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ABSTRACT: We report a new type of holographic interface,
which is able to manipulate the three fundamental properties
of light (phase, amplitude, and polarization) over a broad
wavelength range. The design strategy relies on replacing the
large openings of conventional holograms by arrays of
subwavelength apertures, oriented to locally select a particular
state of polarization. The resulting optical element can
therefore be viewed as the superposition of two independent
structures with very different length scales, that is, a hologram
with each of its apertures filled with nanoscale openings to only
transmit a desired state of polarization. As an implementation,
we fabricated a nanostructured holographic plate that can

generate radially polarized optical beams from circularly polarized incident light, and we demonstrated that it can operate over a
broad range of wavelengths. The ability of a single holographic interface to simultaneously shape the amplitude, phase, and
polarization of light can find widespread applications in photonics.
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ptical elements such as lenses, phase plates, and
polarizers, including diffractive components, independ-
ently control the amplitude, phase, and state of polarization of
light so that multiple cascaded optical elements are needed for
vector beam manipulation. The ultimate challenge for
manipulating a light beam is therefore the control of the
vector field with a single optical element, that is, of the spatial
distribution of amplitude, phase, and state of polarization. A few
techniques," ™ such as detour-phase holograms, achieve both
amplitude and phase modulation with a single component.
With the advent of nanophotonics, we have witnessed the
development of new types of optical interfaces, or metasurfaces,
that can introduce phase jumps along the light path to
manipulate phase, amplitude, and eventually the polarization of
light over subwavelength propagation distances.’™"' The
working principle employs nanoscale optical resonators
patterned at the interface at specific positions and with
designed plasmonic resonances to engineer the scattering
properties of the whole interface. The complexity in the design
of each scattering element and the relatively narrow operating
bandwidth of such metasurfaces prompted us to find more
convenient approaches for controlling light. Combining
concepts of nanophotonics with the principle of detour-phase
holography, we propose a radically different type of interface
which, after being designed initially for a given wavelength, can
manipulate phase amplitude and polarization over a significant
spectral region. The novelty lies in replacing the large openings of
conventional holograms by arrays of subwavelength apertures,
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oriented to locally select a particular state of polarization. The
resulting design can therefore be viewed as the superposition of
two independent structures with very different length scales,
that is, a detour-phase hologram with each of its apertures filled
with nanoscale openings to transmit only a desired state of
polarization.

We would like to start our discussion with the concept of a
traditional detour-phase hologram,""> which can be understood
by first considering an infinite one-dimensional structure made
of periodically repeated apertures of width aW with a period W,
where a < 1. The transmittance function in the plane in z = 0
of this structure is given by:

1) = (X ool = ) T ()

where Op is the delta dirac function, the asterisk denotes
convolution and [] denotes the “top hat” function. The
diffraction pattern of this function is given, in the paraxial
approximation, by:
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Figure 1. General description of an optical component to control simultaneously amplitude, phase, and polarization of a vector field. (a) Illustration
of the concept of the detour phase: 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 &,,, from the center of the (m,n)th pixel creates a phase shift given by
278,y %/ (A2)] = 27(8,,,/A)sin(6); i.e, an interface seen by an observer standing at an angle 6 from the normal can be discretized by sections of
width W, = 4/sin(6), each of which can then be apertured to select a phase within the 27 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
modulated by controlling both the position and the size of the slit in the pixel. The width of the apertures, @, is kept constant across the interface.
The amount of light passing through the pixel at (mW,, nW,) is proportional to the length of the aperture f3,,,. The aperture x-position within the
pixel (8,,,) controls the phase of the light transmitted through the (n, m)th pixel. Schematics (a) and (b), without the subwavelength apertures,
describe a conventional detour-phase hologram. (c) By decorating each aperture 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 a large aspect ratio, the selected polarization is linear.

