
Abstract. The basic principles of light controling by means of
metasurfaces are reviewed.Metasurfaces are able to control the
phase, amplitude, polarization, and frequency of radiation pro-
pagating through them. The formulation of the generalized
Snell's law is presented. Ways to realize metasurfaces using
resonances and the methods of phase shift within 2pp are dis-
cussed. An overview of experiments and recent achievements in
the field of the light controling by means of the metasurfaces is
also presented. Possible applications of metasurfaces and
further development of this paradigm are considered, too.
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1. Introduction

Throughout human history, humanity has faced the necessity
of creating and using newmaterials, in addition to the variety
of widely available ones of natural origins possessing unique
properties (e.g., gold and diamonds). A number of novel
materials have recently been discovered and/or synthesized,
as exemplified by graphenes and their artificial analogs
composed of a single layer of 1±2 carbon atoms [1±6],
topological insulators, semimetals, etc. All these materials
consist of natural `brick elements' (atoms). Another approach
to the development of new materials is based on the use of
meta-atoms, i.e., artificial nanoscale structures with a rather
simple shape [7]. Meta-atoms can be used to produce either
bulk or planar structures showing properties lacking in
natural materials. This review is focused on metasurfaces
and planar structures comprising meta-atoms.

As applied to optics, metamaterials are considered to be
rationally engineered artificial materials allowing their
physical properties to be designed to meet requirements
that go far beyond those of their `natural' analogs [8].
Metasurfaces make up a class of optical metamaterials of
subwave thickness capable of controling light much more
efficiently than their conventional counterparts [9]. In other
words, they can be regarded as two-dimensional analogs of
metamaterials possessing such advantages as being very
small in size, having small losses and easy to fabricate
without significant losses [10].

We shall treat metasurfaces as optical devices. Light in
optical equipment is controlled by altering its phase,
amplitude, polarization, frequency, and spatial structure.
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Conventional instruments make use of such phenomena as
refringence (refractive optics), reflection, and diffraction. For
example, an appropriate wave front in optical lenses and
prisms is formed as light propagates through matter having a
specific refractive index [11]. Light passage through a lens
results in a phase shift, while continuous variation of the lens
thickness promotes the emergence of a phase gradient that, in
turn, alters the wave front direction in accordance with
Fermat's principle [12].

Image formation using a lens has some drawbacks. A
cumulation of phase shifts implies the necessity of using lenses
with certain thicknesses that are much thicker than the
radiation wavelength, which leads to large thicknesses of the
lenses. Moreover, light of different wavelengths undergoes
different phase shifts as it covers the same distance, which
accounts for dispersion and related aberrations. Modern
optical systems are made of a set of lenses and mirrors to
compensate for the phase shift and reduce to a minimum
chromatic (dispersion-induced) aberration; this complicates
the optical system and makes its objectives hard to handle.

A different type of optical system employs diffraction,
including the application of diffraction gratings, Fresnel zone
plates, and holograms, also based on the principle of phase
variation along the optical path. Such devices have advan-
tages over refractive optical equipment in that they are much
thinner than refractive lenses. However, they are not free
from dispersion either, and the images are distorted as well
due to different radiation wavelengths [13, 14]. Moreover, the
effectiveness of diffractive optics is lower than that of usual
lenses owing to the presence of higher-order diffraction
maxima. On the other hand, a combination of high-order
maxima allows distortions caused by dispersion to be
avoided. It is, however, difficult to put together such
combinations using available technologies. Usual holograms
are also based on the light ray phase variation [15]. The phase
profile of reflected light is controlled by etching groves of
different depths on the substrate. The holograms are
relatively easy to produce. Their diffraction efficiency is
limited by the theoretical maximum of 40.5%, with etching
inaccuracies making an additional contribution to image
distortion.

One more method of light control is to use bulk
metamaterials, opening enormous opportunities for the
purpose [16]. Their refractive index is known to vary within
a wide range [17, 18] and may even take negative values,
thereby allowing making up for chromatic distortions. More-
over, metamaterials may possess nonlinear properties that
further increase opportunities for their application, e.g., for
frequency transformation, material transparency controling,
and second-harmonic generation spectroscopy [19, 20].
However, bulk metamaterials are difficult to manufacture
and show strong absorption in the visible part of the
spectrum [21].

Metasurfaces, like metamaterials, open up promising
opportunities for the control of light; moreover, they have a
much lower absorption capacity. The very first experiments
on radiation control in the infrared spectrum using a
metasurface were reported a few years ago [22, 23]. The
metasurfaces used in these studies were characterized by low
efficiency (below 15%) and operated in the framework of a
cross-polarization scheme, where output radiation passed
through an additional polarizer orthogonal to the incident
light. Since that time, the number of relevant publications has
increased steadily and continues to grow (Fig. 1). Simulta-

neously, both the quality and efficiency of metasurfaces have
markedly improved. Metasurfaces operate in a visible fre-
quency range and are utilized to fabricate submicrometer-
scale lenses capable of focusing light with high accuracy and
efficiency [25].

Despite the world scientific community's great interest in
metasurfaces and the large number of review articles high-
lighting this topic [26±33], it is poorly covered in the Russian
literature. The objective of the present article is to fill this gap
by describing beam steering techniques using metasurfaces in
infrared and visible spectra with special reference to the
physical mechanisms underlying their operation. A formula-
tion of the generalized Snell's law is offered, and basic
principles of beam steering by means of metasurfaces are
reviewed. An overview of experiments and recent achieve-
ments in the field of light control using metasurfaces is
presented. Possible applications of metasurfaces, comprising
flat lenses, holograms, etc., as well as further development of
this paradigm, are considered. Special emphasis is laid on
nonlinear properties of metasurfaces, opening up new
prospects for beam steering.

2. Basic principles of metasurface physics:
a new look at Maxwell's equations

Metasurfaces are described in terms of conventional Max-
well's equations, which brings nothing fundamentally new.
However, the history of the development of metamaterials
gives evidence that even conventional Maxwell's equations
can describe unusual phenomena, such as the negative
refractive index [34] and exceeding the diffraction limit of
light [35, 36]. It is this circumstance that constitutes the basis
of discussion in the present section focused on a description of
individual meta-atoms and their resonances by Maxwell's
equations for engineering metasurfaces capable of arbitrary
phase changing over a nanometer distance.

2.1 Generalized Snell's law of refraction
The Snell law of refraction [11] relates angles of incidence yi
and refraction yt of a light ray passing through the boundary
between two transparent media, namely from a medium with
refractive index n1 to that having refractive index n2:

sin yi
sin yt

� n2
n1
: �1�
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Figure 1. Number of publications per year from Scopus searches for

`metasurface' [24] as of 10 April 2017.
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In this case, the angle of reflection yr is equal to the angle of
incidence. Snell's law (1) suggests phase continuity at the
interface. Once there is an object capable of changing the light
ray phase depending on the coordinate (e.g., a metasurface),
the conventional Snell's law is not necessarily fulfilled, and
the ray propagation obeys the generalized Snell's law [22].

Let us consider in detail the physical principles and
formulation of the generalized Snell's law (Fig. 2). A light
ray travels from source A placed in a medium with refractive
index n1 to point B located in a medium with refractive index
n2 (see Fig. 2). The ray phase undergoes a sharp change at the
interface between the two media, F�x�, where F is a
continuous function. In accordance with the Fermat princi-
ple, the beam follows the trajectory making the shortest
optical path. The passing light experiences the phase incur-
sion

F�x� �
�B
A

k dr ;

where the first item stands for the phase jump at the interface,
and the second one describes phase accumulation in the bulk.
Variational formulation of the Fermat principle suggests that
any small change in the trajectory does not lead to a change in
the optical path in the first order of smallness [12]. If
trajectory 1 is assumed to be the main one, and trajectory 2
is its variation, the latter is spaced a small distance dx apart
from the former at the interface. The main ray undergoes a
sudden phase shift F�x� at point D at the interface (Fig. 2),
while ray 2 changes phaseF�xÿ dx� � F�x� ÿ dF at point E.
Because the optical path length remains unaltered upon a
small change in the ray trajectory, the phases accumulated
along both trajectories must coincide, too.

Let us consider the difference between phases accumu-
lated along ray trajectories 1 and 2. The distance dx between
them being rather small, the phases accumulated in segments
AC andAE are identical in the first approximation. The same
is true of segments FB and DB. Light passing along segment

CDof trajectory 1 accumulates phase dx sin yi�k0n1�, and that
along segment EF of trajectory 2 accumulates phase
dx sin yt�k0n2�. Since a phase of the rays following both
trajectories should remain the same, its sharp change at
points E and D leads to the relationship

k0n1 sin yi dx� F� dF � k0n2 sin yt dx� F ; �2�

where k0 � 2p=l0; hence follows the generalized Snell's law

n2 sin yt ÿ n1 sin yi � l0
2p

dF
dx

: �3�

Expression (3) differs from the conventional Snell's law
(1) in that it contains the right-hand side arising from the
phase discontinuity gradient, which implies very important
consequences. For example, a normally incident ray (yi � 0)
will be refracted at the angle

yt � arcsin

�
l0

2pn2

dF
dx

�
: �4�

At certain incident angles, negative refraction effect is
observed, with the transmitted ray deflecting to the same
side as the incident one. Moreover, two equal angles of
incidence from different sides, �yi, give different refracted
angles, which results in two different angles of total reflection:

yc1; 2 � arcsin

�
� n2
n1
ÿ l0
2pn1

dF
dx

�
: �5�

Similar reasoning leads to the generalized reflection law

sin yr ÿ sin yi � l0
2pn1

dF
dx

: �6�

By virtue of the phase gradient at the interface, the angle of
reflectionmay have a critical value at which the reflectedwave
decays (becomes evanescent):

y 0c � arcsin

�
1ÿ l0

2pn1

dF
dx

�
: �7�

A sudden phase change in metasurfaces is due to
scattering from so-called meta-atoms. Phase modification
techniques are discussed in Section 2.2.

A nanoparticle can serve, for instance, as a meta-atom
[14]. It accounts for the discrete character of the dependence
of phase shift F on coordinate x. As a rule, meta-atoms
occupy periodic unit cells on metasurfaces (Fig. 3). If such
cells display periodicityDx and eachmeta-atom in a cell shifts
the light phase by an amount greater by DF than its
predecessor does, then the phase shift gradient will be
a � DF=Dx. The phase shift by each meta-atom linearly
depends on the unit cell number: F � F0 � DFi, where
i � 1; 2; 3; . . . ; n. Variable n determines the number of unit
cells in a supercell, so that nDF � 2p. In the next supercell, the
phase shift F begins anew.

Let us consider, by way of example, a metasurface having
a supercell made up of six unit cells with meta-atoms. Such a
supercell is schematically depicted in Fig. 3 between two
media having refractive indices n1 and n2. Here, meta-atoms
are nanoparticles onto which an electromagnetic wave is
incident from above. Each nanoparticle within a single
supercell shifts the light phase. Let us assume, for certainty,
the following phase shifts: 30�, 90�, 150�, 210�, 270�, 330�.
This means that the phase in the first element of any supercell

C
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x

Fÿ dF Fdx

yt
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B

Figure 2. Derivation of the generalized Snell's law from the variational

formulation of the Fermat principle. At the interface between two media

possessing refracting indices n1 and n2, light ray undergoes a sharp change

of phase F, which is a continuous function of coordinate x. Ray 1 is sent

from source A to point B across the interface. In accordance with the

variational principle, it takes the path at which a small change in the

trajectory (path 2) does not alter the accumulated phase.
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is shifted 30�. For example, if Dx � l0=4, the right-hand side
of Eqn (3) equals 2=3. When the refractive index n2 � 1:5, the
light incident along the normal, yi�0, will be refracted by an
angle yt�26:4�.

According to geometric optics laws, a light ray is refracted
at the interface between two media and follows further in a
strictly determined direction. However, since the size of meta-
atoms on ametasurface is smaller than or commensurate with
the wavelength, wave optics needs to be employed. A
metasurface resembles a diffraction grating giving several
radiation intensity maxima at the output, depending on the
angle. Because unit cells are smaller than the wavelength, in
an ideal it is possible to achieve that only a single diffraction
maximum remains.

To better understand the process of suppression of
submaxima, let us represent a metasurface in the form of a
phased antenna array formed by N point sources of equal
power, as shown in Fig. 4. The sources are equally spaced
apart, Dx, and the radiation phase difference between them is
DF. Let us calculate the Poynting vector depending on angle y
between the ray direction and normal p to the surface over
which the radiation sources are arranged. Fraunhofer
interference patterns will be observed in parallel rays, i.e.,

practically in the focal plane of the observer objective. The
strength of the resultant field is the sum of field strengths of
individual sources, while the radiation phase of each source is
the sum of the phase acquired by light as it passes from the
source to the observation point and the phase of each source
dm � �d� DF��mÿ 1�, where d � �2pDx=l0� sin y. Taking
account of all sources yields the sum of a geometric
progression

E �
XN
m�1

exp �idm� : �8�

ThemagnitudeS of the Poynting vector is proportional toE 2:

S � sin2
��d� DF�N=2�

sin 2
��d� DF�=2� : �9�

It follows from formula (9) that the maximum on the
interference pattern is observed when the denominator
vanishes, i.e., �2pDx=l0� sin y� DF � 2pn. Therefore, the
wave front angle is

yn � arcsin

�
l0
Dx

�
nÿ DF

2p

��
; �10�

where n is the order number of the maximum. The principal
maximum corresponding to n � 0 is always present, while
additional maxima appear if the argument of arcsine is less
than unity. Disregarding item DF=�2p� in expression (10)
yields additional maxima (n � �1) in the interference pattern
for Dx5l0. When the distance between neighboring anten-
nas is smaller than the wavelength, a single maximum
remains. Figure 5 illustrates the dependence of radiation
intensity on the angle to the normal for a phased antenna
array consisting of 20 sources equally spaced Dx � 0:5l0
apart from each other. The figure shows that the angle at
which the principal maximum is observed increases with
increasing phase difference between adjacent antennas.

