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ARTICLE INFO ABSTRACT

Femtosecond laser-induced surface structures have been extensively investigated over decades, however, their
formation is not well controlled especially for the practical use in the photonic field. We here report the highly
regular nanostructure formation within the grooves of the Fe-based metallic glass, upon irradiation of two
temporally delayed femtosecond laser beams. For the case of micrometer-sized groove, multiple chains of
spindle-like nanostructures are developed, with the spatial periods of 667 nm and 180 nm for the chain and
spindle distributions, respectively. Their arrangement properties can be modulated by varying laser parameters.
On the other hand, for the case of submicrometer-sized groove, there is only one chain of spindle-like nanos-
tructures formed inside with the improved regular appearance. Two physical effects, including the plasmonic
field generation from the groove edges and the surface magnon polariton excitation within the groove, are
considered responsible for the phenomena, which consequently result in the spatial interlocking of two types of
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ripples. The theoretical analyses match well the experimental observations.

1. Introduction

Micro or nano-structuring of materials has opened up new possibi-
lities in both fundamental research and applications [1,2], because it
can effectively manipulate the material properties. Even though there
are several fabrication technologies based on either top-down or
bottom-up method, they are facing some major problems, such as the
high costs, the low throughput and the lack of reproducibility [3-5].
Over recent years of the study, the femtosecond laser has been identi-
fied as a versatile tool for drilling, patterning, and synthesizing various
types of micro- and nanostructures [6-9]. In particular, it is found that
the ripple-like surface structures at subwavelength scales can be gen-
erated on materials upon femtosecond laser irradiation with the energy
fluences near the ablation threshold [10,11], which inspires the great
enthusiasm of high-speed large-area fabrication of nanostructures
without masks.

As for the physical origins of the ripple-like structures, interference
between the incident laser and the excited surface plasmon polaritons
(SPP) was mostly considered [12,13]. Because of undergoing self-as-
sembly processes during multi-pulsed laser irradiation, such structure
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formation was often difficult to control externally. At the initial stage of
femtosecond laser irradiation, SPP noise induced spontaneously by the
surface roughness brings out the weak ripple formation, and its cou-
pling with many subsequent laser pulses tends to enhance the contrast,
so that the obtained structures usually present wavy and non-regular
appearance even on the flat material surfaces, and they are not sa-
tisfactory for photonic device applications [14]. As an efficient scat-
tering source, the groove geometry would like to change the laser-
material interactions, which makes the physical scenario more com-
plicated. On the other hand, a number of works have shown that
magnetic materials can excite surface magnon polaritons (SMP)
[15,16]. Under such circumstances, the transverse electric (TE) polar-
ized surface waves can be generated by the incident light [17,18].
However, the corresponding formation of the surface structures has not
yet been seen in the experiment.

In this paper, we report the controllable formation of the regular
chains of spindle-like nanostructures within the microgrooves scratched
on the Fe-based metallic glass surface, upon irradiation of two femto-
second laser beams at certain temporal delays. The measured periods of
the chains and the spindle units are in subwavelength and deep-
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Fig. 1. Schematic diagram of the experimental setup for the formation of spindle-like nanostructure chains inside the grooves of Fe-based metallic glass, with
irradiation of double temporally delayed femtosecond laser beams. t: pulse width; A.: central wavelength of the laser pulse; BS: beam splitter; DL: delay line; At: delay
time; NA: numerical aperture; E; and E,: electric field (or the polarization direction) of two laser beams, S for the direction of the sample scanning.

subwavelength scales. The nanostructure size and orientation can be
effectively manipulated with variable laser parameters. It is also found
that the groove width can affect the formation of spindle-like nanos-
tructures including the number of chains and the arrangement reg-
ularity. The underlying mechanisms are then discussed with con-
sidering the coherent SPP generation and excitation of SMP inside the
grooves. Meanwhile, the chain of spindle-like nanostructures can be
expected for manipulation of the light in subwavelength scale to pro-
duce the phenomena of optical trapping [19], surface enhanced Raman
scattering [20], plasmon waveguides [21], and other potential appli-
cations in the fields of optoelectronic, solar energy, sensing, etc.

