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Abstract

In this article, we review recent developments in the field of surface electromagnetic wave
holography. The holography principle is used as a tool to solve an inverse engineering problem
consisting of designing novel plasmonic interfaces to excite either surface waves or free-space
beams with any desirable field distributions. Leveraging on the new nanotechnologies to carve

doi:10.1088/0034-4885/78/2/024401

subwavelength features within the large diffracting apertures of conventional holograms, it

is now possible to create binary holographic interfaces to shape both amplitude phase and
polarization of light. The ability of the new generation of ultrathin and compact holographic
optical devices to fully address light properties could find widespread applications in photonics.

Keywords: metasurfaces, holography, surface plasmon polaritons, detour phase holograms

(Some figures may appear in colour only in the online journal)

1. Introduction to surface electromagnetic wave
holography

Plasmonics, the study of the coupling between electromag-
netic fields and electronic oscillations at metal-dielectric
interfaces, has emerged as one of the most rapidly growing
fields of optical physics (Maier 2007, Han and Bozhevolnyi
2013). Plasmonics has made it possible to move optics to
the sub-wavelength scale, opening up a range of new oppor-
tunities in science and technology for communication, sens-
ing, and imaging (Barnes et al 2003, Schuller et al 2010).
However, for this vision to bear fruits, new components
that can act as optical interconnects between nanoscale
plasmonic volumes and free-space optical elements are
still needed. In this review, we describe the advances in
designing such components using a holographic approach.
Holography, developed first in 1947 by Denis Gabor (Gabor
1948), is originally an imaging technique that consists of
scattering an incident coherent source from an interfer-
ence pattern (the hologram) such that the scattered fields

0034-4885/15/024401+19$33.00

reconstructs the 3D features of an object. Following the
pioneering work of Gabor, the principle of holography was
applied to free-space optical beams with the advent of the
laser and later extended to surface waves by Cowan in 1972
(Cowan 1972). In the latter work, holograms were gener-
ated using surface waves as reference beams. Subsequent
papers used the collective excitation of surface plasmon
polaritons (SPPs), i.e. charge density waves propagating
at the interface between metal and dielectrics (Shalaev and
Kawata 2007), to create and record holograms (Maruo et al
1997, Wang et al 2001, Ozaki et al 2011).

We start our discussion by considering that in the dielectric
half-space, the component of the surface plasmon polariton
electric field normal to the metal-dielectric interface E, obeys
Helmholtz’s equation:

V2E, + e4kQE, = 0 (1)

The surface plasmon propagation constant kg, satisfies
kip = ki + ki = a® + €4k = k§ €aem | €4 + €, Where ko is the
free space propagation constant, —« is the inverse of the decay
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length of the electric field in the dielectric, ¢; and ¢, are the
permittivity of the dielectric and the metal, respectively. In
these latter works on surface waves holography, the interfer-
ence between the light scattered by the object and the refer-
ence SPP beam produce a phase grating onto the photographic
film placed in contact with the metallic surface. The informa-
tion encoded in the film can then be reconstructed by sending
a readout SPP beam propagating at the interface between the
metal and the photographic film, see illustration in figure 1.

Inspired by some of these early works, a new class of
interfaces that tremendously simplifies the problem of
recording the hologram was proposed. Assuming a given
reference and an object beam, it is not necessary to use the
photographic layers previously used in holography; instead
one can directly transfer computed holograms on films using
standard lithography techniques (Brown and Lohmann
1969). In this review, we discuss how nanophotonics can
advance the field of holography, introducing new techniques
which are suitable for designing a new class of optical com-
ponents for controlling amplitude, phase and eventually
polarization of holographic objects. These techniques can
alternatively be used to excite interesting surface waves for
various applications in photonics. It consists of patterning a
metallic film, the one that supports SPP propagation, with
grooves or scatterers following an interferometric pattern,
i.e. a holographic design (Chen et al 2011, Genevet et al
2012, Dolev et al 2012). SPPs propagating towards the holo-
gram scatter from the corrugations and decouple to generate
a free-space wavefront with predefined amplitude and phase
distribution. Holographic interfaces can also be designed
to launch any bounded SPP modes using free-space exci-
tations. In section 2 of this review, we will discuss how to
design plasmonic holograms. We will introduce a simple,
but useful, phenomenological model for calculating the far-
field radiation of SPP scattered at holographically structured
interfaces (Tetienne ef al 2011). In section 3, we will discuss
the application of holographic couplers to surface plasmon
polaritons and we will show that the holographic approach
can be applied for launching SPPs from beams incident with
non uniform spatial phase and amplitude distributions. One
of the practical implementations of these holographic cou-
plers is to achieve selective detection of the orbital angular
momentum (OAM) of light. In section 4, we will report a new
type of holographic interface, which after being designed for
a given wavelength, is able to manipulate the three funda-
mental properties of light (phase, amplitude and polariza-
tion) over a broad wavelength range. This design strategy
relies on replacing the large openings of conventional hol-
ograms by arrays of sub-wavelength apertures, oriented to
locally select a particular state of polarization. The result-
ing optical element can therefore be viewed as the super-
position of two independent structures with very different
length scales, i.e. a hologram with each of its apertures filled
with nanoscale openings to transmit only a desired state of
polarization. As an implementation, we present a nano-struc-
tured holographic plate to generate radially polarized optical
beams from circularly polarized incident light. We will show
that it operates over a broad range of wavelengths.

2. Holographic plasmonic couplers

The new class of plasmonic holographic gratings discussed
in this section can generate, for example, multiple free-space
beams in arbitrary directions from a point source of surface
waves. We will introduce the concept of surface wave holog-
raphy and derive a phenomenological model which accurately
predicts the far-field, in amplitude, phase and polarization of
a surface wave scattered by a distribution of grooves disposed
following a holographic pattern.

2.1. Gratings: examples of plasmonic holograms

The general problem of coupling a surface plasmon polariton
plane wave to a free-space plane wave is usually addressed
using one-dimensional (1D) gratings (Garcia-Vidal et al 2003,
Martin-Moreno et al 2003, Yu et al 2005, Kim et al 2007, Yu
et al 2008) (figure 2(a)). The latter consists of periodic corru-
gations at an interface with a periodicity I to fulfill the phase
matching condition:

ki+ kg = kspp (2)

with k; = kosing, kg = 2/ I" and kg, = 27/ Agpp. In order to
satisfy this momentum conservation, the locations of grooves,
which encode the phase and amplitude information of the scat-
tered light, coincide with the lines of maximum of interference
between a SPP reference wave and the scattered free-space
plane wave (figure 2(b)). 1D gratings can therefore be viewed
as a holographic coupler since the scattering lines are posi-
tioned where we would find the maximum of interference
between the SPP reference beam and the real object. As an
example, a normally incident beam interferes with an SPP
propagating on a metallic surface to produce a cosine intensity
interferogram with periodicity equal to the SPP wavelength.
By etching apertures along the maximum of those lines, we
obtain a coupler (grating coupler) which couple normally inci-
dent beam into SPPs (figure 2(b)).

