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ABSTRACT

The excitation of surface plasmon polaritons in metallic nanostructures significantly enhances light-matter interactions at
sub-wavelength scales. This enables novel optical effects that rely on artificial materials, so-called metamaterials.
Metamaterials are made from densely packed and sufficiently small nanostructured unit cells. The purpose of
metamaterials is to act comparable to bulk materials but with effective properties that can be tailored by the geometry of
the unit cells. However, recently it became obvious that many appealing applications are already in reach by employing
an ultrathin layer of metamaterial. Exploiting the metamaterials’ primary optical properties in the form of their dispersive
complex reflection and transmission coefficients, single functional layers instead of bulk metamaterials are already
sufficient for achieving sophisticated device properties. In particular, if the unit cells change across the functional layer, a
new class of devices can be perceived that shape the light in the far-field according to predefined patterns. These
metamaterial layers, usually referred to as metasurfaces, possess major advantages when compared to traditional optical
elements. Here, we provide an overview of the burgeoning field of research that explores metasurfaces to affect an
incident field spatially and spectrally in a deterministic way to enable functional diffractive optical elements.
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1. INTRODUCTION

Intense light-matter-interaction using metallic nanostructures is the key to tame light at scales much smaller than the
wavelength. Especially metamaterials, understood here as arrays of nanostructures made from metals and with optical
properties beyond those of natural materials, have been used to bend, deflect, focus, transmit, or otherwise shape
electromagnetic waves. These light-shaping elements became progressively thinner and thinner and can be designed for
operating wavelengths from the microwave regime down to the visible. Simultaneously, their functional flexibilities
caught up with and exceeded the capabilities of traditional diffractive optical elements. Typical tasks which belonged to
the domain of classical dielectric gratings and diffractive elements, such as light bending, lensing, imaging and
holography, can now be performed by ultrathin metamaterial layers'?. While on the one hand metamaterials are entering
the world of diffractive elements and computer-generated holograms, the already existing know-how and concepts
developed in the field of diffractive optics on the other hand is often tapped as a source for the design of new
metasurfaces. Thus, as these two fields merge, so do the different science communities. Therefore, this overview is
written to address both communities, the metamaterial and the diffractive optics community, and to highlight the recent
advances made in metamaterial-based diffractive optical elements. While some of the presented aspects will be well-
known in one community, their inclusion might yet be indispensable for the other.

The starting point of our introduction shall be the appreciation that most metamaterials’ properties are derived from
surface plasmon polaritons that are sustained by the individual unit cells of the metamaterial. We distinguish between
propagating and localized surface plasmon polaritons. While the former are associated to guided modes at extended
interfaces between metals and dielectrics, the latter are supported by isolated metallic nanostructures. The excitation of a
surface plasmon polariton modifies the properties of electromagnetic fields such as the amplitude, the field gradient, or
the local density of states in the close proximity of the metallic structure. This has consequences for quantities accessible
in the far-field such as reflection, transmission, scattering, or absorption. How these properties are affected depends
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sensitively on the geometry of the metallic structure as well as on the wavelength and the polarization of the
illumination. The response is usually highly dispersive.

The exploitation of surface plasmon polaritons is not an achievement of modern ages, though. The famous Lycurgus cup,
made about two-thousand years ago from glass with metallic nanoparticle inclusions, is one of the oldest (unwitting) uses
of plasmonics’. The cup is perceived with different spectral characteristics depending on the position of the illumination
and the observer. A sound scientific explanation for these effects only became possible by the theoretical and
experimental works of Mie*, Rayleigh’, and Faraday® roughly more than a century ago.

The advent of nanofabrication techniques in the last decades spurred a huge boom in the field of nanoplasmonics. Of
particular relevance for our overview of the subject is the opportunity to fabricate metallic nanostructures with
complicated shapes, critical dimensions smaller than the optical wavelength, and at sufficiently high densities. This
allows to consider the resulting medium as an effective medium with a defined optical response. The intrinsic properties
of the used materials, usually metals with a high density of free electrons such as gold, silver, and aluminum, have
tremendous effects on the optical response of the metamaterial. However, an equal or even greater effect on its properties
has the shape and size of the unit cells of the metamaterial. Proper design allows for tailoring effective electric and
magnetic properties independently, resulting in metamaterials with an unprecedented spectral behavior’. In particular,
unit cells sustaining magnetic and higher-order electric resonances could be synthesized, leading to counterintuitive
effects such as negative refraction. Suggested applications of metamaterials comprise super-lenses®, cloaking devices™'!,
zero-reflection media'> '*, and plasmonic rulers'®. Also, materials may present truly unconventional properties such as a
huge chirality””"® or asymmetric transmission'’. For most of these applications bulk materials are desirable® ',
Unfortunately, fabricating three-dimensional metamaterial brings up two fundamental problems that are challenging to
mitigate.

First, the fabrication of bulk metamaterials, where unit cells are not just repeated in a two-dimensional plane but also in a
third dimension, remains complicated. While planar metamaterials made from isolated layers can be fabricated by
electron beam lithography®, direct laser writing techniques® or nanoimprint technology®, stacking of individually
fabricated functional layers is rather time consuming and expensive. A possible alternative might consist in the
exploitation of chemistry-inspired bottom-up methods™®. But this research is in its infancy and it remains an open
question whether this route can lead to sufficiently dispersive materials.

