wavefront of electromag-
netic waves on subwavelength scales. The compactness of
metasurfaces ensures ease of integrating and matching them
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with various miniature optoelectronic devices, such as
microlasers [419]. This makes practical realizations possible
for tunable vortex microlasers, which are promising elements
for new-generation optical data transmission systems. Elec-
tron-beam lithography provides a standard resolution of
about 10 nm in manufacturing individual nanoantennas and
their ordered arrays, generally meeting the requirements for
metasurfaces in the optical spectral range. At the same time,
the search for more efficient and cost-effective methods for
the production of metasurfaces, so as to accelerate the
production of optical elements and reduce costs while
maintaining the possibility of a scalable increase in their
lateral size, remains a key task in this field. Among the new
promising commercial nanofabrication technologies, we can
single out an approach adapted to the problems of texturing
large areas with the use of atomic force microscopy with
special cantilevers heated to a temperature of 700°C (see
recent review [426]).

To conclude this section, we note that the radiation
absorbed by plasmonic nanoantennas is effectively converted
into heat, which explains the relatively low damage threshold
of elements based on metasurfaces forming OV beams in the
optical spectral range. For pulsed laser radiation, the
absorbed energy density required for the irreversible mod-
ification of a gold film 50 nm in thickness placed on a glass
substrate is only 30 mJ cm~2 [427]. Moreover, localization and
amplification of laser radiation near subwavelength nanos-
tructures (due to localized plasmon resonances in particular)
are expected to decrease the irreversible modification thresh-
old by at least another order of magnitude (see, e.g., [428,
429)). Dielectric (semiconductor) nanostructures have lower
losses, which allows them, in principle, to withstand a higher
power of incident laser radiation. But when magnetic-type
resonances are excited in them, such structures can be
resonantly heated even more efficiently than their plasmonic
nanoantennas due to a significant concentration of the
electromagnetic energy inside such nanocavities [430].

9. Integrated optical generators
of optical vortices and vortex microlasers

Numerous studies have recently been devoted to the develop-
ment of miniature integrated optical devices for the formation
of OV beams with intended applications to optical and
quantum information transmission and processing systems
[431-437]. In 2010, the first experimental implementation of an
integrated photonic OV generator was demonstrated, made of
an annular cavity, a waveguide, and an array of nanorods
[435]. The TC of the OV generated by that device is determined
by the difference between the order of a whispering-gallery
wave (WGW) excited in the annular cavity and the number of
nanorods that scatter it. A year later, another configuration of
an integrated optical circuit (IOC) based on a silicon-on-
insulator type waveguide was proposed, which allowed
generating a focused azimuthally or radially polarized output
beam emitted directly from the substrate surface [436].

In 2012, Cai and collaborators demonstrated a microsize
OV generator (about 4 pum in diameter) integrated on a silicon
substrate and formed by a waveguide and an annular
microcavity with periodic modulation of the refractive index
in the azimuthal direction (Fig. 11a) [438]. The modulation of
the refractive index in this cavity was provided by a
diffraction grating located on its inner circumference, which
converts and outputs the WGWs into free space in the vertical
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Figure 11. (Color online.) (a) Schematic representation of an integrated
OV beam generator formed by a microcavity with an output grating
located along its inner wall. Inset shows the formation of an oblique
wavefront with the help of an output grating (taken from [438]).
(b) Schematic representation of a microlaser on an indium phosphide
(InP) substrate generating OV beams at telecommunication wavelengths.
Single-layer germanium (Ge) structures with a thickness of 13 nm and
double-layer chromium-germanium (Cr/Ge) structures (corresponding to
thicknesses of 11 and 5 nm) are periodically located in the azimuthal
direction on the upper plane of the InGaAsP/InP microcavity, simulating
the modulation of the refractive index and the gain/loss coefficient of
selective WGW generation propagating only in one direction (clockwise or
counterclockwise). Equidistant protrusions on the outer wall of the

microcavity play the role of an output grating. Insets show SEM images
of the fabricated microlaser (taken from [451]).