Let us present the antennas depicted in Fig. 4 as sources of
secondary waves generated by a plane wave incident from
above at angle yi. Then, the sources add their phase to the
phase of a re-emitted wave that varies linearly as the source
number increases, i.e., Fi � DFi, in analogy with meta-atom
phases in Fig. 3. The phase difference DF responsible for the
phase gradient in formula (10) transforms under the influence

2DF 3DFDFDx

S

p

W
ave front

y

y
l � Dx sin y

0

Figure 4. Phased antenna array consisting of N point sources shown as

gray dots. The phase of each antenna is shiftedDF relative to the preceding

one. The resulting Poynting vectorS of total radiation is directed at angle y
to the normal p.
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Figure 3. Light refraction by meta-atoms arranged periodically in unit

cells, each shifting the phase of incident radiation by an amount that is

greater by DF than its predecessor. Supercells are formed from unit cells

encompassing phase variations within 2p. The electromagnetic wave

incident from the medium n1 is directed normally to the surface. Due to

the phase shift increment DF=Dx, the transmitted wave turns through

angle yt.
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of the incident wave: DF=�2p� ! DF=�2p� ÿ Dx=l0 sin yi.
Taking into account different optical media (n1 and n2), in
which the incident and transmitted waves are located, yields
the generalized Snell's law for themaxima of transmitted light
in the wave optics formulation:

sin yt; n n2 ÿ sin yi n1 � ÿ nl0
Dx
� l0
2p

DF
Dx

: �11�

Here, the integer n is responsible for the maximum order.
Because the interantenna distance Dx is smaller than the
wavelength, one has n � 0, i.e., only the principal order of the
transmitted light is retained.

Therefore, the presence of meta-atoms capable of sharply
altering the light phase in a controllable manner at the
interface between two media makes it possible to keep in
check the direction of radiation across the interface. To avoid
additional diffraction maxima, the distance between meta-
atoms should be shorter than the radiation wavelength, and
the totality of meta-atoms in a supercell of the metasurface
must change the light phase from 0 to 2p. This is a very
difficult task that awaited the development of new technolo-
gies and calculation methods to be addressed. The physical
principles underlying phase variation by meta-atoms are
considered in Section 2.2.

2.2 Phase control with the aid of resonances
in meta-atoms
As was mentioned in Section 2.1, meta-atoms comprise
particles of different shapes and subwave sizes. Resonances
occurring in meta-atoms despite their small size [7] provide a
basis for the creation of metasurfaces with an arbitrary phase
shift.

2.2.1 Electric resonance in meta-atoms. Resonance may serve
as one of the mechanisms for continuous adjustment of the
light wave phase shift. The passage of the driving force
frequency through the oscillator resonance frequency is
known to change the oscillator phase by p. Let us consider a
metallic nanoparticle in the form of a cylinder of length l and
radius R onto which light of the wavelength l is incident
(Fig. 6). Kalousek et al. [37] report an analytical light±
cylinder interaction model in the free electron approximation
for R5 l; l and l � l.

It was shown in Ref. [7] that an alternating electric field
makes electrons of the rod move in a periodic manner and
gives rise to a standing wave. The boundary conditions forbid
electron movements at the ends of the rod. Resonance occurs
when some whole number of half wavelengths fits along the
rod. Light wave frequencies at which resonance sets in are

given by the formula

Oj � jp
2
op

R

l

��������������������
ln

�
#

l

R

�s
; �12�

where j is the oscillating mode number, op is the plasma
frequency, and # � 2 exp �ÿ1=2�. Electron displacement
inside the rod creates dipole moment p�o� � a�o�E ext�o�,
where o is the incident radiation frequency. In addition, the
expression was derived for rod polarizability depending on
driving field frequency o:

aj�o� � 8V

j 2p2
o 2

p

O 2
j ÿ o 2 ÿ io=t

; �13�

where V � pR 2l is the rod volume, and t is the electron mean
free time. Such resonance associated with electron oscillating
modes can develop in any metallic particles.

A change in the phase of polarizability a calculated from
formula (13) is illustrated in Fig. 7 for a silver rod of length
l � 400 nm and radius R � 13 nm. The plasma frequency of
silver is op � 9:1 eV and 1=t � 0:02 eV [38]. The rod
resonance frequency (1st harmonic) obtained from formula
(12) is O � 0:91 eV. At this frequency, the polarizability
amplitude shows a very apparent peak. At frequencies lower
than the resonant frequency, the polarizability phase tends to
zero, i.e., rod polarizability is in phase with the external
electric field. As the driving field frequency o passes through
resonance, the polarizability phase increases to p, meaning
that phase shifts of rod polarizability and rod-reemitted wave
can be matched by varying the incident radiation frequency.
As it is, the phase shift is achieved by changing the resonant
frequency rather than the external field frequency, e.g., by
varying the rod length. Indeed, variation of the rod length
allows obtaining the desired phase shift of the reemitted wave
within p.

However, full control of radiation requires 2p phase
coverage. Its extension from 0 to 2p is possible by adding a
second resonance. A relatively simple method for the purpose
was employed in early studies demonstrating the generalized
Snell's law [22] with the use of a cross-polarization scheme or
the so-called geometric resonance, involving an additional p
phase shift by polarizers. For certainty, let radiation incident
along the z-axis be polarized, so that the electric field Einc is
directed along the x-axis (Fig. 8). It polarizes the rod along its
axis. In turn, rod polarization creates rod-scattered radiation
Escat that passes through the polarizer, so that only the
y-component E

y
scat remains. Angle y varies betweenÿp=2 and

R

x

l

y

z

Hext Eext

Figure 6. Schematic representation of the incidence of a flat electromag-

netic wave onto a thin rod, as observed in Ref. [37]. The wavelength l is

commensurate with the rod length l.
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p=2. When it passes through zero, the scattered field E
y
scat

changes sign due to the phase shift by p. Thus, a phase shift of
scattered radiation is regulated within a range from 0 to p by
changing the rod length l, while the additional p shift is
effected by a turn through angle y. In other words, a
combination of these two parameters makes possible com-
plete coverage of the 0±2p range.

A considerable increase in the polarization amplitude at
the resonance frequency (see Fig. 7) adversely affects metasur-
face efficiency. Correct implementation of the generalized
Snell's law (3) implies not only correct phase matching but
also the similarity of amplitudes of light scattered by each
meta-atom. Fortunately, the above scheme of phasematching
envisages two degrees of freedom: the rod length l, and the rod

turn angle y. The authors of Ref. [22] calculated the amplitude
and the phase of the rod-scattered field, depending on the rod
length l and the angle of rotation y. The wave incident onto
the rod was polarized along the y-axis, while the scattered
wave passed through a polarizer oriented along the x-axis.
The results are presented in Fig. 9 showing that the parameter
dependence of the phase exhibits two quite apparent maxima:
one between 0 and 90�, and the other in the range of y from
90� to 180�. In all other respects, the maxima are virtually
identical. The phase diagram is also split into two regions.
The phase of each region changes smoothly depending on the
rod length, but not the rod turn angle y. A sharp 180� phase
shift occurs only during the passage from one region to the
other. The presence of two degrees of freedom permits
choosing such values of parameters l and y at which the
amplitude remains constant. One such isoline is shown by the
dashed curve in Fig. 9a. The placement of the isoline onto the
phase diagram allows phases to be adjusted, regardless of the
constancy of amplitude. Matching parameters in the isoline
permits the phase of scattered radiation to be changed within
a range from ÿ30� to ÿ140� that can be doubled upon
transition to the second region, y > 90�, which expands
phase coverage up to � 325�.

Calculations demonstrated the low efficiency of a metal
rod-based metasurface. Therefore, the authors of work [22]
utilized V-shaped meta-atoms in their experiments, details of
which are described in Section 3 dealing with experimental
realizations of metasurfaces. It is worthwhile to note that the
effectiveness of metasurfaces based on electric resonance
alone remains extremely low even after above-mentioned
modernization. Moreover, the cross-polarization scheme
does not ensure complete 2p phase coverage. A more
efficient method for obtaining the desired range of phase
shifts consists in superposition of electric and magnetic
resonances. This is employed in the majority of ongoing
studies [39±45] and is described in Section 2.2.2.

2.2.2 Magnetic resonance in meta-atoms. An efficient method
for shifting the phase of scattered radiation in a range from
0 to 2p is the superposition of electric and magnetic
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Ey
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Einc

y
y

p

x

y

px

py

Figure 8. p phase shift in a cross-polarization scheme. External field Einc is

polarized along the x-axis. If the rod is turned through a positive angle y to
the x-axis, as shown in the figure, the external electric field polarizes the

rod in direction p � �jpxj; jpyj; 0�. The scattered field Escat is directed

oppositely. Therefore, the y-component E
y
scat of the scattered field is

directed against the axis. When y < 0, Einc polarizes the rod in direction

p � �jpxj;ÿjpyj; 0�. Because the scattered field Escat is directed oppositely

to rod polarization p, component Ey
scat is directed along the y-axis; hence,

the possibility of an additional phase shift by p.
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Figure 9. (Color online.) Results of calculating the amplitude (a) and phase (b) of the nanorod-scattered field depending on the rod length and the rod turn

angle in Ref [22]. The polarizer of the scattered wave is normal to incident wave (Einc) polarization. A change in the rod length l causes a resonant

frequency shift and a change in the scattered field phase from 0 to p. An additional p phase shift can be achieved by a change in rod turn angle y. The
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resonances. The latters arise from the interaction of meta-
atoms with an external magnetic field. Figure 10 presents a
model consisting of two thin rods placed in an alternating
magnetic field H�t� � H0 exp �ÿiot�. The electric field E is
assumed to be absent for the time being. Reference [46]
describes an analytical theory of magnetic plasmon reso-
nance in this system on the assumption that 2L4 d4R.
The rods form a contour in which a change in the magnetic
flux results in electromagnetic induction in the rods and
current oscillations I�z�. By virtue of problem symmetry,
the current in the rods is antisymmetric with respect to the
O center. Due to the absence of current I at the rod ends,
resonance develops when a whole number of half-wave-
lengths fit inside the rod. In Ref. [46], the formula for the
resonant frequency at the first oscillating mode,

OM � pRop

4L

�������������
2 ln

d

R

r
; �14�

was obtained together with the expression for frequency
o-dependent magnetic polarizability of the system:

aM � 4pm
H0V

� 16Ldop

l 2OM
��������������������
2 ln�d=R�p 1

1ÿo=OM ÿ i=�2tOM� ;

�15�

where m is the system's magnetic moment, V � 4LRd, and
l � 2pc=o.

The electric and magnetic resonance frequencies are
determined by the material properties and nanoparticle
geometry [see formulas (12) and (14)] rather than by the
wavelength-to-particle size ratio. This property of plasmonic
resonance allows creating the meta-atoms much smaller than
the radiation wavelength at which the metasurface operates.
In both cases [see formulas (13) and (15)], the resonance peak
width depends on the electron mean free time t or extinction
1=t. Similar to the case of electric resonance, the phase of the
scattered radiation changes in the range from 0 to p as the
frequency passes through the resonant frequency OM of
magnetic resonance.

When an electromagnetic wave is incident on a nanopar-
ticle composed of two metallic nanorods, it is influenced by
alternating electric andmagnetic fields. If the wave falls in the
rod plane, as shown in Fig. 10, both electric and magnetic
resonances occur simultaneously in the system. As a rule,
however, the resonant frequencies are significantly different,
which prevents the mutual influence of the resonances.
Certain authors have achieved overlapping of the electric
and magnetic resonances by modifying meta-atoms [40, 45,
47±49]. Such metasurfaces steer the reflection light in the
infrared and visible wavelength ranges with a rather high
efficiency, as described in detail in Section 3. Here, it is more
convenient to consider resonances in dielectric nanoparticles
to obtain a deeper insight into the resonance overlapping
mechanism and phase coverage from 0 to 2p.

Let us consider an infinite array of dielectric spherical
nanoparticles following Ref. [50].These nanoparticles lie in a
plane and are affected by an incident electromagnetic wave
as shown in Fig. 11. In the work referred, the nanoparticles
are described as a totality of interacting electric and
magnetic dipoles. In this case, the expressions for the plane
wave transmission (t) and reflection (r) coefficients have the
form [50]

t � 1� ikd

4S 2
L

�
1

e0ed=aE ÿ k 2
dG

0
xx

� 1

1=aM ÿ k 2
dG

0
yy

�
;

r � ikd

4S 2
L

�
1

e0ed=aE ÿ k 2
dG

0
xx

ÿ 1

1=aM ÿ k 2
dG

0
yy

�
:

�16�

Here, SL is the unit cell area, kd is the incident wave vector,
ed is the dielectric constant of the array-containing medium,
aE and aM are the electric and magnetic polarizabilities of
individual particles obtained in the Mie theory, and Green's
functions G 0

xx and G 0
yy are solutions of Maxwell's equations

with point sources, which are responsible for particle
interactions.