Two-dimensional (2D) gratings obtained by a rotation of
a second-order 1D grating (also named bull’s-eye structures)
were also used to generate a collimated beam from a point-
like source of surface waves, or reversely to focus incident
light into a nanoscale-size ‘hot spot’ (Lezec et al 2002, Ishi
et al 2005, Liu et al 2005, Lee et al 2010). Such structures,
which are still 1D in a cylindrical coordinate system, can also
be viewed as holographic couplers with azimuthal symmetry.

2.2. Holography with surfaces waves: a dipolar model

2.2.1. An inverse scattering approach.

We would like to start this discussion by deriving an analytical
expression of the holographic patterns. In the process of record-
ing a conventional hologram, one usually needs to shine two
coherent beams which interfere and write the interferogram on
arecording media. One of the two coherent beams is tradition-
ally called the object beam. In this discussion, we consider an
object beam in the far-field Eg = FT {Eobj (x,y) } where FT
denotes the Fourier transform. The phase and amplitude dis-
tribution of the Fourier transform of the object in the metallic
plane (z=0) can be written as Eobj (x, y) = Aobj (x, y) el Vo)
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Figure 1. (a) [llustration of the principle of surface electromagnetic wave holography with a holographic film deposited at the interface
gold/air. (b) Reconstruction of a color object through SPP hologram. The hologram is illuminated simultaneously with white light in three
directions at different angles. (¢) 3D holographic image of an apple. (d) Color bar recorded three times with red, green, and blue by rotating
the bar by 120° for each color. In the center, where the three colors overlap, a hexagonal area is reconstructed as white, whereas yellow
triangles are reconstructed where red and green overlap. Figures reproduced and adapted with permission from Ozaki et al (2011).

(b)

Figure 2. (a) Gratings, made of periodically arranged apertures in metallic films, are used to illustrate the concept of holographic couplers.
The periodic corrugations with a periodicity I” fulfill the wavevector compensation parallel to the interface: k; + kg = kgpp, with k; = kosind,
ke =2n /T and kg,p = 27/ Aspp. A plane wave incident on a grating at the correct angle and at the correct wavelength launches a plane
wave of SPPs. (b) Interference between a SPP plane wave and a reference beam incident onto the metallic film at an angle 0 produces an
interferogram with lines of maximum intensity separated by a period I', i.e. separated by the same spatial interval than the corresponding

grating coupler in (a).

(Dolev et al 2012). The second beam, a propagating surface
plasmon polariton beam, is called the reference beam denoted
by Eref(x, y) = Arese'?ei®) Both interfere to produce an inter-
ferogram with an intensity distribution following:

I(x,y)= [Eobj + Eref] . [Eékbj +E§§f] =Ag; + AL + EJ;
Eret + EoniES = Ay + Ay +2 % AghjArer
€08 (g () = s (5, 3) + 1) 3)

High intensity lines, which according to equation (3) follow:

Vobj — Pros + 1 —2mr =0 4)

where m is an integer, define the location on the metal film
where one needs to etch the metal to create scattering aper-
tures. In this approach, the role of the phase retardation intro-
duced by the scattering event, for example when the reference
beam propagates through a corrugation, is taken into account
by the phase shift ¢ in equation 4. If the grooves are relatively
small and shallow compared to the wavelength, i.e. non-res-
onant apertures, this phase shift can be neglected (Chen et al
2011). Given a desired object’ and a reference SPP beam,

3 In fact, the object’s far field Fourier transform. To simplify the discussion,
we consider the field distribution of the object after propagation towards the
interface.
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(a)

Figure 3. (a) Schematic of a holographic coupler. Grooves (noted C,,) are etched on the metal film at locations where the surface plasmon
polaritons and the object beam would interfere constructively. A SPP beam propagating from the center O will eventually be scattered in the
far field to recreate the object beam. (b) Interference between the field radiated by the source in O and the field scattered by the scatterers S.

Reproduced from Blanchard ef al (2011).

one can compute the intensity distribution and transfer the
resulting pattern onto a metallic film* After designing the
coupler, we can produce the desired object beam by send-
ing a so-called reading beam. The latter is therefore a SPP
beam which propagate on a corrugated interface and scatters
at each groove to interfere in the far-field, forming the object
beam Ej. The essential physical phenomenon involved in this
process is the interference between the emissions of multiple
scattering grooves’ distributed along the surface.

2.2.2. Far-field scattering from a holographic coupler.

In the following, we discuss a phenomenological model to cal-
culate the far-field radiation pattern of any 2D pattern designed
by following the holographic design approach. We approxi-
mate the field scattered by the apertures as that of an ensem-
ble of electric dipoles distributed on the surface (Tetienne
et al 2011). Ray tracing models have already been used to
describe 2D focusing holographic gratings (Heitmann 1981).
The model briefly described here, and in detail in Tetienne
et al (2011), is even more versatile: by using a ‘microscopic’
description of the apertures, that is, by replacing the aper-
tures in a metal film by an assembly of dipolar emitters, we
can achieve an accurate modeling of complex structures with
finite size and local parameters such as illumination intensity,
scattering efficiency, losses, and so on.

Suppose that one wants to design a coupler which would
scatter surface waves departing from a point source O into a
free space Gaussian beam (or reciprocally from a Gaussian
incident free space beam into surface waves focused in O). To
design this coupler, we considered the interference pattern of
the surface waves originating from a focal point O with the
desired beam. As sketched in figure 2(b), following the fringes
with maximum of the interference pattern, one constructs an
ensemble of lines C,, which represent the equi-phase loca-
tion of the surface waves and the free space beam. During the

4 Due to the transverse magnetic (TM) character of SPP modes, only the in-
plane component of the SPP field can interfere with the object beam, which
implies that about 10% of the SPP energy participates in the process.

> The lines could be replaced by holes, particles, grooves or even ridges.

propagation on the metallic interface, SPPs are scattered by
the corrugation disposed along the metal—air interface and the
effect of these corrugations can be modeled as an ensemble
of point scatterers S lying on the lines C,, in the x—y-plane
(figure 3(a)). The point source O can often be modeled as a
point dipole whose polarization imposes a particular angular
distribution on the launched SPPs (Yu et al 2010). The lines ¢,
describe the grooves of a generic 2D grating. We assume that
each point S, with polar coordinates (p, ¥), scatters a portion of
the SPPs out of the plane, while the other portion keeps propa-
gating along the surface. The radiation pattern of this system
is obtained by summing over all scattered fields.

