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Abstract: The optical properties of plasmonic dipole and bowtie nanoa
tennas are investigated in detail using the Green’s teresgimique. The
influence of the geometrical parameters (antenna length,dgaension
and bow angle) on the antenna field enhancement and spezsinse
is discussed. Dipole and bowtie antennas confine the field wolame
well below the diffraction limit, defined by the gap dimensso The dipole
antenna produces a stronger field enhancement than theebamittnna
for all investigated antenna geometries. This enhancegsnteach three
orders of magnitude for the smallest examined gap. Whereasliffole
antenna is monomode in the considered spectral range, Wigelantenna
exhibits multiple resonances. Furthermore, the sentsitni the antennas
to index changes of the environment and of the substrateéstigated in
detail for biosensing applications; the bowtie antennasvstlightly higher
sensitivity than the dipole antenna.
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1. Introduction

Over the last 10 years there has been a surge of research aptical properties of metal-
lic nanoparticles [1-10]. Properly designed nanostrast@are known to produce so called hot
spots where the incident electromagnetic field is enhangeg\eral orders of magnitude. The
plasmonic resonances observed in such structures opedbibitity to build antennas oper-
ating in the visible [11,12]. Their hot spots can be useditgar nonlinear effects and to couple
electromagnetic radiation efficiently between the anterarad dipole emitters. Experimental
techniques such as tip enhanced Raman spectroscopy aresarfaanced Raman spectroscopy
demonstrate the potential of such hot spots to detect regliamitters with sensitivity down
to a single molecule [13-19]. The enhancement of the fluerese of molecules placed near
a plasmonic nanostructure has been observed recentlggttime plasmon resonance either to
the excitation or the emission of the molecules [20-23].

The optical properties of different types of antennas haenhdiscussed over the last few
years [24-34]. Two geometries, i.e. the dipole and the lwatitennas, appear to combine
in a unique way the formation of a strong hot spot in their gag the tunability of their
resonance. The strong field enhancement of dipole antermsagadily been shown by white
light continuum generation [12]. Bowtie antennas havemtdgdeen used as near-field probes

Fig. 1. Geometry of the investigated system: (a) Bowtie and (b) dipole masefhe illu-
mination is shown in panel (b).
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and for nanolithography [35, 36]. The potential of both stumes for the enhancement of the
fluorescence of molecules has also been demonstrated [3Hed@ver a detailed analysis and
comparison of the optical properties of both antenna sirastas a function of their different
geometrical parameters is still lacking in the literatdriee aim of this paper is to provide such
a detailed analysis.

The paper is organized as follows: Section 2 describes tliehused; the response of dipole
and bowtie antennas is discussed in Section 3 and a conelisgivesented in the last section.

2. Method and geometry

The Green’s tensor method is used to calculate the optispbrese of gold dipole and bowtie
antennas [40-42]. The real and imaginary parts of the gelécliric function are obtained from
experimental data [43]. To account for a realistic envirenirthe antennas are supported by a
substrate with index of refractiory and covered with a material with indey,,. It is essential to
consider such environment material for applications irséising, where the antenna might be
immersed in water or another liquid. If not specified othemhe calculations are performed
for a substrate inders = 1.5 and an environment indeéxn, = 1.0. The structures are illumi-
nated from below through the substrate, perpendicularg¢@ittenna long axis and at an angle
of incidencef = 70 to the vertical axis, to fulfill the attenuated total reflecticondition at the
glass/air interface, as illustrated in Fig. 1(b). The iecitfieldEy is polarized along the long
axis of the antenna. As pointed out in the introduction, tap gepresents an essential feature
of the antenna structure. To characterize the spectrabnsgpof the antenna and its intensity
enhancement we therefore calculate the field intensitgésiis gap in relative units to the illu-
mination intensitylg in the substrate. The antennas are discretized with 10X0®wimeshes,
which leads to the following bow anglesfor the bowtie antennar; = 28, a, =53°, a3 = 90°
andas = 127, Fig. 1(a). All antennas have a 40nm thickness. The widthefiipole antenna
is 40nm, whereas the bowtie antenna apex width is 20nm. Madses correspond to what can

