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ABSTRACT

The formation of periodical nanostructures with femtosecond laser pulses was used to create highly efficient substrates
for surface-enhanced Raman spectroscopy (SERS). We report about the structuring of silver and copper substrates and
their application to the SERS of DNA (herring sperm) and protein molecules (egg albumen). The maximum
enhancement factors were found on Ag substrates processed with the second harmonic generation (SHG) of a 1-kHz
Ti:sapphire laser and structure periods near the SHG wavelength. In the case of copper, however, the highest
enhancement was obtained with long-period ripples induced with at fundamental wavelength. This is explained by an
additional significant influence of nanoparticles on the surface. Nanostructured areas in the range of 1.25 mm® were
obtained in 10 s. The surfaces were characterized by scanning electron microscopy, Fast Fourier Transform and Raman
spectroscopy. Moreover, the role of the chemical modification of the metal structures is addressed. Thin oxide layers
resulting from working in atmosphere which improve the biocompatibility were indicated by vibration spectra. It is
expected that the detailed study of the mechanisms of laser-induced nanostructure formation will stimulate further
applications of functionalized surfaces like photocatalysis, selective chemistry and nano-biology.

Keywords: Surface enhanced Raman spectroscopy, laser-induced periodic surface structures, metal substrates,
nanostructures, biosensing, DNA detection, protein detection, herring sperm, egg albumen, oxide layers,
biocompatibility

1. INTRODUCTION

Surface enhanced Raman spectroscopy (SERS) is a highly sensitive technique for the detection of molecules via an
enhanced coupling of optical transitions to vibrational modes which is able to work even on single molecule level [1-6].
The efficiency enhancement is obtained by nanoscale features at metal surfaces (field enhancement) as well as the
specific charge-transfer between metal and molecule (chemical enhancement). Further advantages of the technique are
that it is label free, applicable in real time and that typical substrate materials like Au and Ag are corrosion resistant and
biocompatible (e.g. if silver is coated with a thin oxygen layer). This makes it an important tool in biology and
biomedicine, e.g. for the identification and classification of pathogenic organisms and bio-molecules [7-13] thus
enabling for a reliable indication of various diseases. The SERS effect was demonstrated for a variety of different
metallic substrates containing metal island films, aggregated metal colloids, electrochemically roughened electrodes, or
gold [14] and silver colloidal monolayers. Such substrate structures are either complex and irregular. Because of the high
sensitivity of SERS against shape, size, depth and density of the nanoscale features, it is difficult to perform reproducible
SERS measurements with random, non-uniform or unstable substrates. Therefore, deterministic patterning strategies
such electron beam lithography, nano-imprint lithography, or soft lithography, have been proposed to meet the high
standards of bio-medical applications [15,16]. Most of the methods for the generation of regular geometries,
however, are time consuming and expensive because of the necessary complex multiple-step procedures and/or the
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demand for time consuming and expensive because of the necessary complex multiple-step procedures and/or the
demand for sophisticated facilities like clean-rooms with chemical and thermal process control. A promising, simple and
convenient alternative approach to fabricate patterns of relatively good uniformity and regularity in a fast, cost-effective
top-down process is the generation of laser-induced periodic nanostructures (LIPNS) via plasmon interference at the
surface of appropriate materials [17]. Here we report on the generation of sub-wavelength scale gratings in Ag and Cu
with a mode-locked Ti:sapphire laser at two different wavelengths (800 nm, 400 nm). The capability of the
nanostructures as efficient substrates for the specific detection of biological matter with SERS is demonstrated for
selected complex standard molecules (herring sperm [18], egg albumen protein [19]). Furthermore, the assumption of
chemical changes of the substrate surfaces during the laser processing by oxidation in air environment which is
interesting for the improvement of biocompatibility is verified by Raman spectra.

