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Abstract. The process of formation and the characteristics are studied of noble metal
nanostructures created by pulsed laser ablation in vacuum. Femtosecond (fs) and nanosecond
(ns) laser systems lasing at different wavelengths are used. Several different modifications of
the pulsed lased deposition (PLD) technique, as off-axis deposition and glancing angle
deposition configurations are used to create nanostructures. Laser annealing of single or
bimetal thin films is used to fabricate alloyed nanostructures. The possibility is demonstrated of
tuning the optical properties of gold nanostructures on flexible substrates. Different
experimental techniques, as fast photography, optical emission spectroscopy, FE-SEM, AFM,
TEM, and Raman spectroscopy are applied to characterize the noble metallic nanostructures
produced. The optical spectra of the Au and Ag nanostructures are also studied experimentally
and theoretically. The theoretical simulation methods used are: molecular dynamic (MD), finite
difference time domain (FDTD) and a method based on the generalized multi-particle Mie
(GMM) theory. Applications of noble metal nanostructures to surface enhanced Raman
spectroscopy (SERS) and biophotonics are briefly considered.

1. Introduction

The properties of the noble metal nanostructures have been the object of considerable fundamental and
technological interest. The excitation spectrum of noble metallic sub-wavelength structures is
determined by its surface plasmon resonances. The energies of plasmon resonances depend strongly
on the shape and composition of the nanostructure. The tunability of the plasmon resonances of noble
metallic nanoparticles can be exploited to position the optical resonances at specific wavelength
regions of interest and has led to a wide range of applications. The strong local electro-magnetic field
enhancement accompanied by the surface plasmon resonances has also been used to manipulate light-

® To whom any correspondence should be addressed.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1



18th International Summer School on Vacuum, Electron and Ion Technologies IOP Publishing
Journal of Physics: Conference Series 514 (2014) 012024 doi:10.1088/1742-6596/514/1/012024

matter interactions; noble metallic sub-wavelength structures have been widely applied to surface
enhanced Raman spectroscopy (SERS). In addition to their fundamental importance, plasmonic
nanostructures have received a great deal of attention for their potential applications in areas such as
sub-wavelength waveguides, optical nanoantennas, photovoltaic technology for efficient light coupling
into solar cells, metamaterials, chemical and biological sensing, and in biomedical applications.

The interaction of intense nanosecond (ns) or femtosecond (fs) laser pulses with solid targets has
generated a lot of interest in recent years due to the variety of possibilities offered both to basic
science and technology. The use of fs laser pulses opens up the possibility to decouple the initial
photo-excitation of the target from the subsequent dynamics of the removed material, in contrast with
the case of longer pulses (ns). In the former case, the pulse width is less than the typical electron-
lattice thermalization time, which is ~ few ps. And finally, the irradiated material is driven into an
extremely excited state followed by a rapid quenching, which results in a material blow-off composed
of fast ions and atoms as well as clusters and nano-aggregates of the target material, depending on the
processing parameters. Fs-laser ablation of metals and semiconductors in a vacuum environment has
been investigated extensively. Recent research has in particular been focused on the formation
mechanism of nanoparticles (NPs) created by the irradiation of a solid target by intense fs laser pulses
of different duration in vacuum [1-4].

As a result of the progress in nanotechnologies during the last two decades, nanosystems find
nowadays application in many areas, such as chemistry, optics, biology, medicine, microelectronics,
etc. This multilateral usage of the NPs in their quality of fundamental structures in nanotechnology, is
based on their unique properties, differing considerably from those of bulk materials. The appearance
of characteristic bands in the absorption spectra of metallic NPs is related to the electron gas excited
by light oscillations. For noble metals (Ag, Au), these bands are in the visible and near UV region. The
collective oscillations of electrons are sensitive to the NPs size, shape and surrounding medium. Both
Ag and Au NPs have attracted intensive interest because of peculiarities in their absorptrion spectra in
the region of the surface plasmon resonance and the specific and very important applications in
nanobiotechnology.

The purpose of this paper is to describe the development of several methods for generating noble
metal nanostructures. Ns and fs laser ablation of solid metal targets or thin films in vacuum is studied
and used, respectively, to manipulate the production of nanostructures. Moreover, results on laser
annealing of single or bimetal thin films for fabrication of alloyed nanostructures are also presented.
Tuning of the optical properties of gold nanostructures fabricated on flexible substrates is also
demonstrated. The properties of the structures produced are experimentally characterized by a variety
of methods, as fast photography, optical emission spectroscopy, FE SEM, AFM, TEM, Raman
spectroscopy. Moreover, molecular dynamic (MD) simulation, finite difference time domain (FDTD)
and a method based on the generalized multiparticle Mie theory (GMMT) are applied and the results
are compared with the experimental ones. Three possible applications of the Au NPs are briefly
described, namely, SERS, photothermal cancer cell therapy and plasmonic nanometric optical
tweezers.

