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Antenna performance can be described by two fundamental parameters: directivity and radiation eﬃciency. Here, we demonstrate
nanoantenna designs in terms of improved directivity. Performance of the antennas is demonstrated in Raman scattering
experiments. The radiated beam is directed out of the plane by using a ground plane reflector for easy integration with commercial
microscopes. Parasitic elements and parabolic and waveguide nanoantennas with a ground plane are explored. The nanoantennas
were fabricated by a series of electron beam evaporation steps and focused ion beam milling. As we have shown previously, the
circular waveguide nanoantenna boosts the measured Raman signal by 5.5x with respect to a dipole antenna over a ground plane;
here, we present the design process that led to the development of that circular waveguide nanoantenna. This work also shows
that the parabolic nanoantenna produces a further fourfold improvement in the measured Raman signal with respect to a circular
waveguide nanoantenna. The present designs are nearly optimal in the sense that almost all the beam power is coupled into the
numerical aperture of the microscope. These designs can find applications in microscopy, spectroscopy, light-emitting devices,
photovoltaics, single-photon sources, and sensing.

1. Introduction
Antennas have been widely used in radio communications
for more than a century for eﬃcient transmission of information over long distances. Since its discovery in 1895, enormous progress has been made with better control of antenna
parameters (for a brief history see [1] and references therein).
For example, directional emission was demonstrated by YagiUda in the microwave regime [2] where the radiation from
the feed element is directed with the assistance of reflector
and director parasitic elements. The directivity of antennas
has played a vital role in microwave communication systems,
specifically in satellite communication for the realization of
high-gain antennas.
Radio antennas provide solutions to communication
problems, whereas recent developments for realization of
optical antennas were mainly dictated by microscopy and
spectroscopy applications [3, 4]. Typically antennas have
dimensions of the order of the operating wavelength, requiring antenna dimensions in nanometers for operation in the
visible regime. In the visible-IR regime, the metal cannot be
taken as a perfect conductor and the nanoantenna design
must be modified due to plasmonic properties [5–8]. Recent

developments in the nanotechnology have made the fabrication of such small structures possible, leading to the development of optical single element and Yagi-Uda equivalent
nanoantennas [9–20]. Directing the emission from optical
emitters is highly desired for eﬃcient detection and, by
reciprocity, eﬃcient excitation as well. Typical applications
include light-emitting devices [21, 22], photovoltaics [23–
27], sensing [28, 29], spectroscopy [30–32], single-photon
sources [33, 34], and microscopy [3, 35, 36].
In a recent work, our group has shown that the scattered
radiation from nanoparticles can be directed out of the plane
of substrate and into the collection microscope using a
ground plane reflector [37]. Enhancement of over 50x was
observed in the measured Raman signal as compared to
nanoprisms over a glass substrate. We also demonstrated
recently an experimental work on waveguide nanoantenna
to boost the Raman signal by beam forming in the lateral
plane [38]. A further 5.5x enhancement was observed with
a circular waveguide nanoantenna as compared to a dipole
nanoantenna over a ground plane.
The main objective of this work is to present the design of
planar nanoantennas for optimal performance in directivityenhanced Raman scattering (DERS). Here, we present the
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details of the design process that led to the development of
circular waveguide nanoantenna, the diﬀerent designs considered for beam forming in the lateral plane, and the possibility of higher local fields for further Raman enhancement.
We also show experimentally that the parabolic reflector can
enhance the Raman signal by 4x as compared to the circular
waveguide nanoantenna owing to its improved directivity
and enhanced local fields; however, it is challenging to
fabricate.

Dipole
antenna

130 nm

TiO2

Ground (Au)

40 nm

150 nm

2. Antenna Design Parameters
The total power radiated by an antenna can be given as
Prad =

 2π  π
0

0





p θ, φ sin(θ)dθdφ,

Glass substrate

(1)

where p(θ, φ) is the normalized angular power density also
known as radiation pattern of an antenna. Directivity is
defined as the antennas ability to radiate in a specific direction more eﬃciently as compared to a hypothetical isotropic
radiator [39]:
D=

4π  
p θ, φ .
Prad

(2)

Considering the numerical aperture (NA) of the microscope objective, a more suitable parameter for describing the
beam forming ability of an antenna is the beam eﬃciency
(BE):
 2π  θ0 