The first item of the transmission coefficient t in formula
(16) is equal to unity and related to the wave transmitted
without interaction with the particle array. This wave excites
electric and dipole moments in the particles of the array,
which lead to the appearance of the second and third items,
respectively, in formula (16). The reflection coefficient r
consists only of the components related to re-emitted electric
and magnetic dipoles undergoing destructive interference.
Figure 12 presents theoretical scattering spectra of spherical
silicon nanoparticles depending on their radii R. The spectra
exhibit two maxima related to the electric and magnetic
resonances, the wavelengths of which are much longer than

2R

2L

O

d

k

E

H

I�z�
ÿI�z�

Figure 10. (Color online.) Two metallic nanorods placed in an alternating

electromagnetic field, matching the model computed in Ref. [46]. It is

assumed that R5 d5 2L. Magnetic field H is directed normally to the

rods' plane, and electric field E along the rods. A change in the magnetic

field excites antisymmetric oscillations of current in the rods, I�z� and
ÿI�z�. Magnetic resonances occur when the whole number of electron

oscillation half-waves fit inside the rod.
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Figure 11. Array of dielectric nanoparticles considered in Ref. [50].
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the particle radii. An enlargement of the particle's radius leads
to a rise in the resonance wavelength.

Polarizabilities aE and aM, like Green's functionsG 0
xx and

G 0
yy, have a complicated form. To explain the resonance

overlapping mechanism, the authors of Ref. [51] approxi-
mated effective electric a e

eff � 1=�e0ed=aEÿk 2
dG

0
xx� and mag-

netic am
eff�1=�1=aMÿk 2

dG
0
yy� polarizabilities from formula

(16) by the Lorentz curves:

a e
eff �

ae0
o 2

e ÿ o 2 ÿ 2igeo
;

am
eff �

am
0

o 2
m ÿ o 2 ÿ 2igmo

:
�17�

Here, the frequencies oe;m correspond to electric and
magnetic resonances, and ge;m to their widths. Resonance
amplitudes a e;m

0 are chosen such that incident radiation is
totally reflected at resonant frequencies (o � oe ando � om)
in the absence of transmission, i.e.,

T � ��t�oe;m�
��2 � ����1� ikd

4SL
a e;m
eff �oe;m�

����2 � 0 : �18�

This condition yields expressions for the transmission and
reflection coefficients in the ideal case when the scattering

cross section coincides with the area of a unit cell in the array:

t � 1� 2igeo
o 2

e ÿ o 2 ÿ 2igeo
� 2igmo
o 2

m ÿ o 2 ÿ 2igmo
;

r � 2igeo
o 2

e ÿ o 2 ÿ 2igeo
ÿ 2igmo
o 2

m ÿ o 2 ÿ 2igmo
:

�19�

The expressions for the amplitudes of transmitted and
reflected waves in the ideal case (19) allow us to understand
how resonance overlapping occurs. Figure 13 plots depen-
dences of the phase and amplitude of the wave transmitted
through an infinite array of nanoparticles and calculated
from formula (19). Resonance widths ge and gm were
assumed to be equal. In Fig. 13a, oe 6� om. As frequency o
passes separately through either resonance, its amplitude
decreases and vanishes at the resonant frequency. The wave
incident on an array of nanoparticles is totally reflected at
resonant frequencies. Moreover, the phase varies in a range
from ÿp=2 to p=2 (or from 0 to p) as the frequency passes
through each resonance, similarly to the phase of an
individual resonance (see Fig. 7).

The situation changes dramatically when resonance
frequencies coincide:oe � om. Figure 13b shows the depend-
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ence of the amplitude and phase of a transmitted wave on
frequency in the case of coincident electric and magnetic
resonances. Here, the amplitude of the transmitted wave
remains unaltered during passage through resonance, while
the phase varies in the range from ÿp to p. The amplitude of
the reflected wave at oe � om is identically equal to zero.

It should be noted that the condition of coincidence of
electric and magnetic resonances is analogous to the Kerker
condition [52±54]: the reflection disappears when e � m.
However, magnetic permeability m of a medium is usually a
function of electron spin and orbital magnetic moments,
whereas magnetic and electric polarizabilities in meta-atoms
are normally unrelated to spins.

To elucidate the physical aspects of resonance overlap
leading to 2p phase coverage, a vector field diagram can be
employed, as shown in Fig. 14 [51]. The total output field is
composed of the incident wave field and the field scattered by
electric and magnetic dipoles: Eout � Einc � Ee � Em. The
incident field shown by the blue arrow remains unaltered as
the frequency changes. The vectors of scattered electric and
magnetic fields shown by green and red arrows, respectively,
circumscribe a circle lying in the left-handed half-plane as the
incident light frequency passes through resonance. When the
frequencies of the electric and magnetic resonances fail to
coincide (Fig. 13a), these vectors run around the perimeter of
the circle alternately. Their amplitudes being smaller than
those of the incident field, the total field Eout circumscribes
the figure colored deep-red and lying almost entirely in the
right-handed half-plane of Fig. 14a. The phase of the output
field Eout changes from ÿp=2 to p=2 and thereby ensures p
phase coverage. When resonance frequencies coincide
(Fig. 13b), vectors Ee and Em simultaneously circumscribe a
circle in the left-handed half-plane. As a result, their total
amplitude is doubled when the frequency passes through
resonance, and the total vector Eout circumscribes a circle
that occupies all the four quadrants, as shown by the deep-red
line in Fig. 14b. For example, when the incident field
frequency coincides with the resonance frequency (o � 1 eV
in Fig. 13b), both vectors Ee and Em of scattered fields are
directed opposite to Einc and have the same length. Then, the
Eout phase spans p, as indicated by the deep-red arrow in
Fig. 14. At a frequency somewhat higher than the resonance
frequency o � 1:03 eV, both vectors Ee and Em lie in the left
lower quarter of the plane (green and red dashed lines). The
total vector has a unity amplitude and is turned through the
angle � ÿp=3. This accounts for a change in the phase of the
incident field Eout within 2p.

As a matter of fact, the resonances are far from ideal,
unlike those described by formula (19). Both their widths and
their frequencies coincide only in part, while the scattered
field amplitude is smaller than that of the incident wave.
Nevertheless, this model explains the physics of phase
variation in meta-atoms in the range from 0 to 2p.

Similarly to the single-resonance case, the phase is selected
in practice by varying resonant frequencies at a fixed incident
wave frequency. As a rule, geometric parameters of nanopar-
ticles are varied (see, for instance, Refs [47, 51, 55]). More-
over, the adjustment of geometric parameters is needed for
coincidence of resonances. For example, it was shown in
Ref. [53] that regulation of the ratio between the axes of a
spheroidal dielectric nanoparticle allows the Kerker condi-
tion to be fulfilled. However, varying the parameters and
resonance frequencies entails changing not only the phase but
also the amplitude of the transmitted wave, which negatively
affects the performance of metasurfaces. Phase matching,
while simultaneously retaining constant amplitude, is possi-
ble due to the presence of several degrees of freedom, as in the
case with a single resonance (see Fig. 9).

2.2.3 Use of the Pancharatnam±Berry phase. The above phase
control methods making use of resonances in meta-atoms are
applicable only within a relatively narrow wavelength range.
A fundamentally different method of the radiation phase
control by means of meta-atoms is based on Pancharatnam±
Berry phase variation [56±59]. Its advantage consists in
independence of the phase shift of the radiation wavelength.
However, it is applicable to circularly polarized light alone.

Let us consider the main characteristics of such metasur-
faces based on the data from Ref. [57] demonstrating the
possibility of arbitrarily changing the phase within 2p in the
framework of a simple model permitting us to understand the
principle of phase control. Meta-atoms of a metasurface
comprise nanorods turned through an angle to the axis, as
shown in Fig. 15a. A circularly polarized electromagnetic
wave is incident on the metasurface. Scattering by a meta-
atom gives rise to a scattered oppositely polarized wave. The
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Figure 14. (Color online.) Vector field diagrams describing decomposition
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electric and magnetic dipoles: Eout � Einc � Ee � Em. (a) Magnetic and
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angle of rod rotation determines the phase of the scattered
wave, DF � 2j, and a nanorod turn within p angle allows
following up the phase shift in the range from 0 to 2p.

Let us consider the following model [57] to better under-
stand the mechanism of phase control by the rotation of a
nanorod. Let a single nanorod lie in plane xy and be turned
through angle j with respect to the x-axis, as shown in
Fig. 15b. A circularly polarized electromagnetic wave
propagating in the xz plane is incident on the rod at angle yi.
Then, the electric field strength of this wave has the form

E s � Exex � Eyey � Ezez

� 1���
2
p �cos yi ex � si ey ÿ sin yi ez� ; �20�

where s � �1 denotes right- and left-hand polarization,
respectively, Ex, Ey, Ez are components of electric field
strength, and ex, ey, ez are unit vectors along the x-, y-, and
z-axes, respectively. The nanorod in this model constitutes a
dipole antenna. Its electric dipole moment p can be expressed
through the rod polarizability ae and turn angle j:

px
py

� �
� ae

cos2 j sinj cosj
sinj cosj sin2 j

� �
Ex

Ey

� �
: �21�

The far field of the electric dipole is written out as

Hrad � ck 2

4p
�u� p� exp �ikr�

r
;

Erad �
���������
m0
e0n 2

1

r
�Hrad � u� ;

�22�

where r is the distance from the dipole, u is the unit vector
of the field observation direction, and k � 2pnt=l0 is the
wave vector amplitude. Let us consider the direction of re-
emitted wave propagation in the xz plane. Then, the unit
vector can be expressed through the observation angle yt: u �
sin yt ex � cos yt ez. Substituting formulas (20) and (21) into
expression (22) yields a formula for the strength of the field
scattered by meta-atoms [57]:

Erad � caek 2 exp �ikr�
4
���
2
p

pr

�
cos yi cos yt � 1

4
Es
u

� �cos yi � 1��cos yt � 1�
8

Eÿsu exp �2isj�
�
; �23�

where E�su � cos yt ex � siey ÿ sin yt ez.
The first item in formula (23) corresponds to a wave with

the same circular polarization as that of a wave incident upon
a nanoparticle. The second item defines a wave with opposite
circular polarization. It includes factor exp �2isj� depending
on polarization s and rod turn angle j. It is this factor that
describes the phase shift unrelated to the radiation wave-
length but depending on the nanorod turn angle.

Light polarization s influences the sign of themetasurface
phase gradient. Therefore, in accordance with formula (3), a
wave with different polarization will deflect toward different
sides with respect to the direction of usual refraction.
Figures 15c, d show that nanosurface-incident radiation is
divided into a wave with the same polarization transmitted in
agreement with the conventional Snell's law and an oppo-
sitely polarized wave obeying the generalized Snell's law. The
left-hand circularly polarized wave incident on the metasur-
face in Fig. 15c is colored blue. The extraordinarily trans-
mitted right-hand circularly polarized wave shown in red

color deflects to the left from the ordinarily transmitted wave
with left-hand polarization. In contrast, Fig. 15d plots a right-
hand circularly polarized wave (painted red) incident on the
metasurface. The anomalously transmitted wave is left-hand
polarized and deflects to the right of the ordinarily trans-
mitted one.

The phase shift by turning the nanorod can be interpreted
in terms of the Pancharatnam±Berry phase [60, 61]; therefore,
metasurfaces of this type are frequently referred to as
Pancharatnam±Berry metasurfaces.

Meta-atoms altering the Pancharatnam±Berry phase may
consists not only of nanorods. For example, Ref. [59]
describes P-shaped meta-atoms. The rotation angle of such
nanoparticles also determines the phase shift. The Panchar-
atnam±Berry phase can be controlled by making use of
elliptic holes in a thin metal film [58].

2.3 Other principles behind metasurface operation.
Nonlinear effects
The principles of phase control for light propagating through
a metasurface were described in Sections 2.1 and 2.2 in terms
of the optical properties of meta-atoms, with special reference
to the far field. However, the near field of meta-atoms opens
up equally promising prospects for control of light owing to
the fact that the near field of nanoparticles (especially metallic
ones) multiply increases in the resonance region in compar-
ison with incident fields. This field enhancement of nanopar-
ticles gives rise to strong nonlinear effects, such as the
generation of second and third harmonics. Due to this,
metasurfaces possess nonlinear optical properties [19, 20, 33,
62]. Parameters of the nonlinear response of a metasurface,
e.g., intensity, phase, and polarization, can be controlled by
changing the geometry of meta-atoms. Moreover, inasmuch
as the size of meta-atoms is much smaller than the wave-
length, the electromagnetic field can be focused onto a region
of an equally small size. Such properties can be used to create
controllable optical devices, modify radiation wavelength,
and develop ultrahigh-sensitive sensors and optical micro-
scope systems capable of overcoming the diffraction limit.

Nonlinear optics has a history of several decades. Second-
harmonic generation on a quartz crystal irradiated by a
pulsed ruby-laser beam (694.3 nm) was observed for the first
time in 1961 [63]. The spectrum of radiation transmitted
through the crystal had a weak maximum at a half-
wavelength of 347.2 nm, besides the main peak. Since then,
many theoretical and experimental studies on nonlinear
optical effects have been published. Such effects find wide
application in a variety of optical devices, fromwaveguides to
photonic crystals.

