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We present the simulation, fabrication, and optical characterization of plasmonic gold bowtie nanoantennas
on a semiconducting GaAs substrate as geometrical parameters such as size, feed gap, height, and polarization
of the incident light are varied. The surface-plasmon resonance was probed using white light reflectivity on
an array of nominally identical, 35-nm-thick gold antennas. To elucidate the influence of the semiconducting,
high-refractive-index substrate, all experiments were compared using nominally identical structures on glass.
Besides a linear shift of the surface-plasmon resonance from 1.08 to 1.58 eV when decreasing the triangle size
from 170 to 100 nm on GaAs, we observed a global redshift by 0.25 ± 0.05 eV with respect to nominally
identical structures on glass. By performing polarization-resolved measurements and comparing results with
finite-difference time-domain simulations, we determined the near-field coupling between the two triangles
composing the bowtie antenna to be ∼8 times stronger when the antenna is on a glass substrate compared to
when it is on a GaAs substrate. The results obtained have strong relevance for the integration of lithographically
defined plasmonic nanoantennas on semiconducting substrates and therefore for the development of novel
optically active plasmonic-semiconducting nanostructures.
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I. INTRODUCTION

Resonant metallic nanoantennas in the optical regime have
generated much interest over the last decade due to their ability
to confine light to deep subwavelength dimensions [1–4]. In
particular, coupled nanoparticle dimers are of interest since
they provide a large electric-field enhancement within the feed
gap [5,6]. This effect holds great promise for new applications
in sensing [7] and in fluorescence enhancement [8–12], as
well as for emission control [13–15] of single molecules
and quantum emitters. Triangular-shaped nanoparticles in a
tip-to-tip configuration, the so-called bowtie nanoantenna,
are used to take advantage of the lightning-rod effect. The
optical response of such plasmonic nanoantennas has been
studied as a function of different geometrical parameters
such as size [16–19], feed gap [18,20–22] and shape [17,23],
materials [24], and wavelength range [20,25,26]. Besides the
widely used glass substrates, plasmonic nanoparticles have
also been investigated on semiconductor substrates like Si
and GaAs in relation to their use in photovoltaic applications
[27–29]. Recently, it has been theoretically shown that the use
of high-refractive-index substrates such as semiconductors can
boost the radiative decay rate of quantum emitters by a factor
of >7500 when the optical and geometrical properties of the
quantum emitters and plasmonic nanoantenna are properly
engineered [30].

In this paper, we present a comprehensive study of the
optical properties of lithographically defined gold bowtie
nanoantennas on GaAs. The obtained results are compared to
nominally identical structures on glass to gain deeper insights
into the effect of the high-refractive-index substrate on the
plasmonic response in the optical regime. Complementary
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finite-difference time-domain (FDTD) simulations were em-
ployed to find the optimized thickness t of the structures
and to compare our experimental findings with predictions
based on classical electrodynamics. We optically probed the
surface-plasmon-resonance (SPR) frequency using white-light
reflectivity as the size s, the feed gap g, and the polarization
angle of the incident electromagnetic field � are varied. The
SPR shifts linearly from 1.08 to 1.58 eV when the triangle
size is decreased from 170 to 100 nm on GaAs, similar to
the shift measured on glass over the same range. We observe
a nearly uniform redshift of 0.25 ± 0.05 eV upon moving
from glass to GaAs substrates. Furthermore, the SPR strongly
depends on the feed gap between the two triangles. With
decreasing feed gap size we observe a redshift of the SPR
that follows a g−3 dependence, indicative of dipole-dipole
coupling between the two particles. The absolute shift between
g = 80 nm and g = 10 nm was found to be 0.03 eV on GaAs,
much smaller than the 0.20 eV observed on glass, indicative
of a weaker coupling strength due to the presence of the
high-refractive-index substrate. We quantified this interparticle
coupling to be ∼8 times lower on GaAs compared to a glass
substrate when probing the coupled and uncoupled modes
of the bowtie using polarization-resolved spectroscopy. Our
simulations indicate that this effect originates from the strongly
modified electric-field distribution due to the presence of the
high-refractive-index substrate and the presence of a thin native
oxide layer on top of it.

II. FABRICATION AND EXPERIMENTAL SETUP

Gold bowtie nanoantennas were defined on undoped
GaAs [100] substrates using standard electron beam (e-beam)
lithography. As depicted schematically in Fig. 1(a), they were
arranged in arrays to enhance the signal in the white-light
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FIG. 1. (Color online) (a) Schematic illustration of the sample
layout. Bowties are defined in arrays with a pitch of 1.5 μm to
avoid near-field coupling. Structures are illuminated from the top
with light polarized along the long axis of the bowtie � = 0◦.
(b) FDTD simulation reveals electric-field distribution (log scale)
of a single bowtie on GaAs (s = 110 nm, g = 10 nm) 2 nm above
the gold surface at the electric dipole resonance. The inset shows
the cross section along the dashed line at y = 0 nm (linear scale).
(c) Calculated scattering spectra for varying t . The inset shows the
SPR peak position as function of t with the optimum t = 35 nm
highlighted. The scale on the right-hand side is normalized to the
geometrical area of the bowtie. (d) A SEM image of a fabricated
array and (e) a close-up of a single bowtie on GaAs show gaps and
tip radii close to the resolution limit of our e-beam system with a
yield of almost 100%. (f) SEM image for a similar structures on glass
substrates.

reflectivity measurements. We chose a pitch of 1.5 μm to avoid
near-field coupling between two adjacent bowties [31,32]
while retaining the possibility to address single bowties with
a focused laser beam in future experiments.