BE =

0

0



p θ, φ sin(θ)dθdφ
,
Prad

(3)

where θ0 is the cone half angle. Cone angle of 30 degrees was
calculated from the measured spot size “d” of approximately
1.5 μm, using θ0 = sin−1 (λ/2d). This corresponds to an NA
of 0.28.
Radiation patterns of single element nanoantennas are
typically dipolar in nature resulting in poor directivity
(Dmax = 1.5). Directive emission at optical wavelengths has
been achieved using multielement nanoantennas [11, 13, 40].
Radiation patterns of those antennas reveal that the main
beam is directed in the plane of the substrate, thus cannot
be readily used in an ordinary microscope setup. Further,
vertical Yagi-Uda nanoantenna has been realized using
top-down approach [15]. Improved directivity at optical
wavelengths can have tremendous impact in areas such as
optical microscopy, spectroscopy, sensing, and applications
involving single-photon sources, where eﬃcient collection
and emission is critical.
Another important factor in the context of Raman
measurements is the local field strength. It has been recently
shown that maximum field enhancement results when power
radiated by the antenna is equal to the power loss in the
antenna [41–43]. This is commonly referred to as impedance
matching in microwave antenna theory [39]. Even higher
local field can be achieved by reducing the mode volume
of the antenna by reducing the feed gap between the two
elements of the dipole antenna [43].

Figure 1: Multilayer substrate to control the radiation pattern of
a dipole antenna. Thicknesses of ground plane, dielectric (TiO2 )
spacer, and top gold layer are 150 nm, 40 nm, and 50 nm, respectively. Dipole antenna length of 130 nm with a 20 nm feed gap was
used to operate at wavelength of 840 nm.

3. Design and Fabrication
In this paper we investigate diﬀerent nanoantenna designs
for DERS with the desired features of out-of-plane radiation
and enhanced local fields. The introduction of ground plane
prevents loss of scattered radiation into the substrate and
proper adjustment of antenna distance from the ground
plane can result in radiation enhancement out of the plane.
Further improvement of directivity is demonstrated by beam
shaping in the lateral plane using diﬀerent designs including parasitic elements, waveguide antennas, and parabolic
reflectors. The multilayer substrate is fabricated by electron
beam evaporation, and the diﬀerent designs are milled using
focused ion beam (FIB).
Figure 1 illustrates the multilayer substrate used for the
fabrication of nanoantennas studied in this work. The antennas were designed to be tested under Raman microscope.
The dimensions of diﬀerent layers and the dipole antenna
were calculated to achieve best performance at wavelength
of 840 nm (mean of excitation and Raman scattered wavelengths). The antenna consists of a 130 nm long and 50 nm
wide dipole. Traditionally, dipole antenna characteristic
lengths were of the order of wavelength of operation (λ/2),
but the real metal response requires that shorter eﬀective
wavelengths are introduced for the determination of dipole
length in infrared and optical regions [7]. A 150 nm thick
gold layer was used as ground plane to ensure that it was
optically thick.
The optimal thickness of dielectric spacer (TiO2 ) was
calculated numerically to be 40 nm using finite-diﬀerence
time-domain (FDTD) simulations. It should be noted that
this is smaller than the typical quarter wavelength value due
to penetration into the metal, as well as impedance matching
eﬀects [43].
The multilayer substrate was fabricated by evaporation
of gold and TiO2 onto glass substrate by means of electron
beam evaporation under a pressure of 2 × 10−6 Torr. The
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Figure 2: (a) Dipole antenna over ground with two parasitic reflectors 150 nm long and 100 nm from the feed element. (b) Dipole antenna
over ground plane with a square reflector of length 500 nm (square waveguide antenna). (c) Dipole antenna over ground plane with a circular
reflector of radius 250 nm (circular waveguide antenna).

Ag nanoprism
420 nm
100 nm
PMMA
500 nm
Au
2000 nm
Si

Figure 3: The schematic drawing of the proposed parabolic reflector nanoantenna.

proposed nanoantenna structures were milled on the top
50 nm thick gold layer using FIB. Figure 2 shows the diﬀerent
nanoantennas investigated in this work for normal emission.
Relative eﬃciencies of these structures are discussed in the
simulation section below, where it is shown that the circular
waveguide nanoantenna shown in Figure 2(c) results in best
performance in terms of directivity.
Another promising design translated from the microwave
antenna theory is that of the parabolic reflector antenna.
We demonstrate DERS from the beam forming abilities
of a parabolic reflector nanoantenna. Figure 3 shows the
schematic of the parabolic nanoantenna. A paraboloidshaped trench was milled into a silicon wafer using FIB. As
shown in the figure, the focal length of this paraboloid was
designed to be 500 nm and the diameter of the top circle
is 2 μm. A layer of 100 nm thick gold (optically thick) was
evaporated onto the silicon wafer by means of electron beam
evaporation under a pressure of 2 × 10−6 Torr.
The conformity of the evaporated layer to the hole in
silicon creates a parabolic reflector antenna on Au layer.
PMMA was then spin-coated on top of the Au layer as
a spacing dielectric layer. We chose PMMA and the spincoating technique to make the spacer layer for reasons
of simplicity and repeatable thickness control. Finally, Ag
nanoprisms, synthesized in water by white-light assisted
conversion of spherical nanoparticles [44], were mixed with

