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Surface texturing of metals and alloys with Ti: Sapphire femtosecond laser
has been carried out in air. The peculiarities of surface patterns formed on
the surface of noble metals (silver, gold, copper), refractory metal (tungsten)
and metal-semiconductor alloy under ultrashort laser pulses have been stud-
ied by means of the surface morphology analysis. The influence of the laser
ablation process on the formation of nanoscale features on the laser treated
surfaces has been discussed. In the experiments, the low fluence multi-pulse
regime near the ablation threshold for studied materials has been realized.
The average sizes of nanoscale features formed under ultrashort laser pro-
cessing on the surface structures have been determined for silver, gold, cop-
per and tungsten. Observed enhancement of Raman signal for some vibra-
tions of Methylene Blue dye adsorbed on laser-induced Ag surface structures
demonstrates the possibility of an application of the laser-textured sub-
strates as surface enhanced Raman scattering (SERS) substrates used for bi-
osensing.
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TexcTypyBaHHA IOBEPXHi MeTaJIiB Ta CILJIaBiB 3a JOIIOMOT0I0 (DEMTOCEKYHIHO-
ro Ti-cangipoBoro Jyiazepa 3milicHIOBaJIOCA Yy IOBiTpPi. 3a JOIOMOroi0 aHajdi3y
Mop@oJorii moBepXHi BUBUEHO 0COOJMBOCTI MOBEPXHEBUX CTPYKTYP, IO YTBO-
PIOIOTHCS Ha IOBEPXHi Os1aropoauux MerasuiB (cpibio, 30J10TO, Minb), TyTroILia-
BKUX MeTaJiB (BoabdpaM) Ta MeTaJI-HaIliBIPOBIiTHUKOBUX CIIJIAaBiB mijg mieio
YABTPAKOPOTKUX JIA3ePHUX iMmOyabciB. OOTOBOPEHO BILIWB Jia3epHOI abarmii
Ha (OpPMYBaHHSA HAHOPO3MipHUX 0COOJIUBOCTEH Ha 0O0POOJIEHNX JIa3ePOM TIOBE-
pxHAX. B eKcriepuMeHTax peasisoBaHO 0araToiMIIyJIBCHUM PeKUM 3 HU3bKOIO
T'YCTHHOIO IOTYKHOCTi 0iidg mopory abJisaIlii aaa SOCaiI:KyBaHUX MaTepiaJis.
s cpibaa, 3omoTa, Migi Ta BosbpaMy BU3HAUEHO CEPENHI pO3Mipu HaHOPO-
3MipHUX eJIeMeHTiB, C(pOPMOBaHUX HA MEPIOAUYHNX MOBEPXHEBUX CTPYKTYypax
IIpHU Jas3epHiit o6poOIli 3a JOMOMOroi0 yILTPAKOPOTKUX JIa3€PHUX iMIIYJILCIB.
Iligcunenusa curgaay KoMOiHAI[iTHOrO po3CiAHHS CcBiTJIA, IO CIIOCTEpPiraJoch
IJIA OeAKUX KOoJUBaHb OapBHUKaA «MeTujaeHOBU CUHili», amcopOOBaHOTO Ha
CpiOHUX JIa3epHO-iHAYKOBAaHUX MOBEPXHEBUX CTPYKTYpPax, JeMOHCTPYE MOK-
JIUBiCTh 3aCTOCYBaHHSA JIa3€PHO-TEKCTYPOBAHUX ITiAKJIANOK AK MiAKJIATOK IJIA
TIOBEPXHEBO-IIiIcIeHOr0 KoMbOiHalifinoro poacisuausa ceitaa (SERS), mo Bu-
KOPHCTOBYIOTH AJiA 6ioceHCcopiB.

KuarouoBi cioBa: azepHOo-iHAYKOBaHA IIOBEPXHEBA CTPYKTypPa, HAHOPO3MipHA
0co0JUBicTh, JasepHa abOJAIisaA, I[TOBePXHEBUU ILJIa3MOH, IIOBEPXHEBO-
mificujeHa CIIeKTPOCKOIIiA KoMOiHaIiiTHOTO PO3CiAHHS CcBiTJIa, MeTaJl.

