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Laser-induced periodic surface structures on
bismuth thin films with ns laser pulses below
ablation threshold
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Abstract: We demonstrate the formation of laser-induced periodic surface structures (LIPSS)
in bismuth (Bi) thin films by irradiation with nanosecond laser pulses. We report on the
formation and the destruction of the LIPSS as a result of the delivered number of pulses; both
the formation and destruction threshold were very well determined. Results show that the
obtained LIPSS are perpendicular to the laser polarization, and their ripple periodicity is on
the order of the irradiation wavelength. Although all the irradiation experiments were done in
ambient air, Raman micro-spectroscopy indicates that the LIPSS are constituted by metallic
bismuth, i. e. the LIPSS formation is oxidation free.
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1. Introduction

Bismuth (Bi) is an interesting material for technology due to its thermal and electrical
properties. Ought to this reason, bismuth is used in thermoelectric applications. Thanks to its
low melting point (271 °C), bismuth is commonly used in low melting alloys [1]. At the same
time, bismuth is an ideal material to be laser processed since it posses a low laser
transformation threshold [2]. It must be noticed that many of its unique properties such as
high magnetoresistance, can only be observed at very small-scale sizes. For this reason, in the
last two decades there has been a major interest for obtaining nanosized bismuth, in the form
of thin films. Bismuth can be obtained in its thin film form by PVD methods like: thermal
evaporation, laser ablation, molecular beam epitaxy and magnetron sputtering [2—6]. The
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obtained thin films show crystallographic and morphological features that very much depend
on the synthesis method.

Laser irradiation is a versatile and powerful tool for micro- and nano-structuring of
materials. The interaction of laser radiation with solid materials has been extensively
investigated on different materials [7]. The exposure of a solid surface to a single laser beam
gives place to the formation of ripple-like periodic structures, denominated LIPSS. LIPSS
earliest reports in the literature are from more than three decades ago by Siegrist et al. [8] for
quartz and copper, Jain et al. [9] for aluminum, van Driel et al. [10] and Sipe et al. [11] for
theory, and Young et al. [12] for semiconductors (Ge, Si) and metals (aluminum and brass).
Since then, the generation of LIPSS has gained much attention due to the fundamental
challenges of understanding, for instance, the origin of LIPSS formation, which up to date is
still controversial. LIPSS are also attractive for potential applications, which include a rapid
fabrication method of diffraction gratings; recently it has also been suggested that LIPSS
could be used as plasmonic structures [13, 14]. LIPSS can be induced both in bulk and thin
films materials as it has been extensively reported in the literature for a wide variety of
materials including metals, semiconductors, dielectrics and polymers [15-22]. Either CW or
pulsed lasers from microseconds to femtoseconds, at wavelengths in the UV, VIS or IR
ranges have been used to generate LIPSS.

It is well known that when nanosecond laser irradiation is incident normal to the surface
of the sample, the ripple period of the LIPSS is on the order of the laser wavelength. In
general, the ripples have a period, which depends on several factors such as the laser
wavelength, the angle of incidence and the material refractive index [12]. M. Sanz et al. have
reported a study of LIPSS on wide band-gap semiconductors [19]. They focused their study
on varying the per pulse laser fluence and the delivered number of pulses. The laser
irradiation experiments were carried out on the following semiconductors InP, GaP, GaAs
and SiC by using linearly polarized UV (266 nm) laser pulses of 6 ns duration. They
estimated the threshold conditions for obtaining LIPSS, according to their results the per
pulse laser fluence and the number of pulses necessary to form the LIPSS in each one of the
tested materials are: InP (125 mJ/cm®, 200 pulses), GaP (125 mJ/cm®, 300 pulses) and GaAs
(150 mJ/ecm?, 200 pulses). LIPSS were not observed to form in SiC. The LIPSS were formed
with an orientation perpendicular to the laser polarization, having a ripple period on the order
of laser wavelength.

Bismuth thin films have been irradiated with CW laser to obtain Bi,O; [2,23,24]. A.
Reyes et al. recently demonstrated low power laser-induced microbumps on a bismuth thin
film by using microsecond laser pulses [25]. In a previous work, we have reported a study of
laser-induced bismuth oxidation under ns pulsed laser irradiation at 1064 nm; the threshold
(number of pulses) for initiating the oxidation process was well determined [26]. We showed
that the surface morphology and the composition of the obtained bismuth oxide thin film,
strongly depend on the number of delivered laser pulses.