We assume that the field dE; () scattered by an infinitesi-
mal portion of C,, around S, subtending an angle dy, can be
modelled by that of an electric dipole located at S, and hav-
ing an amplitude proportional to the amplitude of the SPP at
that point, modulated by a scattering efficiency. The SPP com-
plex amplitude at S can be expressed as as=f, (p) f, (y) ek,
where f; (p) expresses the decay of the SPPs as they propa-
gate away from the source (due to diffraction, scattering, and
absorption losses), and f, () is the angular distribution of the
SPPs launched at the point source. kg, is the SPP wavevector.
For a point source polarized at an angle y =y, f,(y) can be
expressed as f, (y) = cos (w — y;) (Yu et al 2010). As the lines
of scatterers represent grooves, the orientation of the dipole
is taken in the x—y-plane, normal to the groove. If § is a unit
vector which defines the orientation of the dipole, § being the
angle formed with the x-axis, one can write:

ei (koRi.(r—p)+cl)

[(Ax8)x Aldy (5)
lr = pll

dEs(r) < as f; (6 —y)

where n is the unit vector in the direction OM. The source
is assumed monochromatic, with a free-space wavelength
Ao = 27/ ko. We neglect the reflections of SPPs at the grooves,
which is a valid approximation except in the case of construc-
tive interference of the small reflections from each groove,
which sets in when the grating period is about m . Ay /2,
where m=1,2,3...
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The groove scattering efficiency at Sis denoted by £5(6 — ).
It depends on the direction of the incident SPPs relative to
the groove, and on the groove depth and width. The phase
shift introduced by the scattering event is ¢;. We emphasize
that the input parameters of our model (f;, f3 and c;), specific
to a given groove geometry and working wavelength, can be
readily determined through simple considerations and 2D
simulations.

Once these parameters are evaluated, it is possible to study
the response of all sorts of holographically designed couplers
by simply changing the equation of the curves C,, predicting
not only the amplitude pattern but also the phase pattern of the
radiated light. The expression of the total field is obtained by
summing over the continuous distribution of scatterers S on
the line C,,, and over N lines. The radiated power density in
the far-field is proportional to the angle-dependant component
of [Eai (1) [ -

N 2n 2

Do (0, @) o Z / U o £ €0, . 3) dy
pri ©)

where’é(ﬁ, @, 0)=cos(0) cos(é—q))a + sin(5—¢)$.Here,
Ag is the phase difference between the field Eqp; scattered by S
and the field E, directly emitted from the source O, both evalu-
ated at point M with spherical coordinates (7, 8, @) in the far-field
(r > d > A), the grating dimensions being of order of d. It is
given by:

Ap = kspp fri.p— koﬁ p+c (7)

where m is the unit vector in the direction OS. We use this
model to devise a general class of holographic couplers such
as plasmonic lenses that collimate light originating from a
single point source and direct it into one or several free-space
beams propagating along arbitrary off-axis directions, or SPP
couplers with vortex beams to redirect free space vortices into
focused SPPs, thus enabling flexible interfacing of plasmonic
devices with complex optical systems. The model developed
here enables us to calculate the far-field radiation pattern of
any 2D scattering interface, once the equation of the curves
C,, is known.

3. Applications of surface holograms

3.1. Surface holograms to collimate the emission of lasers

To demonstrate this concept, we are interested in a particular
coupler that would scatter SPPs originating from a point source
into a collimated free-space beam of arbitrary direction (6, ¢).
We obtain the equation of the curves C,, for such a grating
by following the holographic approach discussed in the pre-
vious section. The position of the grooves is therefore given
by equation (4). Introducing the SPP effective index ngpp, we
obtain the equation that yields the position of the scatterers:
m—oc/2x

p= pm (VI) = j'0 nspp _ Sin (6) /COS (l//_ §”) (8)

This equation states that the scatterers must be located on the
curves C,, defined by the polar equations p = p,,(y) for all
emitted field to constructively interfere in the direction (6, ¢).
The curves C,, are ellipses with the origin O at one of their foci.

The far-field radiated by such elliptical system of grooves
has been first calculated and then measured by fabricating the
holograms directly on the gold-coated facet of mid-infrared
quantum cascade lasers (QCLs) emitting at A = 8.06 um, using
the process described in (Yu et al 2008). The results are pre-
sented in figure 4 and more details can be found in Tetienne
et al (2011). In this device, the point-like source of SPPs is a
subwavelength aperture opened in the metal film (figures 4(a)
and (b)). The light in the laser waveguide impinges on the
back side of the aperture, launching SWs on the grating-air
interface, along with some directly transmitted light. This data
demonstrates that 2D holographic couplers can transform a
point source of SPPs located at the focal point into one or mul-
tiple collimated free-space beams in a tailorable direction, i.e.
it acts as planar plasmonic lens. Since this model is vectorial,
one can also extract the state of polarization of the emitted
light see details in Tetienne et al (2011).

3.2. Detection of orbital angular momentum of light with
plasmonic photodiodes

In the following, we shall discuss the potential applications
of the holographic design to launch various sort of plasmonic
surface beams. As an example, we integrated plasmonic cou-
plers into commercial silicon photodiodes and achieve selec-
tive detection of the orbital angular momentum (OAM) of
light (Genevet et al 2012). Light with OAM, also called vortex
beams, have a doughnut-like transverse intensity profile and
carry an OAM of hL; per photon, where L; is the number of
twists of the wavefront along a distance equal to the wave-
length® and h is Planck’s constant. OAM states are orthogo-
nal and beams with different OAM can propagate collinearly
while carrying a quantum number of any integer value. These
intriguing properties make light with OAM appealing for
applications in microscopy, optical trapping and optical com-
munication (Leach ef al 2002, Hell 2007, Padgett and Bowman
2011, Torres and Torner 2011). Since the topological charge
of an optical vortex beam can be annihilated by interacting
with another beam carrying an opposite vorticity, they have
been considered as the optical analogue of superfluid vortices
(Coullet et al 1989, Genevet et al 2010). To fully exploit the
potential of OAM for applications, several techniques have
been developed to selectively detect OAM (He et al 1995,
Golub et al 1996, Mair et al 2001, Lavery et al 2012). All of
these free-space methods require bulky systems comprising
multiple components which are usually not cost effective and
are difficult to implement. Recently, integrated photonic wave-
guide plates have been proposed to sort the OAM on-chip by
sampling the wavefront of vortex beams using vertical gratings
that couple light into phased-array waveguides (Su et al 2012).

By using the unique properties of SPPs, we can meas-
ure the OAM with conventional photodetectors. Unlike

© This quantity is also called the topological charge of the phase singularity.
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Figure 4. (a) is an example of a one-beam collimator. (b) Close-up image of a typical aperture and notation used to express the radiated far field.
(c)—(e) are different plasmonic lenses designed to produce two beams at different angles, fabricated on the facet of quantum cascade lasers. For
each structure, we show an SEM image (left column), and the measured (middle column) and calculated (using the model we develop above)
(right column) far-field intensity (normalized to 1). The measured far-fields are obtained by scanning a mercury-cadmium-telluride detector,
positioned 10-20cm away from the device, over 6, and 6, with a resolution of 0.5 degrees where 6, and 6, are related to (6,¢) following the
diagram in (d). Figures reproduced with permission from Tetienne et al (2011). © IOP Publishing and Deutsche Physikalisene Gesellschaft.

plane waves and Gaussian beams, the phase profile of
vortex beams is changing in the plane transverse to the
direction of propagation, therefore making vortex beam to
SPPs coupling process quite cumbersome. The previously
discussed holographic design technique can solve this
problem. Following the recipe exposed during the second
section, we designed holographic couplers for incident vor-
tex beam by computing the interferogram at the interface
between converging SPP waves and free-space beams car-
rying OAM. More specifically, we are interested in design-
ing a particular coupler that would scatter SPPs originating
from a point source into a vortex object beam impinging
on the metallic film at normal incidence. Vortex beams can
be expressed at z = 0 by Eobj (x, ¥) = Aoy (r, z=0) elli¥,
where w:tan‘l(x/y); A(r, z) is the transverse Gaussian
beam profile; 7 is the radial distance from the beam center
and z is the axial distance from the beam waist. The posi-
tion of the grooves responsible for the coupling between
the two beams is then given by:

v
P =P (W) =Ao—2= )

Mspp

where ng,, is the SPP effective index. We assume that the
grooves are non-resonant, i.e. ¢; = 0, which is a reason-
able approximation considering the size of the grooves of
the fabricated devices. This equation states that the scatter-
ers must be located on the curves C,, defined by the polar
equations p = p, (y) for all emitted fields to constructively
interfere forming an optical vortex beam in the direction
(@ =0,¢ = 0). According to the principle of reversibility of
light, a vortex beam with a topological charge L; impinging at
normal incidence on the structure defined by the equation (9)
would launch a focusing beam of SPPs (see illustration
in figure 5).

