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Abstract: In this paper, we show that titanium based nano-antennas can withstand
considerably higher power (18 dB) than their gold counterparts without a significant drop in
their electric field enhancement capability.
OCIS codes: 130.0250 (optoelectronics); 240.6680 (surface plasmons); 160.3130 (Integrated
optics materials);140.3330 (laser damage).

1. Introduction

Plasmonic nano-antennas can generate highly intense electric fields in small areas [1,2]. These high intense
electric fields could be used in a multitude of applications in sensing, imaging and particle
detection/manipulation. In general, nano-antennas are excited by large external sources, although their
integration with microlasers has recently been proposed [3].

Because of their small volume, nano-antennas cannot withstand high power. When the incident optical
radiation is absorbed by the metallic regions of the nano-antenna, fast energy relaxation, thermal diffusion, and
energy transfer to the lattice due to electron-phonon coupling [4,5] leads to metal ablation. The power capacity
of nano-antennas can be improved by employing pulsed sources which reduces the fluence (energy per area)
that reaches the nano-antenna and by an adequate choice of materials. The first approach provides a longer time
for cooling and leads to lower fluence per pulse while the second approach requires the use of more resistant
materials: the net result is the generation of nano-antennas that can handle highly intense electric fields.

In this article, we compare the performance of pulsed nano-antennas fabricated from different materials, and
demonstrate that titanium nano-antennas can withstand considerably more power than their gold counterparts,
without a significant reduction in their capacity to enhance the incident electric field.

2. Theoretical analysis

A typical dipole nano-antenna consists of two metallic regions (orange areas) separated by an air gap as shown
in Fig. 1 (a fabricated device with 60 nm gap width is shown in the inset). The nano-antenna is placed on top of
a quartz substrate and either gold (with a very thin 2 nm titanium adhesion layer) or titanium is used. Gold is
commonly utilized in plasmonic devices because of its relatively low losses, but generally doesn’t stick well to
the surface of quartz, requiring the addition of a thin titanium adhesion layer.
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Fig. 1. Schematic of the nano-antenna structure. Inset — scanning Fig. 2. Electric field enhancement factor F,,, as a function of the
electron microscope (SEM) image of device with 60 nm gap width. gap width L,,,. Inset — |Ey| for x-y and x-z planes.

The characteristics of the nano-antenna are analyzed by using Finite-Difference Time-Domain (FDTD)
method [6]. The thickness of the nano-antennas is 300 nm and their length is L; = 100 nm. The typical width of
the air gap is 60 nm, while the width of the metallic arm is L,=182.5 nm. A plane wave with a wavelength of
1053 nm and with electric field perpendicular to the gap (£,) is launched normally to the surface of nano-
antenna. Based upon FDTD simulations, it is possible to evaluate electric field enhancement factor of the nano-

antenna F,,, which is defined as,
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where |Eggp, pear| 15 the magnitude of the electric field measured in the middle of the dielectric gap region and
|Einc, pear| 18 the magnitude of the incident electric field. The magnitude of the electric field can be even higher at
the interface between the metallic regions and the air gap; however, the potentially high field enhancement at
the edges of the nano-antenna will be lowered during fabrication.

The electric field enhancement factor obtained from FDTD simulations is plotted as a function of the gap
width in Fig. 2. Based upon this plot, F,,, in gold nano-antennas is about 18% higher than in their titanium
counterparts, what can be explained by the larger intrinsic losses of titanium. The inset in Fig.2 provides electric
field distribution |E,| inside the gold nano-antenna for a 60 nm gap width. Titanium nano-antenna has a similar
|E,| distribution, but the magnitude of the field is lower because of its higher losses.