2. Experimental

Two laser systems are used in the experiments. The fs laser system consists of a Nd: Glass laser lasing
at A = 1055 nm (7, = 0.9 ps and rep rate 33 Hz), SHG - A = 527 nm (7, = 300 fs) and FHG - 1 = 263nm
(7 = 300 fs), respectively. The second experimental set up used is based on a ns Nd:YAG laser
working at 4 = 1064, 532, 355 or 266 nm (z, = 15 ns and rep rate 10 Hz).

The experimental study of the plume and its evolution in time in vacuum are described in detail in
[3, 5-7]. Briefly, the optical emission from the ablation plume is collected along an axis perpendicular
to the target surface normal and imaged onto the entrance slit of a spectrograph coupled to an
intensified charge-coupled device camera. The evolution of the emitting species inside the expanding
plume is followed by measuring their emission spectra at different time delays with respect to the
arrival time of the laser pulse on the target, and at different distances from the target surface. Fast
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photography is applied to follow the vacuum expansion dynamics of the ablated species. The
morphology of the deposited NPs is analyzed by AFM or SEM and the shape of the NPs is viewed by
TEM. XRD and EDS analyses are performed to check the elemental properties of the NPs.

3. Theoretical

The numerical model is based on the classical MD simulation technique together with two-temperature
(2T) modeling. Details are given elsewhere [3, 5-8]. A Morse potential is used to describe the
interaction between the particles, and its specific parameters are taken from Ref. [9]. In order to
simulate an infinite material in lateral directions, periodic boundary conditions are imposed in the x—y
directions. Specific boundary conditions are applied to the bottom of the computational cell in order to
prevent the reflection of shock waves [10]. The laser energy absorption and the heat redistribution into
the metal is governed initially by the free electrons. Since the electrons are not included explicitly in
the MD model, their role, and the heating of the material, is taken into account by using the one
dimensional 2T diffusion model. The temperature into the material predicted by the two temperature
model is implemented in the MD by way of scaling the atoms’ velocities.

The interaction of light with the metal nanoobjects can be simulated by the FDTD approach
[11,12]. It has recently become a state-of-the-art method for solving Maxwell's equations in complex
geometries, variety of materials and environments. Being a direct time and space solution, it offers the
user a unique insight into all types of problems in electromagnetism and photonics. Using the FDTD
algorithm is necessary when the characteristic sizes are in the order of the wavelength.

The near-field properties around a metallic particle can be described by the Mie scattering theory
[13]. Mie theory, also called Lorenz-Mie theory or Lorenz-Mie-Debye theory, is an analytic solution
of Maxwell's equations for the scattering of electromagnetic radiation by spherical particles (also
called Mie scattering). Mie theory provides rigorous analytic solutions for light scattered by an
isotropic sphere embedded in a homogeneous medium.

4. Control of the nanostructure’s properties

We have developed several methods for producing noble metal nanostructures and manipulating their
properties — size distribution, shape and composition. One of the important parameters for controlling
the size or size distribution of the NPs produced in vacuum is the photon energy (laser wavelength) of
the laser radiation used for ablation. This was proven in the case of laser ablation of a solid target by fs
pulses [6]. In particular, the size distribution of the NPs is quite broad in the case of visible light
(527 nm), and becomes significantly narrower and slightly shifted towards smaller sizes for ultraviolet
light (263 nm). This concept being only verified theoretically and experimentally in the case of Ni
notwithstanding, we assumed that the laser wavelength is an effective parameter in controlling the NPs
size distribution in fs laser ablation of other metals.

4.1. Ultrafast-laser ablation of thin gold film targets

A way to control the size of the nanoparticles is proposed in [14]. Fs-laser ablation of a Au thin film is
studied in order to create NPs and compared with that of the bulk target. The experimental results are
confirmed by MD simulation of the process and by optical spectroscopy of the plumes. A reduction of
the NPs size and a narrowing by a factor two of their size distribution in the case of ablation of a thin
film target is observed — figure 1. This fact is attributed to the more uniform heating of the target
material — thin film compared to the bulk material — figure 2. In addition, a significant difference is
observed between the two cases in terms of the plume’s expansion dynamics. Thus, ultrashort-laser
ablation of thin films provides a promising way of controlling the plume’s characteristics and the NPs
size.

