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Abstract—While plasmonic nano-antennas can produce intense
electric fields in a very small area, in general, these devices cannot
handle high power, because of their small footprints. In order to in-
crease the maximum peak power that these devices can withstand,
they can be driven by nano-second pulses from a larger diameter
-switched laser, which reduces the fluence reaching the devices,

thus avoiding their destruction. Furthermore, we show that an in-
crease in the power density capacity of the nano-antennas can be
achieved by replacing gold with titanium: more than 18 dB greater
power density can be handled by titanium based nano-antennas
without significant reduction in their electric field enhancement
capabilities.

Index Terms—Nano-photonics, plasmonic nano-antennas, plas-
monics, -switched laser.

I. INTRODUCTION

T HE advent of plasmonic nano-antennas has brought new
light into the nano-world – whereby freely propagating

optical radiation can be converted into localized optical fields
and vice-versa [1]. These devices can confine light well below
the diffraction limit [2], generating highly intense localized
electric fields that can be used in a multitude of applications in
nonlinear optics, imaging, sensing and photovoltaics [1].
The simplest nano-antenna device is a dipole antenna [2],

[3], which is constructed by placing a dielectric gap between
two metallic regions. In this structure, a strong electric field en-
hancement above 50 could be generated inside the dielectric
gap when the device is excited by an external laser source. Be-
sides dipole nano-antennas, more complex structures have also
been studied such as Yagi-Uda [4], [5], spiral [6]–[8], phased-
array [9] and staircase [10] nano-antennas, where they can ei-
ther provide better directivity or operate at larger bandwidths
when compared with dipole based counterparts.
Nano-antennas can be fabricated by using different equip-

ment such as electron beam lithography (EBL), followed by
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lift-off techniques, focused ion beam milling (FIB) [10] and
nano-stencil lithography [11]. In all these processes, gold is
generally deposited on top of a thin layer of titanium [11]–[13],
which provides better adhesion between the gold layer and the
substrate. However, as mentioned by Lahiri and co-workers
[13], the presence of the titanium layer changes the perfor-
mance of the plasmonic devices with effects such as shifting of
the resonant frequency of the devices. These effects are caused
by different material properties such as larger absorption losses
and different plasma frequencies [13].
Nano-antennas are passive devices that are excited by ex-

ternal light sources. Because of their small footprints, they
cannot handle high power, where higher power leads to higher
fluence (energy per unit area), which can eventually destroy the
antennas. In general, metal ablation occurs first, destroying the
metallic regions of the antenna. The incoming optical radiation
is absorbed by the metal – leading to fast energy relaxation,
thermal diffusion, and energy transfer to the lattice due to
electron-phonon coupling [14], [15].
In order to increase the power capacity of nano-antennas and

avoid metal ablation, different strategies can be used, such as:
(1) increase of the spot-size of the optical source, (2) employ-
ment of pulsed sources and (3) judicious choice of the metallic
materials. Strategies (1) and (2) lead to lower fluences per pulse
and provide longer time for heat dissipation. A sensible choice
of materials can produce devices that can handle larger fluences
without melting and, at the same time, produce high electric
field enhancement with good adhesion to the substrate (avoiding
excessive mechanical stress to the nano-antenna). In this ar-
ticle, we analyze structures that are excited by an external large
spot-size (the original spot diameter of 2 mm could be increased
by an external optical lens) -switched laser (pulse duration of
10 ns with repetition rate of 5 kHz and operating at a wavelength
of 1053 nm).
These devices are fabricated by using either gold or titanium.

While gold is a common choice in plasmonic devices because
of its relatively low losses, titanium is widely used in many ap-
plications ranging from aerospace and marine engineering to
jewelery and medical implants. Also it is common practice to
introduce a thin titanium adhesion layer prior to gold layer de-
position on semiconductor and dielectric substrates [16], [17].
Our results show that titanium nano-antennas can handle con-
siderably more power than their gold counterparts, without sig-
nificantly reducing their electric field enhancement capacity.

II. THEORETICAL ANALYSIS

Our nano-antenna consists of two metallic regions (orange
areas) on top of a quartz substrate separated by an air gap as il-
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Fig. 1. Schematic of the nano-antenna structure.