2. NANOSTRUCTURING OF METAL SUBSTRATES WITH ULTRASHORT PULSES

As it was reported in literature, metallic gratings with periods in few-hundred-nanometer range can be used for efficient
SERS [20,21]. The application of intense, ultrashort-pulsed lasers, in particular femtosecond Ti:sapphire lasers, enables
to work in a non-thermal ablation regime which is difficult to realize at longer pulse durations where thermal diffusion
and melting dominate. The excitation of surface plasmons at the surface, the subsequent photo-induced avalanche
ionization and Coulomb explosion are considered to be the basic mechanism of nanostructuring under these conditions
[22,23]. Tt has to be mentioned that similar physical mechanisms are also known for dielectric materials and
semiconductors where a transient metallic state can be induced by multiphoton absorption. By adjusting the laser
parameters like wavelength, polarization, duration and number of pulses and/or fluence, the shape, period and orientation
of the created nanostructures can be controlled very precisely [24]. This makes the formation of LIPNS attractive not
only for SERS but also many other applications, e.g. for efficient photovoltaic cells [25], LEDs [26], optical memories
[27] or hydrophobic functionalized surfaces [28]. Most of the previous SERS activities with LIPNS were performed with
non-biological molecules, like Rhodamin6G or benzenethiol. In contrast to other types of nanostructures (e.g.
nanoparticles), LIPNS-based substrates [29,30] were reported to exhibit a higher robustness and yield maximum
enhancement factors of even more than 10° [31]. Furthermore, LIPNS technologies support the miniaturization, e.g. by
directly integrating nano-gratings into SERS microchips [32] or micro-fluidic systems [33].

Here we report on SERS studies with biomedical standard samples on fs-laser processed substrates containing LIPNS.
The structures were generated by a large-area one-step scanning method. In the application experiments, the biological
objects of interest were DNA (herring sperm) and protein (egg-albumen). To evaluate the enhancement, the results are
compared to Raman studies with non-structured Si and glass substrates. The influence of the processing parameters on
the SERS activity is discussed. The high observed SERS efficiencies indicate that the LIPNS substrates are well capable
to be applied to the emerging field of sensitive molecule detection in biomedicine and neighboring fields.

3. EXPERIMENTAL TECHNIQUES

3.1. Nanostructuring of the substrates

The structuring method was originally developed for the fabrication of coherently linked LIPNS with a high degree of
order on extended areas of TiO, surfaces in air [34]. In contrast to conventional scanning methods, a substrate is
translated through a line focus of an amplified femtosecond Ti:sapphire laser. This enables to enhance the processing
speed considerably. The limiting factors are the pulse energy (because the energy has to exceed the ablation threshold all
along the focal line) and the intensity profile (the line focus has to be as homogeneous as possible because of the
intensity dependence of the plasmonic mechanism of LIPNS formation). If the nanoripples are formed along a line
instead of at a point-like focus, the approach is much more efficient compared to conventional techniques. For the
fabrication of SERS substrates it was extended to metallic surfaces for the first time, to the best of our knowledge. Two
important differences had to be taken into account: (1) In the case of dielectric substrates and an excitation at near
infrared wavelengths, typically a transient metallic state corresponding to an enhanced reflectivity appears after
multiphoton absorption by generating a plasma state (free carriers). In the case of metals, however, the metallic state and
high reflection exist from the beginning and the coupling of energy into the surface is more difficult, and (2) dielectric
metal oxides tend to undergo a chemical reduction to metals as a result of fs-laser illumination. Nanostructuring of

Proc. of SPIE Vol. 8972 89720H-2

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 17 Sep 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



metals in air environment, vice versa, rather tends to end up with an oxidation of the surfaces. Both restrictions are
relevant but can also be exploited to specifically govern the complex excitation and reaction dynamics.