The second issue with three-dimensional metamaterials is more on the theoretical side. It concerns the question whether
these materials can be considered as truly homogenous and whether effective material properties can be assigned.
Effective material properties, such as permittivity and permeability tensors, provide a coherent description of the
material independent on the specific illumination or geometry of the device which contains the metamaterial. This
requires the electromagnetic response of the metamaterial to be local. This means that the unit cells have to be densely
packed and significantly sub-wavelength such that the induced polarization is a local function of the electromagnetic
field which does not depend on the field from distant points or on field gradients®’. Unfortunately, most metamaterials
seemingly do not meet this requirement.

However, and this is important in the context of this review, to exploit the unique peculiarities of the nanostructured unit
cells in an actual application, a description of the metamaterial in terms of material parameters is not necessary. To make
use of metamaterials in an application, it is fully sufficient to consider thin layers of metamaterial as means to
independently control reflection and transmission in amplitude and phase. Such monolayers, or metasurfaces, provide a
sufficiently strong response and are accessible with state-of-the-art nanofabrication techniques.

Moreover, since nearly all fabrication techniques work in serial, it became possible to not just write a repetition of
identical unit cells. Instead, the geometry of the unit cells can be changed smoothly or abruptly across the interface.
Consequently, the structure can possess locally varying and tunable optical properties affecting the light’s amplitude,
phase, polarization as well as the spectral behavior of these quantities in reflection and transmission.

From a conceptual point of view, a generic optical system can be understood as a device that modifies an ingoing wave
front to an outgoing wave front. This modification can be done by a medium of virtually no thickness by using
metamaterials. This is in stark contrast to ordinary optical elements which usually require the propagation of light
through extended bulky materials to let it accumulate a sufficient phase delay and/or to modify its amplitude. Hence,
compactness and comprehensive light control are the striking features of metasurfaces.

Here, we provide an overview on recent efforts to achieve metasurfaces that shape light at optical frequencies, often
using concepts known from the field of diffractive elements. We explicitly distinguish different streams of research that
utilize different physical effects. In a first part we consider metasurfaces made from structures that sustain localized
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plasmon polaritons designed to affect the local phase of the transmitted or reflected light. In a second part we discuss
structures that rely on propagating plasmon polaritons in metallic waveguides which likewise aim to affect the phase of
the light. Eventually, we present a class of metasurfaces that modulates not just the phase but the amplitude as well.
These metasurfaces explicitly take advantage of the absorbing nature of the metallic constituents and turn it into
something useful. Even further advanced we also consider structures which control light not just at a single but at
multiple frequencies independently. This aspect is discussed with some examples, indicating a promising path towards
the full control over light in the spatial and spectral domain. Such metasurfaces might find applications in broad-band
pattern generation, as e.g. required for optical data storage, broad-band adaptive optics, multi-dimensional imaging and
microscopy, as well as in cryptography and security applications. Therefore, they constitute an essential contribution to
the future architecture of many photonic devices.

2. OPTICAL NANOANTENNA BASED STRUCTURES

Compared with metals the interaction of light with dielectrics is rather weak. This had been a clear advantage when using
dielectric materials to form classical diffractive optical elements such as gratings, Fresnel-lenses, and computer-
generated holograms (CGHs), because the marginal absorption in dielectrics is an asset when designing high-efficiency
devices. However, for most optical components a phase modulation in the range of 2n is required. Until recently
achieving these large phase modulations with the limited refractive indices of dielectrics required pronounced surface
height modulations™. This led to rather thick optical elements and large aspect ratios in the microstructured surfaces.
Furthermore, the dispersive properties of dielectrics are intrinsically fixed and usually do not qualify as a free design
parameter.

On the other hand, with their vast free charge carrier densities metallic nanostructures interact quite strongly with light
due to the excitation of localized plasmon polaritons. The resulting damping is considerable, but can be acceptable for
very thin metamaterial surfaces or for off-resonant operation. The phase changes induced by a single layer of
metamaterial happen within a few nanometers. In fact, the phase modulation is so abrupt that the metamaterial layer can
be considered as an interface between the incident and the transmitted medium representing a phase discontinuity. When
the phase modulation is not uniform across the interface but a phase gradient is evoked by geometrical variations in the
metamaterial, light can be controlled and deflected. The situation can be described by a reformulation of the classical
Snell’s law of refraction”. With the phase discontinuity at the interface, the relation of incidence angle 6; and
transmittance angle 6, is augmented by an additional term, which is the lateral phase gradient do/dx in the plane of
incidence at the particular point of the interface. Therefore, the generalized Snell’s law reads as
Ao d o

i = n; sin(0;) + —— 1
ny Sln(et) n; Sln(el) + 27 dx ) ( )

where 1 is the vacuum wavelength. This behavior has been coined ‘anomalous refraction’ and a similar equation holds
for reflection®. Apparently, even at normal incidence a deflection of the transmitted beam is possible. This behavior is in
analogy to a blazed grating which redirects light asymmetrically into the -1% and +1* diffraction order. However, here
the deflection is realized practically by a surface rather than by propagation effects through an extended medium.
Equation (1) therefore contains the recipe to design various compact optical devices by realizing corresponding phase
gradients. Later it was shown that the anomalous refraction and reflection phenomenon can produce even beams which
are out-of-plane with respect to the incidence plane®.