Generally, thermal damage of a material is associated with fluence [5]. In the case of a Q-switched laser, the
energy of a single pulse Wiigiepuise and the fluence Fijygre.puise are calculated as
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where P(t) is the envelope of the incident power as a function of time, #; and 7, are arbitrary instants of time
when most of the power in the pulse is concentrated (¢,<t<t;) , Ppea is the peak power of the incident laser beam,
7.7 1s the effective duration of the laser pulse and @, is the spot-size diameter of the incoming optical beam
(which can be expanded or reduced by using lenses). The number of pulses during the period 7., that are
generated with repetition rate fr., is Nyuse = Trerfrep- The effective fluence F,yis given by
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The parameter p varies from 0 to 1 and indicates whether structure has rapidly dissipated heat between two

consecutive pulses: p = 0 corresponds to the case when the structure has cooled and, thus, the effects of each
pulse on nano-antennas will be independent; while, p = 1 corresponds to the case of slow thermal effects when
cumulative heating of successive pulses take place. Chang and co-authors [7] and Link and co-authors [8] have
shown that the small size of nano-particles resulted in rapid cooling and heating effects. Thus, in our experiment
it is assumed that individual pulses damage nano-antennas, because the exposed structures can cool down in the
interval between pulses if the exciting laser operates at a low repetition rate.

3. Experimental Results

In our experiments a commercial Q-switched laser that operates at 1053 nm, with single pulse energy of 15 pJ,
is used. The duration of each pulse is 10 ns, while the total exposure time is 300 s with a repetition rate of 5
kHz. The experimental setup consists of Q-switched laser, polarizer, divergent lens and variable metallic-film
neutral density filter as presented in Fig. 3.
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Fig. 3 — Experimental setup. Inset — single Fig. 4 — Damaged gold nano-antenna Fig. 5 — Damaged titanium nano-antenna

pulse profile

Both metals are deposited by using an electron beam evaporator (gold nano-antenna also has a 2 nm thick
adhesion titanium layer). The structures are then patterned by using a FEI Helios NanoLab 600 dual-beam FIB
system. The experiments are focused on samples with 60 nm gap width. After each experiment at a given
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fluence the SEM image is taken to estimate the damage to the nano-antenna (Fig. 4). Experiments showed that
for gold nano-antenna single pulse damage fluence was Fiingie-puise = 0.059 J/m?, while the total exposure fluence
(Trer= 300 s and f,., = 5 kHz) was F,, = 88.5 kJ/m?. The main damage occurred inside the gap (where the field
enhancement reaches the highest value). A similar experiment was conducted for titanium nano-antenna (Fig. 5)
and the damage single pulse fluence was estimated to be 4.35 J/m* and the total exposure fluence was 6525
kJ/m’.

By using a titanium nano-antenna the damage fluence has increased by a factor of 74, though the electric
field enhancement has dropped by only 19%. In other words, titanium based nano-devices could handle and
create about 7 times higher electric fields than their gold counterparts [9].

The better performance of titanium nano-antennas could be attributed to: higher melting temperature
(1668°C against 1064°C), increased mechanical strength, and larger skin depth. Moreover, due to a larger skin
depth, the power is more uniformly distributed inside the titanium nano-antenna than in the gold one. Titanium
is also known to be a resistant material that can withstand moderately high temperatures and is widely used in
marine and aerospace applications.

4. Conclusion

In this short paper, we compared the performance of gold and titanium based plasmonic nano-antennas when
they are excited by external large spot-size diameter Q-switched laser sources. In the first part of the experiment,
it was observed that, if the spot-size diameter of the incoming radiation, the fluence of the optical beam reaching
the nano-antenna is reduced and avoids its destruction. In the second part of the experiment, we observed that
titanium nano-antennas can withstand considerably higher fluence (18 dB) than their gold counterparts: these
titanium based nano-antennas could lead to applications such as the development of more sensitive sensors with
larger signal-to-noise ratio, excite nonlinear effects more easily and produce stronger forces that could attract
and detect larger nano-particles. FDTD simulations have also indicated that the field enhancement factor
produced by titanium nano-antennas is not much lower than their gold counterparts given the small areas of the
metallic regions, although it is true that the losses could become important in an array of such nano-antennas or
in meta-materials [10].
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