In the experiments, an amplified, linearly polarized Ti:sapphire laser (Spitfire, Spectra Physics) with a FWHM pulse
duration of 120 fs and a repetition frequency of 1 kHz was used to generate the LIPNS. Apart of the fundamental
wavelength (800 nm), samples were also irradiated at the wavelength of second harmonic generation (SHG) (400 nm).
SHG was provided by a beta-barium-borate (BBO) crystal. The metal substrates (Ag, Cu) were mounted on a computer
controlled x-y-translation stage (MT 65, Newport, velocity range 0.001-2.5 mm s™') and moved along the focal plane of
a thin cylindrical lens (focal length f = 100 mm). The Ag substrates (Good fellows Cambridge Ltd.) had a thickness of
0.5 mm and a purity of 99.95 %. The surface of the substrate was illuminated at normal incidence. The pulse energy was
varied from 75 to 260 pJ at e = 800 nm and from 30 to 368 uJ at A, = 400 nm, while the translation speed was
changed in three steps (0.005, 0.05 and 0.5 mm/s). The generated LIPNS were characterized with a field emission
scanning electron microscope (FE-SEM, JEOL JSM 64-00F). The spatial frequencies of the nanostructures were
quantitatively analyzed by performing a two-dimensional Fast Fourier Transform (FFT) of the SEM image data.

3.2. Surface enhanced spectroscopy

For the studies to be reported here, two standard types of bio-molecules were used: (i) DNA (herring sperm) and (b) a
protein (egg albumen). These reference substances were obtained from Sigma-Aldrich Co. LLC. 22.8 mg herring sperm
DNA were dissolved in a reaction vessel with 1.5 ml of distilled water. Then, 8 ul of this solution was pipetted onto the
SERS substrates and dried in vacuum for about 5 min. In a similar manner, 51.2 mg egg albumen were dissolved in 500
pl of distilled water. Subsequently, the suspension was briefly stirred with a vortex mixer and set for about 5 minutes in
an ultrasonic bath. Eventually, the solution was tipped on the surface of the substrates and dried for 5 min in vacuum.

For the SERS measurements, a commercial confocal micro Raman microscope (WITec alpha 300) was applied. The
light source was a 488 nm DPSS laser the beam of which was coupled to the microscope via a single mode optical fiber,
providing a maximum power of about 35mW at the surface. A 10x magnifying objective delivered an optical signal
averaging over the surface structures with sufficient statistical confidence. A lens-based spectrograph of 300 mm focal
length (WITec) equipped with a 3-stage Peltier cooled EMCCD detector (DU970N-BV, Andor Technology) served for
the spectral analysis. The Raman signal from the focal plane is imaged onto the end face of a multimode fiber of 100 um
diameter and transmitted to the spectrometer entrance. Thus, the confocal resolution of the microscope as well as the
spectral resolution are determined by the fiber geometry. In order to get the full Raman relevant spectral range, the
600g/mm grating of the spectrometer was employed, resulting in a spectral resolution of approximately 7 cm™. The laser
power was varied from 1 to 5 mW and the acquisition time of the detection system was fixed at 5 s.

4. EXPERIMENTAL RESULTS

4.1. Laser-induced periodic nanostructures

At a scanning velocity of 0.5 mm/s, no distinct periodical nanostructures appeared. The corresponding SERS signals
from the irradiated regions were rather comparable to the signals from unstructured regions. Relevant SERS signals,
however, were obtained from areas processed at velocities of 0.05 and 0.005 mm/s. Therefore, the further experiments
were exclusively performed at these particular velocities. The line focus method enables a LIPNS formation on a few
mm’ even in a single scan so that the procedure comes close to typical parameters for a high spot-to-spot reproducible
SERS detection. For example, at a wavelength of 400 nm and pulse energies between 210 and 360 pJ, the central part of
the focal zone containing LIPNS had a lateral dimension of > 2500 um. In a complete processing cycle, the substrates
were linearly moved over a total distance of 500 um at scanning velocity of 0.05 mm/s during a time interval of 10 s.
Thus, the resulting nanostructured area was about 500 x 2500 um? after each particular scanning procedure. Because of
the slightly non-uniform intensity profile, the depth profile of the LIPNS was not perfectly constant.
It is important to notice that, beside the ripple-like nanostructures, the formation of distributed nanoparticles with
characteristic diameters of some 10 nm was observed at a scanning velocity of 0.005 mm/s and/or at the SHG
wavelength of 400 nm.