4.2. Nanosecond pulsed laser deposition of thin films and laser heating

A method is developed for production of Au and Ag nanostructures which consists of two steps:
1% one — PLD of a thin (50+100 nm) metal film and 2™ — laser annealing with ns pulses [15]. At certain
conditions, the annealing leads to a homogeneous decomposition of the film into NPs with diameters
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Figure 1. Size histogram and
cumulative distribution of the NPs
height produced by ultrashort laser
ablations of (a) a Au bulk target,
and (b) a Au thin film. The
thickness of the thin film is 200 nm.
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Figure 2. Temperature profiles
for a Au target obtained by one-
dimensional 2T diffusion model
calculated at 40 ps after the laser
pulse: (a) bulk material; (b) 100 nm
thick film. The scales of z are
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different in plots (a) and (b).

in the range of few tens of nanometers — figure 3.
The fragmentation into droplets occurs if the liquid
phase wets poorly the substrate. This is a relatively
simple way to produce metal NPs on different
substrates. The nanostructured surfaces fabricated
can be used successfully as substrates for SERS
analyses.

4.2.1. Different modifications of ns-pulsed laser
deposition of nanostructures. Two different
experimental modifications of ns-pulsed laser
deposition are applied in order to create Au, Ag or
ZnO nanorods — off-axis PLD and deposition at
glancing angle of the plume with respect to the
substrate (GLAD) configurations.

Using off-axis PLD, where the target center is at
a distance of 1+2 cm from the plume’s axis, ZnO
nanorods grow when Au NPs are initially deposited
on the substrate [16]. The experimental conditions
are: HG or FHG Nd:YAG laser with energy density of ~3.5 J/cm?, substrate temperature T, = 0°C or
150°C and oxygen pressure in the chamber Po, = 5 Pa. These Au NPs act as growth nuclei — figure 4.

Figure 5 depicts Au nanocolumns grown in a GLAD configuration. The glancing angle between the
substrate surface and the plume axis is o ~ 5°. As is seen, the nanocolumns are parallel are inclined at a
small angle with respect to the substrate’s surface normal. Some of these structures are successfully
used in the SERS experiments after covering with a thin Au film (~ 5 nm).

Figure 3. SEM images of a Au thin film
with a thickness of d ~ 60nm annealed at a
fixed number of pulses (10): (a) - as
deposited film; (b) - annealed at
F =130 mJem?, (c) — F=200ml/cm?
and (d) - F = 300 mJ/cm?.

4.2.2. Fabrication of alloyed nanostructures. A technique is developed for fabricating alloyed
nanostructures [17] allowing one to control and manipulate the optical properties of the nanostructures
produced. The films are deposited by the classical on-axis PLD technology using targets consisting of
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two sections composed by different metals. Au/Ni or Au/Ag thin films are thus deposited on quartz
substrates. By changing the area of the different sections of the target, thin alloyed films with different
concentrations of the two metals are obtained. The concentration in the films affects the optical
behavior of the films (experimentally obtained extinction spectra) — figure 6. As it is seen, the optical
spectra (extinction) depend strongly on the ratio of the elements’ concentration.

The average particle diameter in all samples (film thickness of ~80 nm) is in the range between 50
and 30 nm; the size decreases with the increase of the laser fluence. The structures fabricated exhibit a
pronounced plasmon resonance behavior in the optical spectra. In combination with a magnetic
material, as in the case of Au/Ni structures, a possibility will be open for the development of new
technologies in the magneto-optics and spintronics.
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Bending the substrate in the range 0+1,5 mm
results in a continuous change of the position of Figure 6. Extinction spectra of Au, Ag
the transmission minimum by ~ 30 nm. The and Au/Ag alloy structures. The inset
influence of the structure’s geometry change on its depicts the extinction spectra of a Au/Ni
optical spectra has to do with the change of the structure. The films deposited are annealed
inter-grain distance, which affects significantly the by 5 ns pulses at a fluence of 470 mJ/cm?.
optical properties of system via plasmon coupling The numbers in brackets indicate the
and multimode plasmon excitation — figure 8. composition in atomic percents.