(a) ' ' '}{

450 ’__/Jj\’\/\/\/—\/

300 1t (b) 1300

Relative intensity

150 1150
L | |
0 ) ) ) - ) ) 0
400 800 1200 800 1200

Wavlength [nm]

Fig. 2. Relative field intensity spectra in the gap for (a) bowtie and (b) dgatiennas. The
dotted line in panel (b) indicates the relative field intensity at the extremity oflifhee
antenna. (I=230nm; g=30nm)
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A= 760nm

Fig. 3. Near-field intensity distribution 20nm above a dipole antenna (I=23@s a func-
tion of the illumination wavelengtiA . The corresponding spectrum (field intensity in the
gap) is shown in the inset. (file size: 0.4MB)

be achieved with modern fabrication techniques. The mesth ios the calculation provides an
accurate description of the antennas; the interested réadeferred to Refs. [44, 45] for dis-
cussion of the convergence of the method and to Ref. [46]e@slty Fig. 11 - for a discussion
of surface roughness and local field enhancement.

In the next section, we study the spectra of dipole and boariennas as a function of
the following geometrical parameters: Antenna lenigtbap widthg, substrate indexs and
environment indexeny, Fig. 1(b).

3. Resultsand discussion

The geometry of the antenna strongly influences its opticgigrties as indicated in Figure 2,
which shows the calculated intensity spectra in the antgapaor the dipole antenna and for
the bowtie antennas with the bow angtes- a4. In the spectral range of the calculation, the
dipole antenna has one resonance at 760nm, where the fieftitytin the gap is about 280
times larger than the intensity of the illumination field.eThowtie antennas produce a lower
field in their gaps (about 50-150 times the illumination figltensity). Figure 2 indicates that
the dipole antenna is essentially single mode, while thetieoantennas exhibit several reso-
nances, whose spectral positions depend on the bow anddewever, a clear trend between
bow angle and field enhancement in the bowtie antennas caenuitserved. At the smallest
bow angleas, where the bowtie antenna resembles most the dipole ant&ésispectrum ap-
proaches most the spectrum of the dipole antenna. The sisbfigld enhancement is observed
for the bow anglexz = 90°, Fig. 2(a).

The movies in Figs. 3 and 4 show the near-field intensity inralfg plane 20nm above the
structure as a function of the illumination wavelength. lEeesonance corresponds to a specific
mode in the near-field. Note that the asymmetry of the nelt-dileng the y-axis is due to the
inclined illumination. The bowtie antennas seem to prowadeetter localization of the field
inside the gap, with less field enhancement at the extermgsethan observed for the dipole
structure. However, the field intensity inside the gap ofdimle structure is larger than for
the bowtie structures, as can also be seen from the spedéiig. iB. The dotted line in Fig. 2(b)
represents the intensity at the external edges of the dgdnna. The intensity in the gap of
the dipole antenna is thus about five times larger than atdgeseof the antenna. To illustrate
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A= 820nm

Fig. 4. Near-field intensity distributions 20nm above bowtie antennas (h838@s a func-
tion of the illumination wavelength . Four different bow angles are considered (from top
left to bottom right):a; = 28°, a1 = 53°, a1 = 90° and a, = 127°. The corresponding
spectra (field intensity in the gap) are shown in the insets. (file size: 1.5MB)

the strong field confinement in the antenna gap, Fig. 5 shosvédl intensity in the xz- and
yz-planes through the gap. The field is confined within a v@whabout 40*40*30nm which
is well below the limit of diffraction at a wavelength of 760n Note the logarithmic scale in
the color-plots of Fig. 5.

The spectral positions of the antenna resonances are die¢erivy the antenna dimensions.
For the chosen incident polarization, the length of theramaeplays the most crucial role. To
study this effect further and to simplify the comparison gfade and bowtie antennas, in the

Fig. 5. (a) xz-map and (b) yz-map of the relative field intensity in a plareagh the middle
of a dipole antenna at the resonance wavelength.
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remaining of the paper we will concentrate on the bowtiecstme with a bow anglers = 90°,
which produces the largest field enhancement. The influehttee@ntenna length on the res-
onance spectrum is investigated in Fig. 6. Note the diffeirgensity scales of the dipole and
bowtie antennas, as well as the different intensity scalethke short (I=110nm and 1=130nm)
and for the long antennas, Figs. 6(a) and (b). Two resonareesbserved for the short dipole
antennas. In that case, the geometry resembles more thad obtipled nanoparticles, support-
ing two plasmon modes [47]. The low energy mode shifts vepydis to the infrared when the
structure length increases.