In this work we present the influence of the number of laser pulses on both the formation
and the destruction of LIPSS in bismuth thin films. The irradiation experiments were carried
out on a very simple way by using the straight output of a Nd:YAG nanosecond laser at 532
nm. Results show that just a dozen of laser pulses are required for LIPSS formation.
Hundreds of laser pulses give rise to the destruction of the LIPSS and subsequently to a laser-
induced oxidation process, where the (-Bi,O; crystalline phase forms. In fact, several
domains were identified were LIPSS start forming, optimize and then deteriorate to finally be
destroyed. It is worth noting that from the best of our knowledge this is the first time that
LIPSS are generated in bismuth thin films.

2. Experimental

The bismuth thin films were grown onto glass substrates by the DC-sputtering technique
using Argon to sputter a bismuth target (99.99% purity from Lesker). The deposition time
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was 10 minutes, using a 22 mBar pressure and a discharge power of 10 W. The film thickness
was measured to be 500 nm by using a profilometer. The as deposited Bi films showed a
roughness on the order of 35 nm, which was measured through AFM.

The experimental setup we used to print LIPSS on the bismuth thin films is very simple,
as it is shown in Fig. 1. The bismuth thin film sample was mounted on a translation stage to
manually choose each site to be irradiated. The second harmonic emission of a 7 ns pulsed
Nd:YAG laser (Minilite II, Continuum) was used to irradiate the bismuth thin films in
atmospheric air. These experiments were performed with linearly polarized unfocused laser
pulses (2 mm beam size FW1/e?), the irradiation was set at nearly normal incidence on the
sample (the 5° angle is to prevent back reflection to the laser cavity). Since the per pulse laser
fluence necessary to remove (laser ablation threshold) the bismuth thin film was determined
to be 105 mJ/cm?, all the irradiations were carried out at 80 mJ/cm® The number of laser
pulses delivered on the samples was varied as follows: 1, 10, 20, 30, 40, 50, 60, 120 and 600
pulses at 1 Hz repetition rate. An additional irradiation delivering 6000 pulses at 15 Hz was
also performed.

With the aim to perform a full characterization of the laser irradiated regions on the Bi
thin film surface we used: Optical Microscopy (BX41, Olympus), Scanning Electron
Microscopy (Jeol JSM6510 LV), Atomic Force Microscopy (Park Scientific Instruments
AutoProbe Mod CP), and microRaman spectroscopy (HR-800 LabRaman, Jobin-Yvon-
Horiba).

The microRaman spectra were collected in the 50-500 cm™' range (3 cm™ spectral
resolution) using as the light source a 0.5 mW CW Nd:YAG laser (A = 532 nm). The 532 nm
laser beam was focused on the sample with a 50X objective lens (to a spot size of 8 um
FW1/e%), which is also used for collecting the scattered light. 50 acquisitions were averaged
with an exposure time of 5 s each to obtain every single Raman spectrum.

Nd-YAG
laser system
(532nm, 7ns,
1Hz)
Laser N
radiation
- Diffraction
: ¢ white light
[
.
o
=i
|

Fig. 1. Experimental setup to generate LIPSS in bismuth films.
3. Results and discussion

Figure 2 shows a photograph of a set of the irradiated regions on a Bi thin film. When the
sample is viewed under white light illumination, the irradiated region displays a specific color
depending on the viewing angle. The region labeled 1, which was irradiated with a single
laser pulse does not show any optical surface modification. For a spot irradiated with 10
pulses the film turns darker than it looks like initially. In contrast, for 20, 30, 40 and 50
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pulses, uniform bright green colored marks are displayed. While for 60 and 120 pulses, the
uniform green colored marks develop into green-yellow marks with some darkening on the
center of the spot. Finally, for 600 and 6000 delivered pulses the film changes its optical
appearance significantly by turning up gray with a dark outer edge. The progressive changes
on the surface of the bismuth thin film due to the irradiation exposure time (increasing
number of laser pulses) are quite clear, an optical modification process occurs with the
number of laser pulses. This is due to the presence of well-formed LIPSS within the irradiated
spots for the range of 20-50 pulses, which will be confirmed and carefully analyzed in the
following sections.

50 40 3020 10

Fig. 2. Photograph of marks generated on a Bi thin film after its irradiation with ns-laser
pulses, the labels indicate the number of delivered pulses.

