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Abstract An approximate resonance wavelength equation
that varies with metal antenna structure size is developed
to design a bowtie gold metal antenna working at near-
infrared (IR) wavelength. Bowtie antenna structures with
resonance wavelength of 1.06 µm, 1.55 µm and 10.6 µm
are designed based on this equation. A finite-difference time
domain (FDTD) algorithm with total field scattered field
(TFSF) source simulation shows the resonance wavelength
of the designed structures being precisely in agreement with
the expected wavelengths from the equation. Planar integra-
tion of the metal bowtie antennas is discussed as well. Gold
nanohole bowtie antenna arrays are fabricated and the near-
field optical transmission properties of the nanohole array
are investigated with a near-field scanning optical micro-
scope (NSOM). Our experimental results verify the near-
field optical transmission performance and further demon-
strate that they are in agreement with the theoretical calcu-
lation results. The high enhancement efficiency and integra-
tion of the metal bowtie antennas open the possibility of a
wide application in IR optoelectronics detection and imag-
ing.
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1 Introduction

In recent years, metal antennas work at optical frequency
present prospective applications in optoelectronics due to
the localized surface plasmon resonance (LSPR) effects of
metal nanoparticles, which induce large near-field enhance-
ment and high far field irradiative efficiency [1–5]. Typical
metallic nanoparticle’s geometries such as spheres, cross-
shaped Ag nanoparticles [6], rhombic plasmonic nanopar-
ticle [7], disks [8], and bowties [9, 10] on a support sub-
strate, e.g. quartz or glass, can exhibit resonances in the vis-
ible optical spectrum [11, 12], their optical properties and
applications were explored and the high antennas emission
characteristics of the particles are associated with the LSPR
effects as well. Among the antennas with different structure
characteristics, the bowtie metal antenna has stronger local-
ized field distribution due to its confined geometry, which
results in field enhancement at the sharp ends of the struc-
ture [13]. Gold has a strong SPR effect [14] and stable phys-
ical properties, it is a good candidate metal in infrared de-
tector [5]. The electronic field distribution and intensity en-
hancement are discussed in many pioneers’ work in visible
and IR light range [3–5, 15–17]. However, still there is no a
clear way to guide the designing of the bowtie antenna struc-
ture with an expecting resonant wavelength, and most of the
discussions are on the single antenna cell and in visible wave
range.

In this paper, the extinction and resonance properties of
the single bowtie Au antenna work in near IR range with
different sizes are investigated. A linear equation is deduced
to approximately guide the designing of bowtie antenna res-
onant at a specific near IR wavelength. FDTD simulations
confirmed the design and the integration discussion of the
antennas are performed. Gold bowtie array is fabricated and
the near-field transmission properties are investigated with
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near-field scanning optical microscope (NSOM). It is ob-
served that the experimental results are in agreement with
the FDTD calculation results. The integrated IR antennas
present a practical approach to open up its practical applica-
tion ranging from IR optoelectronics detection to IR imag-
ing.

2 Simulation environment and antenna modeling

In this paper, the simulations are based on commercial
FDTD algorithm software presented by Lumerical Inc.,
named FDTD Solution. In the simulations of single bowtie
antenna, the absorption boundary condition is adopted, and
periodic condition is attached in the simulations of bowtie
antenna array.

The schematic of the bowtie metal antenna is shown in
Fig. 1, where the golden color area is the gold (Au) film, the
gray etched area is air. In the simulation, the thickness of
the Au is kept to be 0.1 µm, and the dielectric constant of
the Au is referenced from Ref. [18] and fitted as described
by Jensen [19]. This basic bowtie antenna cell structure is
also used to analyze its integration.

Total field scattered field (TFSF) provided by FDTD So-
lution is introduced as the optical source to investigate the
resonance properties of the single bowtie antenna structure.
TFSF source is a useful light source for nanoparticle scat-
tering problems. The TFSF source separates the simulation
area into two regions: an interior region in which the to-
tal field, an incident plane wave plus the resulting scattered
field is calculated, and an exterior region in which only the
scattered field is calculated.

To explore the enhancement factor of the designed struc-
ture and the energy coupling among the bowtie metal anten-
nas in the integration, plane wave source polarizing along
y-direction is set to be the incident light at the resonance
wavelength of the structure, since the electric field en-
hancement achieves its maximum at the resonance wave-
length.

3 Optical properties and structure size design of the
bowtie metal antenna

The structure parameters of the single bowtie metal antenna
and the integration are shown in Figs. 1a–1b this planar
integration structure is symmetrical both along x- and y-
direction. The relationship of L = W and AL = (W − S)/2
exist among the parameters. In our simulation work, we set
S = 0.2 µm and L = W . With the help of TFSF source
provided by FDTD Solution, we got the scattering, absorp-
tion and extinction properties of the designed bowtie an-
tenna in near IR wavelength range, which are presented in
Figs. 2a–2c. The spectra show the resonance peaks shift to
longer wavelength with increasing the structure size of the
bowtie antenna. It also shows the intensity enhancement ra-
tio is increasing and the resonance spectra are broadened
apparently.