Prior to the fabrication process, we performed FDTD
simulations using a commercially available software package
(Lumerical Solutions, Inc. [33]) to identify the optimum
thickness of the gold film used to define our nanostructures.

For future combination with semiconductor quantum emitters
such as InGaAs quantum dots [34], it is highly desirable to
overlap the bowtie’s SPR with the emission range of the dots
at ∼1.3 eV while preserving a high electric-field enhancement
within the feed gap [30]. Figure 1(b) shows a typical result
of the simulated electric-field enhancement, defined as the
ratio of the intensity of the electric field |E|2 2 nm above
the bowtie surface compared to the intensity of the incoming
plane wave |E0|2. The simulation was performed for a single
bowtie (s = 110 nm, g = 10 nm) and probed at the electric
dipole resonance Eres = 1.33 eV. Here, we observe that the E

field is mostly concentrated in an area of ∼30 × 30 nm2 with
electric-field enhancements up to a factor of |E|2/|E0|2 = 180
using the definition specified above. The inset shows the
cross section of the field amplitude along the dashed line at
y = 0 nm on a linear scale. We calculated that 79% of the
intensity along this curve is concentrated within a region with
a size of −15 nm � x � 15 nm. Hence, the bowtie geometry
is capable of focusing light into spatial regions, similar to the
lateral dimension of a single self-assembled InGaAs quantum
dot [35]. For all simulations, we used a mesh size of 2 nm
around the investigated nanostructures and perfectly matched
layers as boundary conditions. Besides the electric-field
distribution, we also calculated the scattering cross section
σ of the nanoantenna, which is defined as P = σI0, where
I0 denotes the intensity of the used total-field–scattered-field
(TFSF) source and P is the measured power of the monitors
that completely envelope the bowtie. Plotting σ as a function
of the photon energy yields the spectral position of the electric
dipole resonance energy, which is strongly influenced by
the size [16–19], feed gap [18,20–22], shape [17,23], and
dielectric environment [36] of the plasmonic dimer. Typical
results for s = 110 nm, g = 10 nm, and varying t are presented
in Fig. 1(c). By decreasing t from an initial value of t = 60 nm
down to t = 35 nm in steps of 5 nm, we observe an expected
decrease of σ from σ = 0.051 μm2 to σ = 0.040 μm2. This
value, however, is still 2.26 times larger than the geometrical
area of the nanoantenna, as can be seen on the normalized scale
on the right axis of Fig. 1(c). In addition, we obtained a redshift
of the SPR peak position from 1.33 eV down to 1.29 eV when
decreasing the metal film thickness. For even smaller t , the
redshift becomes more prominent and leads to a SPR peak at
0.80 eV for 5-nm-thick structures. In order to achieve the best
resolution during the e-beam lithography, resulting in sharp
tips and small feed gaps and therefore a high electric-field
enhancement, the structures should be as thin as possible [37].
Taking into account the measured redshift of 0.25 ± 0.05 eV
introduced by the GaAs substrate (see below), an additional
redshift of 0.3–0.5 eV by a very thin structure would require
very small particle sizes, of the order of 50 nm, to match the
SPR and the quantum dot’s emission range. Smaller particles,
however, show a lower scattering to absorption ratio [36] and
are therefore not ideal. Hence, we chose a gold thickness of
35 nm, representing the best trade-off between high resolution
and optimum scattering properties.

Figures 1(d) and 1(e) show a typical scanning electron
microscopy (SEM) image of the fabricated arrays and a
close-up of a single bowtie on GaAs, respectively. Using a
35-nm-thick gold film, we could reproducibly fabricate feed
gaps and tip radii r as small as 10 nm with a yield of almost
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100% even without using an adhesion layer. All triangles are
equilateral, and we define the size of a bowtie as the height
of one individual nanotriangle composing the bowtie antenna.
To study the influence of the high-refractive-index substrate
(nGaAs = 3.54 at T = 297 K and EPhoton = 1.3 eV [38]) in
more detail, we also fabricated reference structures on glass
substrates (nglass = 1.52 at EPhoton = 2.1 eV [39]), as shown
in the SEM image in Fig. 1(f). The geometrical properties
are nominally identical to the ones on GaAs except for the
presence of a 5-nm-thick titanium adhesion layer below the
35-nm gold film. The achieved resolution is slightly reduced
due to the nonconductive substrate, which is disadvantageous
for the e-beam lithography. Further details on the fabrication
process are presented in the Appendix.

