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Laser nanostructuring of thin Au films for application in
surface enhanced Raman spectroscopy
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This paper presents experimental results of excimer laser nanomodification of thin gold films. Fims with different
thicknesses and deposition conditions are produced on SiO, substrate by pulsed laser deposition technique. Laser
annealing of the deposited thin films results in its nanostructuring as the film is decomposed into nanoparticles with
diameters in the range of few tens of nhanometers. The produced nanostructured surfaces are covered with Rodamine 6G
and tested as active substrates for Surface Enhanced Raman Spectroscopy (SERS). The SERS enhancement factor is
estimated as high as 10”. The explanation of the results is made on the basis of the properties of the electromagnetic field
in the near field zone of the nanostructured surface described by Finite Difference Time Domain (FDTD) simulation

technique.
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1. Introduction

The properties of the electromagnetic field in the near
field zone around the nanosized metal structures irradiated
by laser pulse attract much attention recent years. The
interest is based on the specific properties related to
localization and enhancement of the field in close vicinity
of the structure, as the spatial characteristic of this field are
defined by the size of the structure, not by the incident
wavelength [1]. The unique properties of the near field are
used for construction of different systems for imaging,
diagnostics, therapy and catalysis applications. Examples
of such systems are scanning near field optical microscope
[2] or tip enhanced Raman spectroscopy device [3] that
have a resolution in nanometer scale.

One of the most important applications of the
nanostructured metal surfaces is Surface-enhanced Raman
spectroscopy (SERS), a technique for identification and
structural characterization of substances [4,5]. The
practical application of SERS is based on the signal
enhancement which is several orders of magnitude higher
compared to the normal Raman scattering (NR). Thus it
allows measurements with very low analyte concentration
and low laser intensity [6-8] which is one of the major
limitation of NR scattering.

Among the different methods developed for
fabrication of nanostructured surfaces are electron and ion
beam lithography [9-11], direct laser 2D and 3D
structuring [12-14], the use of enhanced near field around
metal tip [15]. Femtosecond laser nanostructuring of
silicon-based SERS substrates is also recently reported
[16].

The nanostructuring of thin metal films by excimer
laser pulses is introduced as a novel technique for the
production of nanoparticles on SiO,/Si and ITO/glass
substrates by Henley et. al. [17, 18]. The fragmentation of
the metal surface into nanosized droplets during the
melting is due to of the poorly wetting between substrate
and liquid phase. The priority of this technique is easily
obtaining of structures with controllable dimensions of
nanoparticles by standard apparatuses in the micro-
electronic. These surfaces are characterized and with high
purity. However, the efficient practical applications of the
method and produced structures need more detailed
investigation.

In this paper we investigate nanomodification of thin
gold films on SiO, at different conditions of film
deposition. We define experimental conditions that ensure
thin film modifications with uniform spatial characteristics
in a wide area. It is shown that the produced substrates can
be used as active substrates for SERS analysis. The
enhancement of the Raman signal is explained by the
electric field distribution and the optical near-field
enhancement in the vicinity of produced nanostructures.

2. Simulation

The description of the properties of the
electromagnetic field in the near field zone of the
produced structures is made by Finite Difference Time
Domain Simulation [19]. This technique is a numerical
algorithm for solving of Maxwell’s equation and it allows
the solution of electromagnetic distributions for complex
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geometries and inhomogeneous systems. The simulated
system is divided to elementary cells, where the electric
and magnetic field components are calculated at each time
step. The dielectric function of the gold particles is
described by Drude model as the input parameters are
taken from [20, 21]. Simulations are made for system that
consists of gold nanoparticles placed on glass substrate.
The structure of the nanoparticle array is taken from SEM
image of the fabricated surfaces. The incident irradiation is
a plane wave at wavelength of 785 nm, which corresponds
to a standard Raman spectroscopy system. The dielectric
function of the substrate is taken from Palik [22]. The
electric field intensity which is an input parameter for
FDTD simulation is assumed to be 1 (V/m)? in all
simulations.

