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ARTICLE INFO ABSTRACT

Keywords: It is well known that the use of ultrashort (fs) pulsed lasers can induce the generation of (quasi-) periodic
LIPSS nanostructures (LIPSS, ripples) on the surface of many materials. Such nanostructures have also been observed in
Femtosecond n-IR laser sample’s surfaces irradiated with UV lasers with a pulse duration of 300 ps. In this work, we compare the
Sub-nanosecond UV laser characteristics of these nanostructures on 1-mm and on 25-um thick niobium sheets induced by 30 fs n-IR and
Niobium . 300 ps UV pulsed lasers. In addition to conventional continuous or burst mode processing configurations, two-
Superconductivity . . . . . . . .
dimensional laser beam and line scanning modes have been investigated in this work. The latter allows the
processing of large areas with a more uniform distribution of nanostructures at the surface. The influence of the
generated nanostructures on the superconducting properties of niobium has also been explored. For this aim,
magnetic hysteresis loops have been measured at different cryogenic temperatures to analyse how these laser
treatments affect the flux pinning behaviour and, in consequence, the superconductor’s critical current values. It

was observed that laser treatments are able to modify the superconducting properties of niobium samples.

1. Introduction

The generation of laser-induced periodic surface structures (LIPSS)
is observed in many materials when their surface is irradiated using a
linearly polarized laser [1,2]. In the last years the number of theoretical
and experimental works increases continuously. Further on, it has been
observed that these nanostructures feature new surface properties that
are very useful in a wide range of applications, such as control of the
colour [3], iridescence [3,4], wettability [5] or antibacterial properties
[6], for example. Among the different laser processing parameters, the
local fluence has been proven to influence strongly the morphology of
the generated LIPSS, whose periodicity and orientation is also de-
termined by the laser wavelength and the polarization. Besides, it has
been observed that the laser incidence angle, the crystal orientation of
the grains of the irradiated material, the presence of local defects, as
well as the surface roughness can also modify the characteristics of
these nanostructures [7-9].

Niobium is the pure metal presenting type II superconductivity with
the highest critical temperature T. = 9.28 K and critical magnetic fields
[10]. It also may reach low microwave surface resistance, and therefore
it is used to improve the efficiency of superconducting radio frequency

* Corresponding author.
E-mail address: angurel@unizar.es (L.A. Angurel).

https://doi.org/10.1016/j.apsusc.2019.145140

(SRF) cavities in particle accelerators [11]. The quality of Nb SRF re-
sonators is strongly affected by the surface properties [12-14]. In ad-
dition to morphology issues, surface studies reveal the presence of
oxides, hydrides and groups of hydrocarbons in the surface of high-
purity niobium materials [15]. Commonly, chemical polishing or elec-
trolytic polishing are used to reduce roughness and to remove surface
contamination in order to improve the performance of Nb SRF cavities.
Furthermore, niobium alloys have been used in the last decades in the
fabrication of superconducting coils. In type II superconducting mate-
rials, magnetic fields above a certain threshold field value, named lower
critical field (H.;), penetrate the material forming a lattice of quantized
line vortices. Upon increasing the magnetic field, the number of vor-
tices increases and the distance between them reduces. Finally, at an
upper critical field H.,, the vortex lattice collapses and the bulk super-
conducting state disappears. At intermediate magnetic fields, when a
current is applied to the superconductor, a Lorentz force acts on the
vortices, which may cause them to move generating a dissipative vol-
tage. To avoid this, a network of defects has to be generated in the
superconductor to locally pin the vortex lattice.

The potential use of ultrashort laser pulse sources for high-speed
manufacturing of periodic nanostructures (LIPSS) as pure surface
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defects and how they can modify the surface characteristics, and in
consequence, the superconducting properties, is the main aim of this
research. With this aim in mind, an analysis of the different surface
morphologies that can be generated by fs n-IR and ps UV lasers on the
Nb surfaces, both in beam and line scan mode [16,17] is presented in
this paper. Representative samples were chosen in order to check
whether the superconducting properties of the laser treated samples
had been modified in comparison with the original ones.