TeKcTyprupoBaHUe IOBEPXHOCTHA METAJLJIOB U CILIABOB C IIOMOIILIO0 (heMTOCeKYH/I-
Horo Ti-candmpoBOTO J1a3epa OCYIIECTBIAIOCEH B Bo3xyxe. C IIOMOIIBIO aHAIN3A
MOP(MOJIOrUY TOBEPXHOCTU M3YUYEHBI OCOOEHHOCTU ITOBEPXHOCTHBIX CTPYKTYD,
o0pasyroInuxcsa Ha IIOBEPXHOCTU OJIaTOPOJHBIX METaJJIOB (cepedpo, 30JI0TO,
Melb), TYIrOIJIAaBKMX MeTaJLIoB (BoJbdpaM) M MeTAJI-IOJYIPOBOTHUKOBBIX
CILJTABOB TIOJ NeliCTBHEM YJIBTPAKOPOTKMX JIA3€PHBIX HMITYJIbcOB. OOCYy:KIEHO
BIUSHIE JIa3ePHOM abuAnuy Ha (GOopMUpPOBaHNE HAHOPA3MEPHBIX OCOOEHHOCTEH
Ha 00pabOTaHHBIX JIa3ePOM ITOBEPXHOCTAX. B sKCIepMMeHTaX peasn30BaH MHO-
TOMMITYJIBCHBIN PEKUM C HU3KOI IJIOTHOCTBIO MOIITHOCTH Y TIOPOTa abJIAIUN AJIS
nuccaeayemMbix MarepuasioB. s cepebpa, 30s0Ta, Meau 1 BoJabdpama ompenaee-
HBI CPeAHNe PasMepPbl HAHOPAa3MEPHBIX 3JIEMEHTOR, CHOPMUPOBAHHBIX Ha IIEPHUO-
INYEeCKUX ITOBEPXHOCTHBIX CTPYKTYpax IIPM Jia3epHOH 06paboTKe C ITOMOIITHIO
YJIBTPAKOPOTKUX JA3ePHBIX MMITYJIbCOB. Y CHJIEHNE CUTHAJIA KOMOMHAIIMOHHOTO
paccedaHus cBeTa, HabIIOAaeMoe OIS HEKOTOPHIX KoJsiebaHmil Kpacurensa «Meru-
JIEHOBBIN CUHUII» , aCOPOMPOBAHHOT0 Ha CepPeOPAHBIX JIa3ePHO-UHIYITMPOBAHHBIX
IIOBEPXHOCTHBIX CTPYKTYPaX, AEMOHCTPUPYET BO3MOKHOCTh IPUMEHEHU S JIasep-
HO-TEKCTYPUPOBAHHBIX IMOAJIOMKEK [IJIA HOBEPXHOCTHO-YCUJIEHHOTO KOMOMHAIIA-
oHHOTO paccednus cBera (SERS), ncmonb3yeMbIx 17151 6110CEeHCOPOB.

KaroueBble ciI0Ba: JIa3epHO-MHIYIMPOBAHHASA IIOBEPXHOCTHAS CTPYKTYpa,
HaHOpa3MepHasa 0COO0EHHOCTD, JiadepHasa abaAIusa, IOBePXHOCTHBIN IIJIa3MOH,
IIOBEPXHOCTHO-YCUJIEHHAS CIEKTPOCKONINA KOMOMHAIIMOHHOIO PACCESIHNS CBe-
Ta, MeTaJL.

(Received August 2,2019)
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1.INTRODUCTION

Nowadays the surface texturing of the materials of different types is
considered as a perspective way to achieve various application purpos-
es. Along with chemical and electrochemical etching methods, the laser
surface processing can produce desirable patterns on the material sur-
faces. The ultrashort pulse laser processing of the materials provides
modified surfaces perspective for various applications in physics,
chemistry, materials science and engineering. The laser parameters
such as wavelength, pulse duration, energy density, as well as the ma-
terial properties, namely the characteristic times and thermophysical
properties of substances, have the crucial role in the laser beam inter-
action with various materials. Moreover, along with the surface and
bulk structure transformation the ultrashort pulse laser treatment in-
duces surface diffusion, oxidation, ablation and deposition processes.
The ablation products are adverse for some technology processes such
as micromachining, cutting, etc. [1, 2]. It should be noted that ultra-
short laser irradiation ensures high quality and precision of surface
machining compared to the lasers with nanosecond or longer pulse du-
ration[3, 4].