lustrated in Fig. 1. Thus the device is a typical dipole antenna.
The metallic material is either gold (with a very thin 2 nm tita-
nium adhesion layer) or titanium.
In order to analyze the optical properties of the nano-antenna,

commercial Finite Difference Time-Domain (FDTD) software
is used [18]. The optical wave coming from the source is inci-
dent normally onto the nano-antenna, i.e., the propagation di-
rection is assumed to be the -direction. The electric field
is oriented along the -axis and directed across the air gap, as
shown in Fig. 1. The computational region is terminated by
perfectly matched absorbing borders. The grid is non-uniform,
being refined at the boundaries between the metal and dielec-
tric. The grid sizes for the dielectric and metallic regions are

and ,
respectively. The grid size choice of 20 nm may be large for
nano-antennas with small gaps, so we have checked the results
with smaller grid sizes – for the
dielectric regions. However, there is less than 1% variation in
the results. The step time is chosen as 8 , which cor-
responds to less than half of the stabilization limit. (The very
dispersive nature of the materials involved requires a very small
time step to produce stable FDTD simulations).
Fullwave [18] uses the following dispersivemodel for metals:

(1)

where , , and are coefficients from the in-built materials
library (see Table I below) and is the Fullwave com-
putational frequency. It is important to note that Fullwave uses
its own notation for frequency – and is normalized
with respect to the speed of light [18] and therefore is expressed
in :

(2)

where is the angular frequency of the incoming radiation and
is the speed of light in vacuum.

In the simulations, the incident wave is considered to be a
plane wave, which is a good approximation because the actual
spot-size diameter of the source is much larger than the compu-
tational area (this area is 10 by 10 , whilst the spot size
of the source is several millimeters in diameter) and much larger
than the dimensions of the device. After aligning the structure

TABLE I

to the position of maximum peak power, the magnitude of the
incident electric field can be estimated as

(3)

where is the intrinsic impedance of air ( ),
is the peak power of the wave (its value can be controlled by
an attenuator), is the spot size of the pulse (which can be
expanded by passing the laser light through a divergent lens).
The nano-antennas have a metallization thickness of 300 nm

and length . The structures are fabricated with air
– gap widths ranging from 60 to 120 nm. The width of the
metallic region (the nano-antenna arms have equal dimen-
sions) is such that . The air gap is cre-
ated by milling the metal with a focused ion beam (FIB) system.
The space between the metallic regions will generate a higher
electric field than the incident field, through the excitation of a
plasmonic wave. The relationship between the magnitudes of
the electric fields is the electric field enhancement factor, ,
which is given by

(4)

where is the magnitude of the electric field mea-
sured in the middle of the nano-antenna gap. The magnitude
of the electric field can be higher at the edges of the nano-an-
tenna (i.e the interface between the metal and the air gap): for
example, for a gold nano-antenna with a gap width of 60 nm,

is 4.39, whilst the electric field enhancement can reach
7.3 at the edges of the nano-antenna. However, the higher elec-
tric field enhancements at the edges of the nano-antenna will be
reduced during the fabrication process because of fabrication
imperfection, which makes the edges smoother and not abrupt.
From FDTD calculations, the electric field enhancement factor
as a function of the gap width is plotted in Fig. 2, at a wavelength
of 1053 nm. This factor changes very little with the spot-size
of the source, given that it is much larger than the area of the
nano-antennas.
In Fig. 2, the field enhancement factor for gold is about 18%

higher than for titanium, mainly because the latter has larger
losses. The values of for both materials are presented in
Table II.
To have a more precise comparison for each gap width, the

total length of the nano-antenna should be optimized to pro-
duce the highest electric field enhancement. This optimization
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Fig. 2. Electric field enhancement factor as a function of the gap width
. Inset – field profile for a .

TABLE II

Fig. 3. Electric field strength ( - plane) for gold nano-antenna.

process (for gold and titanium) is conducted for two gap widths
– 60 and 120 nm – and the change in the field enhancement is
less than 6%. Hence, in our case, we have only varied the width
of the air gap in our experiments, while keeping the total length
of the nano-antenna constant.
The plots of the electric field distribution in the gold and tita-

nium nano-antennas are shown in Figs. 3–6. Figs. 3 and 5 show
the field distribution along the - plane containing the nano-an-
tenna ( , slice taken in the middle of the gap), while

Fig. 4. Electric field strength ( - plane) for gold nano-antenna.

Fig. 5. Electric field strength ( - plane) for titanium nano-antenna.

Fig. 6. Electric field strength ( - plane) for titanium nano-antenna.

Figs. 4 and 6 show the field distribution along the - plane
containing the nano-antenna ( , slice taken at the
half-height of the nano-antenna metallization) for gold and tita-
nium, respectively. The gap width is assumed to be 60 nm, but
similar results are obtained for different gap widths. An exten-
sive number of electric field monitors (more than 75) is placed
in the region close to the nano-antenna to measure the distribu-
tion of the magnitudes of electric field . It can be observed
that the electric field is higher at the edges of the nano-antenna
that are close to the air gap – but over a very limited region.
More importantly, the electric field distribution is more uniform
in the titanium nano-antenna, providing a lower power density
when compared to the gold antenna. This result can partially
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Fig. 7. -field enhancement ( ) for different thickness of titanium. Inset –
-field profile in plane for 50% titanium ratio.