An overview on the characteristic parameters of the generated LIPNS and micrometer-range random structures in Ag
in dependence on the processing parameters is given in Table 1.
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Table.1: Characteristic parameters of the laser-induced nanostructures on a silver surface depending on the wavelength and
scanning speed (fs-laser: amplified Ti:sapphire, 120 fs, 800 nm, 1 kHz).

Aexe [nm] Scan velocity [mm/s] Feature size of structures
0.05 LIPNS, 530 + 25 nm
800 0.005 random, 1 to 3 um
LIPNS, 530 £ 25 nm
0.05 253 + 15 nm
400 0.005 random, 1 to 3 um
LIPNS 253, £ 15 nm

At a scanning velocity of 0.05 mm/s, a dominance of low spatial frequency LIPNS was found within pulse energy
windows of 150-250 pJ and 210-360 pJ at excitation wavelengths of 4., = 800 nm and 400 nm, respectively. Typical
SEM images of the corresponding LIPNS at pulse energies of 180 uJ (fundamental wavelength at 800 nm) and 330 uJ
(SHG at 400 nm) are shown in Fig. 1.

Aoye =800 Nm

Aoxe =400 nm

Figure 1 (color online): SEM images of laser-induced periodic surface structures on bulk Ag substrates obtained at
different excitation wavelengths and scan velocities. The ripples in (a) and (b) were determined to have periods of
520+20 nm and 255%30 nm, respectively (insets: FFT plots) and can be related to plasmon interference and
nonthermal ablation. The pictures in (c), (d) show the appearance of superimposed random structures on few-
micrometer scale indicating an additional influence or even dominance (as in c¢) of global material transport
processes.

The insets of Fig. 1(a) and Fig. 1(b) show 2D Fast Fourier Transform (FFT) plots, indicating the degree of periodicity of
the structures. The analysis yields average values of period, p = 530 nm and p = 255 nm for fundamental and SHG,
respectively. The orientation of the LIPNS was found to be perpendicular to the polarization vector of the input radiation
at both fundamental or SHG wavelengths.
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4.2. SERS measurements

Measured SERS signals from herring sperm DNA from LIPNS created at fundamental and SHG wavelengths are shown
in Fig. 2. The spectra contain several distinct peaks. Some characteristic bands between 600 and 1800 cm™ can be
allocated according to ref. [35]. The two distinct peaks at ~1160 and 1455 cm™ can be attributed to deoxyribose-
phosphate and the peaks at 1232, 1369 and 1509 cm™ are believed to belong to adenine, while the band around 800 cm™
can likely be assigned to stretching vibrations in the main chain of an A-Type DNA. The band at 1014 cm™ - observed
only with the 400 nm LIPNS - can be related to C—O stretching vibrations. Moreover, there is a strong evidence for a
cytosine band at 623 cm™ and another deformation mode band of NH,-group in the adenine-guanine-cytosine molecules
at 1600 cm™'. The bands indicated at 2900 and 2945 cm™' can be attributed to some C-H stretching vibrations in the CH,-

groups [3].
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Figure 2 (color online): Detected SERS signals from herring sperm on Ag substrate in comparison to unstructured
standard substrates: (a) unstructured Si, (b) unstructured glass, (c) unstructured Ag, (d) Ag with LIPNS (period
530 nm), (e) Ag with LIPNS (period 255 nm).

The comparison of SERS spectra of egg albumen (Fig. 3) on the Ag substrate with the signals from unstructured Si and
glass surfaces proves that the Ag-surface with LIPNS enables to reliably detect the protein bands. The detected peaks
were centered at 524, 675, 984, 1355, 1425 and 1614 cml, According to the work of Ngarize et al. [19], the band at 524
cm’” results from a disulphide bond of ovalbumen, which accounts already up to a share 54% of the egg white. The peaks
at 1355 and 1613 cm™ are probably related to the helical structure and to the Amidel band in egg albumen [19]. For
structures generated at the lowest scan velocity of v = 0.005 mm/s, the SERS signals were strongly dependent on the
position of measurement on the surface. SERS signals were only detectable when the probe beam was directly focused
into the area containing LIPNS.