Nonlinear properties of matter account for the appear-
ance of the highest degrees in the dependence of polarization
PNL on electromagnetic field strength [33, 64]:

PNL
i � w �2�i j kE

o
j E

o
k � w �3�i j k lE

o
j E

o
k E

o
l � . . . ; �24�

where Eo is the electric field strength of the fundamental
harmonic, and w �2� and w �3� are the second- and third-order
nonlinear susceptibilities, respectively. The second-order
susceptibility vanishes in the case of central symmetry.
Second-harmonic generation proves highly sensitive to
symmetry breaking, e.g., the presence of surfaces and
interfaces. Moreover, quadrupole and magnetic dipole
moments greatly contribute to second-harmonic generation
[64±66].
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Most studies on the nonlinear properties of metasurfaces
deal with the generation of second-harmonic radiation (see,
for instance, Refs [62, 67±70]). In these studies, second-
harmonic generation is carried out utilizing plasmonic
metasurfaces with meta-atoms represented by either metallic
nanoparticles or holes in metal films. The contribution to the
nanoparticle's second harmonic comes from both surface
(P surf) and bulk (P bulk) polarizations [71, 72]. In the former
case, for isotropic and centrosymmetricmaterials, the second-
order susceptibility tensor w �2� from Eqn (24) can be reduced
to three independent components: w???, w?jj jj, and wjj jj?,
where symbols ? and jj denote perpendicular and parallel
directions with respect to the surface, respectively. Moreover,
component w?jj jj makes, from the theoretical and experi-
mental standpoints, only a minor contribution to second-
harmonic generation in noble metals, which is important for
plasmonic metasurfaces [72]. Therefore, the main contribu-
tion comes from two kinds of polarization:

P surf
? �r; 2o� � w???E?�r;o�E?�r;o� ;

P surf
jj �r; 2o� � wjj jj?Ejj�r;o�E?�r;o� ; �25�

where the electric field inside the metal is taken into account.
Polarization of the surface generates currents flowing already
over the outer metal surface and calculated from the formula
j surf � qP surf=qt.

It follows from general considerations that different
components may contribute to bulk polarization Pbulk. For
noble metal particles, bulk polarization can be expressed
as [72]

P bulk�r; 2o� � gH
ÿ
E�r;o�E�r;o�� ; �26�

where g is the bulk susceptibility. Associated with bulk
polarization are bulk currents j bulk � qPbulk=qt as well.
Given that components w???, wjj jj?, and g of the surface
susceptibility tensor, as well as bulk susceptibility, are
known, it is possible to comprehensively describe the
generation of second-harmonic radiation by a meta-atom.
Characteristic susceptibility values are small enough, e.g.,
for gold jw???j � 4:4� 10ÿ13 cm2 stat Vÿ1, jwjj jj?j � 1:3�
10ÿ14 cm2 stat Vÿ1, and g � 2:1� 10ÿ15 cm2 stat Vÿ1 [73].1

The values of the susceptibility tensor suggest that w??? is
of primary importance, and it alone can be used to describe
the nonlinear properties of metasurfaces in the first approx-
imation. However, it should be kept in mind that the total
dipole moment for highly symmetric meta-atoms can be zero,
since it follows from Eqn (25) that the opposite side of a
symmetric particle may have charges with the identical sign.
For this reason, asymmetric meta-atoms undergoing reso-
nances both at the incident wave frequency and at the second-
harmonic frequency are employed in designing nonlinear
metasurfaces. Examples of such metasurfaces are presented
in Section 3.3.

The efficiency of second-harmonic generation can be
calculated as the ratio of the scattered wave power at a
doubled frequency to the incident radiation (fundamental
harmonic) power: Z � PSHG=PFW. It follows from formula
(25) that PSHG increases as the square of PFW. Due to this, Z

increases too with the incident radiation power. However, the
unlimited power augmentation results in metasurface
destruction [74, 75] at Pmax

FW � 1 GW cmÿ2 (in an impulse).
Therefore, a maximum attainable efficiency Zmax is usually
reported in most publications, i.e., the efficiency at which
second-harmonic generation still occurs without metasurface
decomposition.

To avoid the dependence of second-harmonic generation
efficiency on the incident radiation power, an effective
nonlinear coefficient geff � PSHG=P

2
FW � Z=PFW is intro-

duced [75]. Experiments in Ref. [75] showed that this
quantity is virtually unrelated to the pumping power and
can be used to compare metasurfaces without augmenting the
fundamental harmonic power to a critical level.

3. Experimental realizations of beam steering
by means of metasurfaces

The principles underlying the physics of metasurfaces and
radiation control with their application were presented in
Section 2. These principles are based on Maxwell's equations
and could actually have been used 100 years ago. However,
only the advent of nanotechnologiesmade it possible to create
and arrange in order nanoparticles of arbitrary shapes and
sizes on a substrate to compose metasurfaces.

As a rule, metasurfaces are formed by planar technologies
[25, 48, 55] based on complementary metal±oxide±semicon-
ductor (CMOS) structures [76] that are much easier to
produce than bulk metamaterials. Efficiency is one of the
most important characteristics involved to compare metasur-
faces among themselves and to other optical devices. An
electromagnetic wave incident on a metasurface is partly
absorbed and scattered in different directions, but only one
of them is deemed correct. The ratio of intensity of an
electromagnetic wave propagating in the correct direction
after it passes through the metasurface to incident wave
intensity is called metasurface efficiency. For example, in
Ref. [22], designed to verify the generalized Snell's law, the
correct direction corresponded to the angle described by
formula (3), which means that metasurface efficiency was
calculated in paper [22] as the ratio of intensity of an
electromagnetic wave transmitted according to the general-
ized Snell's law to that of the incident wave. Another
important feature of a metasurface is the working wave-
length. It has gone down with technical progress and has
recently approached the wavelength of visible light (see
Ref. [77]). Resonances being narrow enough, metasurfaces
operate within a short frequency range. Its width is one more
important characteristic of metasurfaces, and researchers are
doing their best to further broaden it [78].

3.1 Experimental verification of generalized Snell's law
and beam steering using resonances in meta-atoms
Demonstration of realizability of the generalized Snell's law
on a metasurface in the infrared range was reported a few
years ago [22]. Themetasurface worked in radiation transmis-
sion. Meta-atoms were gold nanoparticles in the form of
paired rods connected at certain angles, i.e., V-shaped rods
(Fig. 16a). The cross-polarization scheme shown in Fig. 8 was
employed. Polarized light was incident on the metasurface.
Transmitted and reflected radiation consisted of two compo-
nents each: ordinary (polarized in the same plane as the
incident one) and anomalous (polarized in the perpendicular
plane) (Fig. 16b). The choice of V-shaped nanoparticles was

1 A statvolt per centimeter (statV cmÿ1) is the CGS unit of an electric field

strength. Application of a voltage of 1 statV cmÿ1 � 299:79 V between

two infinite parallel planes spaced 1 cm apart generates an electric field of

1 statV cmÿ1 � 29979:2 V mÿ1 � 1 G.
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dictated by the fact that their efficiency was much higher
than in usual nanorods. Moreover, such nanoparticles
possessed two resonance modes, symmetric and antisym-
metric, which allowed the incident wave to be polarized in the
x- and y-directions. Two degrees of freedom in the nanopar-
ticles, the rod length and the angle between rods, permitted
adjusting phase shifts and retaining the scattering amplitude
unaltered.

The size of an unit cell in the above experiment was 1.5 mm,
the rod length varied from 0.8 to 1.6 mm, the rod width was
� 220 mm, and the thickness was � 50 nm. Measurements
were made in the infrared wavelength range from 8 to 21 mm.

The dependences of the intensity of radiation after its
passage through the metasurface on the measuring angle are
plotted in Fig. 16c, d. The electromagnetic wave falls at a right
angle to the metasurface. The intensity in the absence of a
polarizer shown by the black line exhibits two peaks
corresponding to ordinary and extraordinary transmission,
respectively. The red line denotes the intensity of radiation
transmitted through a polarizer, i.e., it corresponds only to
extraordinary radiation. Evidently, for different sizes G of the
supercell, radiation undergoes refraction at different angles:
the smaller the wavelength, the larger the deflection angle. It
follows from Fig. 16c, d that metasurface efficiency does not
exceed 40%.

Reference [22] also confirmed the generalized Snell's law (3)
and (6)bydirectmeasurementof radiation intensity.Figure17a
displays intensity maxima of ordinary (black) and extraordin-
ary (red) radiation transmitted through the metasurface.
Measurements were made at the wavelength l0�8 mm. The
extraordinary radiation corresponds to the generalized Snell's
law. Importantly, the figure shows the negative transmission
region in which the light bends toward the same side whence
the incident wave comes. The dependence of the position of
reflected light maxima is presented in Fig. 17b. The reflected
radiation also has ordinary and extraordinary peaks depicted
in black and red, respectively. The figure shows the negative
reflection region. In both graphs, experimental and theoretical
data are in excellent agreement.

The authors of Ref. [22] not only verified the generalized
Snell's law but also demonstrated the ability of metasurfaces
to arbitrarily prepare radiation, e.g., to create optical vortices
(Fig. 18c). To this effect, they divided ametasurface into eight
sectors, each of them shifting the phase of transmitted
radiation by its own amount. Meta-atoms were V-shaped
nanoparticles, as demonstrated in Fig. 18a, b. An electro-
magnetic wave passed through themetasurface and interfered
with a Gaussian beam, thus giving rise to a vortex (presented
in Fig. 18c). This image roughly agrees with the theoretical
one (Fig. 18d).

y plane-polarized incident light

Phase shift
gradient,

Ordinary
reêectionExtraordinary

reêection

Extraordinary
refraction Ordinary

refraction

x

yt;?

yr;?

yt;k

yr;k

yi

dF
dx
<0

Silicon

l0=8 mm

b

0 20ÿ60 ÿ40 ÿ20 40 60

17

15

13

11

19

21

0
5

0

5

5

0

0

3

0
4

0
4

Angle of refraction, deg

In
te
n
si
ty
,a

rb
.u

n
it
s

�2

Angle of incidence yi= 0, x-polarization

G, mm

d

0 20ÿ60 ÿ40 ÿ20 40 60

17

15

13

11

19

21

0

4

0

4

4

0

0

4

0
4

0
4

Angle of refraction, deg

In
te
n
si
ty
,a

rb
.u

n
it
s

�2

Angle of incidence yi= 0, y-polarization

G, mm

c

2 mm

a

G

x

y

Figure 16. (Color online.) Schematic realization of the generalized Snell's law [22]. (a) Electron microscope image of a metasurface. Yellow color in the

center shows a supercell composed of eight meta-atoms. (b) Layout of experiment: y-polarized light is incident on the metasurface; the light passes

through the metasurface, it is divided into ordinary and extraordinary transmitted and reflected radiation. (c, d). Dependences of transmitted radiation

intensity on the measurement angle for the y- and x-polarized ordinary incident wave, respectively. The red and black lines denote the intensity in the

presence and absence of an output polarizer, respectively.

168 M A Remnev, V V Klimov Physics ±Uspekhi 61 (2)



A similar later experiment based on the cross-polarization
scheme [23] was also carried out using gold nanoparticles as
meta-atoms. The rod length varied from 93 to 158 nm, the
width was 40 nm, and the thickness was 30 nm. The radiation
wavelength ranged from 1 to 1.9 mm. Figure 19 presents
results of an experiment in which excellent agreement

between the observed data and theoretical formula (3) was
achieved, while metasurface efficiency was much lower due to
ohmic losses in gold, amounting to � 1%

A marked improvement in the efficiency was reached by
combining electric and magnetic resonances (see Figs 10, 13,
and 14) [45, 47±49]. These studies were designed to investigate
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metasurfaces operating by reflection. They consisted of
metallic (gold) nanoparticles located at some distance from
a continuous reflecting metal film. For example, the authors
of Ref. [47] used rectangular nanoparticles, shown in Fig. 20a.
The thickness of the dielectric layer that separated them from
the reflecting film was ts � 50 nm, and the size of unit cells
l � 240 nm. The thickness of the nanoparticles was t � 50 nm,
and their length and width (Lx and Ly) varied from 30 to
220 nm. The operation wavelength was l�800 nm.

The phase of a reflected wave was given by matching
nanoparticle sizes Lx and Ly. Figure 20b presents calculated
indices of reflection from a meta-atom, depending on
particle's size under periodic boundary conditions. Another
peculiar feature of the chosen reflection scheme was a rather
weak dependence of reflected wave on intensity Lx and Ly.
The curves in Fig. 20b depict phases of the reflectedwave. The
blue and green curves correspond to TM and TE polariza-
tions, respectively. At the intersections of these curves
the points of symmetry are marked at which TM- and TE-
polarized waves experience reflection either symmetrically
(squares) or antisymmetrically (circles). Figure 20c presents
an antisymmetric metasurface reflecting the waves of TM and
TE polarizations at the same angle but in different directions.
A unit cell of this metasurface is composed by two identical
meta-atoms. The difference in wave phase changes between
neighboring unit cells equals p=3.

Results of experiment and computation suggest that a
normally incident wave is reflected at an angle of 16:1�. The
calculated field strength of a reflected wave resulting from
TM-polarized wave with l � 800 nm falling normally on the
metasurface is shown in Fig. 20d. At this wavelength, a given
diffraction lobe has a maximum intensity. The reflected wave

is slightly distorted due to the presence of other diffraction
lobes. Figure 20e shows diffraction lobe intensity plotted
versus the wavelength. It follows that the diffraction lobe with
m � 1 has maximum intensity at l � 800 nm, whereas other
lobes are suppressed; in other words, the metasurface
efficiency at this wavelength reaches the highest value.
Results of calculations give evidence that this scheme of
metasurface realization permits reaching an efficiency up to
80%. In experiment, a 50% efficiency was achieved. More-
over, the metasurface realized in this way operates in a quite
wide wavelength range.