explain the fact that titanium based nano-antennas can handle
more power than their gold counterparts.
In our experimental section, a 2 nm thick titanium layer is

deposited as the adhesion layer, prior to gold deposition. In order
to study the impact of this titanium layer on the electric field
enhancement of the nano-antenna, the thickness of the titanium/
gold bilayer is varied from 0 to 300 nm, with the total height
fixed at 300 nm. The results are presented in Fig. 7 for 120 nm
(magenta) and 60 nm (blue) gap widths. The maximum value
of is reached when the thickness of titanium in the nano-
antenna reaches 50% – an increase in of about 15% over
the value for gold is produced, which can be partially explained
by the stronger field localization close to the interface between
the gold and the titanium, as shown in the inset of Fig. 7.
The electric field enhancement provided by the nano-antenna

can be used in a variety of applications such as nano-imaging,
detection of nano-particles, sensing and nonlinear effects. For
example, in the surface enhanced Raman scattering (SERS) ef-
fect, the enhancement factor is proportional to the fourth power,
i.e., to , meaning that huge enhancements can be obtained
by using nano-antennas [10].
The physical parameter that is generally associated with

the damage of a material is the fluence [15]. In the case of a
-switched laser, the energy of a single pulse,

and the fluence , are given by,

(5.1)

(5.2)

where is the envelope of the power as a function of time,
and are arbitrary instants when the pulse power is not

negligible ( ) and is the effective duration
of the pulse. In a given exposure interval, and repetition
rate, , the number of pulses in that time period, is

. Then the exposure and effective
fluences are given by,

(6.1)

(6.2)

The calculation of the effective pulse energy in a given exposure
time interval follows the calculations for laser safety in the Aus-
tralian/New Zealand laser safety standards [19]. The parameter,
is a variable with values between 0 and 1. It takes into account

Fig. 8. Qualitative temperature distribution in a titanium nano-antenna. Tem-
perature is given in .

the fact that the structures can cool in the interval between two
consecutive pulses. If during this time the structures cool, then

and the effect of each pulse on the nano-antennas will
be independent. On the other hand, if thermal effects are very
slow, then the exposure to successive pulses will have a cumu-
lative effect and . As an example of an intermediate situ-
ation ( ), we cite the case of the human eye, for which

[19] at low repetition rates ( below 10 kHz).
Both Chang and co-authors [20] and Link and co-authors

[21] have studied the melting of gold nano-particles using nano-
second [20] and femto-second [21] lasers. Chang [20] has ob-
served that different laser fluences can lead to different phase
transitions and shapes of nano-rods. In another experiment, Link
[21] observed that it takes tens of pico-seconds for nanorods
to melt, which seems to imply that the small volume of the
nano-particles results in rapid heating and cooling effects. In
the case of nano-second lasers, the longer pulse duration leads
to cumulative heating effects [20] but the nano-antennas may
cool down more quickly because of their small footprint, sug-
gesting the independence of each pulse in the heating of these
structures ( ). However, it should be mentioned that it will
take a much longer time for the substrate to cool because of its
considerably larger volume.
It is hard to model fully the heating of plasmonic nano-an-

tennas. For nano-second pulses, the duration of each pulse is
significantly longer than the lattice heating time and thus ther-
malization between the electron subsystem and the lattice takes
place [14] and the system can be analyzed by solving the heat
diffusion equation.
The temperature distribution of the structure when it is illumi-

nated by laser radiation is analyzed by solving the heat equation
with COMSOL software [22]. There are two main mechanisms
that can cause thermal damage, which are direct laser heating
of the exposed material and heating due to enhanced localized
electric field (plasmonic heating) that arises in the nano-antenna
gap region. Fig. 8 shows the qualitative temperature distribution
inside the structure when the laser light reaches the surface. It is
clear that the metallic and air gap regions have a higher temper-
ature that of than the surrounding air and the quartz substrate.
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TABLE III

Fig. 9. Experimental setup. Inset – single pulse profile.

The heat coefficients for the materials are summarized
in Table III. These data indicate that the heat generated by
nano-antennas is not efficiently dissipated by the surrounding
air and the quartz substrate, leading to a hot spot in the metallic
areas. As shown in Fig. 8, heat concentrates in the nano-an-
tenna region and heat therefore cannot easily diffuse into the
surrounding region.