2. Experimental

Laser irradiation experiments have been performed on 1-mm thick
Nb sheets (99.9% purity, Goodfellow) and on 25-um thick Nb foils
(99.8% purity, Alfa Aesar) with a surface micro-roughness of 0.25 pum.
A picosecond UV laser (Rofin-Sinar - wavelength . = 355 nm, pulse
duration 7z, = 300 ps, 1/e® beam diameter D, = 34 um, and pulse
repetition frequencies f = 250-800 kHz) and a femtosecond n-IR
Ti:Sapphire laser (Femtolasers Compact Pro - wavelength A = 790 nm,
pulse duration 7z, = 30 fs, 1/e* beam diameter D;, = 130 um, and pulse
repetition frequency f = 1 kHz) were used to scan the surface of the
samples.

In the ps UV laser facility, the beam is moved using an optical beam
steering system at a given speed, using two different scanning protocols:
i) Beam scanning mode. The sample has a fixed position and the laser
scans across the surface, controlling the overlapping between successive
laser scans. ii) Line scanning mode. The laser spot moves in a given di-
rection writing a line of length [, for a given number of times, while the
sample is moving in the perpendicular direction. In this mode, the
distance between two laser-line scans is controlled by adjusting the
laser scanning speed, the length of the line and the sample traverse
speed.

In the fs n-IR laser facility, the laser beam focus position is fixed and
the sample describes a meandering movement in two perpendicular
directions. In one direction the sample velocity is set constant in order
to control the spatial overlapping between successive laser dots, while
in the other orthogonal direction, the distance between successive lines
is also controlled.

Using the ps UV laser, the sample can be placed inside a processing
chamber and the laser goes in through an optical window allowing the
control of the gas atmosphere during the laser treatment. In 1 mm thick
samples the irradiation was performed in N, atmosphere, while the
25 um thick samples were processed in ambient air in order to have
similar processing conditions with both laser systems.

The generated surface nanostructures are imposed by the individual
characteristics of each laser beam, but also by cumulative effects due to
the overlapping of successive laser spots along a line and the lateral
distance between successive lines [18,19]. In order to characterize the
laser treatments, several parameters have been defined:

Pulse fluence: Energy per unit area of a given pulse, F, = (P/f)/Ay,
where P is the average laser power, f is the pulse repetition frequency
and A, the cross-section of the laser beam at the sample.

Pulse irradiance: Power per unit area of a given pulse, I, = F,/z;,
where 7;, is the pulse duration.

Effective number of pulses in a line: The effective number of
pulses received by any point of the surface scanned in an isolated line is
given by N; = Dy/d, = Dy, f/v1, where d, is the displacement of two
successive dot centres and, vy, the laser beam scanning velocity. Ny, is a
measure of the number of pulses that overlap and has manufacture
relevance because it controls the homogeneity of the total fluence along
the line.

Average cumulative energy per unit area in a line, F;: Total
energy per unit area when laser beam scans in one direction taking into
account the average fluence of the individual pulse and the pulse to
pulse overlap in this direction, F;, = Ny, Fp.

Effective number of line scans. The effective number of scans that
affect any point of the final scanned surface is given by Ns = D/d,
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where d; corresponds to the distances of the centres of two successive
scanning lines. If the laser line scan mode is used, v defines the sample
velocity and t; the time that the laser needs to completely scan a line,
Ns = Dp/ds = Dy/(vits). N controls the total fluence homogeneity in
the direction perpendicular to the scanned lines.