Figure 3 shows a set of photographs (I-V) from the same Bi thin film sample showed in
the Fig. 2, taken at different viewing angles. The green spots image corresponds to a normal
to the surface view, while the other colored spots images are viewed by tilting the sample in
steps of approximately 6°. As the film is tilted the typical effect of a diffraction grating is
observed, i. e. a spectral decomposition from red to blue takes place in a lateral angular
interval of 30°. As already shown in Fig. 2, a uniform coloration is obtained for irradiated
regions with 20, 30, 40 and 50 pulses. While the spots irradiated with 60 and 120 laser pulses
present partial darkening inside the colored area, those spots irradiated with 600 and 6000
laser pulses do not display any light diffraction. Notice that if the sample is rotated by 90°
around the normal to the sample, while the incidence direction of the white light is kept the
same, the diffraction effect disappears. This is due to the well-defined and oriented array of
LIPSS [15].
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Fig. 3. Diffraction of white light off the irradiated spots (LIPSS regions). I, II, III, IV and V
photographs were taken at different viewing angles.

Figure 4 shows the Optical (left) and SEM (right) images of the as-deposited and the laser
irradiated regions on the bismuth thin film surface. The SEM micrographs show the center of
the irradiated regions. As shown in Fig. 4(a), sub-micrometer grains constitute the surface of
the as-deposited Bi thin film; this is the typical morphology of the bismuth films grown by
sputtering [26]. This kind of morphology gives an opaque appearance of the thin film surface
when seeing in reflection mode. Figure 4(b) shows the bright-green coloured mark on the
irradiated zone, a series of well-defined ripples can be clearly identified within that mark by
SEM. The ripples orientation is perpendicular to the incident laser polarization. In 4(c) the
coloration has faded away and the ripples have been lost; instead, agglomerated material is
formed in the irradiated zone. During this process crystalline bismuth oxide is formed as it is
shown by microRaman spectroscopy.

The LIPSS formation and the subsequent oxidation for a large number of delivered laser
pulses is dominated by a thermal effect. On the one hand, the optical penetration, which is the
inverse of the optical absorption coefficient, is only of about 15 nm (for bismuth o = 6.6 x 10
cm™! @532 nm). The thermal length can be calculated as Lyerma = (2Dr)” 2 with D the thermal
diffusion coefficient and t the laser pulse duration. For our case the thermal length is of 345
nm. This means that the film gets heated beyond two thirds of its thickness, giving rise to
melting and then LIPSS formation on rapid cooling.
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Fig. 4. Optical and SEM images of (a) as-deposited bismuth film, (b) spot with 50 pulses and
(c) spot with 600 pulses.

Figure 5 shows the Raman spectra of the as-deposited and laser irradiated bismuth thin
film for 50 and 600 pulses. The Raman spectra 5(a) and 5(b) correspond to the as-deposited
thin film and the irradiated region with 50 pulses, respectively. These spectra have three
characteristic peaks at 65, 94, and 186 cm™', which are in good agreement with those reported
by Kumari et al. [2] and M. Zepeda et al. [23], for thermal evaporated bismuth thin films. A
further report by Steele et al. shows that the bismuth Raman spectrum has a band located at
188 cm™. The spectrum 5(c) for the sample irradiated with 600 pulses (re-solidified material
shown in SEM micrograph 4(c)), have peaks at 68, 86, 94, 123, 182, 313, 324 and 467 cm™!
which correspond to the B-Bi,0; crystalline phase, indicating that the laser irradiated region is
composed by crystalline bismuth oxide, in contrast to the LIPSS which remain just bismuth.
The observed Raman features are in good agreement with those reported by Pereira et. al. for
B-Bi,O; [27]. It is important to notice that LIPSS have fully disappeared for the irradiated
region with 600 pulses. Similar features have been identified for the mark irradiated with
6000 laser pulses.

The Raman bands located at 65 and 94 cm™' are assigned to Bi-Bi vibrations and lattice
vibrations, respectively [23]. The weak band at 186 cm™' is a second order band (J. S. Lannin
et al. [28]). There is a small band between 65 and 94 cm™', which is located at 84 cm™, this
band is due to oxygen on the bismuth film without the formation of B-Bi,O; (see spectrum d,
in Venegas Castro et al. [26]). The weak band at 84 cm™' evolves upon laser-induced
oxidation, its intensity increases and shifts towards 86 cm™ as it is observed in 5(c). When the
laser-irradiated material is totally oxidized and crystallized, this band shifts to 89 cm™ being
the most intense band in the Raman spectrum of B-Bi,O; (Pereira et al. [27]). We must point
out that the degree of oxidation and crystallization can be finely controlled by means of the
delivered number of laser pulses.