direction in the form of an OV beam. We note that the WGWs
supported by such a cavity have discrete azimuthal propaga-
tion constants vwgw = PqR = p. The integer p is the
azimuthal mode number and physically represents the
number of optical periods around the cavity, R is the
effective WGW radius, and f,4 is the light propagation
constant for this radius [439, 440]. The elements of the
diffraction grating scatter the WGW, and part of the power
is deflected in the direction determined by the angle ¢ at
which constructive interference occurs. The wavefront of
such emitted light is a plane tilted at the angle ¢ (see the
inset to Fig. 11a). For a waveguide with a grating bent into a
loop, the resulting wavefront of the emitted light has a helical
shape, which leads to the appearance of an OAM mode
propagating in the vertical direction. Under resonant excita-
tion of a microannular cavity, the device is capable of emitting
a propagating OAM mode with the TC ¢ = p — ¢, where ¢ is
the number of scattering array elements placed along the
cavity [441]. More complex tilted configurations of scattering
elements on the surface of a microannular cavity can be used
to radiate a superposition of two OAM states with orthogo-
nal circular polarizations into free space and perform their
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subsequent filtering [442]. The conversion efficiency of such
OV generators, defined as the ratio of the radiated power of
the desired OAM mode to the optical power in the waveguide,
ranges from 5 to 37% [443].

The development of similar IOCs for OV generation,
implemented by several research groups [444-450], even-
tually made it possible to develop the concept of an integrated
OV microlaser supporting single-mode generation of an OV
beam at telecommunication wavelengths with external optical
pumping [451]. The device developed was a similar annular
microcavity based on WGWs excited by external (nonwave-
guide) pumping by a laser beam (Fig. 11b). In this case, due to
the mirror symmetry of the annular cavity, the proper WGWs
propagating clockwise and counterclockwise can be excited
simultaneously, leading to zero total angular momentum of
the system. The selection of a WGW propagating in only one
direction was achieved due to the original asymmetric
modulation of the refractive index and the gain/loss factor
along the upper plane of the annular microcavity. In this case,
the OV associated with a given WGW is output vertically into
free space by means of a periodically modulated outer wall of
the microannular cavity, similarly to how this was done in the
previously proposed approaches. We note that an integrated
OV microlaser with electrical pumping has recently been
realized [452].

The concept of a vortex microlaser with the possibility of
dynamically tuning the TC of the generated OV beam at room
temperature (with attainable TC values of —2, —1, 0, +1, and
+2), implemented in 2020, is based on a combination of the
microannular cavity considered above realized on a semi-
conductor substrate with a 200-nm layer of InGaAsP
quantum dots and a waveguide with a ‘common bus’
topology with two arms for controlled optical pumping and
mirror symmetry breaking of the generation of oppositely
directed WGWs [453]. Pumping one of the waveguide arms
leads to an increase in the generation of one of the WGWs
excited in the cavity and an increase in the losses of the
oppositely directed WGW. The OV beam is generated at a
telecommunication wavelength of 1492.6 nm, and the TC
tuning time (including fractional values [454]) of the OV beam
is limited only by the optical response of semiconductor
quantum dots, i.e., has the potential to achieve ultrafast
switching on the picosecond scale, which significantly
exceeds the millisecond and microsecond switching times
realized with thermooptical control [455]. The technology of
selective optical pumping was also used in the implementation
of a surface-emitting vortex microlaser with a vertical cavity,
based on a spin-polarized active medium: in that case, the
rotation direction of the generated helical wavefront is
controlled by the type of circular polarization of the pump
radiation [456]. However, it is possible to achieve selective
WGW  generation without amplification/attenuation of
losses of one of the modes, but only by using azimuthal
spatiotemporal modulation of the dielectric permittivity of a
microannular cavity created by a propagating wave grating
[457]. This approach also provides a high quality factor (over
20,000), but requires miniature electrical contacts to be
connected to the cavity.