From the interference pattern, we extract the binary ver-
sion of the hologram (figure 5(c)) which will be transferred
to the metallic film. In figure 5(d), we show a micrograph of
a holographic interface fabricated by focused ion beam (FIB)
milling. Our structures were designed to work for visible light
at a wavelength of 633nm. As we mentioned, holographic
couplers have potential for applications in various areas of
integrated optics and by combining these metallic interfaces
with a standard commercial photodiode, we demonstrated an
integrated approach to sort the various incident OAM states
of light. To do so, we patterned a silicon-based photodetector
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Figure 5. Interferometric design of the plasmonic couplers (a) Schematic explaining the approach used to design our holographic
interfaces. Holographic couplers are designed by considering the interference between an incident beam with a complex wavefront, such as
a vortex beam with a topological charge L; = —1, impinging on the metal interface at normal incidence and a converging surface plasmon
polariton (SPP) beam. (b) Computer generated interferogram. (c¢) Binary version of the interferogram in (b). The bright lines represent

the locations of equal phase (modulo 2x) of the two beams, where maximum constructive interference occurs. (d) Scanning electron
micrograph of a fabricated holographic interface where the grooves are placed at the equi-phase locations. (¢) A photodetector with large
active area is covered with metal on which we patterned an array of subwavelength hole with a subwavelength period (f) and a holographic
coupler. As the holes linear array pierces all the way through the gold film, the holes depth is equal to the metallic film thickness, their

size is about 100nm and the spacing is chosen as 200 nm. The holographic coupler is designed to launch a focusing beam of SPP from an
incident vortex beam (g). The focused SPPs interact with the array of holes to funnel light through the gold film directly towards the active

region of the detectors. Reproduced from Genevet et al (2012).

(Hamamatsu S2386-18K) with the holographic couplers dis-
cussed above. The photodiodes used for our experiments have
very large active area (about 13mm?) and exhibit a respon-
sivity ~200mAW~" at 2 = 633 nm. Figure 5(e) shows typical
devices patterned with L, = 1 vortex hologram on its front
window which were first coated with a 200 nm thick gold film
using electron beam evaporation. An array of holes is placed
at the correct distance from the hologram to allow for pref-
erential transmission through the holes of the focused SPP
generated by a vortex beam of specific OAM. Thus, it acts as
a spatial filter to select only the focused plasmon fields. An
incident beam with the correct OAM will be focused at the
center of the device while beams with any other topological
charges will be defocused away from the array of holes and
hence will not be detected. To avoid direct coupling of light
into the detector, we choose the distance between the holes

to be much smaller than the SPP wavelength. The size of the
holes is also sub-wavelength, to funnel light into the diode
via extraordinary optical transmission (Ebbesen et al 1998,
Lopez-Tejeira et al 2007, Weiner 2009).

The setup used to characterize the holographic OAM
detectors consists sending a TEMy laser mode of a line-
arly polarized He—Ne laser, emitting at 633 nm, previously
incident on a programmable spatial lightwave modulator
(Hamamatsu LCOS-SLM X 10468) to modify its OAM. A
half wave plate is inserted along the beam path to control the
polarization of the incident light onto the detector figure 6(a).
Photocurrent is measured for two different holographic
photodiodes, one patterned with a classical plasmonic lens
(Lg = 0) that focuses a Gaussian beam (figure 6(b)) and
the other with a plasmonic lens (L, = 1) that focuses a vor-
tex beam with L; = —1 (figure 6(c)) as a function of both
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Figure 6. Experiment to detect the OAM with patterned photodiodes. (a) Schematic of the experiment. A spatial lightwave modulator
(SLM) imparts to the incident laser beam a spiral-shaped wavefront of well-defined orbital angular momentum. A half-waveplate is used
to control the incident polarization. The generated photocurrent is measured with a Keithley model 2400 ammeter. The figure also shows
the electron micrographs (scale bar represents 1 um) of two holograms patterned on top of the detectors: (D) (L, = 0) is a conventional
plasmonic lens that focuses a Gaussian beam with L; = 0. (¢) (L = 1) is designed to focus a vortex beam with orbital angular momentum L;

= —1 onto the array of holes. Reproduced from Genevet er al (2012).

polarization (the inset shows the orientation of the incident
electric field with respect to the grooves) and the incident
OAM (each color denotes a vortex beam with a different
topological charge). The experimental results show that we
can maintain a relatively good selectivity. In figure 6(b), the
maximum photocurrent is observed for an incident Gaussian
beam, i.e. when the incident beam matches the design of
the hologram, and the signal decreases considerably (below
10%) for beams with OAM. Conversely, figure 6(c) shows
that the maximum photocurrent is measured for an incident
vortex beam with L; = —1. We varied the incident polariza-
tion and we confirmed that, for both photodiodes, the maxi-
mum signal is obtained for an incident polarization oriented
normal to the grooves of the holographic interface, i.e. when
the coupling to SPPs is maximized. The cross talk between
different OAM channels is mostly due to the fact that the
intensity along the central line of the propagating surface
plasmon wave is not exactly zero when the incident topo-
logical charge is not the same as the desired one. Moreover,
both in our experiments and simulations, OAM beams are
created by converting a linearly polarized Gaussian TEMqg
into hypergeometric-Gaussian modes with non-zero OAMs.
These modes, which have singular phase profiles, form an
overcomplete but non-orthogonal set of modes and small
cross talk is expected between modes with different OAMs
(Karimi et al 2007). Additional misalignments during the
experiments and imperfections in fabrication may contribute
to increase the cross-talk signal which would eventually

limit the performance of a communication system based on
OAM (Gibson et al 2004, Wang et al 2012).

During the coupling process to the plasmons, the incident
light carrying OAM is converted into an electromagnetic wave
which carriers no OAM. During this process, angular momen-
tum is conserved: assuming a vortex beam, angular momen-
tum conservation requires L; + L, = 0, where L, is provided
by the holographic coupler to cancel L;. Physically, the plas-
monic lens with a fork-like dislocation fringe appearing at its
center is designed to impart an opposite OAM to the incident
vortex beam so that it can excite a surface wave with no vorti-
city, i.e. a focused SPP.