References [45, 49] reported reflecting metasurfaces with
meta-atoms of various shapes. However, their efficiency was
not higher than that of metasurfaces with rectangular meta-
atoms. In the end, the rectangular shape (see Fig. 20) proved
most favorable in terms of simplicity and efficiency. More-
over, rectangular nanoparticles can be used to create
metasurfaces suitable for independent control of TM- and
TE-polarized light, as was demonstrated in Ref. [47].

An even higher efficiency of metasurfaces was reached in
Ref. [43]. The maximum efficiency at the wavelength
l � 800 nm amounted almost to 80%. The experimental
layout, similar to that in earlier studies with unit cells
composed of two rectangular nanoparticles each, is shown
in Fig. 21a. The metasurface is depicted in Fig. 21b. The
dependences of reflected light intensity on the measuring
angle were obtained for different angles of incidence and the
generalized Snell's law [see formula (3)] was realized.
Experimental data are presented at the top of Fig. 21c, and
theoretical results at the bottom.

Further development of metasurfaces was based on the
utilization of dielectric nanoparticles [10, 51, 55, 79]. A phase
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shift on dielectric nanoparticles occurs due to electric and
magnetic resonances and their overlap (see Figs 13 and 14).
The possibility, in principle, of achieving resonance over-
lapping and 2p phase coverage using dielectric cylinders was
demonstrated in Ref. [51]. Images of the metasurface
composed of such cylinders are presented in Figs 22a, b. The
size of the Si cylinders was chosen such that electric and
magnetic resonance wavelengths coincided. As a result, a
change in the wavelength caused a shift in the phase of
transmitted radiation, shown in Fig. 22c. Coincidence of
resonance frequencies made possible phase changes within a
range from 0 to 2p.

A metasurface based on Si cylinders deflecting trans-
mitted radiation was realized in Ref. [10]. Its supercell
consisted of eight cylinders with linearly changing radii
(Fig. 23a). Laser light was incident normally on the surface,
passed through it, and arrived at the camera lens. The
intensity of the diffraction lobe with m � ÿ1 at the resonant
wavelength reached amaximum value (Fig. 23b), whereas the
remaining lobes, including the zero one, were suppressed,
suggesting � 10� angle of refraction. At wavelengths some-
what different from the resonance wavelength, the beam
passed unbent. Dependences of transmission coefficients of
diffraction lobes on the wavelength of light incident on the
metasurface are shown in Fig. 23c. The intensity of the zero
diffraction maximum gradually decreased closer to the
resonance wavelength and became almost totally sup-
pressed. In contrast, the diffraction maximum with m � ÿ1
grew further to the highest value at a wavelength close to the
resonance wavelength. The efficiency of such a metasurface
was � 45%.

A dielectric metasurface from rectangular Si nanoparti-
cles arranged on an SiO2 substrate was realized in Ref. [55]
(see Fig. 24a). Scattering of radiation by rectangular
nanoparticles depends on their linear dimensions to a
greater extent than scattering by cylindrical ones. On the
other hand, the length and the width are two degrees of
freedom that make it possible to choose such parameters at
which the scattering amplitude is constant and the phase is
given arbitrarily. The authors of Ref. [55] calculated
parameters of eight nanoparticles at which the scattered
light phase of each following particle would be larger by p=4
than that of the preceding one. The laser beam passed
through a polarizer to a beam splitter, as shown in Fig. 24c.
Then, two separated beams followed different trajectories,
one going through the sample, the other bypassing it.
Thereafter, the beams came together again to enter the

camera lens. The images produced by the camera are
presented in Fig. 24b. The top image shows the beam that
bypassed the metasurface and reached the center. The
bottom image depicts refraction of transmitted radiation.
The angle of refraction was 13:1� at wavelength l � 1:6 mm.
The efficiency of this metasurface was estimated at 36%.

In addition, Ref. [55] demonstrated the possibility of
creating optical vortices with the use of dielectric metasur-
faces formed by Si rectangles. Each metasurface consisted of
eight sectors changing the phase of the incident light with a
p=4 increment. Images similar to those in Fig. 18 were
obtained. The radiation intensity transmitted through the
metasurface was 45% of the incident one.

Further development of dielectric metasurfaces was based
on the use of Si nanoparticles with a square section placed
over a quartz substrate [79]. The height of the silicon particles
exceeded their length and width. The equal length and width
of the nanoparticles enabled the metasurface to operate
regardless of incident light polarization. Laser radiation
reached the quartz substrate from below and escaped from
the opposite side harboring nanoparticles (Fig. 25a). Scatter-
ing from the nanoparticles resulted in beam refraction visible
on the screen, as shown in Fig. 25b. The experiment was
carried out with the radiation at different wavelengths and
demonstrated that the metasurface caused light dispersion. A
change in the wavelength from 550 to 710 nm made the light
beam of the first diffraction lobe deflect by 17:8 to 26:4�.
Diffraction efficiency, i.e., the ratio of intensity of the first
diffraction lobe to that of all lobes taken together, reached a
maximum value of 93% at l � 670 nm. However, the
transmission coefficient at this wavelength did not exceed
30%. As a result, the metasurface efficiency at l � 670 nm
was below 28%.

3.2 Experimental realization of metasurfaces based
on the Pancharatnam±Berry phase
Apart from the theory of Pancharatnam±Berry phase control,
Ref. [57] has demonstrated the possibility of controling the
wavefront. The dependences of light transmission and
reflection on the angle of incidence were obtained and the
generalized Snell's law (11) was realized.

The circularly polarized light was incident on a metasur-
face comprising nanorods (Fig. 26a) The supercell of this
metasurface was formed by eight nanorods, each turned
through its own angle j to ensure a phase shift of the re-
emitted wave possessing reverse polarization: DF � 2j [see
formula (23)].
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The intensity of radiation transmitted through the
metasurfaces was recorded at different angles. The metasur-
face-scattered light consisted of two waves, one with the same
polarization as the incident wave, the other with opposite
polarization. Results of computer simulation for the left-
polarized wave are presented in Fig. 26b showing the

dependence of radiation intensity on the incidence and
transmission angles. Intensity maxima produce lines char-
acterizing the relationship between the incidence and trans-
mission angles. One of the lines passing through the center
corresponds to the left-polarized wave refracted in accord-
ance with conventional Snell's law. The more intense line
above it corresponds to the right-polarized wave refracted
following the generalized Snell's law.

Triangles in Fig. 26b fit experimental data on the
incidence angle dependence of the transmission angle for
radiation with left-hand polarization. There is excellent
agreement between theory and experiment for both conven-
tional and generalized Snell's laws. Moreover, the lines in the
upper-left and lower-right corners of Fig. 26b correspond to
additional diffraction lobes, i.e., n � �1 in formula (11).
Calculations and measurements of dependences of the
transmission angle on the incidence angle for right-polarized
light yielded similar results, but the line corresponding to
extraordinary refracted radiation lay below that correspond-
ing to ordinary refraction

Reference [57] demonstrated the existence of a metasur-
face based on the properties of the Pancharatnam±Berry
phase in a broad spectrum. Figure 26c presents the calculated
dependence of the intensity of radiation transmitted through
a metasurface on the observation angle and the wavelength.
Radiation fell onto the metasurface at a right angle. Triangles
in the figure denote experimental values of transmission
angles. Clearly, the metasurface operates in a broad spec-
trum, and the angle of refraction shows the dispersive
dependence on the radiation wavelength.

3.3 Experimental realizations of nonlinear metasurfaces
The second-harmonic generation on a metasurface can be of
value formany applications (see Section 4.4), but its efficiency
thus far leaves much to be desired. This accounts for a large
number of experimental and theoretical studies on second-
harmonic generation and enhancement of its efficiency. Such
generation occurs in a variety of nanoparticles with broken
symmetry.

References [80±83] describe the generation of second-
harmonic radiation using nanoparticles of various shapes,
viz. L-shaped, T-shaped, V -shaped, andU-shaped. Images of
meta-atoms used in these studies are presented in Figs 27a±c.
Nonlinear generation strongly depends not only on the size
and shape of the meta-atoms, but also on their mutual
arrangement and distances between them. References [66,
67, 84, 85] were designed to evaluate the influence of
interparticle distances on generation efficiency (Figs 27d±f).
Moreover, the generation of second-harmonic radiation can
also be achieved by using holes in a metal film, as shown in
Refs [86, 87].

The efficiency of generation of second-harmonic radia-
tion, i.e., the ratio of radiation power at a doubled frequency
to the starting radiation power, is rather low. To increase it,
some authors made use of paired meta-atoms consisting of
vertically alignedmetal particles [68, 88], as shown in Fig. 27g.
In this case, a contribution to generation comes not only from
the dipole but also from the quadrupole and magnetic dipole
moments of the particles. In Ref. [68], generation efficiency
amounted to Zmax � 1:32� 10ÿ10 at the incident radiation
power PFW � 5 mW, which corresponds to nonlinear coeffi-
cient geff � 2:6� 10ÿ8 Wÿ1. Another way to enhance second-
harmonic generation efficiency reduces to placing an active
element, like a diode, between the nanoparticles, as proposed
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in Ref. [70]. The maximum radiation conversion efficiency
reached Z � 4:36� 10ÿ6 at incident radiation intensity
I0 � 1 GW cmÿ2 (in a pulse). The nonlinear coefficient
could not be calculated due to the absence of data on the
focused beam area.

Metasurfaces operating with circularly polarized radia-
tion also exhibit nonlinear properties. For example, the
authors of Refs [89, 90] investigated the properties of
nonlinear chiral (twisted) metasurfaces (Fig. 27h).

Nonlinear dielectric metasurfaces capable of improving
the efficiency of second-harmonic radiation have recently
become available [74, 91, 92]. Reference [91] reports the
efficiency Z � 8� 10ÿ5 at the fundamental harmonic power
PFW � 1 mW (radiation intensity I0 � 7 GW cmÿ2), corre-
sponding to the nonlinear coefficient geff � 8� 10ÿ2 Wÿ1.
The maximum efficiency Z � 2� 10ÿ5 (PFW � 5 mW and
geff � 4� 10ÿ4 Wÿ1) was reached in work [74].

Of special interest is work on electromagnetic radiation
frequency conversion with the use of active metasurfaces [93±
95], where second-harmonic radiation was generated by
virtue of photon absorption by heterostructures located
beneath plasmonic nanoparticles and subsequent re-emis-
sion of photons at a doubled frequency (Fig. 28a). Quantum
wells in the heterostructures were adjusted so that the energies
of electron resonance levels corresponded to these photons.
The band diagram of a heterostructure is presented in
Fig. 28b.

The bands were matched so that two photons at a
fundamental frequency were absorbed by electrons, first
occurring at the intermediate level and then moving to the
upper one. Thereafter, the electrons were transferred to the
lower level, while emitting photons with a doubled energy. In
this case, the mean level of the quantum heterostructure
underwent a 25-meV shift to reduce optical losses in the
resonator and avoid saturation of the nonlinear optical
response. A plasmonic nanoparticle functioning as a resona-
tor shows up in twomodes. The fundamental mode was tuned
to horizontally polarized radiation incident on the metasur-
face, while the second-harmonic mode was tuned to vertically
polarized radiation. The calculated electric field strengths of
these modes are presented in Fig. 28c. The horizontally
polarized wave falls on the resonator and is absorbed by the
heterostructure. Thereafter, excited electrons emit photons at
a doubled frequency, which interact with the vertical
resonator. This results in second-harmonic emission of the
vertically polarized wave. The metasurface absorption spec-
trum is displayed in Fig. 28d.

The metasurface thickness in Ref. [94] was 25 times
smaller than the radiation wavelength, and the maximum
frequency conversion efficiency amounted to Z � 7:5� 10ÿ4

at incident radiation intensity I0 � 15 kW cmÿ2. Here,
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incident wave intensity is much lower than in earlier papers
using the passive metasurfaces: the power of the second
harmonic in active metasurfaces does not obey the law (25),
and its intensity does not increase as the square of intensity of
the incident wave. Second-harmonic generation efficiency
reaches a maximum at a pumping power much smaller than
that the structure can sustain. A further increase in the
pumping power markedly reduces generation efficiency.

Second-harmonic generation by active metasurfaces is
equally feasible for circularly polarized radiation. In such a
case, a turn of a meta-atom can control the Pancharatnam±
Berry phase described in Section 2.2.3. This property allowed
the authors of Refs [96, 97] to control the direction of the
second harmonic in the far field in accordance with the
generalized Snell's law [see formula (4) in Section 2.1]. More-
over, the second-harmonic generation power of an active
metasurface can be controlled by varying voltage applied to
the heterostructure. In Ref. [98], voltage thus applied to the
heterostructure controlled the concentration of electrons in
quantum wells. It made possible the modulation of second-
harmonic generation pulses by varying the voltage. The
response time of an optical pulse was less than 10 ns.

4. Applications of metasurfaces

Metasurfaces are compact devices intended for control of
light in a practically arbitrary fashion, opening up highly
promising prospects for their application in a variety of

optical instruments. Several such applications are considered
in the present section. The development of certain tools, e.g.,
metalenses, have already been finalized, whereas others
remain to be designed.