The surface morphology of the irradiated samples was analysed by
scanning electron microscopy (SEM) in a field-emission scanning elec-
tron microscope (FE-SEM, Carl Zeiss MERLIN) using secondary elec-
trons (SE) and in-lens secondary electron detectors. Nanostructure
periodicity has been determined by measuring in several regions of the
images the distance to cover several consecutive periods. Chemical
surface characterization was performed by energy dispersive X-ray
analysis (EDX, INCA350 Oxford Instruments) employing electron ac-
celeration voltages of 5 kV. Atomic force microscopy (AFM) measure-
ments were performed with a scanning probe microscope (SPM) Ntegra
Aura system of NT-MDT. The analysis of the AFM measurements was
carried out using Gwyddion software (version 2.53). Finally, the su-
perconducting properties of selected samples were analysed using a
SQUID-based Quantum Design MPMS-5T system performing DC mag-
netic M(H) measurements at constant temperature in zero magnetic
field cooling conditions. For the latter purpose, the representative
samples studied were cut in rectangular shape with dimensions ranging
between 3 and 4 mm.

3. Initial experiments in 1-mm thick Nb samples

Initial experiments were performed on 1-mm thick samples. Before
laser treatments, sample surfaces were polished with sand paper and
Al,O3-based polishing suspensions. Samples C1 and C2 were processed
with the 300 ps UV laser inside the chamber in a N, atmosphere
(1.4 atm) with the particular parameters recorded in Table 1. The
samples showed here have been processed using the laser line scanning
mode [16,17] with a sample traverse velocity of vs = 0.04 mm/s that
would be equivalent to a beam scanning mode with d; = 5 um. The pulse
irradiance I, was set to similar vales in both samples, but the higher N,
gives laser conditions slightly more intense for sample C2.

Fig. 1 shows the typical nanostructures obtained in these samples
after the applied laser surface treatment. Sample C1 (Fig. 1a) exhibits
rippled nanostructures with spatial periodicity Arpss = 276 = 13 nm,
between the neighbouring nanostructures observed in the SEM micro-
graph. This value is very close to the laser wavelength, and the or-
ientation of these structures is almost perpendicular to the laser po-
larization direction. It should be pointed out that the structure of the
ripples is not smooth, but accompanied by some drop-like protrusions
that appear in the SEM micrographs as small circles. Their appearance
is consistent with the melting of a thin layer of the sample during the
laser scanning and the alignment of small volumes (micro-drops) of
molten material with the ripples. Sample C2 (Fig. 1b), processed with
slightly more intense conditions, also presents well-defined nano-pro-
trusions along the ripples, with Appss = 294 + 8 nm, similar to
sample C1. It should be remarked that those of nearest ripples interact,
inducing a certain degree of order in the direction perpendicular to the
ripples.

EDX measurements indicate that, during the laser treatment with
the ps UV laser in a N, atmosphere, the amount of oxygen in the surface
of the sample is slightly reduced. Before laser treatment, the ratio O/Nb
in atomic percentage is 0.41 + 0.05, a value that reduces down to

Table 1
Laser processing parameters used on 1-mm thick Nb samples irradiated with the
ps UV laser in N, atmosphere.

Sample PW) f(kHz) v, (mm/s) ds (um) I, (GW/ cm?) N, Ng
Cl 0.85 700 300 5 0.45 79 7
Cc2 1 800 300 5 0.46 91 7
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Fig. 1. Nanostructures obtained in 1-mm thick Nb samples C1 (a) and C2 (b)
processed in N, atmosphere. The arrows indicate the laser polarization direc-
tion.

0.34 = 0.01 after laser interaction.