The local transmission function, and thus the phase function, of the metasurface is adjusted by choosing properly shaped
nanostructures. These structures can be understood as plasmonic antennas or resonators’' >, Besides an electric dipolar
resonance, as it would be the case for a metallic nanostructure in the quasi-static limit, the antennas in the unit cells often
sustain more than a single resonance which may be characterized by magnetic dipole or higher order electric multipole
moments®*. The required phase changes across the surface can conveniently be achieved at wavelengths near the
resonance of an optical resonator. There, the phase shift between incident and transmitted wave is very sensitive to the
geometry of the resonator. This is because the resonance marks the delimitation between a range of out-of-phase
oscillation of incident and scattered field at long wavelengths, and in-phase oscillation at short wavelengths. Thus, the
transition region is accompanied by a rapid phase change of around 7. Hence, adjusting the resonance position by tuning
the geometry allows to shift the steep phase gradient, resulting in a strong variation of phase at a particular wavelength.
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Often as a side effect of creating geometrically elaborated shapes and breaking of symmetries the nanostructures become
anisotropic - incoming linearly polarized light is turned into elliptically polarized light. This can be seen as both, blessing
and curse. The blessing clearly is that flexibility and more variety is gained in the optical response of a selected
polarization®> . In Ref. 29 V-shaped optical antennas with variable opening angles and arm lengths were used to induce
a phase change in the cross-polarized transmitted light when illuminated with linearly polarized light, see Figure 1. The
V-antennas support two orthogonal, independent current modes, symmetric and antisymmetric, in their two arms®’. By
properly choosing the values of opening angle, arm lengths, and orientation it was possible to obtain a set of
metamaterial unit cells which induce phase shifts from 0 to 2r with a spacing of n/4. Meanwhile, the amplitude effect
was designed to be roughly the same for each type of antenna. By arranging the different nanoantennas across a plane, a
unidirectional phase gradient was established, Figure 1b. This provides the function of a light-deflecting prism or blazed
grating at which the anomalous refractive behavior could be demonstrated, Figure lc. The curse of anisotropic
metasurfaces is, however, that the illuminating wave is partly transmitted as well and needs to be filtered out after the
device. This brings about a loss in energy and, in a way, counteracts the advantage of the metasurfaces’ compactness. To
be specific, for an operational wavelength of 8 um approximately 10% of the incident radiation experienced the
anomalous refraction in transmission and 20% experienced anomalous reflection in the cross-polarization, 20% and 40%
remained co-polarized with respect to the illumination and experienced ordinary refraction and reflection respectively,
and 10% antenna absorption has been encountered’®. For future applications where compactness is essential, integrating
the polarizer into the metasurface, e.g. as a second layer, might remedy the problem.
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Figure 1. (a) A metasurface with variable V-shaped nanoantennas can deflect light in an abrupt manner by inducing a phase
gradient along the surface. In passing we note that the artistic image is slightly idealistic. While properly illustrating the
anomalous refraction phenomenon, on purpose we neglected proper representation of polarization and other transmitted or
reflected waves to capture the essential of the functionality. (b) By employing eight different antenna version in a unit cell
of size I', a phase gradient of 27/T" is approximated. The nanoantennas differ in arm length, opening angle, and orientation.
[llumination with y-polarized light produces a phase wedge in the transmitted x-polarized light. (c) For general incident
angles ordinarily and anomalously refracted and reflected beams occur, respectively. Figures (b) and (c) reproduced from
Ref. 29, © 2011 AAAS.

Nevertheless, the idea carries potential for a great many applications. For example, the same set of V-antennas could be

arranged in sections of a pie to create an ultra-thin vortex phase mask®~’ as shown in Figures 2a and b. By further
shrinking the size of the antennas, the operation wavelength range of 5 to 10 um could be scaled down to the range of 1.0
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to 1.9 pm*. These antennas can be organized to create nearly arbitrary phase functions, such as that of lenses or
axicons'. It has to be stressed, though, that the efficiencies of those devices are not yet comparable to those of ordinary
dielectric-only devices. The price for the achieved flatness is paid for with additional dissipation in the metallic
constituents. For example, the efficiency of the lens as reported in Ref. 41 is only in the order of a percent’”. Note that
energetic efficiency is often not the main focus of these proof-of-principle studies and performance numbers are
sometimes difficult to compare. However, an increase of the efficiency towards ten percent or even higher values for this
specific lens, and similarly for other devices, is theoretically feasible by shrinking antenna spacing and so the packaging
density. This allows to encounter a stronger dispersion which potentially allows to operate the device spectrally far away
from the resonance where absorption is less severe. Alternatively, different plasmonic materials are currently in the focus
of intigeﬁt where absorption is reduced, albeit at slightly longer operational wavelengths than those accessible with
metals™"™".
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Figure 2. (a) and (b) V-shape nanoantenna elements arranged as sections of a pie to form a vortex mask with discrete phase
levels. (c) Linear dipole nanoantennas with varying orientation form a lensing element. For illumination with RCP incident
light the metasurface acts as a focusing lens for the LCP transmitted light, while for LCP incident light the metasurface acts

as a diverging lens for the RCP transmitted light. The scale bar in the scanning electron microscopy image is 1 pm. Figures
(a) and (b) reproduced from Ref. 29, © 2011 AAAS. Figure (c) adapted from Ref. 46, © 2012 NPG

Light modulation with such antenna structures is not restricted to phase manipulation, though. Keeping control over the
phase influence as adjusted and exerted by the two oscillation modes in the arms, an additional degree of freedom was
gained by adding a tail to the V-antenna, making it a Y-shape antenna, which allows to purposefully modulate the
amplitude as well®.