To optically probe the SPR and scattering cross section
of our structures we used a room-temperature white-light
μ-reflectivity setup. Light from a halogen lamp was polarized
along the bowtie axis (� = 0◦), focused on the sample surface,
spectrally analyzed in a 0.5-m spectrometer, and detected
with a liquid-nitrogen-cooled charge coupled device (CCD)
camera. Thereby, we recorded a reflectivity spectrum from the
bowtie array SBT(ω) and a reference spectrum from the bare
substrate directly adjacent to the bowtie array Sref(ω). We then

normalized the two data sets according to I (ω) = [ SBT(ω)
Sref(ω)

− 1],
representing a measure of the reflectivity change caused by
the bowties. This method reveals the scattering spectrum and
therefore the SPR frequency of the probed structures. The
spot size was determined to be 9 μm, such that we probe
∼30 bowties simultaneously, leading to good statistics with
a single measurement. However, as we observe a small
fabrication imperfection (�10 nm) in the SEM images, it is
highly likely that all spectra are inhomogeneously broadened.

III. RESULTS AND DISCUSSION

A detailed study of the plasmonic response of the nanoan-
tennas for different geometrical parameters is presented in this
section. Although the focus is on the high-refractive-index,
semiconducting GaAs substrate, we compare our results to
these measured for similar structures on a glass substrate.
Typical normalized differential reflectivity spectra obtained
for bowtie arrays on GaAs with g = 20 ± 5 nm and varying
triangle sizes are shown in Fig. 2(a). As expected, the scattering
cross section and therefore the measured relative differential
intensity decrease with decreasing structure sizes, whereas
the SPR peak energy increases [36]. Compared to the spectra
recorded on glass, shown in Fig. 2(b), the relative intensity is
∼5 times lower due to the enhanced reflectivity of the GaAs
substrate, e.g., 0.08 compared to 0.42 for s = 150 nm. For both
substrates the resonances have a full width at half maximum
(FWHM) of 0.4 ± 0.1 eV corresponding to a plasmon damping
time of 3.3 ± 0.8 fs, in good agreement with values reported
in the literature [18,23].

The SPR peak energy as a function of the triangle size is
plotted in Figs. 2(c) and 2(d) for GaAs and glass, respectively.
For g = 20 nm, we observe a linear shift from 1.57 ± 0.02 to
1.08 ± 0.01 eV when changing the triangles size from 100
to 170 nm on GaAs. These values translate to a shift
rate of 7.0 ± 0.5 meV/nm. A qualitatively similar trend is

observed on glass. Here, the SPR shifts from 1.63 ± 0.04 to
1.25 ± 0.01 eV when tuning the triangle size from 115 to
180 nm, corresponding to a shift rate of 5.9 ± 0.8 meV/nm.
Thus, we found shift rates which are similar within the error
and a redshift of the SPR by 0.25 ± 0.05 eV between the
different substrates for s = 150 nm and g = 20 nm. This
observation is attributed to the higher refractive index of
GaAs [36] compared to glass. All results obtained on glass are
supported quantitatively by our FDTD simulations, whereas
on GaAs we find good qualitative agreement [40]. For all sim-
ulations, we used a triangle tip radius r = 20 nm instead of the
experimentally observed 10 nm. This is not expected to have
any strong quantitative impact on our simulation results due to
inhomogeneities of the triangle size (±5%) that dominate the
SPR frequency. We note that the native oxide layer on top of
our GaAs wafers is included in the simulation since it strongly
influences the plasmonic properties [41] due to its much lower
refractive index noxide ∼ 1.5 compared to the GaAs substrate
nGaAs ∼ 3.5. By selectively etching the oxide away at a certain
region of the sample and performing atomic force microscopy
measurements, we determined the thickness of the oxide layer
to be 3.5 ± 1 nm, in very good agreement with values reported
in the literature [41]. From our simulations (data not shown)
we expect a blueshift of the SPR on GaAs by 0.18 eV due to
the presence of a 4-nm-thick oxide layer.

Another possibility to influence the SPR is to vary the feed
gap. This leads to a redshift of the SPR with decreasing gap
for both substrates due to the increased coupling between the
triangles. This mechanism lowers the effective restoring force
of the oscillating free-electron plasma in the nanoparticles
and therefore decreases the resonance energy [36,42]. To
investigate this coupling effect in more detail, we experi-
mentally and theoretically studied the SPR as a function of
g for different triangle sizes. The results obtained on GaAs
are plotted in Fig. 2(e). All curves follow a g−3 dependence,
which can be derived from the simple qualitative picture of
two interacting dipoles [43]. This behavior, which originates
from the cubic decay of the near field of a point dipole [44],
is also measured on a glass substrate. However, we observe
a clear difference between the two material systems. While
for GaAs the SPR only starts to shift when the gap becomes
smaller than g = 20 nm, we already observe a change at
g = 50 nm for glass substrates. Furthermore, the absolute
shift of 0.20 eV when decreasing the gap from g = 80 nm
to g = 10 nm is almost one order of magnitude lager for glass
compared to 0.03 eV for GaAs. All experimental observations
are again confirmed by our FDTD simulations, which agree
well with the measured data [solid lines in Figs. 2(e) and 2(f)].
The obtained results indicate a weaker coupling between the
individual bowtie triangles on GaAs. This could be related
to increased damping of the surface-plasmon due to the
higher-refractive-index substrate. However, we believe that
this is not fully responsible for the reduction of the coupling
strength by one order of magnitude since the SPR linewidth
and therefore the plasmon lifetime found in Fig. 2(a) are similar
for both substrates.