Self-organized multiscale surface structures similar to those pre-
sented in Fig. 1 have been observed in thin films of metals [20] and
oxides [21] deposited on glass and on metallic sheets. These were ob-
served upon irradiation by superposition, on the same spot, of series of
tens to hundreds of UV laser shots with fs and ps pulse duration. In
some cases, these structures were also observed in larger areas obtained
by laser beam scanning [21]. This self-organization may be affected by
the minimization of the free-surface energy, needs the presence of a
fluid phase (molten material) and evolves with the number of shots. In
our case, this fluid phase is easily obtained due to the higher pulse
duration, the high absorption coefficient and the low penetration depth
that characterize the interaction with the UV radiation [22]. When the
temperature changes substantially along the target surface, the gra-
dients of the surface tension, Vv, result in thermocapillary forces, which
can move the fluid from the hot regions to the cold ones. This phe-
nomenon is known as the Marangoni effect or capillary motion [23].
These gradients produce the flow of molten liquids away from areas
with higher laser intensity. The self-organized structures evolve with
the overlap of subsequent pulses.

The effect of the generated periodic surface nanostructures on the
superconducting properties of Nb can be analysed from the magnetic
hysteresis curves, M(H). Fig. 2a compares the measured curves at
T = 8 K for a sample whose top and bottom surfaces were irradiated
with laser conditions C1, and for a polished non-treated reference
(original) sample. In the first quadrant of Fig. 2a, the M(H) dependence
in the original sample is linear in a broad range of magnetic field va-
lues, whereas in the laser treated C1 sample, a small kink at about
0.05 T is observed. It is important to recall here that the width of the
magnetic hysteresis loops, AM(H), which is defined as the difference
between the descending- and the ascending-branch magnetization, is
proportional to the critical current density, J.(H) [24,25]. J. is
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Fig. 2. (a) Magnetic hysteresis loops measured at 8 K in an original reference
sample and in sample C1 of 1-mm thickness. The magnetic field, H, was applied
perpendicular to the surfaces. Arrows indicate field sweep directions. (b)
Magnetic field dependence of the width of hysteresis loops, AM(H), of the same
samples, calculated as explained in text.

determined by the ability of the material to trap vortices (flux vortex
pinning) and therefore it is strongly dependent on the material defects
structure that are able to pin the vortices, such as nano-sized impurities,
dislocations or grain boundaries. Fig. 2b compares the AM(H) curves for
both samples. It is clearly observed that the ps-laser treatment has
produced some changes in the superconducting properties of the pro-
cessed sample compared to the reference one, with a small reduction of
the AM values at low fields, and an increase at magnetic fields above
0.6 T. Obviously, the ps-laser treatment only affects a very thin surface
layer, whereas AM values are also associated to bulk pinning effects. For
this reason, we decided to continue this work in 25 pm thick samples, in
order to improve the ratio between surface and bulk effects.
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Table 2
Laser processing parameters used in 25 pm thick Nb samples irradiated with the
fs n-IR and with the ps UV lasers (FS and PS, respectively).

Sample P (W) f(kHz) v, (mm/s) d,(um) F,(J/ I, (GW/ N, Ng

cm?) cm?)
FS1 0.012 1 6 20 0.09 3014 20 7
FS2 0.015 1 6 20 0.11 3767 20 7
FS3 0.020 1 6 20 0.15 5023 20 7
PS1 0.5 600 600 5 0.1 0.32 34 7
PS2 1.1 300 300 7 0.4 1.35 34 5
PS3 1.1 300 300 3 0.4 1.35 34 11

4. Comparison of nanostructures in 25 um thick foils using fs n-IR
and ps UV lasers

A systematic search of different nanostructures generated on the Nb
surface by irradiation with these two laser systems has been done. Due
to the large difference in the pulse duration in both lasers, the pulse

Applied Surface Science 508 (2020) 145140

irradiance is three orders of magnitude higher for the fs n-IR laser and
only comparisons of samples with similar fluence values are possible. In
addition, due to the difference in pulse duration, thermal processes are
more relevant when the ps UV laser is used. The laser parameters used
in the processing of the samples analysed in this contribution are
compiled in Table 2.