However, complicated antenna shapes, which often go along with a more pronounced sensitivity to fabrication
tolerances, are not indispensable. Abandoning the linear polarization basis and going to circularly polarized (CP) light, a
simple electrical dipole antenna can be used to change the phase of transmitted light. The electric dipole moment of a
single dipole, forming an angle ¢ with the x-axis, at normally incident CP light is

1 .
PLg) = ﬁa(eL(R) te*2Pep ), ()

where e; is the unit vector for left-handed circularly-polarized (LCP) incident light, ey for right-handed circularly-
polarized (RCP) light, and a is the electric polarizability of the dipole. Hence, for RCP incident light the excited left-
handed polarization experiences a phase delay given by the orientation ¢ of the dipole. With access to the full 2n phase
range this allows for constructing lenses with an additional, peculiar feature. Straight dipole nanoantennas of fixed length
could be arranged to form a lens which is convex for RCP light and concave for LCP light***’. Each dipole nanoantenna
had an position-dependent in-plane rotation angle as shown in Figure 2¢ for the one-dimensional (‘cylindrical’) lens
version. The lens transforms incident RCP light into focused LCP light while, according to Equation (2), for incoming
LCP light RCP polarization with the other sign in the phase exponent is created, leading to a divergent light bending.
With an operation wavelength of 740 nm the lens is already close to visible light applications. The practical efficiency of
these devices is at around 5 percent*’.

The shape of the antennas is not limited to straight rods, V- or Y-shape. In a numerical study the electric and magnetic
resonances supported by split-ring aperture antennas were exploited®”. Choosing a wavelength where both resonances
appear equally strong in their effect on the transmission amplitude and using the in-plane rotation of the split ring
apertures to adjust the phase effect on CP light, nearly full polarization conversion was achieved (RCP to LCP or vice
versa). By arranging an appropriate phase gradient, anomalous light deflection or focusing could be realized.
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For many applications the change of polarization is not desired, though. With considerations from radio-frequency, light-
bending and focusing metasurfaces could be constructed by means of compound, cubic building blocks without affecting
the transmitted polarization at the price of an increased device thickness®.

Nevertheless, beyond the application of these mentioned nanoantennas, a large variety of other elements can be safely
estimated to be of comparable use. The ability to strongly scatter the light upon excitation of a localized plasmon
polariton is the unifying aspect that links the different implementations.

3. PLASMONIC WAVEGUIDE BASED STRUCTURES

Then again there are light-shaping elements that are based on propagating surface plasmons or channel-waveguide
plasmons. Here the light manipulation is accomplished during propagation through a nanostructured surface of non-
negligible thickness. The concept of adjusting the phase delay with such optical elements has been adopted from the
classical efforts with dielectrics. There, height profiles usually made of silica and other dielectrics (TiO,, PMMA),
etched with e-beam lithography (EBL) or direct-write technologies, were used to spatially vary the phase delay across
the sample, e.g. in order to create lenses or (blazed) gratings. However, the phase modulation is imposed by relying on
rather pronounced surface modulations. This is especially true in the case of high efficiency gratings and challenges
certain aspects in the practicability of the thin-element approximation™. Since fabricating multiple height levels requires
several fabrication steps or grey-scale EBL, techniques exploiting effective media based on binary structured dielectrics
have been explored’®. The required unit cell substructures are sub-wavelength in the lateral directions, i.e. forming
pillars or holes with high aspect ratios as presented in Figures 3a and b. The widths of the pillars control the effective
content of dielectric seen by the light wave, and thus the phase delay experienced by the wave.
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Figure 3. (a) Blazed grating fabricated with binary lithography. The effective index is tuned by the lateral dimensions of the
TiO, pillars. (b) Holographic element with birefringent, subwavelength structures written in fused silica. (c) Microlens
design based on metallic pillars. (d) The propagation constant of the light guided in the channels between the pillars, in
terms of the effective refractive index n=ng+i ny, is strongly affected by the lateral size s of the pillars. With this approach
the ideal phase profile (e) of the lens can be approximated by a discretized version (f). The simulated phase front of the
device is shown in (g). Figure (a) reproduced from Ref. 53, © 1999 OSA, Figure (b) reproduced from Ref. 87, © 2002
OSA, Figures (c)-(g) adapted from Ref. 59, © 2010 OSA.