Longer dipole antennas & 150nm) exhibit one strong resonance which slightly redtshif
when the antenna length increases. This effect is investiga detail in Fig. 7(a), which shows
the spectral position of the resonance as a function of tkenaa length. For the dipole an-
tenna, the resonance shifts linearly with the antenna tevgth a proportion of 2.1 [wave-
length/antenna length]. This trend is less obvious for ihetle antenna, Fig 6(b). While very
short antennas show again two peaks, longer bowtie anteteety exhibit a multimode be-
havior with several peaks. Tracking the resonance wavilenfgthe strongest mode leads to
the scattered data in Fig. 7(a). However, by analyzing eesbnance individually, one can re-
cover a well defined trend, as indicated in Fig. 8. The threm mesonances identified in Fig.
8(a) for an antenna length of I=210nm shift almost linearlthvthe antenna length, Fig 8(b).
The coefficients (between 1.8 and 2.5 [wavelength/anteangth], depending on the resonance
Fig. 8(b)) are comparable to that of the dipole antenna.

Figure 7(b) shows the relative field enhancement in the gap fasction of the antenna
length. Both antenna types clearly exhibit a linear inceeafsthe field intensity for the range
of calculated lengths. The physical origin for this effextbnnected to the coupling strength
of the two antenna arms. As a matter of fact, the resonanceleryth of a long antenna is

{a) | == (b) | »‘
M&m
1800 i 1600

1500 i 1500

1200 L 1400
> JN__ J/\’\N >
= 900 =300 £
[ [
8 N LA A~ | S
£ 600 2200 €
2 2
2 _,-/\/W =
£ 300 =~ 100 2
Q |1=150nm Q
T ob : —"~"——0 &

:
|

30 F 125

1=110nm
o~ "’_—‘1 ‘ f»‘ - ‘ 10
500 1000 1500 500 1000 1500
Wavelength [nm] Wavelength [nm]

Fig. 6. Relative intensity enhancement in the gap as a function of the antength |
between 1=110nm and I=270nm in 20nm increments. (a) Dipole and (bjidgeometry
(a =90°). The antenna gap is kept constant (g=30nm).
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Fig. 7. (a) Resonance position shift for dipole (+) and bowtie<(90°, *) antennas as a
function of the antenna length. (b) Field enhancement as a function ahteena length
for both antennas.
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Fig. 8. (a) The three main resonances of a bowtie antenna (I=220af0°) and (b) their
spectral position as a function of the antenna length.

larger than that of a short antenna. Hence, the gap has aesratidictive length for the larger
antenna, which results in a stronger coupling between lratk.aNote also in Fig. 7(b) that the
increase of the field as a function of the antenna length iswstronger for the dipole antenna.
However, the increment of the field in the gap of the dipoleana is much stronger than that
of the bowtie antenna. For the shortest antenna length (@)Ltre field is about the same for
both structures, whereas for the longest antenna (300rew)iplole enhancement is about three
times higher than the bowtie enhancement.

Stronger field enhancements can be achieved by decreasimgdtin of the gap. The result-
ing spectral response is calculated in Figs. 9(a) and (b)e Mwe logarithmic intensity scale
for the color plots. The spectral position of the dipole restce and of the three main bowtie
resonances as a function of the gap width is shown in Fig. Bfr)decreasing gap widths the
dipole resonance shifts to the red just as observed expetathefor nanodiscs by Rechberger
et al. [48]. On the other hand, the spectral position of thetlsomain resonance remains rather
constant. Both dipole and bowtie antennas exhibit a stroagease of the field inside the gap
for decreasing gap width, as shown in Fig. 9(d). Again thisatfis much stronger for the dipole
antenna than for the bowtie antenna.