To gain deeper insight into the interaction behavior of the
individual triangles, we varied the polarization axis of the
incident white light and explored the impact on the energetic
position of the SPR. All measurements presented above were

035435-3



K. SCHRAML et al. PHYSICAL REVIEW B 90, 035435 (2014)

 

1.2 1.4 1.6 1.8 2.0

0.0

0.2

0.4

0.6

N
or

m
. D

iff
er

en
tia

l R
efl

ec
tiv

ity

Photon Energy (eV)

 

0 20 40 60 80
1.0

1.1

1.2

1.3

1.4

1.5

 

SP
R

 P
ea

k 
(e

V
)

Gap Size g (nm)
0 20 60 80

1.3

1.4

1.5

1.6

1.7

SP
R 

Pe
ak

 (e
V

)

Gap Size g (nm)

120 140 160 180 200

1.2

1.4

1.6

1.8

 

SP
R

 P
ea

k 
(e

V
)

Triangle Size s (nm)

 
1.0 1.2 1.4 1.6 1.8

0.00

0.05

0.10
N

or
m

. D
iff

er
en

tia
l R

efl
ec

tiv
ity

Photon Energy (eV)

 100nm
 110nm
 120nm
 130nm
 140nm
 150nm

 160nm
 170nm

100 120 140 160 180

1.0

1.2

1.4

1.6

SP
R

 P
ea

k 
(e

V
)

Triangle Size s (nm) 

 Sim.

 s=150nm
 s=130nm
 s=110nm

 Sim.

1.8

40

 s=150nm
 s=135nm
 s=115nm

 Sim.

(a)

(c)

(e)

GaAs Glass

Triangle Size s

 115nm
 135nm
 150nm
 160nm
 170nm
 180nm

Triangle Size s

 10nm
 20nm
 40nm

Gap size g

 Sim.
 20nm
 40nm
 80nm

Gap size g

(b)

(d)

(f)

FIG. 2. (Color online) Comparison of SPR properties between (left) GaAs and (right) glass. (a) and (b) Typical SPR spectra for bowties
with g = 20 nm and different triangle sizes. (c) and (d) SPR peak energy as a function of the triangle sizes for different feed gaps g: 10 nm
(red), 20 nm (black), 40 nm (blue), and 80 nm (green). Solid lines are the corresponding FDTD simulations. (e) and (f) SPR peak energy as a
function of feed gap size g for different triangle sizes s: 110 and 115 nm (blue), 130 and 135 nm (red), and 150 nm (black).

obtained with the polarization aligned along the long bowtie
axis (� = 0◦), which means that the induced charge oscillation
pushes the electrons towards the tips at the feed gap [see inset
(i), Fig. 3(c)]. If the gap is much smaller than the wavelength of
the driving field, a significant fraction of the plasmon near field
can reach the adjacent triangle and lower the restoring force of
the free-electron plasma, resulting in a redshift of the SPR [36].
In contrast, the electrons are pushed into the nonfacing tips of
the bowtie if the polarization is rotated by 90◦ [see inset (ii),
Fig. 3(c)]. Due to their relatively large separation, the near
fields cannot interact strongly, and the SPR frequency is close
to that of a single uncoupled triangle Eu.c.

SPR.
In Figs. 3(a) and 3(b), we present polarization-resolved

differential reflectivity spectra for GaAs (s = 170 nm, g =
5 nm) and glass (s = 170 nm, g = 20 nm) samples, respec-
tively. The shift from the coupled to the uncoupled mode is
clearly visible for both substrates. Furthermore, we observe

a broadening of the SPR’s FWHM by ∼50 ± 10 meV for
the coupled case, which we attribute to increased radiation
damping. This effect only depends on the volume of the probed
structure [45], which is twice as large for the coupled mode
than for the uncoupled one. In Fig. 3(c), the SPR peak energy
is plotted as a function of the polarization angle � of the
incident light for bowties on GaAs with s = 170 nm and g

ranging from 5 to 80 nm. When the polarization is tuned
perpendicular to the bowtie axis (� = 90◦ and � = 270◦),
we observe values of 1.10 ± 0.01 eV, close to the resonance
energy of uncoupled, nominal identical triangles. The gray
dashed line indicates the position of the SPR peak energy
for a single triangle, obtained from our FDTD simulations.
Furthermore, inset (ii) shows the corresponding electric-field
distribution where we observe the two independent modes
of the individual triangles. In contrast, when we turn the
polarization parallel to the long bowtie axis (� = 0◦ and
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FIG. 3. (Color online) Normalized differential reflectivity spectra for different polarization angles for (a) bowties on GaAs with s = 170 nm
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and (g) glass on a logarithmic scale. Insets show the cross section along the dashed line at y = 0 nm on a linear scale.