Similar-looking geometries have been conceived using metals. However, the propagating channel waveguide plasmons
supported by these pillars, slits or holes possess smaller effective wavelengths and allow the structure to be thinner® .
Also, the excited waveguide modes have propagation constants which sensitively depend on the dimensions of the slits
or pillars, Figures 3c-g. This sensitivity constitutes an excellent means to tailor the phase of the transmitted field
depending on a locally varying geometrical parameter. As shown in Figure 4, variation of the slit widths, between 80 nm
and 150 nm, engraved in a 400 nm thick gold film, could be used to form a one-dimensional plasmonic microlens®. The
size of the lens is 3 um and realizes a focal spot at a distance of 5.3 pm for visible light of 637 nm wavelength. The
waveguide model was also used in the design of two-dimensional pillar-based mircolenses™’, Figures 3c-g. There, the
light propagates along the interspaces between the individual gold columns. The geometrical details of the structures
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were modified to affect the phase of the transmitted light in a predefined manner. Specifically, the aim was to realize the

phase function of a lens
2
_an_Z”’f + x2 + y? 3)

p(xy) = 1 1
where fis the focal length and A the design wavelength.
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Figure 4. (a) Planar cylindrical lens formed by an array of slits in a metallic substrate. (b) The slit width determines the
phase delay experienced by the channel-waveguided light. (c) A parabolic phase front is established, achieving focusing in
the near-field at a distance of 5.3 mm behind the lens for a wavelength of 637 nm. Figures (b) and (c) adapted from Ref. 58,
© 2009 ACS.

Clearly, relying on propagation effects these devices do not impress with a minimum in thickness when compared to the
planar structures discussed in the previous section. Therefore, the overall efficiency can be higher here. The design of the
unit cells can rely on a huge backbone of results that were obtained when discussing enhanced transmission through sub-
wavelength nanoapertures. For example, it is well known that coaxial or cross-shaped apertures sustain a much better
incoupling efficiency when compared to simple square or rectangular apertures. With reported results for the
transmission efficiency as high as 80% and more, devices with high efficiency, as desired for lenses, are more likely in
reach®. In the end, a specific application requires a trade-off between the disparate goals in integration, flatness, and
compactness on the one hand, and efficiency on the other hand. We foresee that engineering this trade-off will likely be a
dominating effort once the scientific aspects of these metamaterial elements are mastered.
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Figure 5. (a) Metamaterial aperture arrays designed to create super-oscillatory hotspots in a plane behind the structure. (b)-
(d) Arranging the ring apertures in a sparsed-out array breaks the symmetry and allows different local phase delays
resulting in a curvature of the transmitted light. Figures adapted from Ref. 64, © 2013 OSA.

Beyond new, miniaturized lens designs, metamaterials may also provide lenses with focusing capabilities beyond the
diffraction limit. As a step in this direction, a nanohole array in a thin metallic screen has been reported to produce focal
spots with dimensions much smaller than the wavelength®®, Figure 5. It exploits a phenomenon known as super-
oscillation, which allows band-limited functions to oscillate locally arbitrarily fast®, i.e. having a spatial modulation that
can be much smaller than half the wavelength. It comes, however, usually at the expense of large side lobes®. A metallic

Proc. of SPIE Vol. 9626 962604-7



screen lens with a diameter of 40 um was created for imaging purposes, which delivered a resolution sufficient to
identify objects with a size of A/3 and to even separate them optically down to distances of A/6 and better. The super-
oscillatory lens may find application as a super-resolution microscope®”.

4. IMPLEMENTATION OF COMPLEX TRANSMISSION FUNCTIONS

Beyond pure focusing and imaging tasks, metamaterials can also be employed in more general wave-shaping devices.
For some optical elements, the desired transmission (or reflection) function is not analytically known as compared to a
lens, Eq. (3), or a grating. Besides a rather complex phase function also a sophisticated amplitude distribution may be
exploited — possibly in conjunction. This is the realm of holograms, which are typically designed to produce complicated
wave fronts. These wave fronts might be shaped such that they look as if they would correspond to scattered light from a
three-dimensional object. This type of holography found its way also into a specific direction of art. There, from a thin
sheet of material into which the hologram is inscribed emerges the illusion of an entire object or even complicated
scenes. But unlike holograms made in the earlier days, where holograms were recorded by interference of object beam
and reference beam, now, with the method of computer-generated holography, the hologram’s transmission function
(amplitude or phase, or both) can be designed by a numerical algorithm and then implemented by micro- or
nanostructuring techniques. A physical representation of the object is no longer necessary and a digital model or image is
sufficient. This enables holograms for more abstract wave fields, i.e. those representing data stored in a binary fashion®.
The advantage lies in the enormous flexibility of this approach. The first CGH was an amplitude hologram working with
the detour phase principle, already allowing for simultaneous amplitude and phase modulation, affecting, however, the
first-order diffracted light, not the zeroth order. It was printed with a plotter and then scaled down using photographic
techniques® ”°. The transition to dielectric holograms produced with lithography allowed for phase-only modulation of
light with its beneficial impact on the energetic efficiency of the devices.