Another interesting effect is visible in Fig. 9(c): For deasing gap width, the resonance
wavelength of the dipole antenna shifts towards that of aopole antenna with the corre-
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Fig. 9. Relative intensity spectra in the gap as a function of the illumination lemyth
and gap width for (a) a dipole and (b) a bowtee £ 90°) antenna (I=230nm). (c) Spectral
position and (d) relative field enhancement in the gap of the corresmpimdensity maxi-
mum as a function of the gap width. For the bowtie antenna the three mairaress are
again treated separately (see Fig. 8). The dot in panel (c) indicategebtat position of
the maximum for the corresponding monopole antenna.

sponding length (I=200nm) indicated by a dot in Fig. 9(c)isTéffect is not observed for the
bowtie antenna. This is probably because in the case of twéeébgeometry, the structure for
touching arms (g=0) is not similar to one individual arm, sishie case for a dipole antenna.
Overall, the spectrum of the bowtie antenna appears to be determined by the resonance of
the the two triangular arms, rather than by the coupling betwthem.

At microwave or radio frequencies, the substrate indgxas a strong influence on the reso-
nance spectrum of the antenna [49]. This dependence is @rgarsed to design small antennas
with dimensions well below the half wavelength conditiohelsame effect can be observed in
Fig. 10 for optical resonant antennas: An increasing satestndex leads to a red shift of the
antenna resonance. At optical frequencies the antennandioms are as small as a few tens of
nanometers, i.e. below the half wavelength condition [5@] at the limit of today’s fabrication
techniques. Hence designing smaller antennas by usingiigit materials as substrate does
not seem to be of great practical interest presently.

Much more interesting is the antenna sensitivity to chafiése environmental index of re-
fractionneny. As shown in Fig. 11 the spectral positions of the dipole d&edtowtie resonances
strongly depend omep,. Figure 12(a) and (b) show a linear increase of the resonange-
length for increasingen,. Furthermore, the sensitivity of the dipole antenna stipdgpends
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Fig. 10. Relative field intensity enhancement in the gap for (a) a dipolé@redbowtie an-
tenna (I=110nm, g=30nnm = 90°) as a function of the illumination wavelength. Different
refractive indexess are used for the substrate material.
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Fig. 11. Relative field intensity enhancement in the gap for (a) a dipolé@rsdbowtie an-
tenna (I=110nm, g=30nnm = 90°) as a function of the illumination wavelength. Different
refractive indexeseny are used for the cover material, the substrate index3%,5.
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on its gap width: Decreasing the gap width increases thenaateensitivity as shown in Fig.
12(a). For the bowtie antenna this dependence cannot beveldsé&ig. 12(b). All investigated
bowtie antennas show a slightly higher sensitivity thandipele antenna (500-510RHJ vs.
400-490RIU1). We assume that this sensitivity is related to the speptsition of the antenna
resonance. The further the resonance wavelength is shdtdt red, the higher the antenna
sensitivity on index changes. Since we have shown prewidhat the resonance position of the
bowtie antenna remains constant for changing gap widtessehsitivity to the environment is
not changing either for different gaps.
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Fig. 12. Sensitivity of the (a) dipole and (b) bowtie antenna (I=110nmQgrB8a = 90°)
as a function of the environment indagn.

4. Conclusion

We have investigated numerically the optical propertigg@a$monic dipole and bowtie nanoan-
tennas with different bow angles as a function of the antdéamngth, gap, substrate and back-
ground indexes. The bowtie antenna supports multiple sesm®s in the examined spectral
range, leading to a rather broadband response. The threeresinances appear to be very
sensitive to changes in the antenna geometry. Bowtie amdedgmtennas turn out to have sim-
ilar tuning capabilities with their length. However, theespral position of the dipole resonance
depends much stronger on the gap width than it is the cas@ddvdwtie antenna, where al-

most no spectral shift could be observed. Interestinglyfitid enhancement is much stronger
for the dipole than for the bowtie antenna. Even though theutated bowtie structures have a
sharper tip (20nm) than the calculated dipole structuréar), the intensity enhancement in
the dipole gap reaches values that are three times highettthgof the bowtie antenna. Despite
the stronger field enhancement of the dipole antenna, thédsteuctures show stronger sen-
sitivity to environmental index changes. To the best of cunvdedge this is the first detailed

comparison of the optical properties of dipole and bowtieeanas. The results of this article

should be useful for choosing the best suited antenna gepfoet given application.
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