4.1. Nanostructures generated with the fs n-IR and ps UV laser

The top-view SEM micrographs collected in Fig. 3 compare the
surface microstructures of the samples chosen in Table 2. Furthermore,
details of some of these nanostructures are presented in Fig. 4. In the
case of the samples processed with the fs n-IR laser, surface modifica-
tion starts when a pulse fluence of 0.09 J/cm? is reached (Fig. 3a). The
initial features generated on the irradiated samples are small surface
structures, parallel to the laser polarization direction with a periodicity
close to 40 nm (Fig. 4a). This structure can be considered as a type of
high spatial frequency LIPSS (HSFL). When the pulse fluence increases
up to 0.11 J/cm?, the typical low spatial frequency LIPSS (LSFL) that

Fig. 3. SEM images showing the nanostructures obtained in 25-pum thick Nb foils processed with the fs n-IR laser: samples FS1 (a), FS2 (b) and FS3 (c) and with the ps
UV laser: samples PS1 (d), PS2 (e) and PS3 (f). The arrows indicate the laser polarization direction.
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Fig. 4. SEM micrographs showing details of the nanostructures generated in some of the samples: FS1 (a), FS3 (b), PS1 (c) and PS3 (d) shown in Fig. 3.

are observed in many metals [2,26] and in Nb [27], in particular when
irradiated with fs laser pulses, have been generated (Fig. 3b). The HSFL
nanostructures observed in sample FS1 are detected between two of
these LSFL structures. Increasing the irradiance, these LSFL are more
pronounced at the surface (Figs. 3c and 4b). The images clearly show
that melting effects are negligible with this laser. With the low pulse
repetition frequency (1 kHz), the time between two consecutive laser
pulses is 1 ms, much larger than the typical relaxation times (10-30 ps).
In consequence, once a given fluence threshold is surpassed, an in-
dividual pulse modifies the surface, as well as the material absorption
for the following pulse.

The UV laser is characterized by a pulse duration of 300 ps. In
consequence, thermal processes are relevant. In addition, this laser
system operates at high pulse repetition frequencies and, in con-
sequence, the time between two consecutive pulses is in the range of
1-4 ps. Furthermore, the time between two scanning lines is in the
order of 1-10 ms. For the nanostructure generation process the cumu-
lative effect of the different pulses during a given line scan is the main
parameter that defines the final surface structure. The generated na-
nostructure modifies the laser absorption during the next laser scan
cycle, slowly changing the aspect of the final surface nanostructure. It
has been established that the minimum value of F; to generate nanos-
tructures here is 2.26 = 0.07 J/cm>.

Fig. 3(d-f) shows the surfaces of the three samples collected in
Table 2. Sample PS1 (Figs. 3d and 4c), which has been processed with a
value of F;, = 3.31 J/cm?, close to the LIPSS threshold, exhibits a ripple
nanostructure. In case of samples PS2 (Fig. 3e) and PS3 (Figs. 3f and
4d), the pulse repetition frequency has been reduced to 300 kHz. Using
similar laser power levels, the pulse fluence and, in consequence, the
pulse irradiance values are increased and F;, reaches values of 13.73 J/
cm?. These conditions generate new structures, denominated here as
microprotrusions, with distances between two maxima in the order of
1-2 pum. In the case of sample PS2 (Ng = 5), the laser irradiation
conditions produce a structure that is intermediate between the ripples
and the microprotrusions that are predominant in sample PS3

(Ng = 11). Fig. 4d also shows that inside these protrusions there is a
nanostructure with a periodicity very close to the UV laser wavelength.