With metamaterials, another class of building blocks for CGHs became available that not only provides phase and
amplitude modulation”", but which also comes up with interesting spectral properties’>. For an infinite, two-dimensional
array of identical meta-atoms, i.e. a homogeneous metasurface, the transmitted (or reflected) wave remains a plane wave
in the far-field if the periodicity of the meta-atoms is sub-wavelength. Tuning the shape of the meta-atoms allows for
adjusting amplitude and phase of the far-field wave. By assembling finite-sized patches of different metamaterials a
CGH can be composed whose inhomogeneous structure produces a complicated wave front. The assignment of what
exact meta-atom shape needs to be used at a certain location (pixel) of the CGH, is an inversion problem that is usually
solved by an iterative algorithm, e.g. Iterative Fourier Transform Algorithm (IFTA)™ ™. The algorithm needs to be fed
with a database of available meta-atoms and their impact on the light’s phase and amplitude. This database can be
acquired by numerical means, such as full wave finite-difference time-domain method simulations or rigorous coupled
wave analysis.

With the pixel-based approach and by applying several layers of gold elements with different shapes, it was possible to
obtain a large range of phase manipulation which was used to encode a metamaterial CGH for image projection”. The
specific hologram, as seen in Figure 6, was operated off-resonance of the plasmon-polaritons at a design wavelength of
10.6 um, resulting in only small absorption losses. Hence, in this case the effect of amplitude modulation could be
neglected in good approximation in the CGH encoding algorithm. Similarly, the phase effect provided by V-shaped
antennas has been suggested in a CGH design at telecom wavelengths’®. However, for metamaterials operating near their
resonance, amplitude and phase effects are intrinsically entangled. In particular, the resonances are accompanied by the
strongest absorption but they correspond also to the spectral domain of highest dispersion, leading to the largest phase
modulations.

A metamaterial with a spectrum synthesized from electric and magnetic resonances is the fishnet structure’”’®, Figures
6d and e. In a numerical study, this metamaterial geometry has been shown to offer a wide range of wavelength-sensitive
transmission values (real and imaginary part, i.e. comprising amplitude and phase) which can be used to encode
holograms in the visible or near infrared””'. Unlike the V-antenna designs, though, the range of phase delays imposed
by a single fishnet metal-dielectric-metal layer stack turned out to be significantly smaller than the desired 27"
Nevertheless, even with reduced coverage of the complex transmission coefficient, Figure 6f, it is possible to encode a
hologram, Figure 6g. By stacking multiple layers, the available phase values can cover the full range of 2x, but at the
same time the transmitted amplitude goes down. Thus, the original benefit of accessing the full 2r, which is the
capability to deflecting light at will in any region of the image plane and therefore achieve energy-efficient CGHs, is
annihilated.
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In the extreme case of binary holograms, e.g. low/high amplitude or with two phase levels at constant amplitude,
diffraction will occur symmetrically. This limits the freedom of distributing the diffracted light at will across the full
transmittance hemisphere or the full image plane. Therefore, when defining a confined target image area (signal
window), as conceptually shown in Figure 6g, there will always be a twin image, effectively wasting half of the
incidence light. In addition, if the sum of the complex transmission values across the CGH is non-vanishing, as in the
CGHs in Ref. 71, Figure 6f,g, there will be a central zero-order peak in the far field (Fourier plane) and further energy is
lost. In the numerical study in Ref. 71 about 82% of the transmitted light gathers in this central peak. However, just
around 16% is transmitted in the first place, a similar problem as experienced by many devices discussed so far.

o)
Q
Q

o
o
o

-0 =053

o
o
o

Dimensions (nm}

200

Figure 6. (a)-(c) Metamaterial CGH assembled from off-resonant circular, I-shaped and double-T-shaped gold elements in
a stacked arrangement (three metallic layers). Each hologram pixel has a size of Sum and acts as homogeneous material
with specific refractive index n. The index is adjusted by shape and dimensions of the unit cell’s metal content. The
operation wavelength is at 10.6 um. (d)-(¢) Hologram composed of resonant fishnet metamaterial where the pixels’
responses are determined by the lateral widths Wy, W, of the metal bars. The unit cell size is 600 nm. (f) Each of the tupels
W,, W, produces a specific transmission coefficient t. (g) Simulated far-field intensity image of the CGH at a wavelength
of 740 nm. Figures (a)-(c) adapted from Ref. 75, © 2012 NPG, Figures (d)-(g) reproduced from Ref. 71, © 2011 AIP.

The incorporation of gain materials that are either optically or, more desirably, electrically pumped might offer one way
to compensate direct absorption losses. Loss-compensated metamaterials based on the fishnet design have been
presented experimentally by incorporating gain materials into the structure. A figure-of-merit, defined here as the ratio of
absolute value of the real to imaginary part, as large as 26 has been reported and it has been speculated that for a suitable
operation the figure-of-merit might be macroscopically large, i.e. being huge on a logarithmic scale®. However, whereas
this incorporation of gain has been demonstrated with traditional metamaterials where all unit cells are identical, the
compensation of absorption has not yet been demonstrated in the context of metasurfaces. Here, more research -
experimentally, theoretically and computationally - is necessary to fully understand the intricate interplay between gain
and observable dispersive effects to take advantage of the existing technology®'*,

In this regard, binary holograms might be the logical starting point and an important test class of CGHs. Besides, they
are especially robust against fabrication tolerances, as the image formation relies on just two distinct pixel types within
the CGH. This allows for using rather exotic materials to form the hologram, e.g. carbon nanotubes™. As long as the
optical responses of the two pixel types are different, the image is reproduced. This makes binary holograms also work
across an extended spectral domain, accompanied only by changes in the angular size of the projected image and in the
obtained energetic efficiencies for different wavelengths.
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5. MULTI-WAVELENGTHS OPERATION

