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ABSTRACT

One of the most exciting challenges and frontiers in surface technology is to
fabricate ordered nanostructures on surfaces. In past decades, numerous efforts have
been devoted to create nanostructured surfaces with tailored properties. Among them,
lasers offer an efficient and versatile tool for assembling extended nanostructures with
increasing degrees of complexity. Laser-induced periodic surface structures (LIPSS)
are a phenomenon caused by interaction of polarized light with solid surfaces. Due to
its reliability, simplicity and flexibility for micro- and nanostructure formation LIPSS has
attracted a great deal of interest in the material science community. However, this self-
organizing process has so far been limited solely to morphological changes of the
substrate material itself. To overcome this limitation we present a photochemical
concept which uses LIPSS-related light intensity patterns for the generation of
chemically heterogeneous nanostructures. The process facilitates nearly arbitrary
combinations of substrate and LIPSS-pattern materials, thus widening the field of
LIPSS-applications significantly. As an example we demonstrate an efficient method for
the generation of organometallic hybrid-nanowire arrays on porous anodic aluminum
oxide (AAO).

1. INTRODUCTION

It is well known that intense linearly polarized laser beams can induce periodic
patterns on the surface of various metals, semiconductors and dielectrics (Brinbaum
1965, Young 1983, Isenor 1977, Jain 1981, Dyer 1990). The periodicity of the patterns
depends both on the laser wavelength and the incidence angle. For example, a normal
incident laser beam leads to a periodic line pattern with a period comparable to the
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wavelength of the laser wavelength. Recently, researchers have reported sub-
wavelength periodic surface structures (Ozkan 1999, Borowiec 2003, Ran 2010, Huang
2009), a discovery that gave rise to the differentiation between low spatial frequency
(LSFL) and high spatial frequency (HSFL) LIPSS (Huang 2009, Skolski 2010). While
LSFLs can be obtained with either a CW laser or a pulsed laser, HSFLs are exclusively
observed in case of ultra-short laser pulses due to nonlinear optical effects which must
be considered during HSFL formation. In spite of extensive research in this field there is
no comprehensive theory about LIPSS available to date. However, the classical
patterns with a periodicity close to the laser wavelength (LSFL) are commonly accepted
as a result of interference between the incident laser beam and surface-scattered
waves (Emmony 1973, Zhou 1982, Sipe 1983). Besides the numerous efforts to
understand the origin of LIPSS, this unique self-organizing process has received
significant attention in the past few decades due to its potential in morphological
surface modification (Siegel 2010, Nishioka 2008, Eichstadt 2011, Sharma 2011,
Watanabe 2010). In this paper we report a well defined photochemical reaction, utilizing
LIPSS-related light intensity patterns to fabricate sub-wavelength periodic structures of
organometallic hybrid-nanowires without damaging the substrate itself. The system
introduced here is based on 7-hydroxycoumarine, silver nitrate and anodic aluminum
oxide substrate. 7-hydroxycoumarine serves as a photomediator for the reduction of
silver cations (Ag’) and at the same time immobilizes as-prepared Ag-NPs on the
substrate by cladding those in a wire-like-manner. Taking advantage of the fact that the
photosensitization depends not on the metal source being reduced but solely on the
sensitizer (Sakamoto 2009), our concept can be applied by suitable choice of the
sensitizer to various metals of interest.

2. EXPERIMENTS
2.1 Formation of silver NPs in bulk solution

Silver nitrate (10 mM) and 7-hydroxycoumarin (10 mM) were dissolved in a mixture
of methanol and PVA (0.5 wt-%). Irradiation of 2.0 mL reaction solution was done in a
quartz cuvette of 10 mm path length by a frequency-tripled Nd:YAG laser operating at
355 nm with 20 ns pulse length (AVIA 355-7000, Coherent, USA). The beam diameter
was 5.7 mm and the spatial beam profile was near Gaussian. An average laser power
was 0.98 W at a repetition rate of 10 kHz (pulse energy 98 yW) was irradiated into the
constantly stirred mixture. Formation of silver NPs was monitored by absorbance
measurements using a UV/Vis spectrometer (Lambda 25, Perkin Elmer, USA).