The SERS spectral fingerprints appear to be almost similar from all LIPNS regions independent on the generation
wavelength (400 nm or 800 nm), i.e. the periods are not a critical issue for the molecular excitation paths in the range of
chosen parameters. The enhancement of the SERS signals, however, was by a factor > 2 higher within LIPSS regions
structured at 400 nm compared to the substrates structured at 800 nm. This observation confirms the results of Kahl et al.
[21], where it was demonstrated that a systematical step-down variation of the period of Ag-coated Si gratings between
800 and 400 nm enables a scaling of the SERS enhancement factor up to a factor of 2.
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Figure 3 (color online): Detected SERS signals from egg albumen on Ag substrate in comparison to unstructured
standard substrates: (a) unstructured Si, (b) unstructured glass, (c) unstructured Ag, (d), Ag with LIPNS (period 530
nm). (e) Ag with LIPNS (period 255 nm).

It has to be emphasized that the determination of the exact enhancement factors for SERS on biomedical samples is
nontrivial because of its strong dependence on the homogeneity. On the basis of 10 spots for each sample and for > 70%
of the cases we found well detectable Raman signals of DNA and protein with LIPNS on Ag substrates. On the contrary,
Raman signals on Si and glass substrates taken under identical conditions were found to be either undetectable or very
weak as it can clearly be recognized in the insets of Fig. 2 and Fig. 3. These results agree with the findings of the group
of Chang et. al. for Rhodamine 6G [20]. Compared to the unstructured silver, enhancement factors up to 20 after the
femtosecond laser structuring were observed in our experiments. The maximum enhancement factor for DNA and
protein with respect to Si and glass substrates was found to be about 200.
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Figure 4 (color online): Comparison of SERS experiments with egg albumin and herring sperm for Ag (left) and Cu
(right) substrates for the cases of unstructured and structured surfaces: (a) unstructured Si, (b) unstructured glass, (c)
unstructured metal, (d), metal with LIPNS (period 255 nm), (e) metal with LIPNS (period 530 nm).
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5. CONCLUSIONS

To conclude, the generation of laser-induced periodic nanostructures (LIPNS) on metals (in particular Ag and Cu) for the
application as SERS substrates in biomedicine was demonstrated. The structuring of extended areas was realized by
translating a substrate through a line focus of an amplified femtosecond Ti:sapphire laser at wavelengths of 800 nm and
400 nm. The line scan technique makes the fabrication simple, cost-effective and significantly faster compared to
conventional scanning systems with circular focal spots and meandering movement. The plasmon-based mechanisms of
nanostructure formation in bulk metal samples and chemical changes of the surfaces were studied to optimize the process
parameters. It was shown that LIPNS can be obtained in areas as large as 2500 x 500 um* within a processing time of
only 10 s. The capability of the structured substrates for the sensitive detection of selected bio-molecules with surface
enhanced Raman spectroscopy (SERS) was successful verified by proof-of-principle experiments with egg albumen
protein and herring sperm DNA. SERS under well-defined wetting conditions for the biomolecules to be detected was
realized. In case of Ag substrates, the SERS signals for a grating period of 255 nm exceed the signals for a period of 530
nm by a factor > 2, as a consequence of the higher structural density. The relatively high achievable uniformity with
respect to period, depth and shape of the LIPNS promises an improved reproducibility of the spectroscopic signals. The
data were compared to Raman measurements with reference Si and glass substrates under identical conditions. In both
cases, the signals were either undetectable or very weak. Compared to unstructured smooth Ag surfaces, the SERS
signals were enhanced by factors up to 200 (typically a factor 20). Future activities have to include a postprocessing of
the metal surfaces, the combination of nanoripple generation with the insertion of smaller nanoparticles and time
dependent studies of charge transfer processes at nanostructured surfaces.
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