The characteristics of the different surface nanostructures generated
by fs n-IR and ps UV laser irradiation have been further analysed by
AFM measurements in samples FS3 and PS1. The results shown in Fig. 5
correspond to AFM topographies and their corresponding line profiles
obtained for samples FS3 (upper figures) and PS1 (lower figures). It can
be seen that the structures of the FS3 sample have a periodicity of
515 + 70 nm, approximately 65% of the laser wavelength, and a
depth of 150 + 25 nm (distance between peak to valley). Sample PS1
exhibits a periodicity of 337 = 25 nm, very close to the used UV laser
wavelength (355 nm), and the ripples have considerably lower depth
values (18 * 5 nm) than for sample FS3. It is worth noting that the
structure of line profiles is quite different in both cases, since for sample
PS1, valleys and peaks are very similar following a sinusoidal-type
curve, whereas sample FS3 shows rather flat peaks with sharper valleys.
The different characteristics of the generated periodic structures, with
elongated grooves for fs n-IR laser irradiated samples that contrasts
with the two-dimensional periodicity for the sample irradiated with ps
UV laser, can be clearly observed in the insets of Fig. 5a and c. These
show 2D-Fourier transforms of the AFM surface area images of samples
FS3 and PS1, respectively.

4.2. Comparison of the superconducting behaviour of samples processed
with the two lasers

Fig. 6 represents the AM(H) curves as a function of the applied
magnetic field for the 25 pm-thick irradiated FS3 and PS1 samples,
together with the results obtained for an original reference, nontreated
sample, for comparison. These values were obtained as explained in
Section 3 from M(H) hysteresis loops measured at 7 K, applying the
magnetic field perpendicular to the irradiated surfaces. Note that both
the top and bottom surfaces of the samples were irradiated with the
laser. It can be seen that the laser irradiation produces changes in the
superconducting properties of the samples. An increase of AM values is
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Fig. 5. AFM topography (a, ¢) and line profile (b, d) of samples FS3 (a, b) and PS1 (c, d). Insets in (a) and (c) are the 2D-Fourier transforms of the corresponding AFM

images and the lines mark the regions where the profiles have been measured.

thus observed in sample FS3 for yoH < 0.1 T, whereas a decrease is
observed for sample PS1. These results show that laser processing is
able to modify the superconducting properties of Nb films either by
introducing new defects that are able to create additional vortex pin-
ning centres, or by producing a decrease in the number of vortex pin-
ning centres (cleaner surface). The strong change in the irradiance of
both used lasers, which are three orders of magnitude higher for FS
than for PS samples, produces surface structures one order of magni-
tude deeper in the former case. Since a larger depth of material near the
surface is affected, more effective pinning is expected for FS samples, in
agreement with the results shown in Fig. 6. The observed differences in
AM imply that surface flux pinning plays an important role in Nb [12].
This behaviour thus suggests that the laser surface treatments herewith
presented open new possibilities to control the pinning properties of Nb
thin samples in large areas, offering the potential for scale-up to con-
tinuous manufacture processes.

5. Conclusions

Differences in pulse width and in pulse repetition frequency values
between the fs n-IR and the ps UV lasers employed in this study induce
sample irradiation conditions where laser pulse irradiance values differ
by more than three orders of magnitude. The latter induce very dif-
ferent nanostructures in Nb foil surfaces. When the fs n-IR laser is used,
the nanostructures observed evolve from a HSFL to a LSFL type. In the
case of the ps UV laser, the induced surface features initially appear
with a ripple nanostructure where some nanoprotrusions start to form
and evolve, as the laser intensity is increased, into micro-protrusions.
The use of a laser line scanning configuration allows obtaining uniform
nanostructures in large areas.

The study of magnetic properties proves that the laser irradiated
samples exhibit slightly higher critical current density values in a par-
ticular range of magnetic fields, in comparison with reference non-
treated samples. This is observed even in the case of 1 mm thick sam-
ples, thus opening the possibility to develop a simple, dry and scalable
method for improving superconductors at the manufacture level.
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Fig. 6. Magnetic field dependence of the width of the magnetization hysteresis
loops, AM(H), measured at 7 K for 25 um-thick Nb samples: FS3 (processed with
the fs n-IR), PS1 (processed ps UV laser) and original (non-treated). The laser
conditions are collected in Table 2.
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