3 μMol rhodamine 6 G dye and drop-coated onto the PMMA
surface. The nanoprisms serve as the feed of the parabolic
reflector nanoantenna.
The experiments of [37] are first repeated using PMMA
for the determination of optimal thickness of the PMMA
layer. As a result (not shown), the first- and second-order
coherent SERS enhancement peaks are found at 120 nm
and 420 nm PMMA thickness. We choose to spin-coat
420 nm PMMA (corresponding to the second-order SERS
enhancement) onto our parabolic reflector since this thickness is more compatible with the focal length of our
parabolic reflector, bringing the feed Ag nanoprism near the
paraboloid focal point.

4. Simulation Results
The proposed structures were simulated using the FDTD
method. The simulation domain was terminated by perfectly
matched layers (PMLs) for minimal reflections. The antenna
structure was enclosed by a set of 2D field monitors
forming a box to perform far-field projections and for the
determination of field patterns. For the antenna structures
shown in Figure 2, an electric dipole source located at the
feed gap of the dipole antenna was used to excite the
nanoantenna.
FDTD simulations indicate the following parameters for
best performance for each type of antenna. Two 150 nm
long parasitic reflectors, 100 nm away from the feed element,
resulted in a half power beam width (HPBW) of 110 degrees
in the xz plane. Radiation patterns of this structure show a
very broad HPBW in the yz plane. To further improve the
directivity in both planes we introduced reflectors parallel
to the x-axis as well. It was demonstrated numerically that
a square reflector with length of 500 nm resulted in best
performance. The corresponding HPBWs are 85 degrees
and 90 degrees in the xz and yz planes, respectively. Even
better performance is observed by using a circular waveguide
antenna as shown in Figure 2(c), producing a symmetrical
beam out of the plane of substrate with HPBW of 85 degrees
in both planes. Figures 4(a) and 4(b) shows the radiation
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Figure 4: Radiation patterns of a dipole antenna on a glass substrate, dipole over ground plane, square waveguide nanoantenna (side length =
500 nm), circular waveguide nanoantenna (radius = 250 nm), and parabolic reflector nanoantenna. Calculated using far-field projections of
3D FDTD simulations, (a) xz plane, (b) yz plane.

pattern in the xz and yz planes, respectively, at the wavelength
of 840 nm. It can be seen that in the absence of ground
reflector, most of the scattered power is directed into the
substrate and away from the microscope objective.
The circular waveguide nanoantenna gives a nearly
optimal radiation pattern resulting in the collection of almost
all of the scattered light by a numerical aperture of 0.75. The
radiation patterns of the parabolic reflector are also plotted
in Figure 4 for comparison. It can be seen that the parabolic
reflector nanoantenna results in an even better directivity as
compared to the circular waveguide nanoantenna.
The ring reflector acts to create a lateral standing wave
that reflects light back towards the central dipole antenna
structure. This is most similar to the waveguide antenna,
which has a lateral resonance when the wavelength is 3.4x
the radius of the circular waveguide (i.e., at the lowest order
mode cut-oﬀ) [39, 45]. Larger and smaller radii do not
provide this resonance at the desired wavelength of 840 nm
and thus give smaller directivities. The radiation patterns of
circular waveguide nanoantenna with slightly smaller and
larger radii (not shown) show splitting of the main beam
into two lobes, thus lowering the directivity in the normal
direction.
Since the present design is optimized to work at around
840 nm, this corresponds to a radius of 250 nm, which
is precisely the radius value that was found to give the