4.1 Metasurface-based flat lenses (metalenses)
The ability of metasurfaces to control both phase and
amplitude offers vast opportunities for radiation control.
Specifically, it makes possible the creation of lenses of
subwave thickness. Reference [99] was one of the first studies
dealing with metasurface-based flat lenses. Such lenses are
frequently called metalenses. Metasurfaces described in work
[99] consisted of V-shaped nanoparticles and were used in the
framework of the cross-polarization scheme. At the begin-
ning, computer simulation was employed to calculate the
relationship between the phase of the field scattered by a
nanoparticle and its parameters (Fig. 29a). Eight nanoparti-
cles were selected with the scattered radiation phase encom-
passing the 2p range. These nanoparticles made up ametalens
(Fig. 29). Meta-atoms were adjusted so as to ensure the
hyperbolic phase profile of scattered radiation along the lens
plane. The scattering phase was defined as

jL�x; y� �
2p
l

� ������������������������������
�x 2 � y 2� � f 2

q
ÿ f
�
; �27�

where x and yÐnanoparticle coordinates at the lens, lÐ
radiation wavelength, and f is the lens focal distance. This
phase profile enabled waves emitted from all points of the lens
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to reach its focus in identical phases. Each point at the lens
harbored a nanoparticle, in accordance with the calculated
phase. The lens radius in Ref. [99] was 0.45 mm (Fig. 29b). A
laser beam passed through the flat lens and the polarizer
behind it, to be focused on a given point in space. A mobile
radiation detector was used to scan the field strength, as

shown in Fig. 29c. Two lenses with focal lengths of 6 cm and
3 cm, respectively, were made. The dependence of radiation
intensity on coordinates at the lens focal length is illustrated
in Figs 29d, e. The lens with the focal length of 6 cm focused
the laser beam onto a spot 2w0 � 200 mm in diameter
(Fig. 29e), while the lens with the focal length of 3 cm focused
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the beam onto a spot 100 mm in diameter. Lens efficiency was
estimated at 1%.

Such a setup with V-shaped nanoparticles and cross-
polarization was implemented in Ref. [100], where radiation
at l � 676 nm was focused onto a spot 630 nm in diameter
comparable to the wavelength. The focusing efficiency was
roughly 10%, i.e., somewhat higher than in the previous study.

Diffraction optics had made considerable advances much
before the advent of metasurfaces. Fresnel zone plates have
found wide application for focusing X-rays [101] and other
kinds of radiation [102, 103]. Equally successful were
designers of photon sieve lenses [104±106]. Phase control in
diffraction optics is exercised by the proper positioning of
holes or zone plates in space. The advent of metasurfaces gave
rise to investigations using a combination of zone plates and
resonances. For example, the authors of Ref. [107] controlled
the phase of radiation transmitted through the lens by varying
the hole diameter. Figure 30a presents the dependence of the
phase of radiation transmitted through a hole in a 380-nm
thick gold film on the hole radius. Changes in the radius made
possible almost p phase coverage. Due to incomplete 2p
coverage, the holes had to be placed only in odd Fresnel
zones, as shown in Fig. 30b. Radiation at the wavelength
l � 531 nm was focused within 10 mm of the lens (Fig. 30a),
and that with a wavelength of 488 nm or 647 nm within 8 and
12 mm, respectively.

The idea of applying the nanoholes was further developed
in Ref. [108], where complete phase coverage was slightly
expanded by using rectangular holes and nonlinear properties
of metasurfaces. Radiation at the wavelength l � 633 nm
was focused within a distance of 30 mm, with the gold film
thickness being 250 nm.

Recently, a number of studies have been published
concerning lenses based on metasurfaces composed of meta-

atoms in the form of dielectric nanoparticles [25, 109±113].
The principles of the operation were identical in all these
cases. For example, the flat lens used in Ref. [25] consisted of
Si cylinders placed on a quartz substrate (Fig. 31a). The
cylinders exhibited both electric and magnetic resonances.
Changes to cylinder diameter made possible a phase control
of radiation by taking advantage of themutual position of the
resonances within a range from 0 to 2p. The phase of the
meta-atoms was calculated in relation to coordinates using a
formula analogous to expression (27). A few flat lenses with
the following optimal parameters were engineered: a cylinder
height of 633 nm for the wavelength l � 633 nm, the distance
between cylinder centers of 443 nm, and cylinder radii of 96±
221 nm for 2p phase coverage. They allowed radiation to be
focused onto a small spot within f � 250 mm from the lens
with an efficiency of 40% (Fig. 31b); in other words, spot
intensity amounted to 40% of intensity for radiation incident
on the lens. Lens transparency was estimated at 90%. The
radiation intensity distribution depending on one of the
coordinates in the focal plane is shown in Fig. 31c. The
measured intensity curve and the Gaussian curve were 95
percent identical.

Reference [25] demonstrated optical vortex-forming
lenses, besides collecting lenses. An electron microscope
image of one of these lenses is presented in Fig. 31d. The
light vortex image (Fig. 31e) was obtained within a distance of
100 mm. It is worthy of note that the use of cylindrical
nanoparticles in Ref. [25] made it possible to manufacture
light polarization-independent lenses.

Lenses based on dielectric nanoparticles show a higher
efficiency than those based on metallic V-shaped particles.
Moreover, the former are insensitive to light polarization and
do not need an application of additional tools, whereas the
latter operate only with linearly polarized waves and require
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additional polarizers to be used. It is worthwhile to note that
neither type of lens is free of chromatic aberration. The
dependence of the lens focal distance on the incident
radiation wavelength was measured in Refs [25, 100].

Dielectric nanoparticle-based metalenses can also operate
in a wider range. For instance, Ref. [114] reports a metalens
made of TiO2 nanocolumns working within a broad visible
spectrum of 60 nm. Such metalenses are discussed in more
detail in Section 4.2.

One more type of lens makes use of the Pancharatnam±
Berry phase jump and circularly polarized incident radiation.
Phase changes in such lenses are unrelated to the wavelength;
their meta-atoms can be either metallic [115, 116] or dielectric
[77, 117] nanoparticles. The highest performance of lenses
was achieved in Ref. [77] where TiO2 meta-atoms on a glass
substrate were utilized. Three such lenses were prepared for
405-, 532-, and 660-nm radiation. The lenses were 2 mm in
diameter, and had a focal distance of 0.725 mm. Figure 32a
presents a schematic of focusing a plane wave onto a point.
Meta-atoms of the lens were parallelepipeds, shown in
Figs 32b±e. The nanoparticles had length l, width w, height
h, and intercenter distance s chosen to match each particular
wavelength. A turn of a nanoparticle through an angle ynf
(Fig. 32e) ensured a phase shift within a 0 to 2p range. A
metalens represented actually a set of parallelepipeds
(Fig. 32f), each capable of shifting phase. The shift was
calculated using formula (27). Radiation was focused onto a
spot whose radius was shorter than the wavelength

(Figs 32g, h). Lens efficiency was 86% for the wavelength
l � 405 nm, 73% for l � 532 nm, and 66% for l � 600 nm.
Moreover, the lenses were used to obtain optical images of
gaps and holes in a thin film, which were smaller in size than
the incident radiation wavelength.

Considerable progress has recently been achieved in the
development of metalenses. For convenience, here are their
main characteristics borrowed from different publications
and summarized in Table 1. Clearly, the efficiency of lenses
has significantly increased since the time of the first metalens.
It is especially high in TiO2-based lenses, although they
operate with a circularly polarized light. Equally successful
is work designed to improve the performance of silicon-based
lenses.

4.2 Multiresonant metasurfaces and lenses based on them
Metalenses and other optical devices are characterized by
strong dispersive aberration, because the angle of radiation
refraction depends on the wavelength [see formulas (3) and
(11)]. Moreover, control of light by resonances may be
realized in a rather narrow spectrum due to a small resonance
width. Almost all the aforementioned publications report
experiments carried out at a single wavelength. These draw-
backs can be made up for.

Reference [119] describes metalenses based on changes to
the Pancharatnam±Berry phase. A circularly polarized plane
wave was incident on a metalens comprising meta-atoms in
the form of rectangular holes in a gold film. Rotation of the
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holes about their axes caused a change in the phase
encompassing a 2p range. Phase fitting of all meta-atoms
allows collecting radiation onto a point within a certain focal
distance from the lens. Phase changes by meta-atoms of such
lenses were shown to weakly depend on the radiation
wavelength, but the dispersion characteristic of light direc-
tion remained unaltered and resulted in a wavelength
dependence of the focal distance, as shown in Fig. 33a
depicting the distribution of the intensity of radiation
transmitted through the metasurface in the plane of the
main optical axis at different wavelengths l. The dashed
straight line indicates the focal plane. The distance between
the lens and the focal plane f decreases with increasing
wavelength. The light distribution in the focal plane remains
practically the same for different l (Fig. 33b). The depen-
dences in Fig. 33b are normalized to unity. Their absolute
values are significantly different, because the coefficient of
light transmission through the holes in the film depends on
the wavelength. Similar results were obtained in Ref. [120].

Metasurfaces based on the Pancharatnam±Berry phase
operate in a wide wavelength range of circularly polarized
radiation. They possess chromatic aberration, i.e., their focal
distance depends on the wavelength. The authors of Ref. [13]
proposed and implemented a method to get rid of chromatic

aberration. Specifically, radiation of different wavelengths
was deflected through the same angle. It follows from formula
(4) that dispersion is compensated for if the metasurface
phase is inversely proportional to the wavelength:

j�x; li� � ÿ 2p
li

x sin y0 ; �28�

where li is the set of wavelengths at which the metasurface
operates, y0 is the required angle of deflection of the radiation
direction from the normal, and x is the coordinate along the
metasurface.

A unit cell of the metasurface was formed by two
rectangular dielectric nanoparticles, as shown in Fig. 34a.
Notice that the supercell is absent here, i.e., there is no
periodically recurring set of unit cells. The structure is
aperiodic. The one-dimensional metasurface consists of 240
1-mm long Si meta-atoms aligned in a row on a glass substrate
(see the inset to Fig. 34d). Each meta-atom exhibits three
resonances at different wavelengths.

Figure 34b illustrates the wavelength dependence of the
scattering cross section showing resonances corresponding to
the frequencies at which the metasurface operates. A change
in the wavelength near any resonance alters the phase shift, as
well as the variation of meta-atom parameters w1, w2, and d

Table. Characteristics of metalenses according to various studies.

Half-width/l 1� Eféciency 2� Polarization Material
of meta-atoms

l, nm Thickness/l Year References

� 33 1% Linear Au 1550 0.038 2012 [99]

0.93 10% Linear Au 676 0.044 2013 [100]

� 2 Unreported Polarization-
independent

Au (holes) 531 0.72 2013 [107]

9.7 5% Circular Au 740 0.05 2013 [116]

1.2 Unreported 3� Circular Si 550 0.18 2014 [117]

� 10 70% Polarization-
independent

Si 850 0.56 2014 [113]

� 65 � 35 Polarization-
independent

Si 1550 0.33 2014 [118]

2.15 � 0.8% Circular Au (holes) 632.8 4� 0.19 2015 [119]

2.8 Unreported Linear Au (holes) 633 0.39 2015 [108]

100 70.8% Polarization-
independent

Si 4800 0.61 2015 [109]

2.4 82% Polarization-
independent

Si 1550 0.65 2015 [110]

0.69 86% Circular TiO2 405 0.67 2016 [77]

� 10 5% Circular Au 880 0.045 2016 [115]

1.93 65% Polarization-
independent

Si 1550 5� 0.46 2016 [111]

� 6.3 40% Polarization-
independent

Si 633 1 2016 [25]

1) The half-width is that of the peak (in units of wavelength) on the coordinate dependence of radiation intensity in the focal plane (Fig. 32h).
2) Because certain publications have demonstrated several lenses operating at different wavelengths, the highest experimental eféciencies are listed.
3) 45 % diffraction eféciency at a wavelength of 550 nm. Diffraction eféciency is the ratio of intensity of the main diffraction maximum to overall
intensity of all maxima.
4) Experiment at four different wavelengths: 405, 532, 632.8, and 785 nm.
5) Dual-range lens for the wavelengths 1550 and 915 nm with 65 % and 22 % eféciency, respectively.
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does at a fixed wavelength. Rectangular nanoparticles are
quite close to one another, which enhances the role of
interaction between them. It is therefore difficult to construct
a model describing the influence of meta-atom parameters on
the radiation phase shift at all three wavelengths.

Different values of w1, w2, and d were considered to
choose the necessary phase in Ref. [13], so as to ensure that
their sum is smaller than the size of a unit cell. In the end, a
metasurface was selected that satisfied condition (28) for
three wavelengths: l1 � 1300 nm, l2 � 1550 nm, and l3 �
1800 nm. Each resonance exhibited dispersion (the angle of
deflection depended on the wavelength, as shown in Fig. 34c)
and deflected light at these wavelengths to the same angle,
y � ÿ17�. Neighboring resonances also deflected radiation to
a specific angle, but their contribution was much smaller than
that of the nearest resonance. The dependences of radiation
intensity on the observation angle for the three wavelengths
are plotted in Fig. 34d. All these dependences show the main
peaks corresponding to the same angle and additional
maxima of lower intensity attributable to the contribution
from neighboring resonances. The metasurface efficiency was
9.8, 10.3, and 12.6% for the l1, l2, and l3 wavelengths,
respectively.