III. EXPERIMENTAL RESULTS

The experimental setup is presented in Fig. 9. A commercial
-switched laser, operating at 1053 nm, with single pulse en-

ergy of 15 has been used in the experiments (the single pulse
profile is shown in the inset in Fig. 9). The duration of each pulse
is 10 ns, the total exposure time is 300 s and a repetition rate of
5 kHz is typically used. In some experiments, the repetition rate
is varied from 2 to 10 kHz and the exposure time from 300 to
1000 s. No significant change in the results is found from this
study. A variable metallic-film neutral density filter that allows
the alteration of the attenuation from 0.4 to 60 dB is used to
control the incident fluence. The original spot-size of the laser
beam is 2 mm in diameter, but it can be expanded to larger
values by using a divergent lens with a focal length of 25 mm.
With this setup we have the ability to change the laser fluence
over a wide range (by more than 80 dB). Finally, to ensure that
the main electric field is along the -axis, as in Fig. 1, a polarizer
is placed between the -switched laser and the lens.
As mentioned previously, the thickness of the metal (gold or

titanium) is 300 nm and the materials are deposited using an
electron beam evaporator. In the case of the gold nano-antennas,
a 2 nm thick layer of titanium is added on top of quartz prior
to gold deposition to improve adhesion. After the deposition
of the metallic layers, the structures are milled using an FEI

Fig. 10. SEM image of a 60 nm gap gold nano-antenna.

Helios NanoLab 600 dual-beam FIB system. The area occupied
by the patterns is about 100 by 100 , while the remaining
part is covered with metal. The whole sample area is 1 cm by
1 cm. The refractive indices of gold and titanium at 1053 nm
are and
respectively. These values for the complex refractive indices
mean that, when gold (titanium) is used, about 98% (62%) of the
incident power is reflected back towards the laser and attenuator
system.
Fig. 10 shows a scanning electron microscope (SEM) image

of a nano-antenna after fabrication. It can be seen that the walls
are not perfectly vertical and the gap width at the mid-height
of the gold region is about 60 nm. Structures with a gap width
of 120 nm have also been fabricated and have almost vertical
walls.
After exposure to laser light at a given fluence, another SEM

image was taken to assess the potential damage to the nano-an-
tennas (Fig. 11). The experiments were primarily focused on
two samples with gap widths of 60 nm and 120 nm. The damage
fluence threshold was measured mainly for the 60 nm gap nano-
antenna. For gold nano-antennas, the single pulse damage flu-
ence was and the total exposure flu-
ence ( and ) was .
Note that the main damage to the nano-antenna occurs in its cen-
tral gap region, where there is a high value of field enhancement.
In fact, the melting of the metal regions filled this space with

gold. The 120 nm gap nano-antennas melts at a higher fluence,
but it is hard to determine the threshold fluence because of the
discrete attenuation steps of the variable metallic-film neutral
density filter (by about less than double the fluence of the 60 nm
gap).
For the titanium nano-antennas shown in Fig. 12, the walls

are not perfectly vertical either. The gap width at the mid-height
of the nano-antenna is 60 nm. For other structures, which have
wider gaps, the walls become more vertical, as well.
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Fig. 11. SEM image of a 60 nm gap gold nano-antenna with clear melting of
the gold regions.

Fig. 12. SEM image of a 60 nm gap titanium nano-antenna.

After exposing the 60 nm gap titanium structure to laser light
during a period of 5 minutes, the damage single pulse fluence
was estimated to be 4.35 , whilst the total exposure fluence
was 6525 .
An SEM image of the damaged titanium nano-antenna is

shown in Fig. 13. In comparison with its gold counterpart, the
damage threshold fluence has increased by a factor of 74, al-
though the electric field enhancement is reduced by 19% (for
a 60 nm gap, with the data presented in Table I). Thus tita-
nium based structures could withstand and create about 7 times

Fig. 13. SEM image of a 60 nm gap titanium nano-antenna with clear melting
of the titanium regions.

higher electric fields than gold nano-antennas and are consider-
ably more power resistant.
Possible explanations for the better performance of titanium

devices over their gold counterparts include: (1) higher melting
temperature (1668 against 1064 ), (2) larger mechanical
strength, and (3) increased penetration depth, which means that
the fields will permeate deeper into metal and the power density
will be less localized on the surface of titanium nano-antennas.
Lahiri and co-workers [13] have analyzed the effect of titanium
on split-ring resonators and attributed the shift in the resonant
frequency of the meta-material as being due to the difference in
the skin depth of the metals.

IV. CONCLUSION

In this article, high power pulsed nano-antennas have been
analyzed. These structures are excited by nano-second pulses
coming from a large spot-size -switched laser. It is shown
that titanium based devices produce 19% lower electric field
enhancement than gold nano-antennas but they can withstand
about 74 times higher fluence and, consequently, are capable
of producing 7 times higher magnitude of electric fields than
gold nano-antennas. Potential applications to surface enhanced
Raman scattering (SERS), nano-imaging, nano-particle detec-
tion, nonlinear optics, and other high power applications can be
envisioned with titanium based nano-antennas.
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