3.3. Tailoring the surface electromagnetic field distribution of
plasmonic beams with holographic couplers

3.3.1. Holographic launching of the 2D non-diffracting plas-
monic beams.

Recent work demonstrated the existence of a new non-diffract-
ing solution of the 2D Helmholtz equation: the cosine-Gauss
beam (CGB) (Lin et al 2012). Its field profile is given by:

2

ECCB = A . f(x) . exp (jk.x) cos (kyy) exp (_y_z) exp (az)
Wo

(10)

where wy is the Gaussian waist, the term « in the exponen-
tial accounts for the evanescent decay of the field in the
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Figure 7. (a) Interferogram of normally incident plane wave with two SPP waves propagating at an angle 6cgg = 20° Deg. (b) Zero-
intensity lines in the interferogram. (c¢) Digital implementation of the latter etched in metallic film. The red lines are used as a guide to
the eyes to identify the zero-intensity lines in the hologram. (d) Near-field scanning optical microscopy image representing the near field
distribution of the cosine-Gauss beam. Due to its non-diffracting properties, the transverse field distribution (e) does not spread during

propagation.

dielectric, and f(x) is described in (Lin et al 2012). As pre-
viously discussed in Lin et al (2012), Regan et al (2012),
Garcia-Ortiz et al (2013) and Li er al (2013), CGBs are
formed by the interference of two 2D plane waves with inter-
secting directions of propagation. The straight lines along
which constructive interference occurs define the propaga-
tion direction of the CGB. Its propagation constant is given
by kB = kyycos (Ocgp) where Ocgp is the half angle between
the directions of propagation of the two plane wave compo-
nents. By multiplying the two plasmonic plane waves by a
Gaussian envelope of finite size, we demonstrated that the
CGB remains non-diffracting in the paraxial approximation,
while carrying finite amount of energy. While this envelope
localizes the solution in a similar way as for Bessel Gauss
beams (Gori et al 1987), it also introduces negligible diffrac-
tion effects which are unnoticed due to the relatively short
SPP the propagation distance, i.e. the main narrow lobe of
the CGB diffracts very slowly as a beam with the same trans-
verse dimension as the Gaussian envelope. Note that this
envelope is significantly larger than the narrow width of the
main intensity lobe of the CGB, explaining its non-diffract-
ing behavior. The CGB propagates in a straight line with a
constant and controllable phase velocity, which can be modi-
fied by changing the half angle 6cgg between the two plane
waves. To design a plasmonic coupler for nondiffracting
CGB, we can consider the interferogram of a normally inci-
dent plane wave and two SPPs plane waves propagating at a
half angle Ocgg, figure 7(a). We observe that the zero-inten-
sity lines in figure 7(b) follow those of the two intersecting
gratings (c¢) used to excite non-diffracting cosine Gauss plas-
mon beams. An example of the near-field distribution of the
CGB, measured via near-field optical microscopy (Lalouat
et al 2011), is presented in figure 7(d). Due to the finite size
of the holographic coupler, the two plasmon beams inter-
act over a finite spatial region. Cosine-Gauss non-diffracting
transverse intensity distribution presented in (e) would exist
therefore only throughout the overlap region. The long range
propagation of the CGB reported in Lin ez al (2012) is only
due to the geometry of the excitation grooves. The latter are

disposed at an angle so that fields interfering along the sym-
metry axis propagate a distance which is in fact shorter than
the CGB ‘effective propagation’ distance.

A design modification that gives increased transverse
localization, i.e. with less intensity in the side lobes is shown
in figure 8 and was found to exhibit non-diffracting prop-
erties as well, see Lin et al (2012). The advantage of this
SPP beam (which is called the localized cosine-Gauss Beam
(LCGB)) for applications is the increased transverse confine-
ment compared to the CGB, while maintaining negligible
diffraction. One can in fact show that the device of figure 8
can generate LCGBs with axial intensities much larger than
conventional SPP beams launched by a single grating of
comparable transverse dimension. In this specific case, the
plane wave couplers were arranged such that they don’t spa-
tially overlap, but one can use the holographic approach to
calculate a more compact structure. By analogy to the 3D
optical bottle beam (Arlt and Padgett 2000, McGloin et al
2003, Yelin et al 2004), a plasmonic bottle beam which fea-
tures a lattice of plasmonic bottles, i.e. alternating regions of
bright focii surrounded by low intensities, has recently been
introduced (Genevet et al 2013).

Compact couplers for non-diffracting Airy beams
(Siviloglou and Christodoulides 2007, Siviloglou et al
2007) have also been introduced following the holographic
approach (Dolev et al 2012), demonstrating for the first time
the conversion of SPPs into an Airy free space beam. The
Fourier transform of the Airy function which is cubic as a
function of the spatial coordinates defines where we have
to etch lines of apertures to scatter SPP into the desired far-
field. It is possible to follow this design technique to create
surface waves with arbitrary wavefronts such as non-diffract-
ing Airy plasmon beams (Salandrino and Christodoulides
2010, Minovich et al 2011, Zhang et al 2011) or even more
complex near-fields (Klein et al 2012, Itai Epstein 2014).
The properties of these plasmonic fields make them suit-
able for experimental implementation of plasmonic trapping
(Righini et al 2007, Juan et al 2011, Wang et al 2011, Wang
and Crozier 2012).
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Figure 8. The localized cosine-Gauss beam (LCGB) generated by two gratings at an angle as shown in (@) and (b). The white bar is

(a) represents 5 microns. The near-field intensity distributions (in-plane components) experimentally with an NSOM; overlaid in white,
transverse intensity distributions at specific propagation distance. A part of the figure is reproduced with permission from Lin et al
(2012). (d) simulation and (¢) NSOM measurement of plasmonic Airy beam. (f) SEM image of the plasmonic hologram the generated the
plasmonic Airy beam. Figure reproduced with permission from Itai Epstein (2014).

Figure 9. Examples of layered metamaterial holograms. (a) Engineering the dispersive properties of few layers of a fishnet metamaterials,
it is possible to produce two holographic images at two different wavelengths. (b) Computer-generated phase hologram created by
assembling multilayer of lithographically patterned I-beam metallic inclusions. These results have been obtained in the near and mid-
infrared frequency range. The figures are reproduced with permission from (a) Walther ef al (2012) and (b) Larouche et al (2012).

4. Binary nano-structured detour phase holograms

The ultimate challenge for manipulating a light beam is the
control with a single optical element of the spatial distri-
bution of amplitude, phase and state of polarization. Few
techniques, such as detour-phase holograms, achieve both
amplitude and phase modulation with a single component.
Thin metamaterials holograms have been proposed as the
first step towards the development of a new class of ver-
satile sub-wavelength thick optical components capable of
controlling amplitude, phase and polarization at a given fre-
quency. The latter are created by assembling layers of inter-
faces, each covered or etched with nanostructures (figure 9).
The interested reader may refer to the following: Larouche
et al (2012), Walther et al (2012).