Modern computational capabilities make various global
optimization algorithms possible, such as combinations of
annealing simulation algorithms with genetic algorithms
associated with three-dimensional finite-difference time-
domain modeling, which opens up prospects for calculating
more complex IOC designs with vortex lasers emitting in a

fairly wide range of telecommunication wavelengths, from
1450 to 1650 nm, with a 35% radiation generation efficiency
and modal purity greater than 97% [458]. Such devices are an
ideal means to further increase the throughput of tunable
optical communication systems operating at wavelengths in
the near-IR range.

Of certain practical interest is also the implementation of
vortex microlasers emitting in the optical spectral range. Such
microlasers have recently been implemented on the basis of
the standard architecture of a vertically emitting active-
medium cavity (based on an organic polymer material or
lead—halide methyl-ammonium perovskite) combined with a
passive OV generator based on an Archimedean spiral grating
[459-462]. Another promising class of planar vortex micro-
lasers can be produced on the basis of a cavity that supports
so-called continuum bound states (CBSs)—high-Q modes
that allow achieving colossal Q-factors, exceeding 10° [463].
A vortex CBS-mode microlaser was recently implemented on
the basis of a thin lead—halide perovskite film perforated with
periodically arranged pass-through nanoholes, resulting in the
formation of a Pancharatnam—Berry geometric phase [464—
466).

In 2013, Williams and collaborators showed that the
phase structure of the light field required for the formation
of an OV beam can be directly obtained by using arrays of
molecular chromophores that have a certain symmetry and
satisfy certain geometric constraints [467, 468]. This type of
light emission is a direct result of the electron relaxation of the
state of a delocalized exciton supported by an array of at least
three chromophores arranged symmetrically into an equilat-
eral triangle [469-472]. To satisfy the equivalence condition
for each neighboring pair interaction, each such emitter must
also be rotated through 27 /3, clockwise or counterclockwise,
relative to its neighbor. Because the orientation of each
emitter determines the angular displacement of its emitting
dipole moment, the projection of the three dipoles onto the
plane in which the array is placed is similar to the projection
of a three-blade propeller. Using an array of molecular
chromophores with such a triangular configuration, it is
possible to design the necessary phase shifts for each of the
emitters such that they correlate with the positions. Because
each electric dipole is oriented at an angle of +2m/3 with
respect to two neighboring dipoles, the electric fields from
each emitter add the phase factors {0, 2,4}n/3 corresponding
to the OV phase with the TC equal to 1 [467]. In the general
case, the maximum TC / is determined by the number of
emitters N as |[¢| < [(N — 1)/2], where [.. ] is the integer part
of a number. Although this approach has not yet been
realized experimentally, the physical principles underlying it
open up prospects for developing a vortex nanolaser based on
the decay of nanosize excitons, to generate coherent radiation
with a predetermined helical wavefront [470].

10. Interaction of intense vortex beams
with nanosize structures and materials

At present, vortex laser beams have found wide application
in various fields of modern photonics related to optical data
transmission systems, methods of optical manipulation of
microobjects, and superresolution optical microscopy. The
interested reader can find a detailed description of these
applications of vortex beams in a series of reviews [213, 473,
474]. Toward the end of this review, we focus on one
promising area, which, however, has been discussed very
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Figure 12. (Color online.) (a) Schematic illustration of the interaction of a sharply focused vortex laser pulse with a target surface. (b) Calculated
distributions of the intensity of incident and reflected vortex beams from the surface and the result of their interference. (c) Series of SEM images of chiral
microrelief formed on the surface of tantalum, gold, and silicon targets. (d) Polarization states that can be realized in a vortex laser beam (direction of the
polarization vector is shown by red arrow) and SEM images of the surface of a nickel target textured by a laser beam with linear and radial polarizations.
(e) Schematic representation of nanoantenna excitation by a vortex laser beam. (Figures b, ¢, and d are from [475, 477-479], and [492].)

little in previous reviews: the study of the interaction of
intense singular beams with nanosize structures and various
materials in application to problems in nanophotonics and
laser nanotexturing of materials using short and ultrashort
pulses.