� = 180◦), we probe the coupled mode [inset (i)] and obtain a
redshift, the size of which peaks at �ESPR = 0.14 ± 0.01 eV
for g = 5 nm. This continuous change in peak energy can be
well described by ESPR(�) = Eu.c.

SPR − �ESPR sin2(�) [solid
lines in Figs. 3(c) and 3(d)], whose amplitude �ESPR increases
with decreasing gap and increasing coupling, respectively. The
same behavior is found for nominally identical bowties on
a glass substrate, shown in Fig. 3(d). However, we detect a
redshift of �ESPR = 0.20 ± 0.01 eV already at g = 20 nm,
supporting our expectation of enhanced interaction between
the individual bowtie triangles on glass compared to GaAs.
To quantify this behavior, we plotted the obtained �ESPR as a
function of g, as shown in Fig. 3(e). As previously mentioned,
on the glass substrate there is already a significant coupling
effect for g = 50 nm, whereas on GaAs the triangles show
a relevant interaction only for g � 20 nm. The two curves
follow again a g−3 trend, indicating that the coupling can be
visualized as a dipole-dipole interaction [42]. In this simplified

picture we treat the triangles as two point dipoles which are
separated by g plus an additional offset g0 that depends on
the charge distribution inside the triangles. The resulting fit
formula then reads

�ESPR = C(g + g0)−3, (1)

where C determines the curvature and therefore the coupling
strength, which strongly depends on the geometry used and
substrate. From the fit of the measurement data, we obtained
values of g0,glass = 30 ± 9 nm and g0,GaAs = 24 ± 2 nm, iden-
tical within the experimental error. For C we obtained Cglass =
12.5 ± 6.6 keV/nm3 and CGaAs = 1.5 ± 0.3 keV/nm3, in-
dicating that the coupling between the triangles on glass
substrates is ∼8 times stronger than on GaAs for comparable
geometric parameters. In the inset of Fig. 3(e) we plotted the
same data as a function of the effective separation between the
two dipoles geff = g + g0,mean on a double-logarithmic scale.
For the offset we used g0,mean = 24.5 nm, the weighted mean
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value obtained from our fits. As a guide to the eye, we also
plotted a dashed line with a slope of −3, indicating that we
indeed observe a g−3 trend in our measurements. The origin of
the pronounced difference between the two material systems
becomes clear upon looking at simulations of the electric-field
intensity around the bowtie (s = 150 nm, g = 50 nm) at the
SPR frequency, as shown in Figs. 3(f) and 3(g) on a logarithmic
scale for GaAs and glass, respectively. In the case of glass,
most of the electromagnetic energy is located in and around
the feed gap of the antenna. Moreover, if g < 80 nm, the
fields of the individual triangles penetrate into the neighboring
nanotriangle and interact with the free-electron plasma. In
contrast, the electric-field intensity in the GaAs samples is
more strongly localized directly at the gold surface in the feed
gap and especially in the oxide layer between the gold and
the GaAs. This leads to a decrease in the coupling strength
between the two triangles compared to the identical structures
on glass. The insets of both panels show a cross section
along the dashed line at y = 0 nm on a linear scale. We
found that the field exactly in the middle of the feed gap
is 14 times enhanced on GaAs compared to 79 times for
nominally identical triangles on glass. Also the exponential
decay of the electric-field intensity within the feed gap is faster
on GaAs (5.2 ± 0.3 nm) than on glass (7.8 ± 0.2 nm). From
those findings we conclude that the lower coupling in the GaAs
samples can be explained by a lower overlap of the electric
fields between the two triangles.

It is remarkable that the calculated field enhancement in
the GaAs samples is largest at the gold-oxide interface where
enhancement factors up to 570 times were found compared
to 90 times at the gold-air interface. In future experiments,
this strong field enhancement could be used in optically active
plasmonic-semiconducting systems, where bowtie antennas
are coupled to proximal active emitters such as InGaAs quan-
tum dots in order to tailor their emissive properties [46,47].
Furthermore, we point out that by addressing single bowties,
further decreasing the gap size, and using monocrystalline
gold [19,48] it should be possible, especially on a glass
substrate, to reach a regime where the splitting between
the coupled and uncoupled modes of a bowtie is bigger
than their linewidth. This tunable and significant coupling
between the two orthogonally polarized plasmonic modes
may open the way toward terahertz (THz) spectroscopy and
parametric coherent driving of isolated nano-objects placed
into the feed gap [49,50]. Moreover, the use of a semiconductor
substrate as demonstrated in this study may even facilitate
such experiments on individual quantum emitters that have
already demonstrated excellent coherence properties. It could
therefore be possible to link the THz and optical regimes
coherently at the quantum limit.

