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ABSTRACT: In radiofrequency antenna engineering, the
array factor made long-distance communication with steerable
transmission and receiving possible. At optical frequencies,
low-loss signal transmission via free space by using nanoantennas is still in its infancy. Here, we suggest applying the
array factor to the optical frequency regime by shaping the
radiation pattern of plasmonic metasurfaces featuring nanoantenna arrays. We arrange dipolar gold nanoantennas
operating at 785 nm wavelength in wavelength-sized arrays
and control the phase that drives the antenna elements. We
obtain collimated and unidirectional radiation from this metasurface upon illumination with circularly polarized light, which is
not prone to major losses as in common plasmonic waveguide structures. We furthermore demonstrate switching the
unidirectional emission to opposite directions with additional beamsteering by modifying the array factor. Our experiment
corroborates the evidence for spin−orbit coupling between the helicity of light and suitably designed plasmonic metasurfaces,
which can exhibit the spin-Hall eﬀect for light.
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of metasurfaces, consisting of optical nanoantenna arrays, to
engineer the radiation pattern for improved wireless power
transmission applications. We also emphasize an important
requirement in wireless optical links, namely, highly unidirectional radiation in the direction of the receiver.
The far-ﬁeld radiation pattern of an optical antenna is one of
the key properties of the device. It characterizes the ability of
the device to transfer localized energy to a desired direction in
the far-ﬁeld. Owing to reciprocity, this is equivalent to the
ability of an antenna to receive energy from a distant source at a
given direction. When only the lowest order plasmon resonance
occurs, an optical antenna can be viewed as an electric point
dipole (Figure 1a). In this case, the far-ﬁeld properties of the
structure are completely determined by the orientation and
magnitude of the dipole moment. As in their radio frequency
(rf) counterparts, by arranging dipolar nanoantennas on a
metasurface in an array the far-ﬁeld radiation pattern can be

lasmon resonant nanoparticles enable conﬁning incident
far-ﬁeld radiation to the nanoscale and they aid in
generating eﬃcient radiation from subwavelength emitters.1
Owing to their function, plasmon resonant nanoparticles are
called optical nanoantennas. They have been used in a large
variety of applications such as ultrasensitive sensing,2−5
enhancing nonlinear frequency conversion,6−10 and modifying
transition rates and emission characteristics of single-photon
sources.11−14 By arranging optical nanoantennas in arrays to
form a metasurface, the spatial distribution of the amplitude,
phase, and polarization of the transmitted ﬁeld can be
controlled.15−18 Recent demonstrations of applications of
metasurfaces include holography,19,20 optical elements,21−23
nonlinear frequency conversion,24−26 and visibility cloaking.27
One of the key application areas of optical antennas is in
transmitting and receiving optical signals in order to couple
free-space optical communication to nanoscale objects.28−30
Wireless links to transmit optical power between distant optical
antennas have recently been studied both theoretically31 and
experimentally,32 demonstrating low-loss communication between nanoscale objects. Here we experimentally study the use
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Figure 1. As in the rf scenarios, the array factor provides a ﬂexible method to engineer light emission and reception of optical nanoantenna arrays.
(a) A single gold nanorod (length 100 nm, width 50 nm, thickness 40 nm) exhibits a longitudinal plasmon resonance in the scattering spectrum
(left). The calculated far-ﬁeld radiation pattern at resonance is well described by a sinusoidal dipolar pattern (right). (b) When nanoantennas are
arranged in an array, the radiation pattern of the nanoantenna array can be described with the help of the array factor. The total radiation pattern is
simply the product of the array factor and the single antenna pattern.

engineered using the geometrical parameters of the array. A
very powerful way to describe the far-ﬁeld properties of the
nanoantenna array is using the well-known concept of array
factor.33 The array factor fully summarizes the properties of the
array, allowing separation of the properties of the array and the
single antenna. Similarly to X-ray diﬀraction in crystals, where
the diﬀraction pattern in the far ﬁeld can be computed by the
product of the structure factor and the form factor, the
radiation pattern of the nanoantenna array, which is formed by
a collection of identical individual radiating elements, is simply
given as the product of the array factor and the radiation
pattern of the isolated antenna element (Figure 1b). By
controlling the phase of the signal that drives the array elements
one can achieve beam steering. This functionality can be
eﬃciently described using the array factor.33
We study the use of nanoantenna metasurfaces to engineer
their far-ﬁeld radiation pattern. We place gold nanorods on
metasurfaces in linear arrays and in a ﬁshbone shaped
arrangement and map the radiation pattern using photoluminescence imaging. The devices are excited from the farﬁeld with a tightly focused near-infrared beam with wavelength
λ = 785 nm. We observe the intensity pattern around the array
on the metasurface using a layer of embedded dye molecules.
We ﬁrst use linear arrays of antennas to achieve highly
directional radiation. Then, by placing the nanoantennas in a
ﬁshbone pattern we engineer the array factor to enable
unidirectional radiation with additional switching capability
between two opposite directions. Finally, by controlling the
phase of the signals that drive the elements in an array we
manage to steer the transmitted radiation continuously. All of