First and foremost, the use of OVs opens up prospects for
fundamental and applied studies of the interaction of high-
power laser pulses of complex intensity and polarization
profiles with various materials (Fig. 12a). In the last decade,
the use of focused pulsed laser radiation to modify the surface
of various targets has rapidly evolved from a laboratory
method into an efficient and economically viable technology
that, in terms of a number of characteristics, can compete
with lithographic nanofabrication technologies in the near
future. The multifaceted development of this method, among
other things, was inseparably related to both the improve-
ment and cost reduction of pulsed laser sources, not to
mention a deep understanding of the complex processes
underlying the formation of various types of functional
micro- and nanostructures on the surface of irradiated
targets under the action of laser radiation and the emergence
of modern computational methods for modeling such
ultrafast processes. At the same time, progress in OV
generation methods has led to the appearance of commercial
optical elements with a sufficiently high damage threshold to
laser radiation (for example, S-wave plates), which made it
possible to easily introduce singular beams into studies of the
interaction of pulsed laser radiation with matter.

One of the clearest demonstrations of the promise of using
OVs in laser nanostructuring is the possibility of forming

chiral microstructures on the surface of various materials
during their ablation by single nanosecond vortex laser pulses
(Figs 12a—c). The effect has been demonstrated for various
materials, including heavy and noble metals [475-478],
semiconductors [326, 479-481], and polymers [482-484].
SEM images of chiral nanostructures formed under irradia-
tion of tantalum, gold, and silicon targets are shown in
Figs 12c. Because the direction of twist of the produced
nanostructures typically coincides with the direction of
rotation of the wave front of the OV material incident on
the surface, it was hypothesized that the cause of the chiral
morphology is the transfer of angular momentum from
pulsed laser radiation to the target material. According to
the authors, the impact of a laser pulse on the target surface
leads to the melting of a local near-surface region, while the
total angular momentum of the OV, determined by both
circular polarization and wave front rotation, gives rise to the
motion of molten material in the azimuthal direction, which
makes the materials formed during microstructure recrystal-
lization chiral. Moreover, the absence of this phenomenon
when using pulses of shorter (femtosecond) duration to
irradiate the surface does not contradict the above hypoth-
esis, because the effects of light pressure are proportional to
the laser exposure time.

An alternative explanation for the formation of a chiral
nanorelief was proposed in [477]. The authors showed that,
when a sharply focused vortex laser beam is incident on the
target surface, a helical intensity distribution is formed as a
result of interference between incident and reflected waves
(Fig. 12b). Such a characteristic intensity distribution causes
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the formation of corresponding temperature and surface
tension distribution gradients, which leads to the azimuthal
direction of motion of the substance melted under the action
of the laser pulse and the formation of chiral nanostructures
during recrystallization. Importantly, a helical intensity
distribution can form only when the wave reflected from the
target surface has a spherical wave front, and this becomes
possible only when the vortex beam is not reflected from a
smooth surface but from one with micro- and nano-rough
morphology, which can be formed during the melting of the
target surface under the action of laser radiation. Most of the
metallic and semiconductor materials used in the context of
these studies had typical electron-photon relaxation times
(solid-to-liquid phase transition) of the order of several
picoseconds, which justifies the absence of chiral morphol-
ogy in nanostructures formed by irradiating a target with
ultrashort femtosecond laser pulses. Later, this hypothesis
was confirmed in experiments on single-pulse ablation of
metal targets by linearly polarized nanosecond laser pulses
with a helical intensity distribution profile and a flat wave
front (zero total angular momentum) [477]. It is noteworthy
that a similar explanation, based on the formation of a
complex helical intensity distribution, was previously pro-
posed to describe the effect of the formation of a chiral
microrelief in azopolymers [482].