The extinction resonance peaks in Fig. 2c were adopted
to analyze the resonance characteristics vary with the struc-
ture size. Figure 2d shows the resonance wavelengths λR

vary with the arm length AL. Their relations were plotted
and fitting with MATLAB Tool software. The corresponding
linear equation of the resonance wavelength vs. arm length
is deduced as

y = 7.3 × x + 1 (1)

In this model, y = λR , x = AL. This equation helps to de-
sign the concrete bowtie Au antenna structure correspond-
ing to a special near IR resonance wavelength. Considering
an IR wavelength of 10.6 µm, AL = 1.32 µm is obtained
with this equation. Figures 3a–3b presents the correspond-
ing calculated extinction spectrum and the E-field intensity
distribution at the emission surface of the designed bowtie
antenna. The resonance wavelength of the designed bowtie
antenna fits well with the expected resonance wavelength.

Fig. 1 (a) The schematic of
single bowtie mental antenna.
Where S, Al, L, W and T are
the distances sign shown in the
figure. (b) The schematic of the
planar integration of bowtie
metal antenna. The arrows
denote the distance between the
bowtie cells along x and
y-direction
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Fig. 2 (a) The scattering spectrum, (b) the absorption spectrum and (c) the extinction spectrum vary with the arm length AL. (d) The extinction
resonance wavelength (WL) vs. the arm length AL

Fig. 3 (a) The scattering,
absorption, and extinction
spectrum of the designed bowtie
antenna with resonance
wavelength at 10.6 µm; (b) the
E-field intensity distribution at
the emission surface of the
designed bowtie metal antenna
with the incident wavelength of
10.6 µm. The AL of the antenna
is 1.32 µm

It shows this equation can guide the designing of a bowtie
IR antenna which could be resonant at a specific IR wave-
length. The E electric field intensity distribution in Fig. 3b
shows the enhancement ratio is as high as ∼104.

To further investigate the application on other IR wave-
lengths, the structure size of the near IR wavelength of
1.06 µm and 1.55 µm antenna are designed according
to (1). The corresponding AL = 0.01 µm and 0.075 µm
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Fig. 4 The scattering, absorption, and extinction spectrum of the de-
signed near IR bowtie metal antenna with the linear equation, with
(a) AL = 0.01 µm (b) AL = 0.075 µm. the resonance peaks are at

0.86 µm and 1.33 µm. (c) The cubic fitting relation between resonant
wavelength WL and arm length AL

Fig. 5 The scattering, absorption, and extinction spectrum of the
designed bowtie antenna with the modified equation, with (a) AL =
0.035 µm, (b) AL = 0.1 µm the resonance peaks are at 1.06 µm and
1.55 µm The corresponding E-field intensity distribution at the emis-

sion surface of bowtie antennas when the wavelength of source set to
be the resonance wavelength of the antennas ((c) resonance wavelength
of 1.06 µm; (d) resonance wavelength of 1.55 µm)
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Fig. 6 (a) The calculated
E-field intensity distribution of
bowtie Au antenna working at
10.6 µm. (b) The calculated
E-field intensity distribution of
the planar integration bowtie Au
antenna with periodic boundary
condition

Fig. 7 The SEM and AFM
measured topography image of
the nanohole bowtie antenna
array

are obtained, and the extinction spectra are shown in
Figs. 4a–4b.

Figure 4a–4b show the resonance wavelengths are di-
verged to ∼0.86 µm and ∼1.33 µm, respectively. Consider-
ing the shorter IR wavelength scope, a higher order equation
based on previous (1) is deduced as

y = −0.68 × x3 + 1.2 × x2 + 7.1 × x + 0.82 (2)

Here resonance wavelength λR is denoted as y and arm
length AL is denoted as x. This new equation is also fitted
with MATLAB Tool software. And in longer IR wavelength
scope, it is equivalent to the linear (1). The data and fitting
curve are presented in Fig. 4c.

To the resonance wavelength of 1.06 µm and 1.55 µm,
AL = 0.035 µm and 0.1 µm are obtained with this new equa-
tion. FDTD calculation based on the new size is shown as
Figs. 5a–5b. It is shown that the resonance wavelength of
this new model is as expected as 1.06 µm and 1.55 µm, re-
spectively. And the enhanced electric intensity distribution
at the emission surface of the structure is shown as Figs.
5c–5d, which motivates a potential application in IR photo-
electronic detection.

4 The investigation of the bowtie metal antenna
integration

Planar integration technology is an essential approach to
open up the potential application of the designed bowtie an-
tenna working at a specific IR wavelength.

Figure 6 further demonstrates a three dimensional E-field
distribution obtained with periodical boundary condition. It
works at 10.6 µm. The large area antenna pattern shows a
strong E-field distribution which motivates a prospective ap-
plication in IR imaging.