our experimental observations are in excellent agreement with a
theoretical model treating the nanoantennas as electric point
dipoles.
We fabricate metasurfaces that consist of arrays of rodshaped plasmonic nanoantennas on a microscope cover glass
(refractive index 1.52) using electron beam lithography. We
ﬁrst spin-coat double layer PMMA resist with a total thickness
of 200 nm on the substrate. The bottom layer (molecular
weight 250000) is more sensitive than the top layer (molecular
weight 950000), resulting in an undercut that facilitates lift-oﬀ
processing. A 30 nm thick layer of conductive polymer (eSpacer
300Z) is spin coated on top of the resist to prevent charging of
the sample. The resist is exposed and developed, and a 2 nm
chromium adhesion layer and 40 nm gold are deposited on the
sample using thermal evaporation. Finally, the metal is removed
from the unexposed areas in a lift-oﬀ process.
To image the intensity distribution around the nanoantenna
array we spin coat a 60 nm thick layer of PMMA into which we
have blended IR140 dye molecules.32,34 We cover the sample
with index matching oil that has the same refractive index as the
substrate. The PMMA layer has a refractive index of 1.48, thus
preventing waveguiding eﬀects. Because the metasurface with
the nanoantenna array is in a homogeneous environment,
perturbation of the radiation pattern, such as deﬂection of the
radiation pattern toward the substrate, is eliminated. The
nanostructures are illuminated with a tightly focused laser beam
with 785 nm wavelength, which coincides with the absorption
maximum of IR140. The dye molecules are excited in the
optical ﬁeld around the nanoantenna, resulting in ﬂuorescence
(emission maximum 850 nm) that we image in a ﬂuorescence
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Figure 3. Two columns of nanoantennas can be used to obtain
unidirectional radiation. (a) The antenna elements in the two columns
oscillate 90° out of phase. When the separation between the columns
is a quarter wavelength, the array factor is directed to the left or right
depending on the sign of the phase diﬀerence between the antenna
elements. (b) This concept can be realized using rod-shaped
nanoantennas by placing them oriented at right angles to each
other. Incident circularly polarized light resonant to the fundamental
longitudinal plasmon results in radiation to the left/right for left/right
circularly polarized incident light.

elongated in the x-direction for all structures, and the eﬀect is
enhanced as the number of elements in the array is increased.
This is due to the change in the array factor from a fully
isotropic to a highly directional function33 (see the second
column of Figure 2). The round spot in the middle of the
ﬂuorescence images originates from molecules excited directly
by the incident focused beam and is not related to the
nanoantenna array. When the polarization of the incident light
is along the transverse direction of the nanoantennas only this
background spot is observed (not depicted here).
We model the nanoantennas as electric point dipoles
oriented in the y-direction. We ﬁrst calculate the radiated
electromagnetic ﬁeld and use it to obtain the ﬂuorescence
pattern in the plane of the substrate taking into account the
bleaching and saturation of the dye molecules. Full details
about the model are given in the Supporting Information. The
agreement between the measured and calculated ﬂuorescence
images is excellent (left- and right-most columns in Figure 2).
In the middle column of Figure 2, we plot the array factor for
the linear arrays studied here. Due to constructive interference
between the elementary waves radiated by each “point” source
the radiation pattern changes to be more directional when the
number of elements is increased. The radiation pattern of the
antenna array is simply given by the product of the array factor
and the dipolar [sin(φ)2] intensity distribution of the elements
of the array. This illustrates how the array factor simpliﬁes
engineering of the radiation pattern. By making use of more
advanced antennas with diﬀerent antenna emission/receiving
patterns, more complex radiation patterns can be easily
engineered and realized using this concept.