where the caret symbol () denotes the Fourier transform and
z is the direction normal to the hologram. By shifting the
periodic function along the lateral dimension x by an amount of
5, that is, T = T(x — §), the shift theorem of Fourier optics
implies that the nonzero diffraction orders experience a phase

oscillation equal to e¥lPGin(@)/4] 12

This factor is easily
understood physically by noting that waves diffracted by
adjacent slits give rise to intensity maxima in a direction 6 if
their path difference along 6 is an integer number of

wavelengths. Detour-phase holograms,"'?

which are basically
apertures etched in opaque films, use this property to encode
phase and amplitude of the wavefront. The apertures are
disposed along the x direction in the z = 0 plane, at locations &
to select the desired phase shifts; see Figure la. Note that, at an
angle 0,, the phase shift for a given wavelength (4,) will be
observed at another wavelength (4,) at the angle 6, defined by
0, = sin"'[(1,/4,)sin 0,].

To this method of manipulating phase and amplitude (which
is controlled by the size of the apertures) we add control over
the spatial distribution of the polarization by including
subwavelength structures within the apertures of the detour-
phase hologram, as illustrated in Figure 1.

Given an incident beam with a generic state of polarization
(ie, elliptical) incident on a 2D apertured interface, the
transmitted field distribution is Ezz()* (%, y) = EFO* (%, ) T(x, )
where z = 0% and z = 07 represent the location just ahead and
just behind an interface represented by a transmittance function
T(x,y).

Assuming an incident circularly polarized beam:

= o 0= | =
Ecp = & + ]ey = 6} (er + ]69) (3)
the transmittance T(x,y) in vectorial form reads:
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T(x,y) = [Z Splx —nW, = 65,,y — mI/Vy)]

o]

The parameters o and f,,, which represent the size of the
opening along x and y within a single cell, control the
modulation of the amplitude and the phase. In particular, the
local phase shift at the pixel (m,n) is given by ¢,,, = (276,,,,/
W,), and the amplitude increases monotonically with increasing
P It is important to point out that the width of the slit in the
x-direction, noted a in Figure 1lc, 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 a/W, = 0.5, that
is, when half of the area of the element is transparent, as
previously demonstrated for binary holograms.'

In the following, we discuss a particular implementation of
these nanostructured holograms to create a radially polarized
beam from an incident circularly polarized Gaussian beam.
Polarization is a property of the electromagnetic field that arises
from its vector nature and plays an indispensable role in a wide
range of optical phenomena and applications."*™"” These
exemplary studies consider light with a spatially homogeneous
state of polarization, also called scalar fields, for which the
propagation is entirely described by the scalar Helmholtz
equation. Light with an inhomogeneous polarization state, that
is, a spatially varying polarization distribution in the transverse
beam cross-section, represents a more general scenario that has
started to open up new research opportunities in optics.
Significant efforts have been devoted to the creation of
cylindrical vector beams (CVBs), a family of solutions of the
more general vector wave equation,'® which features a
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cylindrical state of polarization in the dimension transverse to
the propagation direction.'” CVBs are familiar objects in
electromagnetic waveguide theory and are often encountered in
metallic waveguides with cylindrical boundary conditions®® or
in optical fibers.”’ One can also directly produce free-space
CVBs from lasers by imposing an appropriate transverse mode
selection mechanism.

The radially polarized beam (RPB) is the most widely used
free-space CVB (Figure 2). Due to complete radial symmetry in

[
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Figure 2. (a) Hollow intensity distribution of a typical radially
polarized beam (RPB). The RPB mode can be decomposed into a
linear combination of two orthogonal x- and y-polarized HG,, modes.
The intensity distribution of the HG, modes are shown in b and c.
The blue arrows indicate the state of polarization.