Nevertheless, the disadvantages caused by the ablation process
could be applied to certain purposes. One of the promising applications
is the usage of laser treated surfaces as the substrates for the surface
enhanced Raman scattering (SERS) spectroscopy. SERS method is ac-
tively used for biosensing. Numerous papers have elucidated the de-
velopment of efficient SERS substrates, in particular based on plas-
monic nanostructures [56—8]. High-quality SERS substrates have to
provide uniform gain factor that could be adjusted by the correspond-
ing surface morphology of the substrates.

In present study, we describe the morphology of the surfaces struc-
tured with laser pulses of femtosecond duration, emphasize the peculi-
arities of nano-sized features on the surface of formed quasi-periodic
structures and demonstrate the perspective of such features for SERS
applications.

2. EXPERIMENTAL/THEORETICAL DETAILS

Micro- and nanostructuring of surfaces of materials under study have
been achieved by the irradiation of the samples initial surfaces with a
femtosecond laser. A coherent Ti-sapphire laser system used in our ex-
periments consists of Mira-900F femtosecond oscillator with Legend-
HE chirped pulse amplifier. The main characteristics of the laser beam
have been the following: central wavelength of 800 nm, pulse duration
of 130—150 fs, pulse energy about 0.8—1 mdJ, a pulse repetition rate of 1
kHz. Lenses with the focal length of 100 or 150 mm are used for the
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beam focusing onto the surface of the sample which was fixed to the
holder of a translation stage. The set of the defined values of the irradia-
tion power density are ensured by changing the distance from the lens
focus to the sample surface. An average power density at the sample sur-
face is of the order of 10> W/cm?. The scanning beam mode regime has
been realized at a speed range of 0.1-30 mm/s for different materials.
Typically scanning was performed in horizontal lines with vertical shift
equal to the diameter of the beam on the surface. In most cases, the hori-
zontally polarized laser beam is incident normally onto the sample sur-
face. This polarization direction could be changed with the /2 plate. All
laser treatment procedures have been carried out in air.

The surface morphology has been examined using the scanning elec-
tron microscopes TESCAN VEGA 3 (Tescan), JSM-35-C (JEOL), atomic
force microscope NTEGRA Prima (NT-MDT).

The Raman spectra of Stokes scattering have been obtained under an
excitation of a cw Ar ion laser with the wavelength of 476.5 nm (power
50.0 mW) at the 45-degree incidence angle using a double grating spec-
trometer DFS-24 (LOMO). The laser beam has been focused at the sam-
ple surface with a cylindrical lens that reduces laser power density, and
the irradiation distributes over the surface area of 0.2x3 mm?.

We have studied the samples of pure metals (Ag, Au, Cu, and W) and
aluminium alloy with 20% silicon.

3. RESULTS AND DISCUSSION

The surfaces of various types of materials treated with femtosecond
laser pulses often reveal quasi-periodic structures which are parallel
sub-micron ripples so-called laser-induced periodic surface structures
(LIPSS). Typically, LIPSS period is about 1.5 times smaller than laser
wavelength. This ratio can be attributed to the shape of dispersion
curve of surface plasmon polariton (SPP) propagating on the surface of
metal. And it can be considered as a proof of the best known mechanism
of LIPSS formation as a result of interference of incident laser beam
and SPP excited on the surface roughness.