greatest DERS in the experiment. The beam forming for this
antenna design allows for directive emission into a numerical
aperture of approximately 0.75; therefore, it is well suited for
microscope setups.
Another parameter dictating the intensity of Raman
signal is the local field enhancement that arises from plasmonic resonances, tapers, gaps, and high curvature in the
antenna design [46, 47]. Impedance matching and reduction
of mode volume of the antenna provide maximum local field
enhancement [43]. Figures 5(a) and 5(b) show the local field
intensity in the antenna gap for gap sizes of 20 and 5 nm,
respectively, at the design wavelength of 840 nm (log scale).
By reducing the gap size from 20 nm to 5 nm, the normalized E field intensity (|E|/ |E0 |)2 increases by approximately
1000x. Intensity of Raman signal is proportional to the
square of E field intensity, thus we expect an enhancement
of 106 . The feed gap of the fabricated circular waveguide
nanoantenna was 20 nm. Thus, it is clear that the Raman
signal can be considerably enhanced by reducing the feed
gap, which is a challenging task.
Now we present the simulation results of the parabolic
reflector nanoantenna. Figure 6 shows the electric field
intensity profile at a vertical segment of the structures at the
design wavelength of 840 nm. It can be seen that the local
field intensity at the Ag prism over a parabolic reflector
is much larger than that over a planar reflector. From the
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Figure 5: E field intensity (|E|/ |E0 |)2 at the design wavelength of 840 nm for (a) gap size of 20 nm and (b) gap size of 5 nm (log scale).
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Figure 6: FDTD simulation results comparing the vertical segment
electric field intensity profiles of an Ag nanoprism above (a) a
parabolic reflector and (b) a planar reflector. The white dotted lines
show the Au ground plane and the PMMA layer surfaces. The color
map is in dB scale.

field intensity profiles in the PMMA layer, it can be seen
that the Ag nanoprism is placed at the second antinode of
the parabolic reflector at 840 nm wavelength, the same as
in the planar reflector case; it is also at the focal point of
the paraboloid. Therefore, the two eﬀects, constructive interference and focusing, combine to give the enhanced Raman
signal. Our parabolic reflector is able to collect more power
from the incoming Gaussian wave to the Ag nanoprism feed
element, indicating a better coupling between the far and the
near field or, in a conventional antenna concept, a higher
directivity.
In terms of Raman enhancement at the Ag nanoprism
feed element, the relative Raman signal enhancement is
proportional to the product of the excitation field intensity
|Eexc |2 and the emitted Raman field intensity |Eraman |2 . The
Raman enhancement factor was computed at the near field
of the Ag prism (within a rectangular box 10 nm away from
the Ag prism). It was found from the local field enhancement

that the Raman enhancement near an Ag prism in a parabolic
reflector arrangement is 40x larger than in a planar reflector
arrangement. It is due to this high local field eﬀect that the
parabolic reflector nanoantenna results in a stronger Raman
signal as compared to the circular waveguide nanoantenna
(of Figure 2(c)), which produces only 1.2x enhancement of
the local field by the introduction of the circular ring around
the dipole over a ground plane.

5. Raman Scattering Experiments
Raman scattering experiments were carried out for the fabricated circular waveguide and parabolic antennas using Rhodamine 6 G as the Raman dye excited by a 785 nm laser. For
this CW excitation, there is negligible two-photon fluorescence, which would show up as background in the Raman
spectrum. The emitted wavelength at 1509 cm−1 Stokes line
(λ =890 nm) was measured using a Renishaw inVia Raman
microscope with a 100x objective and a spot size “d” of
approximately 1.5 μm (as determined by mapping experiments). Raman dye, Rhodamine 6 G (400 μM in ethanol),
was drop-coated, and the sample was allowed to dry for 6
hours.
Figure 7(a) shows the measured Raman signal intensity
as a function of Raman shift using the circular waveguide
nanoantenna. The circular reflector with radius of 250 nm
resulted in the strongest DERS signal as is predicted by the
numerical results of Figure 4.
For comparison, detected intensities from dipole over
ground and from the unmilled regions of the top gold surface
(without any dipole antenna) are also shown. A dipole
antenna of the same dimensions and on the same substrate
was fabricated by removing a ring of diameter 10 μm, to
approximate the absence of the ring structure. This dipole
over ground is used as the reference for the calculation of
EF. The measured spot size of 1.5 μm results in illumination
of an area of 1.76 (μm)2 , which is much larger than the
area of the antenna gap. From the results of Figure 7(a),
it can be seen that the contribution from the gold surface
alone (i.e., without the antenna) is small when compared to
that from the antenna. It should be noted that the Raman
scattering intensity is boosted about 5.5x as compared to
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Figure 7: (a) Raman spectra from the nanoantenna structure for various radii of circular reflector, dipole over a ground plane, and the top
unmilled Au surface. (b) Scanning electron microscopy image of the fabricated circular waveguide nanoantenna.
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Figure 8: (a) Scanning electron microscopy image of Ag nanoprism. (b) A scanning ion microscope image of the paraboloid drilled on
silicon taken directly from the FIB. (c) A 6 × 6 μm2 map of the Raman signal around a parabolic reflector nanoantenna.