IV. CONCLUSIONS

In summary, we presented a comprehensive study of the op-
tical properties of gold bowtie nanoantennas defined by e-beam
lithography on GaAs substrates. Using FDTD simulations, we
determined the optimum gold thickness of our structures to
be ∼35 nm, representing a trade-off between good scattering
properties and structures having small feed gaps and sharp tip
radii. We fabricated bowtie nanoantennas with sizes s = 100–

190 nm, feed gaps g = 5–80 nm. and tip radii of the order of
10 nm on GaAs and glass. The SPR peak energy for bowtie
antennas on GaAs samples was found to redshift linearly with
increasing size at a rate of 7.0 ± 0.5 meV/nm and can therefore
be tuned through the emission range of self-assembled InGaAs
quantum dots around 1.3 eV. We found a uniform global
redshift of the SPR of 0.25 ± 0.05 eV on GaAs compared to
the samples on glass. Gap-dependent measurements showed
a clear difference in the coupling strength, as we observed a
redshift of 0.03 eV on GaAs when decreasing the feed gap
from 80 to 10 nm compared to 0.20 eV for the glass sample.
Using polarization-resolved measurements, we quantified the
coupling strength to be ∼8 times lower on GaAs compared
to glass. From our simulations, which support our obtained
results, we conclude that this effect is caused by a modification
of the electric-field distribution due to the difference of the
substrate’s refractive indices and the presence of a 4-nm-thick
native oxide layer on top of the GaAs wafer. The obtained
results provide important information for the integration of
plasmonic nanoantennas in novel, photonic, on-chip devices
and the design of future plasmonic hybrid systems.
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APPENDIX: METHODS

The samples investigated were defined on undoped GaAs
[100] wafers or glass (MENZEL microscope cover slips)
substrates. After cleavage, the samples were flushed with
acetone and isopropanol (IPA). In order to get a better adhesion
of the e-beam resist, the samples were put on a hot plate
(170 ◦C) for 5 min. An e-beam resist (Polymethylmethacrylat
950 K, AR-P 679.02, ALLRESIST) was coated at 4000 rpm
for 40 s at an acceleration of 2000 rpm/s and baked out at
170 ◦C for 5 min, producing a resist thickness of 70 ± 5 nm.
For the glass samples, we evaporated 10 nm aluminum on top
of the polymethylmethacrylat layer to avoid charging effects
during the e-beam writing. The samples were illuminated in
a Raith E-line system using an acceleration voltage of 30 kV
and an aperture of 10 μm. A dose test was performed for
every fabrication run, as this crucial parameter depends on the
varying e-beam current. Typical values were 800 μAs/cm2

for GaAs and 700 μAs/cm2 for glass substrates. After
the e-beam writing the Al layer on the glass samples was
etched away using a metal-ion-free photoresist developer (AZ
726 MIF, MicroChemicals). All samples were developed in
methylisobutylketon diluted with IPA (1:3) for 45 s. To stop
the development, the sample was rinsed with pure IPA. For
the metalization an e-beam evaporator was used to deposit
a 5-nm titanium adhesion layer for the glass and 35 nm of
gold for all substrates at a low rate of 1 Å/s. The liftoff was
performed in 50 ◦C warm acetone, leaving behind high-quality
nanostructures with feature sizes on the order of 10 nm.
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[25] J. Gómez Rivas, M. Kuttge, P. Haring Bolivar, H. Kurz, and

J. A. Sánchez-Gil, Phys. Rev. Lett. 93, 256804 (2004).

[26] A. P. Hibbins, B. R. Evans, and J. R. Sambles, Science 308, 670
(2005).

[27] S. Lim, W. Mar, P. Matheu, D. Derkacs, and E. Yu, J. Appl.
Phys. 101, 104309 (2007).

[28] K. Catchpole and A. Polman, Opt. Express 16, 21793 (2008).
[29] H. A. Atwater and A. Polman, Nat. Mater. 9, 205 (2010).
[30] X.-W. Chen, M. Agio, and V. Sandoghdar, Phys. Rev. Lett. 108,

233001 (2012).
[31] M. Quinten, A. Leitner, J. Krenn, and F. Aussenegg, Opt. Lett.

23, 1331 (1998).
[32] J.-C. Weeber, A. Dereux, C. Girard, J. R. Krenn, and J.-P.

Goudonnet, Phys. Rev. B 60, 9061 (1999).
[33] Lumerical Solutions, Inc., FDTD SOLUTIONS, http://

www.lumerical.com/tcad-products/fdtd/.
[34] A. J. Shields, Nat. Photonics 1, 215 (2007).
[35] J. Márquez, L. Geelhaar, and K. Jacobi, Appl. Phys. Lett. 78,

2309 (2001).
[36] S. A. Maier, Plasmonics: Fundamentals and Applications

(Springer, Berlin, 2007).
[37] P. Rai-Choudhury, Handbook of Microlithography, Microma-

chining, and Microfabrication, Vol. 1, Microlithography (SPIE
Press, Bellingham, WA, 1997).

[38] J. Blakemore, J. Appl. Phys. 53, R123 (1982).
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Prangsma, X. Wu, T. Feichtner, J. Ziegler, P. Weinmann et al.,
Nat. Commun. 1, 150 (2010).

[49] V. Giannini, A. Berrier, S. A. Maier, J. A. Sánchez-Gil, and
J. G. Rivas, Opt. Express 18, 2797 (2010).

[50] G. Raithel, G. Birkl, W. D. Phillips, and S. L. Rolston, Phys.
Rev. Lett. 78, 2928 (1997).