Moreover, sometimes besides sub-micron periodic structures porous
structures and nanoscale features are observed depending on the laser
processing conditions. We have examined the formation of nanofea-
tures on the surface of ripples under the femtosecond laser pulses irra-
diation that is to the great extend caused by the ablation processes. The
distinctive feature of ablation process under the ultrashort laser pulse
irradiation is its non-thermal character. It is co-called process of cold
ablation characterized with relatively small amount of molten materi-
al. The ablation process is considerably conditioned by an energy densi-
ty threshold or ablation threshold, above which substantial modifica-
tions of the material surface begin to occur. The ablation threshold
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strongly depends on the material thermal properties, parameters of
electron—phonon interaction in material and the laser operating pa-
rameters, in particular laser wavelength, pulse duration, number of
pulses and atmosphere of the laser processing [9]. In literature two dif-
ferent ablation regimes are usually differentiated—the lower fluence
regime when the ablation rate is low and less quantity of ablated parti-
cles is observed at the ablated surface, and the higher fluence regime
with the increased ablation rate which is resulted in higher surface
damages after laser processing [10]. The two-temperature model
(TTM) describing the mechanism of the laser energy absorption by the
materials electron subsystem and subsequent transfer of the thermal
energy to the lattice subsystem has been firstly proposed in the early
80’s [11, 12]. Further hybrid theoretical models combining TTM, mo-
lecular dynamics and hydrodynamic models improved the reliability of
the numerical calculations [13].

In our experiments the lower fluence multi-pulse regime near the
ablation threshold for materials under study has been realized. In some
experiments the ablation threshold may be exceeded. The morphology
analysis of processed surfaces has been conducted on the basis of anal-
ysis of SEM and AFM images.

At Figures 1-4 the SEM and AFM images of different nanoscale fea-
tures on the laser treated surfaces of noble metals—silver, gold, copper

Bl: 3.00 ~ WD: 9.57 mm VEGA3 TESCAN

View field: 2.08 ym Det: SE 500 nm
SEM MAG: 100.0 kx Date(m/dly): 03/19/19 Performance in nanospace

Fig. 1. SEM image of the Ag surface treated with femtosecond laser with the
wavelength of 800 nm and the pulse irradiation energy density of 0.14 J/cm?,
the efficient number of laser pulses N =850 at the repetition rate of 1 kHz.
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Fig. 2. SEM image of the Au surface treated with femtosecond laser with the
wavelength of 800 nm and the pulse irradiation energy density of 0.1 J/cm?,
the efficient number of laser pulses N = 40 at the repetition rate of 1 kHz.

and refractory metal—tungsten are presented.
Under the mentioned laser processing parameters LIPSS is the most

06 08 10 12
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Fig.3. AFM image of Cu surface treated with femtosecond laser with the
wavelength of 800 nm and the pulse irradiation energy density of 0.48 J/cm?,
the efficient number of laser pulses N = 135 at the repetition rate of 1 kHz.
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Fig. 4. SEM image of the W surface treated with femtosecond laser with the
wavelength of 800 nm and the pulse irradiation energy density of 0.29 J/cm?,
the efficient number of laser pulses N = 1200 at the repetition rate of 1 kHz,
laser scanning velocity of 0.5 mm/s.

prominent feature for almost all metal surfaces except gold surface,
where the LIPSS is in the begging of its self-assembling. For gold sur-
face the observed quasi-regular structure could also be explained by
the influence of some hydrodynamic instabilities in the melted sub-
stance [14].

Furthermore, all the images demonstrate the presence of the fea-
tures of nanoscale dimensions on the laser-treated surfaces: for silver
surface the average size of nanofeatures is from 25 nm up to 80 nm, for
gold surface—from 60 nm up to 200 nm, for copper—from 50 nm up to
250 nm, for tungsten surface—from 30 nm up to 110 nm.

Hereby, in the laser regime with the fluence around or slightly ex-
ceeding the ablation threshold the nanoparticles of rather small sizes
are provided.

Figure 5 presents AFM images that indicate the transformation of
surface of aluminium alloy with 20% silicon (Al-Si alloy) under the
femtosecond laser treatment with different scanning velocities and
efficient numbers of laser pulses. On the surface of the Al-Si alloy
sample the structures that resemble granules have been formed under
ultrashort laser irradiation. Moreover quasi-grating structure is ob-
served on the surface of the granules. The orientation of the formed
ripples is in a direction perpendicular to the incident laser beam polari-
zation. The period of LIPSS is around 500 nm. One can observe the evo-
lution of quasi-granular structure with an increase of scanning veloci-
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ty and slight reduce of number of laser pulses. At greater velocity the
dimensions of the granules reduce and average granular filling factor
increases (see Fig. 5, ¢). Thus under the control of scanning velocity,
power density and number of laser pulses the specific dimensional pa-
rameters of nanoscale formations on the surface could be obtained.
Earlier we demonstrated an efficient enhancement of Raman signal
for the Ag surfaces treated under the femtosecond laser pulse irradia-
tion in comparison with the non-treated surface [15]. It has been ob-
tained the maximal enhancement factor of 20 for some vibration modes
of Rhodamine 6G (Rh6G) dye adsorbed on the Ag quasi-periodic sur-
face structures formed under pulse irradiation energy density of 0.53
J/cm? and efficient number of pulses of 135. At mentioned research Ag
sample was polished before the procedure of laser treatment. At pre-
sent study, we achieve SERS enhancement for Methylene Blue (MB)
dye C;cH;sCIN;S adsorbed on the LIPSS Ag structures which was not
even polished before laser processing. MB dye is characterised by an
emission centred around 690 nm, with a fluorescence quantum yield of