To obtain holograms that deliver truly distinct wave fronts or images at different wavelengths, the most obvious idea
would be to have the pixels of the hologram produce a wavelength-specific response. This is difficult to accomplish with
dielectrics, and thus several back-door techniques have been developed. For example, height profiles with extreme aspect
ratios were built, where on a CGH for wavelength A; multiples of a 27 phase delay were added pixelwise on top to adjust
the response for a second wavelength A,**. Alternatively, the polarization state could be used as a distinguishing and
exploitable criterion for the second wavelength. Creating birefringent hologram pixels with the effective medium
approach, as seen in Figure 3b, two-color holograms were realized*™’. It has also been demonstrated that the use of a
pixelated stack of wavelength-selective mirrors is suitable to form multi-wavelength CGHs for reflection®.

Even more obvious is the canonical approach of using different color channels that can be encoded at laterally separated
parts of the CGH, which are then also illuminated by spatially separated beams of different wavelength®. An ordinary
CGH can also be tricked into multi-color mode by exploiting the different diffraction angles observed for the different
colors. Overlaying the proper parts of each color channel in the signal window and blocking all the unwanted light
creates the desired color image®. Furthermore, for Fresnel-type holograms the different wavelengths experience different
planes of focus, providing an additional degree of manipulation freedom”".

Surely, expanding the two-dimensional holographic structure into the third dimension adds new degrees of freedom in
abundance. So-called volume holograms are a well-known field on their own, capable of delivering spectrally or
angularly multiplexed wave fronts’>”*. The holographic volume does not have to be continuous, though. It is possible,
and existing fabrication constraints compelled to do so, to arrange a series of distinct two-dimensional hologram layers
behind each other. In this setup the dispersive information is aggregated by free-space diffraction during propagation
between the layers™.

However, in order to encode multi-wavelength information in a single, thin two-dimensional layer, true dispersion
control of the material itself is required. This is where plasmonic metamaterials with their pronounced dispersive
behavior have strong potential. While classic dielectric materials are inherently non- or weakly dispersive, the
transmissive and reflective properties, in amplitude and phase, of metamaterials depend sensitively on the wavelength of
light. Modifications in the metamaterial geometry allow for shifting and shaping the plasmonic resonances. Thus, not
only adjustments of the transmission values at a single wavelength turn out to be feasible, but the design of an entire
spectral response can be envisioned.

A first step in this direction was recently proposed with the generation of a dual-wavelength hologram based on a thin
metasurface’” as shown in Figure 7a. Here, again the lateral size parameters of a fishnet metamaterial were used for
tuning, this time in order to vary the spectral transmission behavior. From a selected set of such fishnet versions a CGH
was constructed with the help of a special coding scheme, Figures 7d and e. The resulting CGH acts as a binary
hologram at each of the two infrared wavelengths 905 nm and 1385 nm, projecting distinct and independent images in
the Fourier plane, Figures 7b and c. The energetic efficiencies are very low, though, in the range of one tenth of a
percent, due to weak transmission. Nevertheless, extrapolating the possibilities of simultaneous spatial and spectral light
control to more than two and ultimately to a continuum of wavelengths, light-bullet shaping might become viable
without spectral separation workarounds””.

Other applications for such CGHs lie in the context of multiplexed data storage. Gold nanorods, for example, exhibit a
plasmon resonance at a wavelength depending on their length and orientation with respect to the illumination
polarization. Hence, an existing mixture of nanorods with random sizes and aspect ratios can be reshaped very
selectively by an intense laser pulse®. Writing a pattern in such a nanorod sample is a way to store wavelength- as well
as polarization-multiplexed information at the same time. This information can later be read by the same resonance-
specific response mechanism. Likewise, the spectral selectivity of plasmonic nanoparticles can be used as a key to create
distinctive color impressions for illumination with white light”® or entangle polarization and color”’.

For some applications, however, a constant broadband behavior is favored over a significantly dispersive device
response. The phenomenon of anomalous refraction can be applied broadband, as demonstrated for dipole antennas and
the construction of a vortex beam in the range of 670 nm to 1100 nm”. Similarly, combining two sub-units of V-antenna
arrays it was possible to create a broadband quarter-wave plate for the infrared®, Figure 7f. Here, due to the
superposition of the symmetric and anti-symmetric mode, not only a spectrally broad resonance could be achieved for
the V-antenna, but also the phase response of this superposition turned out to be nearly linear over a large spectral range.
What is more, each sub-unit with its balanced tandem unit cell produces the same distortions in their scattering response,
resulting in a robust circular polarization state in the spectral range from 5 to 8 um.
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Figure 7. (a) CGH composed of fishnet metamaterial to produce a wavelength-specific response in form of two different
images at wavelengths 905 nm and 1385 nm. (b) and (c) Four different fishnet versions, labeled ‘a’, ‘b’, ‘c’ and ‘d’ form a
special constellation of interchanging pairs regarding their transmission coefficients at the two wavelengths. (d) and (e)
Holographically projected images at 905 nm and 1385 nm, respectively. (f) A metamaterial-based quarterwave plate for
broadband operation. Excited with linearly polarized light the two sub-units forming the metasurface generate two co-
propagating orthogonally polarized beams with a phase shift of /2 with respect to each other. The element is tailored such
that a symmetric (S) and an antisysmmetric (A) oscillation mode interfere to form spatially separated (S-A) and (S+A)
beams. The exploited extraordinary (S-A) beam provides a broadband and background-free circularly polarized light source
for wavelengths between 5 um and 8 pm. Figures (a)-(e) adapted from Ref. 72 © 2012 WILEY, Figure (f) reproduced from
Ref. 99 © 2012 ACS.