035435-7

http://dx.doi.org/10.1038/nature01937
http://dx.doi.org/10.1038/nature01937
http://dx.doi.org/10.1038/nature01937
http://dx.doi.org/10.1038/nature01937
http://dx.doi.org/10.1038/nmat2630
http://dx.doi.org/10.1038/nmat2630
http://dx.doi.org/10.1038/nmat2630
http://dx.doi.org/10.1038/nmat2630
http://dx.doi.org/10.1038/nphoton.2010.237
http://dx.doi.org/10.1038/nphoton.2010.237
http://dx.doi.org/10.1038/nphoton.2010.237
http://dx.doi.org/10.1038/nphoton.2010.237
http://dx.doi.org/10.1038/nphoton.2013.232
http://dx.doi.org/10.1038/nphoton.2013.232
http://dx.doi.org/10.1038/nphoton.2013.232
http://dx.doi.org/10.1038/nphoton.2013.232
http://dx.doi.org/10.1038/nature07012
http://dx.doi.org/10.1038/nature07012
http://dx.doi.org/10.1038/nature07012
http://dx.doi.org/10.1038/nature07012
http://dx.doi.org/10.1021/nl2041047
http://dx.doi.org/10.1021/nl2041047
http://dx.doi.org/10.1021/nl2041047
http://dx.doi.org/10.1021/nl2041047
http://dx.doi.org/10.1038/nnano.2013.98
http://dx.doi.org/10.1038/nnano.2013.98
http://dx.doi.org/10.1038/nnano.2013.98
http://dx.doi.org/10.1038/nnano.2013.98
http://dx.doi.org/10.1103/PhysRevLett.96.113002
http://dx.doi.org/10.1103/PhysRevLett.96.113002
http://dx.doi.org/10.1103/PhysRevLett.96.113002
http://dx.doi.org/10.1103/PhysRevLett.96.113002
http://dx.doi.org/10.1103/PhysRevLett.97.017402
http://dx.doi.org/10.1103/PhysRevLett.97.017402
http://dx.doi.org/10.1103/PhysRevLett.97.017402
http://dx.doi.org/10.1103/PhysRevLett.97.017402
http://dx.doi.org/10.1038/nnano.2006.93
http://dx.doi.org/10.1038/nnano.2006.93
http://dx.doi.org/10.1038/nnano.2006.93
http://dx.doi.org/10.1038/nnano.2006.93
http://dx.doi.org/10.1038/nphoton.2009.187
http://dx.doi.org/10.1038/nphoton.2009.187
http://dx.doi.org/10.1038/nphoton.2009.187
http://dx.doi.org/10.1038/nphoton.2009.187
http://dx.doi.org/10.1126/science.1228638
http://dx.doi.org/10.1126/science.1228638
http://dx.doi.org/10.1126/science.1228638
http://dx.doi.org/10.1126/science.1228638
http://dx.doi.org/10.1038/nphoton.2008.32
http://dx.doi.org/10.1038/nphoton.2008.32
http://dx.doi.org/10.1038/nphoton.2008.32
http://dx.doi.org/10.1038/nphoton.2008.32
http://dx.doi.org/10.1126/science.1191922
http://dx.doi.org/10.1126/science.1191922
http://dx.doi.org/10.1126/science.1191922
http://dx.doi.org/10.1126/science.1191922
http://dx.doi.org/10.1038/ncomms2769
http://dx.doi.org/10.1038/ncomms2769
http://dx.doi.org/10.1038/ncomms2769
http://dx.doi.org/10.1038/ncomms2769
http://dx.doi.org/10.1126/science.1111886
http://dx.doi.org/10.1126/science.1111886
http://dx.doi.org/10.1126/science.1111886
http://dx.doi.org/10.1126/science.1111886
http://dx.doi.org/10.1364/OE.16.009144
http://dx.doi.org/10.1364/OE.16.009144
http://dx.doi.org/10.1364/OE.16.009144
http://dx.doi.org/10.1364/OE.16.009144
http://dx.doi.org/10.1103/PhysRevLett.103.257404
http://dx.doi.org/10.1103/PhysRevLett.103.257404
http://dx.doi.org/10.1103/PhysRevLett.103.257404
http://dx.doi.org/10.1103/PhysRevLett.103.257404
http://dx.doi.org/10.1021/nl3007374
http://dx.doi.org/10.1021/nl3007374
http://dx.doi.org/10.1021/nl3007374
http://dx.doi.org/10.1021/nl3007374
http://dx.doi.org/10.1021/nl049951r
http://dx.doi.org/10.1021/nl049951r
http://dx.doi.org/10.1021/nl049951r
http://dx.doi.org/10.1021/nl049951r
http://dx.doi.org/10.1103/PhysRevLett.94.017402
http://dx.doi.org/10.1103/PhysRevLett.94.017402
http://dx.doi.org/10.1103/PhysRevLett.94.017402
http://dx.doi.org/10.1103/PhysRevLett.94.017402
http://dx.doi.org/10.1038/nphoton.2008.27