Research Article

Optlcal Etenals EXPRESS Z"(

Vol. 7, No. 6 | 1 Jun 2017 | OPTICAL MATERIALS EXPRESS 1784

Intensity (arb. units)

T T T T T T T T T
313
(C) Spot with 600 pulses}
v 324
v 437
(b) spot with 50 pulses
(a) No irradiated film
T T T T T T T T T
50 100 150 200 250 300 350 400 450 500

Raman Shift (cm™')

Fig. 5. Raman Spectra for the (a) non irradiated bismuth film, (b) irradiated spot with 50
pulses, (c) irradiated spot with 600 pulses.
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Fig. 6. AFM of LIPSS for 50 laser pulses. a) AFM image, b) LIPSS profile, (c) ripples height
as a function of the number of laser pulses.

Figure 6(a-b) show an AFM micrograph of the LIPSS and its cross section profile. The
average height of the ripples as a function of the number of laser pulses for the regions
irradiated with 20, 30, 40 and 50 pulses is shown in 6(c). The LIPSS ripple period, which was
obtained for three different pairs of ripples within the same spot, is 518, 500 and 550 nm (Fig.
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6(b)); notice that when averaging over a number of LIPSS spots the period averages 517 & 30
nm, e. i. it is close to the laser wavelength (532 nm). The ripples height grows linearly with
the number of pulses for the range 20-40, and then it gets plateau to reach 65 nm. Hence it
can be established that changing the delivered number of pulses can finely control the ripples
height.

In Fig. 7(a) we summarize the laser-induced effects on the bismuth thin films presented in
this work. Our results clearly indicate that: the Bi thin film does not become optically affected
under a single pulse irradiation. When 2 and up to 10 pulses are delivered a darkening effect
takes place on the irradiated spot. The LIPSS formation starts at the center of the irradiated
region and it expand radially out for 11 and up to 20 pulses. From 21 to 55 pulses the LIPSS
formation region grows and it reaches to the spot edge covering the whole irradiated cross
section. A gradual degradation of the LIPSS starts at 60 pulses onwards until total destruction
of the LIPSS occurs, then giving rise to an oxidation process of the irradiated bismuth. Figure
7(b) shows a photograph of a series of bismuth thin film regions that were irradiated from 1 to
55 pulses at 80 mJ/cm® per pulse.

The results of LIPSS formation on bismuth thin films presented here gain relevance in
view of the recent work reported by J. Tourdert at al [29], were they present a detailed study
of bismuth optical properties aiming applications in plasmonics and nanophotonics. It is well
known that plasmonics effects can be excited in well-defined nanostructures, periodic surface
arrays are ideal for such a purpose. Therefore the bismuth LIPSS demonstrated in this work
are good candidates for plasmonic studies. It is worth noting that the method for obtaining
LIPSS is both much more simple and rapid than, for instance, electron or ion beam
lithography which are nowadays the standard methods for creating plasmonic nanostructures.

Pulses number

No Surface  Partial LIPSS LIPSS Partial Total destruction of
effect darkening formation formation destruction  LIPSS and bismuth
of LIPSS oxide formation

Fig. 7. (a) Phenomenological description of the laser-induced effects on the Bi thin film as a
function of number of delivered laser pulses, (b) Photograph showing a set of irradiated spots,
on the Bi thin film, for 1 and up to 55 delivered laser pulses at 80 mJ/cm®.

4. Conclusions

We demonstrate, for the first time to the best of our knowledge, laser-induced periodic
surface structures (LIPSS) on bismuth thin films. Our results clearly show that it is possible to
generate LIPSS on Bi thin films by using nanosecond laser pulses with fluence 20% below
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the ablation threshold. At 80 mJ/cm® only a few tens of laser pulses are required to optimally
generate LIPSS. The orientation of the obtained LIPSS is always perpendicular to the
polarization of the incident laser beam, and their ripple periodicity is on the order of the
irradiation wavelength, or even shorter, as it would be expected for the formation at normal
incidence of this kind of LIPSS. We have found that there is a well-suited range of delivered
pulses for optimal LIPSS formation and subsequent destruction. Raman characterization
proved that the LIPSS are still constituted by bismuth, while over exposing (delivering more
than 600 pulses) would cause laser-induced oxidation to form large micron sized B-BiyOs
agglomerates. LIPSS on bismuth thin films could find applications in many technological
fields such as surface coloring, color coding, polarization sensitive displays, surface texturing,
and rapid and cost effective fabrication of diffraction gratings for miniaturized spectrometry
devices. Plasmonic nanostructures based on bismuth LIPSS are also an up coming field of
study, according to the new reports on the optical properties of bismuth for an spectral range
from far IR to UV.
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