Nanohole bowtie arrays are fabricated using focused
ion beam (FEI Quanta 200 3D dual beam system) di-
rectly milling technique and NSOM (MultiView 2000TS

from Nanonics Inc. in Israel) is employed. It can perform
both an Atomic Force Microscope (AFM) Scanning and
a NSOM Scanning. The Scanning Electronic Microscope
(SEM) and AFM image of the bowtie antenna array is shown
as Fig. 7. To get the optical transmission properties through
the nanohole bowtie arrays, a tapered single mode fiber
probe working in collection mode is used. The aperture di-
ameter of the fiber probe is 150 nm and the working wave-
length of the light source is 532 nm (Nd:YAG laser with
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Fig. 8 NSOM measured E-field intensity distribution at x–y plane with a propagation distance of (a) z = 200 nm, (b) z = 500 nm and
(c) z = 1000 nm from the exit surface of the nanohole bowtie array, respectively. And the calculated E-field intensity distribution of the nanohole
bowtie antenna array with the E-field distribution at the height of (d) z = 200 nm, (e) z = 500 and (f) z = 1000 from the sample surface, re-
spectively. The simulation model is in accordance with the experimental model in (a, b and c), but with periodic boundary condition. (g–h) and
(i–j) show the comparison of the normalized measured and calculated E-intensity distribution along the center of the nanohole bowtie antenna.
(g) Measured curves of x-direction along the center of the bowtie antenna, the curves are corresponding to the measured positions at 200 nm,
500 nm and 1000 nm from the exit surface of the nanohole array; (h) calculated results of x-direction along the center of the bowtie antenna, the
curves are corresponding to the perpendicular transmission positions at 200 nm, 500 nm, and 1000 nm from the exit surface. (i) Measured curves
of y-direction along the center of the bowtie antenna, the curves are corresponding to the measured positions at 200 nm, 500 nm and 1000 nm from
the exit surface of the nanohole array; (j) calculated results of y-direction along the center of the bowtie antenna, the curves are corresponding to
the perpendicular transmission positions at 200 nm, 500 nm, and 1000 nm from the exit surface
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power of 20 mW). Firstly, the tip was scanning close to the
sample surface. Then the fiber tip was raster scanned at a
constant height of 200 nm, 500 nm, and 1000 nm above the
sample surface, respectively. The optical intensity distribu-
tion of the transmitted light at different planes was mapped
over a grid of 256 × 256 spanning an area of 4 µm × 4 µm.

The E-field distribution obtained by the NSOM is pre-
sented in Figs. 8a–8c. The transmission E-field intensi-
ties are decaying with the transmission distances increasing
from the exit surface of the nanohole array. A simulation
model is built corresponding to the experimental model, also
with an incident light source with a wavelength of 532 nm.
Figures 8d–8f shows the calculated three dimensional E-
field results which show a good agreement with the exper-
iment results shown in Figs. 8a–8c. Still the intensity dis-
tributions between the experimental and calculated results
show a little difference. In the simulation model, a periodic
condition is attached in the simulations of bowtie antenna
array. No coupling effects among the bowtie antennas are
presented in Figs. 8d–8f. On the contrary, the experimental
results show a non-symmetrical E-field distribution because
of the no-symmetrical structure of the bowtie antenna and
coupling effects among the antennas. Especially in Fig. 8c,
it show a near continuous E-intensity distribution along the
x-direction. Both the experimental and calculation results
show strong E-field intensity distribution at the center area
of the bowtie antenna.

Figures 8(h) and 8(j) present the normalized measured E-
field intensities distribution along the center of the bowtie
antennas at different scanning height from the surface of the
array. They are in agreement with the calculated normalized
intensity distributions as shown in Figs. 8(g) and 8(i). The
inset pictures in Figs. 8(h) and 8(j) show the cross-section
positions along x and y-directions of the bowtie antennas.

5 Conclusion

TFSF source and FDTD algorithm are used to investigate the
optical properties of the bowtie metal antenna. An approxi-
mate resonance wavelength vs. structure size equation is de-
veloped to design the bowtie gold antenna working at spe-
cific near-infrared (IR) wavelength. Bowtie antenna struc-
tures with resonance wavelengths of 1.06 µm, 1.55 µm and
10.6 µm are designed based on this equation. FDTD with
total field scattered field source simulation verified the reso-
nance wavelength vs. the structure size equation. Planar in-
tegration of the metal bowtie antennas is discussed as well.
Nanohole bowtie antenna array is fabricated in gold thin

film supported on quartz substrate. The geometric charac-
terization was performed using AFM, and the optical prop-
erties are characterized using NSOM. The NSOM images
show the high E-field distribution near the surface of the
Au film etched with a nanoholes array. FDTD algorithm is
used to carry on studying the optical transmission property
as well. Comparing the NSOM experimental results to the
FDTD theoretical calculating results, the experimental re-
sults demonstrate that the measured transmission results are
in agreement with the calculated results. The high enhance-
ment efficiency and integration of the metal bowtie antennas
motivate a wide application in IR optoelectronic detection
and imaging.
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