2.2 Fabrication of silver nanowire arrays using LIPSS template

Anodic aluminum oxide (AAO) substrates were prepared in a single-step
anodization process. Electropolished aluminum sheets (EN AV-5505, 99.9 %, 0.55 mm
thick) were anodized in a 0.3 M oxalic acid solution at 5 °C at a constant voltage of 60
V for 2 h. After anodization the samples were treated for 40 min in 5 % phosphoric acid
to widen the pores. Then the samples were rinsed subsequently with deionized water,
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ethanol and acetone. As-prepared AAO showed an inter pore distance of about 120 nm
determined by scanning electron microscopy. Transfer of the reaction mixture onto the
AAO samples was done by dip-coating for a few seconds. Before irradiation the
samples were mounted on a three-axis translation stage (SM 32, OWIS, Germany). In
all experiments the stage speed was 1 mm/s. and irradiations were performed using the
355 nm Nd:YAG laser described above. The polarized laser beam (s-polarization) was
focused onto the sample using a lens with a focal length of 21.9 mm. Irradiation
intensity was varied either by optical power control, employing a half wave plate and a
glan laser prism, or by varying the distance between the sample and the focal point.
The laser power was measured with a power meter (FieldMax Il with an LM-80V
detector head, Coherent, USA). After irradiation the samples were intensely rinsed with
ethanol, water and acetone to remove residual agents from the sample surface. Heat
treatment of the irradiated samples was carried out in an electronically controlled
furnace (C19/S19, Nabertherm, Germany).

3. RESULTS AND DISCUSSION

The strategy introduced in this work is the spatially controlled photochemical
generation and immobilization of metal NPs utilizing LIPSS-related light intensity
patterns for fabricating organometallic hybrid-nanopstructures onto arbitrary substrates.
The reaction pathway for the photosensitized reduction of metal sources is
schematically illustrated in Fig. 1.
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Fig. 1 Reaction pathway for the 7-hydroxycoumarin-sensitized reduction of silver ions

7-Hydroxycoumarin shows a broad absorption band at 310 - 360 nm which could be
assigned to the carbonyl group conjugated with the benzene ring. The formation of
silver NPs is initiated by the excitation of 7-hydroxycoumarin with laser pulses at 355
nm. After photoexcitation, 7-hydroxycoumarin produces a phenoxyl radical (Chen 1997,
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Hartner 2007) which is capable of undergoing electron-transfer reactions with silver
cations to form silver NPs, but also triggers polymerization (Abyshev 1984, Wang 1994).

3.1 Formation of silver NPs in bulk solution

The typical evolution of UV/Vis spectra of the 7-hydroxycoumarin/Ag” solution after
irradiation by increasing numbers of laser pulses is shown in Fig. 2. The appearance of
the absorption band at 407 nm corresponding to the distinctive surface plasmon
resonance of silver NPs indicates clearly the formation of silver NPs (Bagwe 2000,
Jradi 2010, Hong 2010). The amount of silver NPs formed is, as expected, proportional
to the duration of exposure or the energy applied (Fig.2 inset).
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Fig. 2 Time evolution of the UV/Vis absorption spectra of the 7-hydroxycoumarin/Ag*

solution upon irradiation with 355-nm laser pulses at 98 uJ/pulse. The inset
shows absorption at 407 nm as a function of the number of pulses applied.

3.2 Fabrication of silver nanowire arrays using LIPSS template

Heterogeneous LIPSS formation is one of the potential applications of our
photosystem. By combining linearity of the photochemical event with respect to the
applied light intensity, the modulated distribution of light intensity on the surface caused
by LIPSS can provide a powerful tool for fabricating periodic structures with nanoscale
spatial resolution. The principle of utilizing LIPSS as a template for photochemical
reactions is illustrated schematically in Fig. 3.

1618



Ag-NPs Ag-NPs Ag-NPs

Reaction Mixture
AgNOQO, / 7-Hydroxycoumarin

Anodic Aluminum-Substrate

LIPSS-related light intensity pattern

Fig.3 Principle of utilizing LIPSS-related light intensity pattern for photochemically
structured silver NPs formation on anodic oxidized aluminum substrates

It is generally accepted that LIPSS patterns results from inhomogeneous energy
deposition due to the interference of the incident beam with a surface scattered field,
which leads to a parallel fringe pattern of light intensity perpendicular to the polarization
of incident light. The periodicity A of the fringe pattern is described by Eq. (1)