6. SUMMARY AND PERSPECTIVE

In summary, the research on diffractive optical elements made from metamaterials appears as a nascent and burgeoning
field. Metasurfaces are a further advancement of the realm of metamaterials towards devices with immediate relevance
for various technology driven applications.

The key idea that triggered the development is the liberation from the constraint to work towards materials that act as
bulk effective media. These materials, by definition, are required to consist of identical unit cells that are periodically or
amorphously arranged in space. While relying on the strong interaction of carefully designed unit cells that usually
contain metallic constituents, the reflection and transmission from slabs of such materials or from individual functional
layers could be tailored with an extraordinary degree of freedom. Lifting the restriction of identical unit cells opened
ways to purposefully shape light fronts upon requests for a given illumination. If the promise of metamaterials had been
to provide independent control over permittivity and permeability, this promise can be reformulated in the domain of
metasurfaces to provide independent control over the local amplitude, phase, and also the polarization of light.

This review showed the beginnings of carrying through on these promises. There is no need to encode over-complicated
wave fronts in these proof-of-principle experiments. Replicating well-known examples from the context of classical
optics and giving them an additional twist is fully sufficient in these studies. We have witnessed a large number of works
where ultra-thin metasurfaces imprinted an abrupt phase gradient on an incident wave field to deflect light or create a
spherical wave front to focus or diverge light; both properties equally across extended spectral domains. Such
functionalities are valuable since they are immediately perceived, constitute an easy to formulate functionality, and
already disclose the advantages of metasurfaces over classical optical elements.

Yet, it remains an ongoing challenge to fully utilize the proclaimed freedom and identify and realize further kinds of
favorable wave fronts which were previously inaccessible. Herein lies a great potential for groundbreaking innovations
and applications.
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Metasurfaces possess tremendous advantages such as the ultra-compactness of the devices, the possibility for either
broadband or wavelength-dependent operation, the ability to achieve super-resolution and super-focusing, minimized
image distortion and aberrations as well as the capability to control the outgoing polarization state'®*'"". As shown,
implementations of flat, broadband lenses with reduced aberration, vortex beams, axicons, flat prisms with arbitrary
directions of deflection, quarter-wave plates and holograms benefit from these advantages. Concepts developed in the
world of diffractive optics and computer-generated holograms can be adapted for their design.

However, in the long run some essential problems for the further development of metasurfaces have to be solved. First, it
remains desirable to have a feasible material platform available to address the entire complex plane in transmission or
reflection, that is, the full phase range of 2 and complete amplitude range 0 to 1. This, for sure, remains an idealistic
goal since dispersion and absorption are intimately linked and their simultaneous appearance is unavoidable. Maybe, by
incorporating resonant dielectric-only nanoantennas whose losses are almost only of radiative nature, these problems
might be mitigated'**'**. Recent major advances in the field of all-dielectric metasurfaces indicate that many application
needs might be fulfilled much better by nanostructured high-index dielectrics than by metallic nanostructures. As an
example, we have recently realized a so-called Huygens’ surface based on dielectric nanostructures, which allows for
phase control without sacrificing detrimental losses'™. However, to make full use of dielectric metasurfaces it remains to
develop a versatile material and technology platform for a high-index, low-loss dielectric in the visible spectral domain,
the nanostructures of which support complexly shaped resonant excitations.

Secondly, the design of holograms made from metamaterials would benefit from an advancement and adaptation of
corresponding design tools. Nowadays, the assumption is usually that the unit cells’ geometries vary smoothly across the
surface such that the local transmission is well approximated by what the transmission of the same unit cell would be
when embedded in a periodic lattice. Moreover, full-wave simulations for the design of CGHs can only be performed as
long as the metasurface consists of periodically arranged super cells that have a manageable size which does not conflict
with available computational resources. Both aspects constitute a limitation. Design tools that properly take the potential
nonlocal response of the unit cells into account are needed. They shall predict the optical response of a metamaterial
hologram that is large in size (compared to the wavelength), but which is assembled from highly resonant, complicated,
and disparate sub-wavelength unit cells.

Finally, motivated by an advancement of technologies diffractive elements based on metasurfaces should eventually be
incorporated into actual devices. They shall not just be studied on their own, but the functionality they provide shall
make a difference in an actual application. The structures that can be provided generally act as multi-functional elements
capable of transforming complicated optical devices into ultra-thin, ultra-light, portable components. Such elements
might be incorporated in the design of optical circuits'*>""", used for optical measurements and beam analysis'*, optical
particle control'® and visual applications''’. Dynamic tunability of the devices would be highly desirable and would
greatly enhance the applicability of metasurfaces.

With all these aspects and potential benefits it appears natural to consider metasurfaces as a route towards unprecedented
real-world optical devices.
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