http://dx.doi.org/10.1038/nphoton.2008.27
http://dx.doi.org/10.1038/nphoton.2008.27
http://dx.doi.org/10.1038/nphoton.2008.27
http://dx.doi.org/10.1103/PhysRevLett.88.077402
http://dx.doi.org/10.1103/PhysRevLett.88.077402
http://dx.doi.org/10.1103/PhysRevLett.88.077402
http://dx.doi.org/10.1103/PhysRevLett.88.077402
http://dx.doi.org/10.1103/PhysRevLett.97.206806
http://dx.doi.org/10.1103/PhysRevLett.97.206806
http://dx.doi.org/10.1103/PhysRevLett.97.206806
http://dx.doi.org/10.1103/PhysRevLett.97.206806
http://dx.doi.org/10.1103/PhysRevLett.93.256804
http://dx.doi.org/10.1103/PhysRevLett.93.256804
http://dx.doi.org/10.1103/PhysRevLett.93.256804
http://dx.doi.org/10.1103/PhysRevLett.93.256804
http://dx.doi.org/10.1126/science.1109043
http://dx.doi.org/10.1126/science.1109043
http://dx.doi.org/10.1126/science.1109043
http://dx.doi.org/10.1126/science.1109043
http://dx.doi.org/10.1063/1.2733649
http://dx.doi.org/10.1063/1.2733649
http://dx.doi.org/10.1063/1.2733649
http://dx.doi.org/10.1063/1.2733649
http://dx.doi.org/10.1364/OE.16.021793
http://dx.doi.org/10.1364/OE.16.021793
http://dx.doi.org/10.1364/OE.16.021793
http://dx.doi.org/10.1364/OE.16.021793
http://dx.doi.org/10.1038/nmat2629
http://dx.doi.org/10.1038/nmat2629
http://dx.doi.org/10.1038/nmat2629
http://dx.doi.org/10.1038/nmat2629
http://dx.doi.org/10.1103/PhysRevLett.108.233001
http://dx.doi.org/10.1103/PhysRevLett.108.233001
http://dx.doi.org/10.1103/PhysRevLett.108.233001
http://dx.doi.org/10.1103/PhysRevLett.108.233001
http://dx.doi.org/10.1364/OL.23.001331
http://dx.doi.org/10.1364/OL.23.001331
http://dx.doi.org/10.1364/OL.23.001331
http://dx.doi.org/10.1364/OL.23.001331
http://dx.doi.org/10.1103/PhysRevB.60.9061
http://dx.doi.org/10.1103/PhysRevB.60.9061
http://dx.doi.org/10.1103/PhysRevB.60.9061
http://dx.doi.org/10.1103/PhysRevB.60.9061
http://www.lumerical.com/tcad-products/fdtd/
http://dx.doi.org/10.1038/nphoton.2007.46
http://dx.doi.org/10.1038/nphoton.2007.46
http://dx.doi.org/10.1038/nphoton.2007.46
http://dx.doi.org/10.1038/nphoton.2007.46
http://dx.doi.org/10.1063/1.1365101
http://dx.doi.org/10.1063/1.1365101
http://dx.doi.org/10.1063/1.1365101
http://dx.doi.org/10.1063/1.1365101
http://dx.doi.org/10.1063/1.331665
http://dx.doi.org/10.1063/1.331665
http://dx.doi.org/10.1063/1.331665
http://dx.doi.org/10.1063/1.331665
http://www.menzel.de/technical-information.656.0.html?&l=1
http://dx.doi.org/10.1063/1.4748298
http://dx.doi.org/10.1063/1.4748298
http://dx.doi.org/10.1063/1.4748298
http://dx.doi.org/10.1063/1.4748298
http://dx.doi.org/10.1103/PhysRevLett.48.957
http://dx.doi.org/10.1103/PhysRevLett.48.957
http://dx.doi.org/10.1103/PhysRevLett.48.957
http://dx.doi.org/10.1103/PhysRevLett.48.957
http://dx.doi.org/10.1021/nl102548t
http://dx.doi.org/10.1021/nl102548t
http://dx.doi.org/10.1021/nl102548t
http://dx.doi.org/10.1021/nl102548t
http://dx.doi.org/10.1088/0957-4484/25/7/075203
http://dx.doi.org/10.1088/0957-4484/25/7/075203
http://dx.doi.org/10.1088/0957-4484/25/7/075203
http://dx.doi.org/10.1088/0957-4484/25/7/075203
http://dx.doi.org/10.1038/ncomms1143
http://dx.doi.org/10.1038/ncomms1143
http://dx.doi.org/10.1038/ncomms1143
http://dx.doi.org/10.1038/ncomms1143
http://dx.doi.org/10.1364/OE.18.002797
http://dx.doi.org/10.1364/OE.18.002797
http://dx.doi.org/10.1364/OE.18.002797
http://dx.doi.org/10.1364/OE.18.002797
http://dx.doi.org/10.1103/PhysRevLett.78.2928
http://dx.doi.org/10.1103/PhysRevLett.78.2928
http://dx.doi.org/10.1103/PhysRevLett.78.2928
http://dx.doi.org/10.1103/PhysRevLett.78.2928