Reference [13] presents, in addition to refraction of
normally incident light, the concept of a flat lens with the
focal distance equal for the three wavelengths. The structural
principle of such a lens remains the same, viz. the phase shift
at different wavelengths must compensate for dispersion, and
meta-atoms must be paired rectangles. This idea was
implemented in Ref. [121]. A one-dimensional (or cylindri-
cal) lens was optimized for the three wavelengths. Radiation
at 1300, 1550, and 1800 nm was focused at the same distance
f � 7:5 mm with an efficiency of 15, 10, and 21%, respec-
tively. Lens diameter was 600 mm, and the focused spot size
around 30 mm.

Two-dimensional lenses capable of focusing radiation at
two different wavelengths based on the same structural
principle were described in Refs [111, 122]. Meta-atoms (or
metamolecules already) of the lens were formed by several
dielectric nanoparticles. In Ref. [111], a metamolecule
consisted of two types of silicon cylinders having markedly
different diameters. Large-diameter cylinders exhibited reso-
nance at l1 � 1550 nm, and small-diameter ones at
l2 � 915 nm. Because bigger cylinders had a greater scatter-
ing cross section, each of the metamolecules comprised three
small cylinders per single large one. The metamolecules were
packed into the hexagonal grating shown in Fig. 35 with
constant a � 720 nm and cylinder height 718 nm. The lens,
300 mm in diameter, focused 1550-nm laser light onto the
focal plane with a 65% efficiency, and 915-nm radiation with
an efficiency of 22%. The half-width of the focused spot was
equal to 2.9 and 1.9 mm, respectively. The same authors [122]
used ametalens withmeta-atoms of two types: large and small
cylinders exhibiting resonance at different wavelengths. The
meta-atoms were grouped into sectors as follows: meta-atoms
of one type for l1 � 1550 nm in the interval from 0 to 45�,
those of the other type for l2 � 915 nm in the interval from
45� to 90�, then again meta-atoms of the first type in the
interval from 90� to 135�, etc. The efficiency of such a
metalens was approximately equal to that of a previous one.

Meta-atoms allow differential control of differently
polarized light. This property can be employed to create
metalenses focusing radiation of different wavelengths onto
one point. For example, Ref. [13] describes a metasurface-
based lens with meta-atoms in the form of elongated
aluminum rods. Some of them, directed horizontally, control
only the phase of horizontally polarized light, while others,
directed vertically, control only the phase of vertically
polarized light. This concept provided a basis for designing
a lens capable of focusing radiation at different wavelengths,
l1 � 650 nm and l2 � 460 nm, and different polarizations
within the same focal distance.

4.3 Metasurface-based holograms
Holography came into being in the mid-twentieth century. A
usual photograph retains the trace of a light wave amplitude
focused by the lens onto the film in the form of a two-
dimensional image. A hologram contains information about
light phase and amplitude, and thereby allows a three-
dimensional (3D) image to be obtained. Holograms of real
objects aremost frequently prepared as described byDenisiuk
or Leith and Upatnieks. Both methods make use of inter-
ference between object wave and reference wave. The former
irradiates the object of interest and is reflected from it to
interfere with the reference wave on a photographic plate,
thus giving rise to an intricate three-dimensional relief
corresponding to the distribution of electromagnetic energy
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in a given region in space. If this region is irradiated by a wave
close to the reference one, the reflected wave acquires a
relevant phase, by virtue of a varied plate relief depth, and
becomes more like the object wave. As a result, the observer
will see with a certain degree of accuracy such light as that
reflected from the object.

Modern computer technologies make it possible to obtain
phase and amplitude distributions from virtual models. A 3D
printer then prints the three-dimensional relief of the
calculated hologram. The light reflected from the hologram
depicts the virtual three-dimensional object.

The cell size in a hologram exceeds the radiation
wavelength, which accounts for the appearance of diffrac-
tion submaxima and reduction of hologram diffraction
efficiency. Metasurfaces are promising candidates for the
development of future holographic technologies, because
their meta-atoms are smaller in size than radiation wave-
lengths. Moreover, meta-atoms are capable of efficient light
phase and amplitude control.

One of the earliest studies [124] demonstrating the
possibility, in principle, of creating metasurface-based holo-
grams made use of the Pancharatnam±Berry phase. The
authors first designed a few micron-scale 3D virtual jet
model. Phase distribution in a given flat region of space was
calculated in Ref. [125]. For simplicity, phase was the only
variable on the hologram surface, while amplitude remained
constant. Meta-atoms of the hologram surface were nanor-
ods, each turned through its own angle, as shown in Fig. 36.
Circularly polarized light passing through such meta-atoms
acquired a phase shift DF � 2y. Rotation of the rod ensured
phase coverage within 2p. Consequently, setting the angle y
for each meta-atom allowed the entire calculated phase
portrait to be reproduced. As a result, the observer behind
the metasurface could see the three-dimensional image of the
previously created virtual aircraft model. The metasurface
area comprised 800� 800 meta-atoms, with a grating con-
stant of 500 nm. The relatively small number ofmeta-atoms in
the hologram prevented the observer from seeing the image at
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different angles. Therefore, the authors of paper [124]
invoked a different method (described below) to prove that
they actually obtained a hologram producing a three-
dimensional image.

The three-dimensional image of a jet was formed at a
certain distance from the hologram. The objective of the
microscope was focused on this region and could displace the
focal point to and from, as shown in Fig. 36. In this way, the
lens could be focused on different, close or distant, parts of
the object. For example, short-range focusing produced a
sharp image of the jet's nose, whereas the tail was slightly
blurred. The reverse picture was observed for long-range
focusing. The authors of paper [124] interpreted this situa-
tion as evidence that metasurfaces are suitable for displaying
three-dimensional objects.

Evenmore convincing evidence of three-dimensionality in
the images of objects is the capability to obtain their images at
different angles. The same authors of Ref. [124] report virtual
helical images (Fig. 37a) formed by point-like objects. The
metasurface-based hologram displayed a three-dimensional
image. In this case, the objective of themicroscope was turned
through different angles. The images obtained at five
inclination angles of the microscope objective are presented
in Fig. 37b. These far-from-ideal images nevertheless suggest
three-dimensional viewing.

Many studies on metasurface-based holograms have
recently been published. In all of them, meta-atoms control
the radiation phase so as to form the necessary wave front.
Meta-atoms of holograms utilize a variety of phase control
mechanisms. High efficiencies of holograms amounting to 59
and 80% were obtained on reflecting metasurfaces irradiated
by circularly polarized light in Refs [15, 126], respectively.
These holograms were generated by manipulating the Pan-
charatnam±Berry phase. Other reflecting holograms based on
resonance transform linearly polarized radiation into a
holographic image [127, 128]. Numerous publications deal
with holograms making use of transmitted light to form an
image. Good efficiency (over 78%) was reached using TiO2

dielectric metasurfaces altering the Pancharatnam±Berry
phase [129]. A lower efficiency was reported for Si metasur-
faces [130]. A large number of dielectric holograms working
in a transmission mode form the wave front using resonances
[131±133]. Metallic nanoparticles can also serve as a basis for
holographic metasurfaces working in transmission. They can
control phases taking advantage of both resonances for
linearly polarized radiation [128, 134] and the Pancharat-
nam±Berry phase [124, 135, 136] for circularly polarized light.
Moreover, there are holograms having a metasurface in the
form of holes in a metal film. They can also control phases of
light bymeans of resonances [137, 138] or the Pancharatnam±
Berry phase [139].

For simplicity, in most studies on holographic metasur-
faces, meta-atoms controlled only the phase of light without
affecting its amplitude. However, meta-atoms have a greater
degree of freedom than that and afford vast opportunities
for light control. Suffice it to say that meta-atoms are
capable of controling not only the phase but also the
amplitude. In certain studies [136, 137, 139], meta-atoms
controlled both the phase and the amplitude to improve an
image quality. Moreover, the high degree of freedom of
meta-atoms allows obtaining various images at various
polarizations of light incident on hologram [126, 128, 140].
The size of nanoparticles influences resonant frequencies. As
a result, meta-atoms with differently sized nanoparticles
form different images at different wavelengths, which
makes it possible to have color holographic pictures [127,
132, 139]. An additional degree of freedom is possible to
obtain as well making use of the nonlinear effect on meta-
atoms. Specifically, Ref. [135] reports various holographic
images from a single metasurface at the second-harmonic
frequency, while Ref. [141] describes holographic images at
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the third harmonic. Nonlinear properties are considered in
more detail in Section 4.4.

Thus far, the highest hologram efficiency has been
achieved in Ref. [142] at a radiation wavelength of 1600 nm.
Themetasurface comprised 865-nmhigh silicon columns from
79 to 212 nm in radius. The grating constant was 750 nm,
hologram size 0.75 mm, hologram diffraction efficiency 99%,
and metasurface transparency 90%. A high-quality mono-
chrome image 5 mm in size formed 10 mm from the metasur-
face.

4.4 Other applications of metasurfaces
Metasurfaces offer unique opportunities for control of light
on a subwave scale, which accounts for a variety of their
applications inoptical instrumentsdescribed inSections4.4.1±
4.4.6, although there remains much to be done to reach a
degree of their perfection comparable to that of lenses and
holograms.

4.4.1 Polarizers. Radiation of various polarizations scatters
differently from meta-atoms, which creates a basis for
designing instruments having the ability to determine light
polarization [143±145]. Reference [143] describes the employ-
ment for this purpose of ametasurface consisting of supercells
of three types operating in a reflection mode. Supercells of
each type reflected light of a given polarization at a specific
angle, as shown in Fig. 38a. At the beginning, three
metasurfaces were manufactured, each comprising supercells
of a single type, either MSI, MS2, or MS3, that reflected light
of a certain type at their own angles (Fig. 38b). MS1 reflected
horizontally and vertically polarized light (jxi and jyi) at one
angle,MS2 reflected diagonally polarized light (jai and jbi) at
a different angle, andMS3 changed the Pancharatnam±Berry
phase and reflected circularly polarized light (jri and j l i ) at a
third angle. The detector-metasurface consisted of alternating
supercells of the three types that reflected radiation of one
type or another at a certain angle. Such a metasurface
reflected polarized light at different angles and the possibility
appeared to determine the polarization of incident radiation
from reflection maxima (Fig. 38c). This metasurface exhib-
ited the highest efficiency for 800-nm radiation and could aid
in retrieving polarization characteristics in a wavelength
range from 700 to 1000 nm. To recall, 50% of radiation is
reflected into the zero diffraction maximum and carries no
information about polarization.

Metasurface-based lenses can just as well serve as
polarizers. For example, Ref. [146] presents an image of a

beetle obtained with the aid of a filter-metalens of circular
polarization (Fig. 39). The insect's body surface reflected left-
hand-polarized light and absorbed right-hand-polarized
radiation. It was illuminated with monochrome light. The
camera image was focused by a Pancharatnam±Berry phase-
based metalens (Fig. 32). Such lenses operate with circularly
polarized light and simultaneously serve as polarization filters
focusing only either left-hand-polarized or right-hand-polar-
ized light. The left and right panels of the figure present the
image in left- and right-hand-polarized light, respectively.

Metasurfaces can also find applications as light polariza-
tion converters [39, 147±150]. By way of example, Ref. [39]
demonstrated the possibility of creating a metasurface from
V-shaped nanoparticles that forms a circularly polarized
wave from a linearly polarized wave. The light acquired
circular polarization during extraordinary transmission
through the metasurface (Fig. 40a). It was composed from
two supercells displaced relative to each other and translated
in a periodic manner (see Fig. 40b). Degree of transmitted
light polarization was close to unity (Fig. 40c). The intensity
of the extraordinary transmitted beam at a wavelength of
7.7 mm reached 30±40% of that of ordinary reflected
radiation. Because light incident on the metasurface is partly
transmitted and partly absorbed, the overall intensity of the
circularly polarized wave is only 10% of the incident wave
intensity. Reference [148] describes a reflecting metasurface
capable of rotating the polarization plane through 90� with an
efficiency of 97%.
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Figure 39. (Color online.) Image of a beetle produced with a metalens

[146]. The metalens also served as a filter of circularly polarized light. Left
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polarized light, respectively.
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An efficient polarizer based on a reflecting metasurface
was developed in Ref. [151]. Its meta-atoms were formed of

aluminum nanorods arranged over a metal film onto which
linearly polarized radiation fell. Reflected light rays, each
with its own polarization (four linearly and two circularly
polarized), propagated in six directions.

Metasurfaces with intricately shaped nanoholes have
even more degrees of freedom for polarization control.
Reference [152] describes a metasurface based on a metal
film with chiral nanoholes that allowed polarization in each
of the diffraction rays not only to be controlled but also to be
converted (from circular into linear and back).

4.4.2 Optical diodes. Optical diodes make up important
elements of many optical systems due to their ability to
transmit light incident on one side of the structure, but not
on the other side. Such devices are usually made of magnetic
elements violating the reciprocity principle (Faraday effect),
which makes them robust by convention. Metasurfaces can
be applied to design very compact optical diodes. A combina-
tion of perforated gold nanofilms and planar photonic
crystals was employed in Refs [153, 154] to demonstrate the
enormous asymmetry of transmission of light incident on a
metasurface from different sides.