3. Experimental details

All gold films are produced by pulsed laser deposition
on SiO, with excimer laser A = 308 nm, z = 30 ns. The
films are deposited at laser fluence of F = 1.5 Jem?,
ambient pressure of 4.10° Pa and at two temperatures of
the substrate — room temperature T, and T = 250 °C. The
deposition rate of 15 nm/min is estimated at the presented
conditions. The film thicknesses are obtained by variation
of the deposition time. Using the same excimer laser the
films are annealed at the same environmental conditions.
The laser annealing is performed at laser fluencies varied
in the range of 100 to 280 mJ.cm™ and number of pulses
N,= 20. The surfaces morphology of the samples is
examined by field-emission scanning electron microscope
(SEM). Micro-Raman system operated at 785 nm
excitation is used to characterize the SERS properties of
fabricated nanostructures. SERS measurements are carried
out for Rodamine 6G dissolved in ethanol.

4. Results and discussion

The deposition conditions mentioned above ensure
fabrication of thin gold films with minimal surface
roughness and absence of defects. These parameters are
found to be crucial for formation of structures with
homogeneous  size  distribution of the formed
nanoparticles. After UV laser deposition of the gold films
they are annealed. The laser annealing leads to a
fragmentation of the gold film and clear formation of
nanoparticles. The fragmentation into droplets occurs if
the liquid phase wets the substrate poorly. This is the case
of gold on SiO, substrate [17]. The laser absorption leads
to heating of the gold film. At certain fluence the film
melts and due to the low interaction with the substrate it
breaks up into nanosized droplets. The surfaces
modification is performed at different laser fluencies in the
range (100 + 280) mJ/cm? for two initial thicknesses of the
films d ~ 60 nm and 200 nm. Sequence of SEM images on
Fig.l shows this surfaces nanomodification. The
nanostructured surfaces consist of nanosized spherical
particles as the particle diameter depends on the incident

laser fluence, deposition conditions, film thicknesses.
These parameters can be used for an efficient control of
the particle’s density and its size distribution. The larger
droplets are produced at lower fluence (Fig.1 (b)). The
fluence in this case is found to be the threshold one for
film modification. Fragmentation into much smaller
droplets with high density are obtained at the higher
fluencies (over threshold fluence) as shown Fig.1 (c).
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Fig. 1 SEM images of annealed Au films with thickness
d ~ 60 nm and deposited at Ty (@) unannealed film,
(b) F=100 mJ.cm™, Np=20, (c) F=130 mJ.cm™, Np = 20,

The characteristics of the manufactured structures are
found to depend on the conditions of film deposition. We
can see the difference in the structures (a) and (b) on Fig.
2, which are deposited at different temperatures but
annealed at the same conditions. The nanoparticles
deposited at To (Fig.2 (a)) are spherical with sizes in the
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range 10nm + 40nm, while these deposited at T = 250 °C
are non - spherical and have sizes in the range of 20 + 60
nm (Fig. 2 (b)). The difference in the observed structures
may be related to the different degree of crystallinity that
is influenced by the substrate temperature. Furthermore the
seeds of thin film transformations in to nanoparticles are
the domains that compose the film. The properties of these
domains are also affected by the substrate temperature.

Fig. 2 Annealed Au films with thickness d ~ 60 nm at
F = 130 mJ.cm™ and Np = 20 of (a) deposited film at T,
and (b) deposited at T =250 °C.

The film thicknesses also influence on size of the
obtained nanoparticles. The nanoparticles sizes on Fig. 3
(@) and (b) produced at the same laser fluence for two
different thicknesses 60 nm and 200 nm are about (30 +
40) nm and (200 =+ 400) respectively. It should be
mentioned that recent results [23] show size-dependence
of SERS enhancement from well-ordered and close-
packed 2D nanostructure of gold nanoparticles. The
dependence shows that SERS intensity is highest for
nanoparticles with diameter in the range of (30 +100) nm
as the maximal enhancement is for size of about 60 nm.
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Fig. 3 SEM images of annealed gold films (deposited at
room temperature Tp)at F =280 mJ.cm™, Np = 20 with
thicknesses: (@) d =60nm, (b) d =200 nm