their transverse field, including the polarization state, RPBs
have potential for applications in imaging,**~>° optical
trapping,z‘s_28 and laser machining.*® " It is often convenient
to decompose CVBs into the superposition of solutions of the
Helmbholtz equation in two orthogonal spatially homogeneous
polarization states. With this approach, an RPB can be obtained
from the superposition of two cross-polarized Hermite—Gauss
(HG) modes (Figure 2b and c¢).>*~>* Other proposals for the
generation of RPBs includes selective coupling of free space
light to specific transverse modes in a multimode optical fiber,>®
in a THz metallic waveguide36 or in a laser cavity.”>*’ More
compact converters make use of birefringent materials with
spatially varying orientation of the optical axes.”***~** A radial
polarizer, which consists of subwavelength circular metallic
gratings (Figure 2a),*" has recently been used to generate a
RPB from a circularly polarized input beam.** However, spatial
control of the polarization state of a beam in this manner
inevitably introduces unwanted spatially varying phase
distributions, known to be a manifestation of the Panchar-
atnam—Berry (P—B) phase.**™* Therefore, attempts to
convert a circularly polarized beam into a RPB by using a
radial polarizer yields a far-field intensity pattern that deviates
from the desired doughnut-shaped RPB (Figure 3a).

The additional phase imparted to a light beam in the process
of polarization conversion from a circularly polarized beam to a
radially polarized one using a radial polarizer has a spiral
distribution ¢”.** The origin of this spiral phase is the
projection of incident light with, for example, right-handed
circular polarization (eq 3) onto the state of polarization of the
light passing through a circular wire-grid polarizer, that is, the
radial state of polarization, such that the output beam profile
can be described by:

-

E

_ _jo=
out — € &

)
The P—B phase term, ¢’ is often compensated by additional
optical elements, for example, spiral phase plates* that impose
a conjugate spiral phase e¢7, that is, with the helicity of
wavefront reversed with respect to the unwanted P—B phase. A
different approach to introduce such a spiral phase distribution
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Figure 3. The technique used to generate radially polarized beams
(RPBs) combines subwavelength apertures for polarization control
and wavelength-scale diffracting apertures. The structure that
generates RPBs (c) is the superposition of a radial polarizer (a) and
a fork diffraction hologram (b) to cancel the ¢ 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 a and b are 200 nm and 1.2 pm, 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.

involves diffracting the light from a binary fork hologram
(Figure 3b), which achieves phase modulation in the diffracted
orders.*”** The design of such a fork hologram is performed by
calculating the off-axis interference pattern between an object
beam (a vortex beam carrying the spiral phase in our case) and
a reference beam (usually a Gaussian beam). This interfero-
metric approach has been recently used to design plasmonic
interfaces which facilitate the selective detection of light
carrying orbital angular momentum.*” As mentioned in the
introduction, the novelty of our approach relies in replacing the
large openings of holograms by arrays of subwavelength
apertures, oriented to locally select a particular state of
polarization. To avoid spurious diffraction effects from these
polarizing metallic apertures, their size is chosen to be
significantly smaller than the wavelength of light. The resulting
design can therefore be viewed as a superposition of two
independent structures with very different length scales. The
larger scale features, as presented in Figure 3b, are spaced by
roughly A/sin 6, where 0 is the first order diffraction angle for
normal incidence; these control the spatial modulation of the
phase. The smaller features can be viewed as miniature wire-
grid polarizers, which locally control the state of polarization of
the transmitted light. To generate a RPB, the fork hologram
creates a spiral phase front, and the subwavelength apertures
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Figure 4. The fabricated structure (a) was tested with two different wavelengths (633 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. (a) SEM micrograph of the device; (b) the experimental setup; (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 the 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. (d and e) Far-
field intensity and phase profiles plotted in polar coordinates at 1 m away from the interface calculated from the transmitted near-fields 150 nm
behind the nanostructured hologram, assuming a free-standing interface. The doughnut intensity distribution of the radial beam is associated with a

relatively flat phase front (white rectangle).

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 3c. For
fabrication convenience, we are considering here only the
binary version of the hologram, consisting of wavelength-scale
openings in an optically opaque gold (Au) film deposited on a
SiO, substrate. 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. Therefore, any
device designed by combining wavelength and subwavelength
scale apertures will operate over a broad wavelength range so
long as the apertures are nonresonant. The bandwidth
comprises wavelengths that are longer than the physical size
of the smaller apertures and shorter than the period of the
holograms, though the resulting beams appear at different
angles, depending on the wavelength, as predicted by the
grating equation.