A

"~ n—sin(®) M
where L is the wavelength of the light, ® the angle of incidence from normal and n the
refractive index of the solid (Sipe 1983, Bauerle 2000, Siegel 2010). For vertical
incidence, we expect a well-ordered periodical line structure of silver NPs having a
periodicity smaller than the laser wavelength of 355 nm, because the refractive index n
is greater than 1. The fringe pattern triggers the photosensitized formation of silver NPs.
In the areas of high light intensity the generation of Ag® seeds occurs and causes the
concentration of Ag® to drop. Diffusion of Ag" from non-illuminated into illuminated
areas further enhances silver nanoparticle growth. In the experiment we used a 0.19 M
solution of silver nitrate and an equimolar concentration of 7-hydroxycoumarin in a
water-acetone-ethanol mixture (2:4:1 v/v/v).
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Fig. 4 (A) EDX of the irradiated sample at the pulse energy of 4.6 uJ/pulse. (B) The
EDX spectrum was collected along the linear path depicted by the red line on the
left image
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EDX analysis shown in Fig. 4 indicates clearly that the photosensitized formation of
silver NPs occurs exclusively in regions where laser pulses were applied. The EDX line
scan confirms that Ag and C are only formed in the laser irradiated areas of the AAO
surface. For high resolution morphological analysis, the dip-coated AAO substrates
were irradiated with a pulse energy of 4.6 uJ/pulse at various distances from the focal
point to tune the effective intensity. In good agreement with the known characteristics of
LIPSS from other studies, we observed three different morphological structures
depending on the intensity of the irradiation applied. On samples irradiated with low
intensities (< 110 W/cm?) we observed no LIPSS formation. Polydisperse silver NPs
were formed at 110 W/cm?, however, without any regularity in spatial distribution. The
characteristic ripple structure develops from a rather irregular structure to a highly
regular one with increasing laser intensities. The lowest energy density observed to be
sufficient to develop LIPSS was about 125 W/cm2. Well-ordered periodic structures
appeared on the surface of the AAO substrate at 150 W/cm?. As expected, ripples run
perpendicular to the direction of laser polarization. The periodicity of the ripples and the
ripple width were measured to be about 285 nm and 133 nm, respectively (Fig. 5).
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Fig. 5 LIPSS-induced formation of silver NPs structure on anodic aluminum substrates

This is in good agreement with an expected periodicity of 264 nm calculated by Eq.
(1) using the refractive index of water of 1.3426 at 355 nm (Hale 1973) and vertical
incidence of the beam. lllumination intensities considerable higher than the given
threshold value for LIPSS-formation lead damage to the substrate. Crack-lines and
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surface deviations are observed. The formation of LIPSS occurs only within a narrow
range of illumination intensity. However, by scanning the laser beam on the sample
surface with appropriate laser parameters we are able to generate a high quality long-
range ordered periodic nanostructure on the substrate. As shown in Fig. 1, the
photosensitizer, 7-hydroxycoumarin, has a dual function. First it serves as a
photomediator to reduce Ag* to Ag®, which leads to Ag nanoparticle formation, and
second it photopolymerizes. In combination with the light induced diffusion processes
this causes the formation of ripples on the substrate with empty space between (Fig. 5).
Those ripples are obviously composed of silver nanoparticles embedded in insoluble
coumarin-based polymer. Most of the organic matter can be simply removed by thermal
treatment. The SEM images of samples before and after thermal treatment at 250 °C
for 45 min are shown in Fig. 6. Whereas the periodicity remains completely unchanged
the ripple width is reduced by a factor of 2 to 3 from 130 nm to approximately 50 nm.
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Fig. 6 Line-shrinkage by thermal treatment of the LIPSS pattern

Finally the presence of silver NPs and their location are confirmed using
backscattered electron imaging (BSE). Fig. 7 shows secondary electron (left) and
SE/BSE-combined image (right) of LIPSS-induced ripples at high magnifications. In the
combined SE/BSE images silver NPs (red) are clearly shown as bright red spots mainly
located inside the fiber-like jacket consisting of organic matter (green).
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Fig. 7 Analysis of the core-shell nanostructure of the lines; (Left) SE image (Right)
Combined SE/BSE image

Those hybrid metalorganic LIPSS structures resemble an array of parallel electrical
nanowires on an insulator surface (AAO). Macroscopic electrical conductivity
measurements resulted in a resistance of about 8 kQ along the ripple structure.
Resistance of the reference (untreated AAO) as well as the resistance perpendicular to
the ripple structure was beyond 100 MQ.

4. CONCLUSIONS

A universal concept to exploit LIPSS-related light intensity patterns for the
generation of chemically heterogeneous nanostructures was introduced. Our approach
breaks away former limitations of LIPSS by involving photochemistry into its structure
formation capability. Free combinations of LIPSS materials with substrate materials of
choice become accessible. The potential of this new method was demonstrated using
the example of hybrid core-shell-nanowire arrays generated on the surface of anodic
aluminum oxide (AAO). For this purpose a non-reversible photomediator was used in a
bifunctional way: firstly it served as photoexcitable reducing agent for silver-
nanoparticle generation from an Ag*-source; secondly it immobilizes as-prepared Ag-
NPs on the substrate by cladding those in a wire-like manner. Due to its reliability,
simplicity and flexibility the process is very useful for applications in e.g. optics and
electronics, where expensive lithographic techniques are used for the generation of
nanostructures so far. In addition, we believe that this concept introduced here can
contribute to a better understanding of the origin of LIPSS.
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