4.4.3 Color printing and dyes. Metasurfaces based on electric
and magnetic resonances operate in a narrow radiation
spectrum. Extension of the operating frequency range is a
serious challenge facing developers of metasurfaces. The
narrow range has advantages and disadvantages. Certain
authors have used meta-atoms as color filters for so-called
plasmonic dyes [155]. For example, in Ref. [156], white light
fell onto a metasurface composed of alumina crosses that
served as filters. Transmitted light was found to change color,
depending on the light polarization angle.

The parameters of nanoparticles determine the color of a
scattered light, which opens up a new sphere of metasurface
applications Ð color printing. In Refs [157±160], the color of
scattered light was controlled by plasmon resonances on
nanoparticles. Reference [157] describes a 50� 50-mm image
(Fig. 41b) with `pixels' represented by nanocolumns, each
formed by three disks: gold, silver, and dielectric (Fig. 41a).
The disks are, in turn, placed on a gold film that reflects
light, like the metasurface reported in Ref. [47]. Light color
depends on the diameter of the disks and the distance
between them. Figure 41c displays an electron micrograph
of the metasurface showing the relationship between
nanoparticle diameter and light color. Images generated
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Figure 41. (Color online.) Color printing of an image with the aid of plasmonic nanoparticles (taken from Ref. [157]). (a) Each `pixel' of the image
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with the aid of `plasmonic dye-based colorants' are equally
possible to obtain through the application of perforated
metal films [161, 162] in which nanohole diameter controls
light color.

4.4.4 Calculations based on metasurfaces. The ability of
metasurfaces to strictly control both light phase and ampli-
tude in a wide range opens up opportunities for analog
computations. The concept of metamaterial-based analog
calculations was proposed in Ref. [163]. Reflecting metasur-
faces developed in paper [47] were used for this purpose in
Ref. [40]. The concept is based on the possibility of
representing the dependence of the output function W�x; y�
on the input function f �x; y� via the convolution

W�x; y� �
�
g�xÿ x 0; yÿ y 0� f �x 0; y 0� dx 0 dy 0 :

The same law is expressed through the double Fourier
transform (FT)

W�x; y� � IFT
n
G�kx; ky�FT

�
f �x; y�	o ; �29�

where inverse FT (IFT) stands for inverse Fourier transform
in coordinates, andG�kx; ky� � FTfg�x; y�g. Here, the role of
the initial function is played by the distribution E�x; y� of the
electric field strength of electromagnetic wave in space. This
radiation is fed to a lens that implements the Fourier
transform FTfE�x; y�g. Radiation then falls on the metasur-
face with a coordinate-dependent reflection coefficient r�x; y�
playing the role of the convolution function G�kx; ky�. The

distribution of the reflection coefficient over the metasurface
depends on the operation that needs to be performed on
function f �x; y�. Specifically, for the differentiation of f �x; y�
with respect to x, the reflection coefficient will be propor-
tional to x: rdiff�x; y� � x. For integration, it should be
inversely proportional to x: rint�x; y� � 1=x. Radiation
reflected from the metasurface is fed back to the lens, which
turns the output function into W�ÿx;ÿy�. Negative signs
before arguments are due to the fact that the lens performs a
direct but not inverse Fourier transform.

Figures 42b±e illustrate the experimental distribution of
those fields playing the role of functions. The initial function
shown in Fig. 42b was obtained using a round hole. Then, a
lens was involved to produce the Fourier transform presented
in Fig. 42c. Figures 42d and 42e display images of light
reflected from differentiating and integrating metasurfaces,
respectively. The metasurfaces were 50� 50 mm2 in size, each
comprising 40,000 meta-atoms. The figures imply that the
analog computation procedure under consideration is still
imperfect and the functions are disturbed by noises, partly
because meta-atoms scatter light near resonances and the
process is highly sensitive to the accuracy of their manufac-
ture. Reference [164] proposed a concept of analog computa-
tions onmetasurfaces in the cross-polarization scheme, which
is expected to enhance computation efficiency, because the
reflection coefficient is controlled by nanorod rotation less
sensitive to manufacturing inaccuracies.

4.4.5 Supersensitive sensors.Metasurfaces are key elements of
supersensitive biosensors [165±168]. Meta-atoms of such
metasurfaces are, as a rule, either metallic nanoparticles or
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holes in thin films. Extremely strong fields form under
resonance conditions near the meta-atoms. Therefore, reso-
nances are very sensitive to minor changes in the refraction
index of the medium where they are occurred. A change in
resonance is recorded based on the analysis of the reflection
spectrum.

Nonlinear properties of metasurfaces can considerably
increase sensor sensitivity. The power of second-harmonic
generation by means of metasurfaces is rather low. However,
the width of second and third harmonic resonances is smaller
than that of the fundamental harmonic. Some authors
propose using nonlinear properties of metasurfaces together
with the high intensity of the local field near nanoparticles
and high sensitivity of higher-order harmonic generation to
geometry and other nanoparticle characteristics for engineer-
ing supersensitive sensors [169±171].

Thus, Ref. [171] describes a sensor capable of determin-
ing, based on 3rd harmonic generation, changes in the
refraction index of water with the resolution Dn � 10ÿ3.
Figure 43 schematically illustrates finding the refraction
index of a medium. Radiation falls onto the metasurface
and, in the linear regime (Fig. 43a), there is a peak in the light
transmission intensity spectrum. The metasurface is sub-
merged into the liquid containing admixtures that alter its
refraction index and resonance of nanoparticles. This causes
peak displacement in the frequency dependence of transmis-
sion. In the linear scheme (Fig. 43a), the detector tuned to a
given frequency records changes in radiation intensity.
Figure 43b presents a nonlinear setup for detecting changes
in the refraction index that is not substantially different from
the linear one, save for the fact that the detector is tuned to the
3rd harmonic of scattered radiation. The intensity peak of the
3rd harmonic is much narrower than that of the 1st harmonic,
which makes the detector more sensitive to environmental
changes. Experiments in Ref. [171] demonstrated that the
nonlinear detection setup is several times more sensitive than
the linear one.

4.4.6 Miniature metasurface lasers. Resonators are indispen-
sable components of lasers, maintaining positive feedback
and generation of selected modes. The work of resonators is
based on multiple light reflection (e.g., a Fabry±Perot
resonator). A standing wave or resonant mode is formed
between the reflecting surfaces, if a whole number of half-
waves fits into this space. Therefore, the size of a resonator
cannot be smaller than the radiation half-width, which
prevents unrestricted reduction of laser dimensions.

As shown in Section 2.2, metasurfaces composed of meta-
atoms exhibit resonances and can serve as resonators. The
meta-atoms being much smaller than the wavelength, such
surfaces can be used to designminiature nanolasers. Arrays of
both nanoparticles [172±175] and nanoholes in thin films
[176±179] were employed as resonators in experiments.
Because of plasmon resonances developing on metal nano-
particles and nanoholes, such lasers are called spasers.

Figure 44 gives a schematic representation of a spaser
utilizing a metasurface as the resonator [177]. The metasur-
face prepared from nanoholes in a thin gold film lies 20 nm
above the InGaAs active layer coating the substrate. The
active layer is pumped from the side of the substrate by laser
light with a shorter wavelength. Luminescence occurs on the
metasurface side.

5. Methods of metasurface simulations

Metasurfaces are composite three-dimensional structures
formed by meta-atoms of various sizes and shapes. Only a
few problems can be solved analytically [22, 180]. In most
studies, numerical simulation is used, requiring huge compu-
tational resources. To calculate an electromagnetic field, the
finite element method and the finite difference method in the
time domain aremost commonly resorted to. Both techniques
have advantages and disadvantages. Many authors [47, 68,
100, 133, 161] prefer the commercial software Comsol
Multiphysics [181], whose Wave Optics module allows the
application of the finite element method to solve stationary
and nonstationary electrodynamic problems. As a rule, this
approach is employed to simulate a unit cell or a supercell of
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the metasurface. Another popular commercial package is the
Finite Difference TimeDomain technique (Lumerical FDTD
Solutions) [182], which makes possible the implementation of
the finite difference method in the time domain. This
technique is also widely applied by many authors [10, 22, 77,
108, 132]. It is more common employed to model lenses and
holograms that cannot be broken into periodic cells. The
third commercial computer simulation technology software
package (CST Studio) [183] finds ample application for
modeling metasurfaces by making use of both above
techniques [15, 51, 55, 136, 163]. In addition, there are less
popular packages for modeling, such as FDTD Concerto
used in Ref. [42] and the programMAGMAS (Model for the
Analysis of General Multilayered Antenna Structures)
applied in Refs [89, 90]. At present, MAGMAS is sold by
Synopsys Inc. [184]. Meep, a flexible free software package
[185], is of value for the application of the finite difference
method in the time domain to calculate metalenses [110, 111].

Calculating metasurface far and near fields implies the
availability of great computational resources. For example, a
supercomputer is needed to model a lens [112] on a grid of up
to 1010 nodes. At the same time, a combination of numerical
and analytical methods permits not only considerably
reducing the amount of computation but also clarifying the
physics of metasurface phenomena. A highly efficientmethod
for the purpose has been developed by the authors of
Ref. [186], who proposed finding numerically only multipole
moments of meta-atoms and reserve analytical calculations
for far fields.

6. Conclusions

The past few years have witnessed a tremendous upgrowth in
metasurface research. A high efficiency of metasurfaces has
been achieved in certain sectors compared with the light
control effectiveness of the first specimens in the infrared
spectrum, which hardly reached 15%. At the beginning,
metasurfaces were used in combination with light polarizers,
and the shift of operating frequency into the visible region
resulted in a drop in efficiency to 1%. Thereafter, researchers
gained an ability to create metasurfaces with an efficiency
higher than 50% in the visible frequency region for which
polarizers are not required; simultaneously, lenses with an
efficiency up to 80% were manufactured.

This article was designed to overview the most interesting
and promising avenues of metasurface research, such as the
development of gradient metasurfaces for beam steering by
altering its phase and amplitude in the visible and near
infrared regions.

Phase control permits the direction of light transmitted
through a metasurface to be set in accordance with the
generalized Snell's law. The first metasurfaces comprised
meta-atoms capable of phase control only by means of
electric resonance in the 0 to p range. The meta-atoms were
metallic nanoparticles of various shapes, which made neces-
sary the employment of additional polarizers or the place-
ment of meta-atoms only in odd or even Fresnel zones; it
resulted in a further reduction in efficiency. A combination of
electric and magnetic resonances became possible due to the
application of dielectric meta-atoms, which allowed control-
ing the light phase in full measure from 0 to 2p and increasing
at once efficiency of metasurfaces to 40%. The resonances
were additionally combined on reflecting metasurfaces
formed by metallic particles over a metal substrate. The

efficiency of such metasurfaces reached 50%. However,
metasurfaces based on resonances are known to operate in
relatively narrow spectral regions, which restricts their
applications. Another approach to engineering metasurfaces
makes use of the Pancharatnam±Berry phase. Such metasur-
faces operate in a wide spectrum but only with circularly
polarized radiation. The efficiency of such devices has also
been significantly improved.

Metasurfaces are used to manufacture nanolenses, the
thickness of which is much smaller than the radiation
wavelength. Meta-atoms of such lenses control the light
phase by focusing a plane wave on a point within the bounds
of the lens focal length. The efficiency of the first metalenses
did not also exceed 10%.After a time, it was enhanced to 40%
by using dielectric meta-atoms, and their focusing accuracy
reached 95%. The efficiency of lenses based on the Panchar-
atnam±Berry phase was as high as 86%.

Metalenses can work in a wide spectral range, but they are
not free from chromatic aberration. Because light of various
wavelengths is refracted at different angles, each lens focuses
it at different distances. The large number of degrees of
freedom in meta-atoms makes it possible to correct aberra-
tions. Resonant metasurfaces from composite meta-atoms
can deflect light of various wavelengths at the same angle.
Therefore, they can be used to design lenses without
chromatic aberration.

Integral phase and amplitude control of light by each
meta-atom provides a basis for engineering holographic
metasurfaces. Because meta-atoms are much smaller than
the wavelength, such holograms undergo no distortion
associated with additional diffraction maxima and can be
more efficient than ordinary holograms. However, the
available technologies do not yet allow creating holographic
metasurfaces of a large size, which strongly restricts the
quality of the resulting images.

Metasurfaces can serve as components of various optical
devices, such as polarization transformers, polarized light
detectors, and polarizing filters. Also, metasurfaces can serve
as colorants and therefore operate as spectral filters. More-
over, metasurfaces are suitable for analog calculations and
other purposes.

This review also covers nonlinear effects in metasurfaces
that enrich their properties and expand the scope of their
applications. Nonlinear effects are even more sensitive to
varying meta-atom geometry and properties, as well as to
environmental conditions, which opens up vast prospects for
a variety of applications of metasurfaces, such as designing
and manufacturing biosensors, second- and third-harmonic
generators, optically controlled devices, and light microscopy
designed to exceed the diffraction limit. Integration of meta-
atoms into active elements, e.g., quantum heterostructures,
allows the nonlinear response of metasurfaces to be
enhanced. Such integration makes it possible to increase the
second-harmonic generation power by an order of magni-
tude.

Combining metasurfaces with active media containing
dye molecules or semiconductor quantum wells and dots
permits the creation of miniature lasers and various devices
based on them.

To sum up, metasurfaces are a subject of extensive
research awaiting further development. A characteristic
example of explosive exploration in this field of science and
technology is the appearance, during preparation of the
present article, of a new important area of studies concerned
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with the formation and characteristics of metasurfaces with
controlled charge concentration and conductivity, whichmay
replace semiconductor elements in the future [187].
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