Currently, there are no theoretical studies in the literature
aimed at a detailed description of the interaction of intense
vortex laser pulses and matter. This is largely due to the
complexity of constructing a rigorous theoretical model for
the entire chain of laser-induced processes when the processes
of photoexcitation of a material occurring in a time interval
equal to the pulse duration are not separated in time from
subsequent phase transitions, as is the case when using laser
nanosecond pulses. At the same time, experimental demon-
strations indicate that the use of laser beams with complex
intensity and phase distribution profiles is a promising
research direction, which allows significantly expanding the
functionality of the methods of laser micro- and nanoproces-
sing of materials and extending the range of nanostructures
obtained by these methods. An example of such a demonstra-
tion is the laser recording of three-dimensional chiral
micropillars made of a photopolymerizable material using a
three-dimensional helical intensity distribution obtained by
combining two laser beams: an OV and a conventional
Gaussian beam with a spherical wavefront [487-489].

The polarization distribution in a focal laser spot is known
to have a significant effect on the micro- and nanomorphol-
ogy of the target surface obtained by its multipulse irradiation
with short and ultrashort laser pulses. This phenomenon is
associated with ultrafast modulation (within the pulse
duration times) of the intensity distribution profile in the
laser spot due to the interference of the incident, reflected, and
surface electromagnetic waves. Such intensity modulations
lead to the formation of a characteristic self-organized or
quasiperiodic morphology of the target surface (so-called
laser-induced periodic surface structures, LIPSSs [490])
during its multipulse laser ablation by a scanning laser
beam. The ability to control and switch polarization states
in a vortex laser beam opens up broad prospects for the
formation of unique LIPSS morphologies by multipulse
ablation (Fig. 12d) [491]. For example, Skoulas et al. used
femtosecond OV laser beams to treat nickel samples and
create complex hierarchical surface morphologies that mimic
shark skin and lotus leaf [491, 493]. The unique morphology

of such nanotextured surfaces is shown in SEM images in
Fig. 12d. Several theoretical studies have predicted the
possibility of using pulsed OV laser beams to form topologi-
cal defects of a certain type in chiral magnetic materials [494,
495]. In [494], it was proposed to use an OV beam for uneven
heating of the irradiated surface of a chiral magnetic material
and the formation of annular magnetic defects (skyrmions).
To the best of our knowledge, no experimental demonstration
of this effect has yet been reported.

The possibility of controlling the amplitude, phase, and
polarization profiles of optical fibers opens up prospects for
their use in the vibrant field of photonics of nanosize optical
resonant structures [496, 501]. Unlike ordinary laser beams,
OV beams can interact in a special way with optical resonant
nanostructures by exciting certain resonant (‘dark’) modes in
them (Fig. 12¢), which cannot be excited using ordinary laser
beams with a plane wavefront [500]. In this case, it is obvious
that the characteristics of the OV beam used must be
consistent with the geometry of the irradiated nanostructures
in order to achieve the most efficient optical response. For
example, control of the intensity and direction of scattering of
a plasmonic nanoantenna made of two parallel nanorods was
demonstrated when the center (phase singularity point) of the
illuminating OV was displaced relative to the geometrical
center of the nanoantenna [503]. In addition, the use of a
radially polarized OV allowed exciting an anapole mode in a
spherical silicon nanoantenna, which made it possible to
completely suppress scattering into free space [504]. The
possibility of observing the effect of circular dichroism
during the passage of OV beams through a round nanosize
aperture without any pronounced dichroic properties has also
been demonstrated [501]. The effect arises because OV beams
with opposite SAM signs are not mirror reflections of each
other and interact in different ways, even with a geometrically
symmetric nanoantenna. This ability of optical nanostruc-
tures to react resonantly to the chirality of optical radiation
opens prospects for the development of microscale analyzers
and built-in routers of optical beams for new-generation
I0Cs [500, 502, 503]. In particular, single nanosize holes and
nanoantennas located along an annular trajectory have
already demonstrated their efficiency as OAM analyzers for
an optical beam incident on them. Finally, plasmonic and
dielectric nanostructures, due to their ability to localize and
amplify electromagnetic fields on nanoscales, allow achieving
a significant enhancement of nonlinear effects (for example,
the generation of higher-order harmonics or Kerr nonlinear-
ity), which opens the door to the practical implementation of
ultrafast optical switches and ultrasensitive sensor elements
[504-506]. High-Q modes excited by OV beams in nanoan-
tennas are typically characterized by high amplification
factors for the amplitude of local electromagnetic fields,
leading to a scalable amplification of nonlinear effects. For
example, an increase in the intensity of third-harmonic
generation was demonstrated when a single silicon nanoan-
tenna was pumped by an OV beam, and the control of the
polarization characteristics of the pump radiation also allows
controlling the radiation polarization structure at the third-
harmonic frequency [507]. A similar effect was recently
demonstrated for an oligomer of silicon nanoparticles [508].