Very recently, we witnessed the development of a new
type of optical interfaces, i.e. a single layer of resonant
elements or metasurfaces, that can introduce abrupt phase
jumps along the propagation of light to manipulate phase,
amplitude and eventually the polarization of light over sub-
wavelength propagation distances (Yu et al 2011, Genevet

10

et al 2012, Ni et al 2012, Yu et al 2012, 2013, Pors et al
2013, Genevet 2014, Yu and Capasso 2014). This can be per-
formed by controlling precisely the position and the scat-
tering properties of nanoscale optical resonators patterned
at the interface. The metasurface approach provides great
flexibility in the design of the wavefront of light and can
be applied to create surface holograms (Huang et al 2013,
Ni et al 2013, Zhou et al 2013, Chen et al 2014 and refer-
ences therein). Examples of these surface holograms, made
of metallic nanostructures that convert incident free space
beams into free space objects, are presented in figure 10.
The scattering properties of the different nanostructures are
in general wavelength and polarization sensitive, thus by
leveraging on the polarization response of nano-structured
elements at interfaces, one can design polarization and wave-
length sensitive holographic interfaces, see for example Wei
Ting Chen et al (2014), Montelongo et al (2014) and Huang
et al (2013). Moreover, the size of resonant nanoparticles
can be much smaller than the wavelength and one can there-
fore design multiwavelength and polarization sensitive sur-
face holograms. These new types of devices would open up
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Figure 10. (a) Numerical demonstration of planar hologram based on the concept of resonant nanoantenna metasurfaces. (b) Experimental
demonstration of an holographic metasurface. (c¢)—(e) are examples from the literature on polarization controlled-holograms. The figures are
reproduced with permission from Huang et al (2013), Ni et al (2013), Zhou et al (2013), Montelongo et al (2014), Chen et al (2014). Note
that in the work in (e), the wavelength approaches the period and higher-order Floquet-Bloch modes have to be considered, drawing the
line between metasurface holograms and purely diffractive holograms.

new types of applications in photonics. So far, metasurfaces
have poor efficiencies which hinder using this approach
for real applications. New techniques that could overcome
these limitations, for example by cancelling reflection’ and
by reducing optical losses®, have still to be investigated and
applied to create surface holograms.

Allying some concept of nanophotonics with the princi-
ple of detour-phase holography, we have proposed a different
type of holographic plates which after being designed initially
for a given wavelength, can manipulate phase amplitude and
polarization over a significant part of the visible spectrum (Lin
et al 2013). The novelty lies in replacing the large openings
of conventional holograms by arrays of subwavelength aper-
tures, oriented to locally select a particular state of polari-
zation. The resulting design can therefore be viewed as the
superposition of two independent structures with very differ-
ent length scales, i.e. a detour-phase hologram with each of
its apertures carved with nanoscale openings to transmit only

7 See the recently proposed Huygens’ interfaces Pfeiffer and Grbic 2013
Metamaterial Huygens’ surfaces: tailoring wave fronts with reflectionless
sheets Phys. Rev. Lett. 110 19. Monticone et al Ibid Full control of nanoscale
optical transmission with a composite metascreen (20).

8 Using for example dielectric resonator metasurfaces Decker M, Staude I,
Falkner M, Dominguez J, Neshev D N, Brener I, Pertsch T and KivsharY S
2014 High-efficiency light-wave control with all dielectric optical Huygens’
metasurfaces (arXiv:1405.5038).

1

a desired state of polarization. Before discussing these new
nano-structured holographic plates, we would like to give a
brief overview on the design of conventional detour phase
holograms.

4.1. Detour phase holograms

The concept of traditional detour-phase hologram, introduced
by Brown and Lohmann in 1966 (Brown and Lohmann 1966),
can be illustrated by considering an infinite 1D structure made
of periodically repeated apertures of width aW with a period
W, where @ < 1. The transmittance function in the plane in z =
0 of this structure is given by:

T =Y 6@-nW) [* H(ﬁ)

where the asterisk denotes convolution and [[ denotes the ‘top
hat’ function. The diffraction pattern of this function is given,
in the paraxial approximation, by:

(11)

—jkz

0)=— (
G jxlzT

sin (9) ) (12)

A

where the symbol * denotes the Fourier transform and z is
the direction normal to the hologram. By shifting the periodic
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Figure 11. Schematics (a) and (b), without any subwavelength apertures, illustrate the concept of conventional detour-phase

holograms. (a) Consider a monochromatic plane wave incoming at normal incidence and transmitted through the apertured interface:

from the shift theorem of Fourier optics, an aperture shifted by d,,, from the center of the nm-th pixel creates a phase shift given by
270pmx | Az = 276y, I Asin (0) where z is the direction normal to the hologram, i.e. an interface seen by an observer standing at an angle

0 from the normal can be discretized by sections of width W, = 1/ sin (8), each of which can then be apertured to select a phase within

the 2z range. Conventional detour-phase holograms are composed of many pixels, each scattering light with a given phase delay. (b) The
overall complex amplitude of light emerging through each pixel is designed by controlling both the position and the size of the slit in the
pixel. The width of the apertures, a, is kept constant across the interface. The amount of light passing through the pixel at (mW,, nW,) is
then proportional to the length of the aperture f,, ,. The aperture x-position within the pixel (J,,,) controls the phase of the light transmitted
through the (n, m)th pixel.

function along the lateral dimension x by an amount of § a, To avoid spurious diffraction effects from these polar-
i.e. T = T(x — 8), the shift theorem of Fourier optics implies izing metallic apertures, their size is chosen to be signifi-
that the nonzero diffraction orders experience a phase oscilla- cantly smaller than the wavelength of light. The resulting
tion equal to e¥™sn@/2 (Goodman 1996). This factor is eas- design can therefore be viewed as a superposition of two
ily understood physically by noting that waves diffracted by independent structures with very different length scales. The
adjacent slits give rise to intensity maxima in a direction 0 if larger scale features are spaced by roughly A/sind, where
their path difference along 6 is an integer number of wave- 0 is the first order diffraction angle for normal incidence;
lengths. The detour-phase holograms, which are basically and as we discussed they control the spatial modulation of
apertures etched in opaque films, use this property to encode the phase. The smaller features can be viewed as miniature
phase and amplitude of the wavefront. The apertures are dis-  wire-grid polarizers, which locally control the state of polari-
posed along the x direction in the z = 0 plane, at locations S to  zation of the transmitted light. Given an incident beam with
select the desired phase shifts, see figure 11(a). Note that atan  a generic state of polarization (i.e. elliptical) incident on a
angle 6, the phase shift for a given wavelength (4,), will be %I? apertured interface, the transmitted field distribution is
observed at another wavelength (1) at the angle 0, defined by ~ E o+ (x,y) = E.=- (x,¥) T (x,y) where z = 0" and z = 0~ rep-
0, = sin~' [/ 4 sind]. resent the location just ahead and just behind an interface
The overall design of a detour phase hologram can represented by a transmittance function 7(x,y). Assuming an
therefore be understood by recognizing that the apertures incident circularly polarized beam:
are equivalent to the lines of maximum (or minimum) of N )
intensity of an interferogram produced by interfering a Egp= _e_;+j.e_; =e/ (er +J'.€_?9) (13)
reference plane wave incident at an angle 6 denoted by (e transmittance T(x,y) in a vectorial form reads:
Eii(x, y) =Ae %" in which k,=2z/W,, with an object
wave Eqpi(x,y) (Lee 1979). We refer the reader to Tricoles
(1987) for an interesting historical review on the develop- T(x,y)= Z 6(x —nWe = Sum,y — mWy) *
ment of this technique. nm

cosg
4.2. Holograms with sub-wavelength apertures H ( LW > )’W] |:Sinq)mn:| (14)
a Wy am YVy mn