The optical properties in UV and visible spectral
range of the noble metal nanoparticles are defined by the
excitation of plasmon. The resonance wavelength of the
plasmon excitations can be controlled by varying the shape
and sizes of the nanostructures. This characteristic is
especially important for SERS applications, since the
efficient plasmon excitation is crucial for enhancement of
the Raman signal. The absorption spectra of two of
fabricated structures deposited at different substrate
temperatures (room and 250°C) are shown in Fig. 4 (a) and
(b) respectively. The position of the maximum absorption
for both samples is about 560nm. The higher absorption in
(b) can be explained by the higher particle density
observed in Fig. 4 (b).

The formation of nanostructured thin films with a
homogeneous distribution of nanoparticles suggests that
these structures can be used as effective SERS substrates
with predictable optical properties. The produced
structures in this study are tested as SERS substrates and
Rodamine 6G as the active element is used.
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Fig. 4. Absorption spectra of the nanostructured

substrates (a) and (b) from Fig.2 .

Fig. 5 shows Raman spectra of R6G deposited on
glass (NR) and nanostructured substrates deposited at
different conditions. The direct comparison between
spectra of the NR and SERS spectra (a) and (b) on Fig. 5
shows the magnitude of the enhanced signal. For example
the ratio of the intensities lsgrs to Ing for spectra (b) shows
essential enhancement of the Raman signal by a factor of
about ~25.0,21.0,17.0and 11.0 for 610 cm™, 773 ¢cm -
! 1180 cm *, 1363 cm * respectively. As can be seen on
Fig. 5 no fluorescent signal at excitation wavelength 785
nm is observed.

Metal nanostructures having junctions can produce
large EM enhancement and they are better for SERS
applications [24]. This is confirmed by comparison of the
signals (a) and (b) on Fig. 5. The explanation for higher
SERS enhancement of (b) is higher particle density and
existence of junctions of the nanostructure (Fig.2 (b))
compared to the case of thin film deposited at room
temperature (Fig. 2 (a)).
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Fig. 5 A comparison of the NR and SERS spectra of R6G
adsorbed on substrates (a) and (b) shown on Fig. 2.

In order to clarify the mechanism of signal
enhancement for nanostructured surface an analysis of the
electromagnetic field distribution in the near field zone is
made on the basis of FTDT simulation. The theory of
SERS predicts a power law between the signal intensity
and the intensity of the incident irradiation. The simulated
nanostructured area by FDTD is shown on Fig. 6. The area
containing 19 spherical nanoparticles with sizes 30 nm +
40 nm that are arranged on SiO, substrate with distances
between them 5 nm + 20 nm. The structure of the
simulated system is taken from SEM image of the
experimentally produced modified thin film (shown in the
insert). The FDTD simulation of the near field distribution
in the vicinity of the nanostructured surfaces show
presence of “hot spots” where the intensity is enhanced by
more than order of magnitude compared to the incident
one. Near field intensity is higher for closely separated
nanoparticles as it is seen on Fig. 6. Thus, the intensity
enhancement realized in the “hot spots” efficiently excites
the R6G molecules and that give and increase of the
Raman signal for structured surface.

Fig. 6 Calculated near field intensity distribution in the
vicinity of Au nanoparticle array. The insert shows SEM
image of the experimentally produced structure that is
used for construction of the simulated system. The area
containing 19 spherical nanoparticles with sizes 30 nm +
40 nm which are arranged on SiO, substrate with
distances between them 5 nm + 20 nm. The color scale
shows the ratio between the obtained and the incident
field intensity

5. Conclusions

The excimer laser annealing with 2 = 308 nm and t =
30 ns of thin gold films leads to formation of nanoparticles
with narrow size distribution. The parameters of the
produced structures can be modified by laser fluence, film
thicknesses and by the conditions of film deposition.

The fabricated nanostructured Au surfaces are
successfully — utilized as substrates for SERS
measurements. The enhancement factor is estimated in the
range of 10° =+ 5.10". The distribution of the EM field
estimated by FDTD indicates that the enhancement of
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Raman signal can be explained by the near field intensity

enhancement.
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