To demonstrate our technique, we fabricated a binary flat
optical component to generate an RPB from a circularly
polarized Gaussian beam by ion milling the pattern shown in
Figure 3c, using a focused ion beam (Zeiss NVision 40), into a
150 nm thick Au film deposited by electron beam evaporation
onto a glass substrate (Figure 4a). The period of the
subwavelength apertures is 200 nm, and the size of the features
forming the hologram is approximately 1.25 ym. As shown in
Figure 4b, our sample was illuminated by circularly polarized
laser beams at two different wavelengths (633 and 850 nm).
The diffraction order that carries the RPB (m = +1) was
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directed through 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 demonstrated that its
polarization is oriented radially, in agreement with Figure 2. As
expected from the design, radially polarized beams at 633 and
850 nm are generated at angles of about 32° and 45°,
respectively. For both wavelengths, the RPBs exhibit similar
quality and characteristics, revealed by rotating the linear
polarizer around the beam axis as in Figure 4c. The slight
discrepancies in the shape of the intensity distribution for the
two wavelengths are due to the finite aperture of the lens used
to image the beams on the CCD camera. The devices proposed
in this Letter are still related to traditional detour-phase
holograms: 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,®® a twin image with conjugate phase
modulation exists in the other first order. This second beam
carries a phase factor ¢ corresponding to an additional angular
momentum acquired in scattering oft the holographic grating.
Figure 4d and e is the simulated far-field intensity and phase
profiles. Note that the zero diffraction order, also radially
polarized, presents a nonvanishing topological charge which
cancels for the m = 1 order (as expected for a RPB, white
rectangle). The simulated overall transmission efficiency of the
interface is about 19% at 633 nm. This number accounts for the
absorption in the metal, including the three diffraction orders.
From the far-field intensity distribution, we calculated the
normalized power in a cone centered on the radial beam axis

dx.doi.org/10.1021/nl402039y | Nano Lett. 2013, 13, 4269—4274
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defined by a half angle of 15° and we obtained a RPB
conversion efficiency of about 3.95%. In this configuration,
about 4% of the incident power is lost in the m = —1 diffraction
order. It is possible to considerably increase the RPB
conversion efficiency by adding the proper linear phase
gradient on the designed phase profile, that is, creating a
nanostructured hologram blazed at the first diffraction order. As
we discussed in the manuscript, the purpose of the
nanostructures is to filter a given state of polarization. Thus,
even a perfect nanostructured hologram will only transmit 50%
of an unpolarized input beam. The transmission efficiency of
light with a well-defined incident polarization will therefore
depend on the desired state of polarization of the transmitted
light. Imperfections in the nanostructures such as accidental
scattering sites and material defects reduce the hologram
contrast and might also reduce the throughput efficiency.

In conclusion, we have revisited the concept of detour-phase
holograms by incorporating apertures with subwavelength
features. These features extend the functionality of conven-
tional printable wavelength-scale binary holograms, which can
manipulate complex scalar fields, to include control of the
polarization of light. By incorporating subwavelength features,
we have achieved full control of vector optical field over a broad
range of wavelengths with a single flat subwavelength binary
structure. The design approach proposed in this Letter for
modulating a vector beam is more than just a simple
superposition (as it might appear) of wire grid polarizers to
conventional detour-phase holograms. Phase modulation and
polarization modulation are not independent features that can
be simply added on each other. As shown for the generation of
RPBs, 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. The detour phase which is defined by
the position of the aperture in each pixel has to be equal to the
difference between the desired phase modulation and the P—B
phase. The ability to appropriately shape amplitude, phase, and
polarization of light with a single ultrathin interface gives an
incentive for the generation of more complex light fields such as
high-order Bessel, Mathieu, or Airy beams and promises
revolutionary advances in the fields of integrated photonics,
optical trapping,51 or quantum optics.52
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