11. Conclusion

The demonstration of the presence of OAM in OV beams in
the 1990s gave a powerful impetus to the development of new
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efficient methods for their formation. The ability to control
the motion of matter on nano- and microscales contributed to
the development of the field of light robotics and micro-
mechanics. Proof of the orthogonality of the states of OV
beams with different OAM values contributed another degree
of freedom to the implementation of optical communication
systems based on mode multiplexing of data and opened the
way to the implementation of data transmission channels
with rates of several hundred Thbits~!. The use of OV beams in
problems of classical and quantum optics, as well as in
imaging, has already been covered in several reviews [216,
477, 478]. In recent years, OV beams have allowed demon-
strating new effects in the field of laser processing of materials
and in the field of manipulation of linear and nonlinear
optical responses of resonant structures and optical antennas
during their excitation. Hence, OVs and related phase
singularities play an important role in modern science.

We emphasize that each of the specified sets of applica-
tions requires the use of a method to form optical beams with
certain characteristics. For example, in forming unique chiral
nano- and microreliefs on the surfaces of various materials,
pulsed laser beams with sufficiently high energies must be
used, which imposes certain requirements for the values of
damage thresholds for the elements forming the OV beams. In
this case, various types of diffractive optical elements
fabricated on glass and quartz substrates, as well as nanos-
tructured S-wave plates capable of withstanding huge power
densities of laser radiation incident on them, up to 1 TW cm 2,
become ideal candidates. In applications that require con-
stant reconfiguration of the profiles of shaped laser beams
with OAM, such as light robotics and micromechanics, the
key role is already played by the ability to quickly reconfigure
the element profiles, which can easily be achieved using
computer-calculated holograms realized with digital micro-
mirror devices, as well as using the dynamical LC SLMs
discussed in this review. LC technology allows realizing not
only various holograms but also unique g-plates that ensure a
switchable spin-orbit transformation with a switching time
reaching 75 ps. And, of course, it is worth once again
mentioning the trend toward miniaturization established in
modern science and technology, which led to the development
of vortex microelements and microlasers, without which it
would be difficult to imagine the field of integrated optics and
nanophotonics. Such elements fit within areas of several units
or several ten square micrometers and allow not only forming
OV beams but also tuning their TCs and the generated
radiation wavelength. However, we must not forget a
number of fairly simple methods for the formation of OV
beams using various fork-shaped gratings and SFZPs: despite
their apparent simplicity and the limitations of these
approaches, they are an excellent demonstration for a first
acquaintance with the field of singular optics and allow
collecting basic knowledge of phase singularities and their
formation and analysis. In addition, due to the possibility of
relatively simple technological implementation, these meth-
ods allow focusing on the search for new effects that arise
when using OV beams. This is confirmed, for example, by
studies in which these elements were used to demonstrate the
formation of a reverse energy flux, as well as stable ‘rainbow’
OV beams in white light.

This review is a guide to the world of OV beam formation
methods and their topical applications, both for researchers
with extensive experience in the field of structured laser beam
formation and for those who are just beginning to grasp the

basics of singular optics. Summary data for each of the
considered formation methods must be helpful in making
the right choice depending on the problem under considera-
tion and in finding the most effective and appropriate
solution. The development of new methods for the formation
of OV beams does not stop at the present time, which gives
confidence in the further successful development of studies of
OAM light fields.
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