To this method of manipulating phase and amplitude (which

is controlled by the size of the apertures) we can add control ~ The parameters a and f3,,, which represent the size of the open-
over the spatial distribution of the polarization by including ing along x and y within a single cell, control the amplitude and
subwavelength structures within the apertures of the detour- the phase of the scattered field. In particular, the local phase
phase hologram, as illustrated in figure 12. shift at the pixel (m,n) is given by ¢, , = 2zémn / W, and the

12
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Figure 12. By decorating each aperture in figure 14(b) with
subwavelength features to form a wire-grid polarizer oriented

at some angle ¢, ,,, we can locally convert a generic state of
polarization (i.e. elliptical) of incident polarization into a specific
state of polarization of the scattered radiation For linear apertures
with large aspect ratio, the selected polarization is linear.

amplitude increases monotonically with increasing f,,,. It is
important to point out that the width of the slit in the x-direc-
tion, noted a in figure 12 not only affects the transmitted
amplitude but also affects the precision with which the phase is
specified. Precise phase selection ideally requires very narrow
slits, which, in practice, considerably decreases the amount
of light transmitted through each pixel. In our experiments, a
compromise is reached for /Wy = 0.5, i.e. when half of the
area of the element is transparent, as previously demonstrated
for binary holograms (Lohmann and Paris 1967).

4.3. Pancharatnam—-Berry phase

Spatial control of the polarization state of a light inevitably
introduces unwanted spatially-varying phase distributions,
known to be a manifestation of the Pancharatnam—Berry (P-B)
phase (Pancharatnam 1956, Berry 1984, Zhan and Leger
2002). Unlike diffractive and refractive elements, geometric
phase retardations can be created by introducing space-variant
polarization manipulation of the incident field. This was per-
formed by modifying the orientation of sub-wavelength micro/
nanostructured dielectrics in a space-variant fashion (Bomzon
et al 2002), leading to the design of new optical phase ele-
ments in which the phase is not addressed via optical path
differences (or via the resonant properties of nano-structured
optical resonators, as discussed above). Computer-generated
holograms employing spatial phase retardation of subwave-
length gratings with desired orientation and birefringence
has also been experimentally demonstrated (Levy et al 2004,
2005), see figure 13.

Phase modulation and polarization modulation are not
independent features that can be simply added to each other.
Therefore, the approach for designing holographic interfaces
to project any vectorial holographic images is more than just
a simple superposition of wire grid polarizers to conventional
detour-phase holograms. As we will show in the following
for the generation of radially polarized beams, the P-B phase
induced by the projection of the incident polarization onto the
desired state of polarization plays an important role and has
to be determined in advance, before designing the holograms.

13

Figure 13. (a) Typical SEM photograph of the fabricated
birefringent computer-generated holograms (b) Experimental
Far-field reconstruction of the hologram for 1.55 um.

Figures reproduced with permission from Levy et al (2005).

The detour-phase which is defined by the position of the aper-
ture in each pixel has to be equal to the difference between the
desired phase modulation and the P-B phase.

4.4. Application to the generation of radially polarized beam

In the following, we shall discuss a particular implementation
of these nano-structured holograms to create a radially polar-
ized beam from an incident circularly polarized Gaussian
beam. Significant efforts have been devoted to the creation
of cylindrical vector beams (CVBs), a family of solutions of
the more general vector wave equation (Hall 1996), featuring
a cylindrical state of polarization in the dimension transverse
to the propagation direction(Zhan 2009). CVBs are familiar
subjects in electromagnetic waveguide theory and are often
encountered in metallic waveguides with cylindrical bound-
ary conditions or in optical fibers. One can also directly pro-
duce free-space CVBs from lasers by imposing an appropriate
transverse mode selection mechanism (Pohl 1972).

The radially polarized beam (RPB) is the most widely
used free-space CVB (figure 14) (Tidwell et al 1990, Volpe
and Petrov 2004, Niziev et al 2006, Novotny and Hecht 20006,
Ahmed et al 2007, Grosjean et al 2008, Lou et al 2012). Due
to complete radial symmetry in their transverse field, includ-
ing the polarization state, RPBs have potential for applications
in imaging (Dorn et al 2003, Sheppard and Choudhury 2004,
Wang et al 2008), optical trapping (Zhan 2004, Zhao et al
2005, Kawauchi et al 2007) and laser machining (Niziev and
Nesterov 1999, Kraus et al 2010). A radial polarizer, which
consists of subwavelength circular metallic gratings as shown
in figure 15(a) (Ahn et al 2005), has recently been used to gen-
erate an RPB from a circularly polarized input beam (Ghadyani
etal2011). From equation (13), one recognizes that attempting
to convert a circularly polarized beam into a RPB by using a
radial polarizer yields a far-field intensity pattern that deviates
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Figure 14. (a) The hollow intensity distribution of a typical radially polarized beam (RPB). The RPB mode can be decomposed in a linear
combination of two orthogonal x- and y-polarized HG;o modes. The intensity distribution of the HG;y modes are shown in (») and (c). The
blue arrows indicate the state of polarization. Figures reproduced with permission from Lin ez al (2013).

%

Figure 15. The technique used to generate radially polarized beams (RPBs) combines sub-wavelength apertures for polarization control
and wavelength-scale diffracting apertures. The structure that generates RPBs (¢) is the superposition of a radial polarizer (a) and a fork
diffraction hologram (b) to cancel the e/’ phase contribution that arises from the projection of the circularly polarized optical field onto the
state of radial polarization, as explained in the text. The black and white colors in the upper row represent respectively ‘0’ (opaque) and ‘1’
(transparent) in the transmittance function of the device. The periods in (@) and (b) are 200nm and 1.2 um, respectively. For each panel, the
figure in the middle presents the far field intensity distribution after traversing the structure with the transmittance function given by the
upper part of the panel. The simulated interfaces comprise patterned Au films (150 nm thick) on a glass substrate. The calculated far-field
intensity distributions presented in the lower part of each panel are enlarged versions of the diffracted beams located in the white boxes.
Each sample is illuminated by a right-handed circularly polarized plane wave incoming at normal incidence. The wavelength of the light in
the simulation is 633 nm, but identical results have been obtained across the visible spectrum. All simulations have been performed using
commercial finite-difference time-domain (FDTD) software. Figures reproduced with permission from Lin ez al (2013).

from the desired doughnut shaped RPB. An example of the far-  the light passing through a circular wire-grid polarizer, i.e. the
field intensity distribution is presented in figure 15(a). radial state of polarization, such that the output beam profile
The additional phase imparted to a light beam in the process  can be described by:

of polarization conversion from a circularly-polarized beam to — o

a radially-polarized one using a radial polarizer has a spiral Eou =¢""¢; (15)
distribution &/’. The origin of this spiral phase is the projection The P-B phase term, ¢/’ in equation (15), is often compen-
of the incident light with, for example, right-handed circular  sated by additional optical elements, e.g. spiral phase plates
polarization (equation (13)) onto the state of polarization of (Beijersbergen et al 1994) that impose a conjugate spiral