Figure 2. Directional radiation can be obtained by arranging dipolar
sources in a linear array. The radiation pattern around a single
nanoantenna array is visualized using a thin ﬁlm of ﬂuorescent
molecules (ﬁrst column from left). The radiation pattern becomes
more directional as the number of elements in the array is increased.
The increase in directionality is due to the change of the array factor
from isotropic to directional (second column). The experimental data
is in excellent agreement with calculated ﬂuorescence patterns (third
column). The scale bar for the ﬂuorescence images is 10 μm. The scale
bar for the scanning electron micrographs is 100 nm.

microscope. The ﬂuorescence image reﬂects the intensity
distribution around the nanostructure in the plane of the
substrate. Full details of the experimental setup are given in the
Supporting Information.
We ﬁrst demonstrate the use of the array factor to increase
the directionality of the radiation pattern of a linear
nanoantenna array. The leftmost column of Figure 2 shows
the measured ﬂuorescence pattern around linear arrays of
nanoantennas with 1−5 elements in the array. The
nanostructure is in the center of each image. Here the array
is illuminated with light polarized along the length of the rod
along the y-direction. The lengths and widths of the antennas
were determined from scanning electron micrographs (see
Figure 2) to be 100 and 50 nm, respectively, and the period of
the elements in the array is 170 nm. For these dimensions the
fundamental longitudinal plasmon resonance occurs at the used
785 nm excitation wavelength. The nanoantenna thus acts as a
dipolar scatterer (see Figure 1a). The ﬂuorescence pattern is
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Figure 4. (a) Nanoantenna array consisting of two columns of rod-shaped nanoantennas oriented at right angles to each other results in a
unidirectional radiation. The period d is 170 nm. The scale bar is 100 nm. (b) Illuminating the structure with circularly polarized light results in a
unidirectional emission whose direction can be switched via the handedness of the incident light, as discussed in the main text. The scale bar is 10
μm. (c) The luminescence signal along the circular paths around the nanoantenna array shown in (b) exhibits narrow peaks in the 0 or 180°
direction, depending on the handedness of the incident light.

to the left or to the right in the geometry displayed in Figure
3b, and switching of unidirectional radiation is achieved. We
remark that, although the tilted nanorods have vertical and
horizontal components of the dipole moments, the vertical
components of the dipoles contribute signiﬁcantly more to the
radiation pattern than the horizontal ones due to the highly
directional array factor. This justiﬁes treating the array elements
as “identical” antennas. Finally, we note that a similar
arrangement of apertures in a gold ﬁlm was recently used to
achieve directional excitation of surface-plasmon polaritons,
whose propagation was conﬁned to a metal surface.35
The metasurface with the nanoantenna array shown in Figure
4a is used to demonstrate switchable unidirectional emission of
free-space propagating radiation. We fabricate arrays of rodshaped nanoantennas with 100 nm length, 50 nm width, and 40
nm thickness. The antennas are positioned in a similar
arrangement as the one shown in Figure 3b. The separation
between the two columns of antennas is 130 nm, which is equal
to a quarter wavelength in the medium surrounding the
nanoantennas for the light used in the experiments (free-space
wavelength, 785 nm). When the array is illuminated with
circularly polarized light we observe unidirectional radiation as
shown in Figure 4b. The nanoantenna array is in the middle of
each ﬂuorescence image. Changing the handedness of the
excitation light reverses the direction of the radiation as
discussed above. When the structure is illuminated with linearly
polarized light, the radiation is directed in both directions (not

We next use the array factor to realize unidirectional
emission from a metasurface, consisting of a linear array of
slanted nanoantennas. The array factor required to realize
unidirectional emission is depicted in Figure 3a. The structure
consists of two columns of 45° oriented nanoantennas. The
columns are separated by a quarter wavelength and the
elements in the two columns oscillate 90° out of phase. The
phase diﬀerence in the complex electric ﬁeld transmitted by the
two columns can be described by a phase factor exp(±iπ/2),
where the sign determines, which column is ahead in phase.
Propagation results in an additional phase diﬀerence between
the waves emitted by the two columns described by a phase
factor exp(±iπ/2), where the upper(lower) sign corresponds to
propagation to right(left). The total phase diﬀerence is given by
the product of the two factors. We observe that the emitted
waves will interfere constructively in one direction and
destructively in the opposite direction as illustrated in Figure
3a.33,35 By changing the sign of the phase diﬀerence between
the antennas in the two columns, the direction of the emitted
radiation can be reversed. This concept can be realized using
rod-shaped nanoantennas by arranging them in two columns
oriented at right angles with respect to each other (see Figure
3b). When this metasurface is illuminated with circularly
polarized light resonant to the fundamental longitudinal
plasmon of the antennas, the necessary phase diﬀerence
between the two columns is achieved. Depending on the
handedness of the incident ﬁeld, the radiation is directed either
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Figure 5. We control the phase of the signal driving the elements in the nanoantenna array by defocusing the tightly focused incident beam from the
structure (top row). The wavefronts in the top row correspond to λ spacing. Displacing the incident beam from the center of the structure results in
a phase gradient across the nanoantenna array. The SEM images of the transmitter T are to scale with the calculated wavefronts. When the incident
beam is displaced in the x-direction we observe beam steering of the transmitted radiation in the ﬂuorescence images (middle row). The direction of
the beam steering can be controlled by the direction of the displacement. The experimental data are in excellent agreement with calculated
ﬂuorescence images (bottom row).