Figure 7. SEM images of Au
nanostructures on: a) PMMA and
b) PVC substrates. Annealing by a
single pulse at F = 90 mJ/cm? is used.
Insets a) as-deposited Au film on
PMMA,; b) a detailed view of the
structure.
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5. Application of gold nanostructures

We present three possible advanced applications of
Au nanostructures in SERS  spectroscopy,
photothermal HelLa cancer cell therapy and
development of plasmonic nanometric optical
tweezers in an asymmetric gap on Au
nanostructured substrates.

5.1. Application of gold nanostructures to SERS
spectroscopy

Gold nanostructures produced by the different
modification methods described above are success-
fully applied to SERS spectroscopy. As an
example, the Raman spectrum of Rhodamine 6G
(R6G) on Au nanocolumns produced by a
modified GLAD PLD technology (figure 5) is
presented in figure 9 a). Figure 9 b) shows Raman
spectra of R6G-covered gold nanostructures and a
Au thin film produced on PVC. Obviously, no
enhancement is present in the case of the gold
film (blue line in figure 9 b). Generally, the Raman

doi:10.1088/1742-6596/514/1/012024
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spectrum of R6G at a concentration as low as 1 nM is measured [19]. The maximal field-enhancement
effect induced by surface plasmon polaritons of Au-nanostructured surfaces exceeds 10°.
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Figure 9. Enhanced Raman spectra of R6G covering: a) nanocolumns produced
by a modified GLAD PLD technology; b) red line — spectrum of Au NPs
produced by PLD on a polymer and subsequently annealed (the structure is the
same as in figure 7 b); blue line — spectrum of an as-deposited Au thin film. The

R6G concentrations are equal.

5.2. Nanosecond laser heating of Au nanoparticles: application in photothermal cancer cell therapy

The effect is studied of gold nanoparticles with diameters between 40 and 200 nm on several types of
cancer cells [20]. Based on the Mie scattering theory, the optimal conditions of particle absorption at
different wavelengths in the visible spectrum are estimated. The absorption cross-sections calculated
are used in th 2D heat-diffusion equation to describe the heating process of the particle and the
surrounding medium. Using this model, the dependence is obtained of the maximal particles’
temperature reached on the laser fluence applied. Figure 10 shows a TEM image of a HeLa tumor cell
with Au NPs and optical spectra of this NPs configuration.
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Figure 11 a) and b) present the HelLa cell viability after nanoparticle-assisted photothermal
treatment. The influence is seen of the Au NPs diameter on the cytotoxic effect — the maximum effect
is achieved for 100 nm (fgure 10). Moreover, HeLa cell viability decreases with the increase of the
laser fluence — figure 11 b). Further experiments are needed to clarify these effects.
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Figure 11. a) HelLa cell viability after NP-assisted photothermal treatment
at a laser fluence of 90 mJ/cm? and irradiation time of 5 s. b) HelLa cell
viability as a function of laser fluence at irradiation time of 5 s. The
nanoparticles’ diameters are 100 nm. The viability is estimated 6 hours
after the laser treatment.

5.3. Plasmonic nanometric optical tweezers in an asymmetric space of Au nanostructured substrates
A possible application of Au nanoparticles is proposed [21], namely, plasmonic near-field tweezers in
water with gold nanosphere pairs on various substrates. The enhanced near field (figure 12) localized
in the nanometric gap pumped by fs laser light (800 nm) linearly-polarized along the axis between thee
nanosphere pair can trap and kill small viruses.
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Figure 12. Enhanced field
intensity distributions at the gap
center for three different substrate
materials - SiO,, Si and Au. The
gap distance is 50 nm.
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The maximal optical trapping force obtained is larger than 20 pN at an incident optical peak
intensity of 1 mW/um?. In the system, the enhanced near field stems mainly from the image charge
effect, exhibiting an optical trapping in an asymmetric space. The trapped viruses may easily be
inactivated using an unfocused 800 nm fs laser. The system proposed may be used for plasmonic
dialysis of viruses ex-vivo in the blood flow of patients suffering from sepsis and/or an infectious
disease, e.g. of the kidney. Further improvements of the method are the subject of a forthcoming work.

6. Conclusions

Results on formation and characterization of noble metal nanostructures created by pulsed laser
ablation in vacuum are presented. Fs and ns laser systems are used in the experiments. Several
methods for nanostructuring are employed and presented. Tuning of the composition and optical
properties of the structures is achieved. The characterization includes several experimental techniques,
while the theoretical study includes advanced simulation methods, as MD, FDTD and the GMM
theory. Applications of the noble nanostructures obtained are described to SERS and biophotonics,
namely, photo-thermal therapy of HeLa cancer and plasmonic optical tweezers.
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