14
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Farfield with polarizer
Intensity e (C)
78=0° =450 9=90°

Figure 16. The fabricated structure (a) was tested with two different wavelengths (633 nm and 850 nm). A quarter wave plate converts the
linearly polarized laser beam to a circularly polarized one. The far-field distribution is captured by a CCD camera after passing through a
linear analyzer oriented at varying angles. (@) SEM micrograph of the device; (b) the experimental set-up; (c) measured far-field intensity
distributions at two wavelengths, without and with analyzer, the latter oriented at different angles in front of the CCD camera. These
intensity patterns demonstrate that the m = +1 beam is radially polarized and that device is broadband. Note that the sample creates several
diffraction orders; due to the subwavelength patterning, the m = —1 order acquires an additional orbital angular momentum, leading to an
overall &’ phase factor. Figures reproduced with permission from Lin ef al (2013).

phase e7, i.e. with the helicity of wavefront reversed with
respect to the unwanted P-B phase. A different approach to
introduce such a spiral phase distribution involves diffracting
the light from a binary fork hologram (figure 15(b)), which
achieves phase modulation in the diffracted orders (Bazhenov
et al 1990, Heckenberg et al 1992). We discussed previously
that the design of such a fork hologram can be performed by
calculating the off-axis interference pattern between an object
vortex beam and a reference beam (usually a plane wave or
Gaussian beam). To generate a RPB, the fork hologram cre-
ates a spiral phase front, and the subwavelength apertures
select the radial state of polarization. For incident light with
circular polarization, the overall effect of the structure is to
generate a radially polarized beam without the need for an
additional P-B phase compensation element, figure 15(c).

To demonstrate our technique, we fabricated a binary flat
optical component to generate an RPB from a circularly polar-
ized Gaussian beam by ion milling the pattern shown in fig-
ure 16(a), using a focused ion beam (Zeiss NVision 40), into a
150 nm-thick Au film deposited by electron beam evaporation
onto a glass substrate. The period of the subwavelength aper-
tures is 200nm and the size of the features forming the holo-
gram is approximately 1.25um. As shown in figure 16(b), our
sample was illuminated by circularly polarized laser beams at
two different wavelengths (633 nm and 850nm). The diffrac-
tion order that carries the RPB (m = +1) was directed through
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a linear polarizer and its intensity distribution was captured by
a CCD camera. By rotating the linear polarizer in front of the
beam with the characteristic doughnut intensity profile (m =
+1 diffraction order), we demonstrate in (c¢) that its polariza-
tion is oriented radially, in agreement with figure 14. Although
these holograms are designed to create a virtual image at a
given angle for a specific wavelength, they actually operate
over a broad wavelength range, creating virtual images at the
corresponding angles, see figure 16(c).

The devices proposed in this letter are still related to tra-
ditional detour-phase holograms, and suffer from the same
low output efficiency: only one (defined as m = +1) of the
two first diffraction orders carries the desired amplitude,
phase and polarization which gives rise to the RPB. Similar
to Leith—Upatnieks holograms (Leith and Upatniek 1962),
a twin image with conjugate phase modulation exists in the
other first order. This second beam carries a phase factor e*/
corresponding to an additional angular momentum acquired
in scattering off the holographic grating.

4.5. Polarization sensitive directional holograms

Recently, polarization dependent directional launching
of SPP has been reported in nanostructured 1D gratings.
The directional coupling mechanism opens up new oppor-
tunities for developing polarization sensitive directional
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Figure 17. Measurement of the SPPs launched by a fabricated coupler. (a) Scanning electron microscope (SEM) image of a structure
fabricated in a gold film for operation at A = 633 nm. Overlaid on the SEM image, we present the FDTD simulation of the near-field
intensity (arbitrary units) above a coupler made up of five column pairs under illumination by incident light with circular polarizations
(white arrows). (b) and (¢) NSOM images of the structure under illumination from the back by right CPL (b), and left CPL (c). The state of
incident polarization is shown by white arrows. The fringes arise from interference between the transmitted incident beam through the gold
film and the propagating SPPs. Figures reproduced and adapted with permission from Lin et al (2013).

holograms. When an array of apertures in metallic films is
arranged in a column with a spacing that is smaller than the
SPP wavelength, the launched SPPs are plane waves that
propagate perpendicularly away toward either side of the
column and emission is obtained independently from the
orientation of the dipoles of the column. Therefore it is pos-
sible to create a source of SPP plane waves propagating in
a fixed direction that can be designed to selectively respond
to a polarization component of the incident light, the latter
is determined by the orientation of the apertures of the col-
umn. Polarization sensitive holographic plasmon couplers
can be designed by considering the interference of the SPP
waves created by several columns, each having a specific
polarization response and arranged following a holographic
design discussed in the second paragraph of this paper.
For example, it is possible to create a directional 1D plas-
monic coupler by considering a periodic array of two paral-
lel columns, spaced a sub SPP wavelength distance apart
and made up of apertures with different orientation. For
this specific coupler presented in figure 17 and discussed in
detail in Lin ef al (2013), the spacing between the two sub
units is equal to a quarter of the SPP wavelength and the
apertures of the first and second column are oriented at 90°
with respect to each other. If light is normally incident on the
metal surface, the respective columns will then couple to the
two normal components of the incident field. Using circular
polarization, the phase retardation between the two normal
components transferred to the SPP differs by a phase factor
elo*7/2 where the spin angular momentum ¢ + = =1 whether
light is left of right circularly polarized. The propagating
phase accumulated by SPP propagating over a distance of a
quarter of SPP wavelength is e7"="/2 depending the direction
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of propagation. Therefore, constructive interference of the
SPP waves launched by each column results in time-aver-
aged SPP field intensities propagating to the right or to the
left to the pair of columns, depending on the sign of the
spin-angular momentum of light.

5. Conclusions

In summary, we have discussed a holographic approach to
model and to design any sort of 2D metallic grating. Using
this model, it is possible to design a new class of plasmonic
devices, capable of producing a large variety of free-space
beams and also capable of launching surface plasmon polari-
tons from incident free space beams with unusual ampli-
tude and phase distributions. As examples of applications,
we demonstrated dual-beam emission from mid-infrared
quantum cascade lasers, the sorting of the orbital angular
momentum of light and the generation of plasmonic non-
diffracting cosine and Airy beams. The holographic method
of generating plasmonic couplers has potential for applica-
tions in various areas of integrated optics and can be used, in
a straightforward way, to design any other sort of interface.
In the last part of this review, we show that by carving the
apertures of detour-phase holograms with subwavelength
features we can manipulate complex scalar fields. In par-
ticular, by incorporating subwavelength wire-grid polarizer,
we achieved full control of vector optical field over a broad
range of wavelengths with a flat sub-wavelength binary struc-
ture. The ability to appropriately shape amplitude, phase and
polarization of light with single ultrathin interfaces gives an
incentive for the generation of more complex light fields such
as high-order Bessel, Mathieu or Airy beams and promises
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interesting advances in the fields of integrated photonics, opti-
cal trapping or quantum optics.
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