pm

Fig. 5. AFM images of the Al-Si alloy
surface irradiated with femtosecond
laser (wavelength 800 nm) with the
pulse irradiation energy density of
1.0 J/cm? at different scanning veloc-
ities (v) and efficient numbers of la-
ser pulses (N): a—v=15.0 mm/s,
N=22;b—v=20.0mm/s, N=17; c—
v=25.0mm/s, N=13.

pm
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0.52 [16]. We used aqueous solution of MB dye in concentration of
around 2:107° M. The morphology of the Ag sample demonstrates the
quasi-periodic structure with the period of 770 nm and rather high
height difference (see Fig. 6).

The features are of the size of around 100-200 nm. Such kind of
sample has been chosen to demonstrate that the ultrashort laser treat-
ment can develop the formation of surface features with dimensions
that provide the local plasmonic fields. Thus, Raman scattering of the
embedded MB molecules is enhanced due to the localized electromag-
netic field caused by the plasmonic resonances in the metal. The best
results are obtained when the frequency of the incident and scattered
light falls in the plasmon resonance.

The Raman spectra of MB dye adsorbed on laser-induced Ag struc-
tures demonstrate slight enhancement of the intensities of some charac-
teristic vibrational bands of MB dye. As an example of such enhance-
ment, at Fig. 7 the fragments of Raman spectra of MB dye deposited on
original and laser-treated Ag surface are presented. Thus Raman spec-
trum of MB dye on one of the treated surfaces labeled by ‘2’ reveals some
prominent well-assigned vibrational bands of MB dye [17, 18], namely
different bending deformation modes at 698, 862, and 1125 cm™!, the
band around 1250 cm * assigned to the deformation ring vibration mode.
Some band shifts have been observed in Raman spectra of the embedded
MB molecules on LIPSS. These shifts may provide the evidence of the
chemisorption of methylene blue molecules that is resulted in an en-
hancement of the chemical effects responsible for this shifts[19].

1.0

7 8 910
0.8
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Fig.6. AFM image of Ag surface treated with femtosecond laser with the
wavelength of 800 nm and the pulse irradiation energy density of 0.84 J/cm?,
the efficient number of laser pulses N = 68 at the repetition rate of 1 kHz.
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Fig.7. Raman spectra of MB dye adsorbed on untreated Ag surface (1) and
laser-structured Ag surface formed at different levels of the laser pulse irra-
diation energy density (2, 3). Excitation wavelength—476.5 nm.

4. CONCLUSION

Laser processing of noble metals (silver, gold, copper), refractory met-
al (tungsten) and metal-semiconductor alloy (Al-Si alloy) with ultra-
short laser pulses of a Ti:Sapphire femtosecond laser has been carried
out in air. An analysis of the morphology of the laser-treated surfaces
demonstrates the laser-induced periodic surface structures (LIPSS)
with different periods, nanoscale features (nanoparticles, tips), and
nanoholes. Conditions of formation of different kinds of surface struc-
tures are discussed and summarized. The average sizes of nanoscale
features formed under ultrashort laser processing on the surface
structures have been determined for silver, gold, copper and tungsten.
The process of laser ablation generally determines an appearance of
these nanofeatures. An application of laser-processed noble metals as
SERS substrates has been demonstrated. Thus, it has been obtained an
enhancement of Raman signal for some vibrations of Methylene Blue
dye adsorbed on laser-induced Ag surface structures which was not
even polished before laser processing.
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