shown). We calculate the ﬂuorescence pattern using the model
introduced above, treating the antenna elements as electric

point dipoles. The calculated images shown in Figure 4b are in
excellent agreement with the experimental data. A small
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oﬀers an additional degree of freedom in designing optical
nanoantenna-based devices. The simplicity of calculating the
array factor lends it to numerical optimization of devices using
for example genetic algorithms.37 Dynamic control of the array
factor may be realized using DNA nanotechnology38 or
nanoelectromechanical devices.39 Determining the required
changes in the array factor to obtain steering of the radiation
pattern is likely to be much less time-consuming than direct
numerical optimization of the multi-element plasmonic
nanostructure. We expect optimized nanoantenna arrays to be
a central component in future optical and optoelectronic
devices. Our concept is further a manifestation of spin−orbit
coupling between the helicity of light and the phase gradient of
plasmonic metasurfaces,40,41 which can lead to the photonic
spin-Hall eﬀect42,43 and broadband optical components.44,45

diﬀerence between the propagation directions of the measured
and calculated radiation patterns is observed. This is due to a
small oﬀset of the position of the exciting tightly focused beam
from the center of the array. We have conﬁrmed with our
theoretical model that the position of the excitation beam
aﬀects the radiation pattern.
Figure 4c shows the ﬂuorescence signal around the
nanoantenna array along a circular path of 9 μm radius around
the nanostructure. We observe narrow peaks in the 0 and 180°
azimuthal directions for the two diﬀerent circular polarization
illuminations. The observed high directionality of the emission
is due to the constructive interference of the waves radiated by
the antenna elements in a narrow angular range. The
directionality could be further boosted by either increasing
the number of elements in the array or by using more
directional antennas.28,36
We now demonstrate continuous beam steering by
controlling the phase of the exciting light impinging onto the
elements in the nanoantenna array. This possibility is a key
advantage of antenna arrays when transmitting optical signals.
To achieve the required phase control we make use of the
tightly focused beam that is incident on the sample. The
wavefronts of the incident beam are strongly curved upon slight
defocusing of the high-NA microscope objective (see top row
in Figure 5). Moving the optical nanoantenna array a z-distance
of 1 μm along the optical axis away from the focal plane and
displacing the incident beam laterally results in a phase gradient
across the array.
To observe beam steering from a unidirectional transmitter,
we use the nanoantenna array consisting of two of the ﬁshboneshaped metasurfaces of gold nanorods introduced in Figure 4a
(see inset of Figure 5 for a SEM image of the structure). The
two metasurfaces are separated by one wavelength, resulting in
an increased directionality due to constructive interference.
When we center the excitation beam on the device, we observe
a similar unidirectional beam as for the single ﬁshbone
metasurface, as demonstrated by the ﬂuorescence image
(middle row in Figure 5). The width of the transmitted beam
is in this case narrower than for the single array due to the
double array conﬁguration (compare to Figure 4).
When we displace the incident beam away from the center of
the nanoantenna array in the x-direction, we observe beam
steering (middle row in Figure 5). The steering angle and
direction can be controlled via the position of the incident
beam, which modiﬁes the phase of the signals driving the
antenna elements. In the lowest row of Figure 5 we show the
calculated ﬂuorescence images. We note that the simulated
images are in excellent agreement with the experimental data
validating the point dipole model of the antennas.
In conclusion, we have used the concept of array factor to
engineer the radiation pattern of nanoantennas. We demonstrated collimated radiation from a subwavelength-sized linear
array of rod-shaped antennas. By arranging similar nanoantennas in a ﬁshbone pattern and using circularly polarized
incident light we obtain unidirectional radiation, which
furthermore can be steered by controlling the phase driving
the individual elements in the array. We compare our measured
radiation patterns to ﬁeld distributions calculated with a model
that treats the individual optical antennas as electric point
dipoles and ﬁnd excellent agreement between experiment and
theory. The far-ﬁeld radiation patterns can be obtained by
multiplying the dipolar radiation pattern with the array factor.
The array factor is a powerful concept from the rf domain that
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