dipole over ground and about 13x with respect to the top
Au surface. Note that this 5.5x increase is in addition to the
50x signal increase by use of the ground plane [37], and
this additional enhancement is attributed to the improved
directivity of the ring structure. Thus, the total enhancement
from the circular waveguide nanoantenna can be estimated
to be 275x as compared to nanoparticles on a glass substrate.
Figure 7(b) shows an SEM image of the fabricated circular
waveguide nanoantenna.
To demonstrate that the observed increase in Raman
intensity is mainly from antenna directivity and with only
a small contribution from local field enhancement, we
calculated the enhancement factor arising from local electric
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field (EFloc ) in the antenna feed gap. EFloc = |Eexc |2 |Escat | ,
where |Eexc |2 and |Escat |2 are the electric field intensities
at the excitation wavelength of 785 nm and Stokes shifted
scattered radiation at wavelength of 890 nm, respectively.
We observe maximum EFloc = 1.2. The measured 5.5x
increase in Raman intensity is thus predominantly from
improved directivity of the antenna. Numerically calculated
EF using beam eﬃciency and radiation patterns of Figure 4
with cone angle of 30 degrees is in excellent agreement with
the experimental results.
Figure 8(a) shows an SEM of an Ag nanoprism, the scanning ion microscopy image of the fabricated structure
(Figure 8(b)), and a 6 × 6 μm2 map of the Raman signal
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using the 1509 cm−1 Stokes line around a parabolic reflector
nanoantenna (Figure 8(c)). A clear enhancement to the
Raman signal is obtained from the parabolic reflector
nanoantenna as compared to the surrounding area, where
it is equivalent to a planar reflector nanoantenna. By comparing the maximum Raman signal from a parabolic reflector nanoantenna to the average surrounding signal, a
22x enhancement is obtained.
Our previous experiments on Ag nanoprism over planar
reflector experiments have already shown a 50x Raman enhancement as compared to Ag nanoprisms on glass (without
any reflector) [37]. Combining the result of this work and
[37], we estimate that our designed parabolic reflector structure can enhance the SERS signal from metallic nanoprisms
by 1100x. In other words, by directivity engineering, we have
boosted the SERS signal from isolated metallic nanoprisms
by 3 orders of magnitude.
We confirm that this high signal is not from an aggregation of nanoprisms by taking an SEM image of the antenna.
We explain the Raman enhancement with respect to only
nanoprisms on glass substrate by the high directivity from
the parabolic antenna and enhanced local fields. In an SERS
experiment where the nanoprisms are deposited directly
onto glass, the light emission is in favor of the direction
into the glass substrate due to higher refractive index of the
glass. In comparison, the parabolic antenna gives an emission
pattern with a tightly focused lobe into the air, with nearly
all emitted light directed into the collecting microscope
objective. In other words, we have improved the near- and
far-field coupling from a poor eﬃciency to a nearly perfect
eﬃciency by the parabolic antenna. Therefore, the 1100x
enhancement between the two cases is not surprising.
The 22x SERS enhancement over the planar reflector
from our experiment is very encouraging but is still an
underestimate of the parabolic reflector nanoantenna DERS
enhancement potential—still lower than our theoretical prediction of 40x enhancement. This may be due to the misalignment between the Ag nanoprism feed element and the
Au parabolic reflector in the nanoantenna. The drop-coating
technique is convenient to deposit the Ag nanoprisms; however, exactly controlling the nanoprism position is diﬃcult.
In future steps, we plan to build the metal feed element using
lithographical methods such as FIB lithography. In that way,
the position of the feed element can be precisely controlled,
and an even higher SERS enhancement is hypothesized.

6. Conclusions
We have demonstrated directivity-enhanced Raman scattering (DERS) using directive nanoantennas including parasitic
elements and parabolic and waveguide designs. The circular
waveguide nanoantenna with a feed gap of 20 nm produces
an enhancement factor of 275x as compared to nanoparticees over a glass substrate. This enhancement factor can
be further increased by reducing the feed gap. Parabolic
reflector results in an overall enhancement factor of 1100x as
compared to nanoprisms over a glass substrate; however, as
demonstrated in this work, the fabrication of the parabolic
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structure is more challenging. The enhancement in these
waveguide designs is specifically attributed to directivity
eﬀects, that is, beam-shaping the antenna cone to fall within
the numerical aperture of the imaging optics. Therefore,
DERS is separate from other near-field enhancements that
arise, for example, from plasmonic eﬀects. Considering the
numerical aperture of our microscope Raman system, the
nanoantenna presented has near-perfect excitation and collection of the electromagnetic energy. This work is also
exciting for related applications, for example, photovoltaics,
light-emitting applications, microscopy, sensing, and singlemolecule detection [29, 31, 36].
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