2. Experimental arrangement

The experimental setup is schematically shown in Fig. 1, where a
commercial Ti: sapphire femtosecond laser amplifier system (Spectra
Physics HP-Spitfire 50) was employed as the light source to deliver the
laser pulses with a central wavelength of 800 nm at a repetition rate of
1 kHz. The measured pulse duration was 40 fs and the maximum pulse
energy up to 7 mJ. The laser energy was controlled by neutral density
attenuators. After being divided into two parts by a beam splitter, the
output laser was guided into two optical arms with different optical
lengths for the temporally delayed propagation (E;, E,). Afterwards,
they were spatially aligned into collinear overlapping and focused by an
objective lens (Nikon, 4x, N.A = 0.13) onto a sample at normal in-
cidence. The two laser polarizations can be simultaneously changed by
a half-wave plate. A hard aperture with a diameter of 3.2 mm was
employed in the main optical path to acquire a homogeneous laser
intensity distribution of the beam spot [22]. Of course, the single-beam
femtosecond laser irradiation can also be obtained by blocking one of
the optical arms.

In the experiment, a Fe-based metallic glass (FegsSigBg) foil with
40 um thickness was adopted as the sample material, by considering its
superior physical and chemical properties such as soft magnetic prop-
erties, excellent corrosion and wear resistance [23-25]. On the sample
surface there exist two mechanically scratched grooves, with the fea-
ture dimension at the micron and submicron scales, respectively. Their
morphology characterizations by scanning electron microscopy (SEM,
HITACHI, S-4800) and atomic force microscopy (AFM, BRUKER, Mul-
timode 8) are shown in Fig. 2. From the cross-section measurement, we
can find that the two grooves are V-shaped in geometry with the
smooth sidewall surfaces. For one groove, the measured average
opening width and depth approximate 3.80 = 0.04 pm and
627 = 8 nm, respectively; whereas for the other groove, the average
opening width and depth are shrunk to 930 + 65 nmand 90 *= 9 nm,

respectively. The sample was mounted on a computer-controlled three-
axis translation stage, and the line-scanning method was carried out
under the fixed laser irradiation. To avoid the strong ablation damage,
the sample was moved about 600 um away from the focus along the
opposite direction of the laser propagation, and the calculated focal
beam spot on the sample surface is approximately 78 pum in the radius.
The experiment was carried out in ambient air environment using a
line-scribing method with at the scanning speed of 0.3 mm/s under the
fixed irradiation of lasers, resulting in 520 pulses partially overlapped
within one laser spot area. The laser fluence was calculated using a
formula of F = 2Ey/ntw,2, with E, being the pulse energy and w, being
the focused beam spot radius on the sample surface.

The near-field intensity distribution within the microgroove under
the laser irradiation was simulated using the three-dimensional finite
difference time domain (3D-FDTD) method (Lumerical FDTD solutions
software package). The dimensions of the microgroove with the V-
shape profile were set as a width of 3.8 um and a depth of 600 nm. The
simulation region is a cubic box with a dimension of 20 x 1 x 0.7 um?®.
The boundaries of the simulation region were truncated by perfectly
matched layers, while the front and rear sides were set as periodic
boundary conditions. The light source was a transverse magnetic (TM)
polarized monochromatic plane wave with the wavelength of 800 nm,
which illuminates the microgroove at normal incidence. The optical
refractive index of the material isn = 3.06 + 3.95i at the wavelength
of 800 nm, which was extracted from the measured data by an ellips-
ometer (Semilab, GES5-E). Given the influence of the surface rough-
ness, the effective refractive index with the microgroove was modified
asn = 1.65.

3. Experimental results and discussions
3.1. Formation of multiple nanostructure chains within the microgroove

Fig. 3 shows the surface morphology change inside the microgroove
with irradiation of two femtosecond laser beams at the temporal delay
of At = 6 ps, where two laser beams have the identical energy fluences
of F = 21 mJ/cm? and the sample is scanned at the speed of
v = 0.3 mm/s along the direction perpendicular to the groove or-
ientation but parallel to the laser polarization. From the SEM image in
Fig. 3a, we can surprisingly find there are five nanostructure chains
formed within the microgroove, each of which is arranged in the di-
rection parallel to the groove edges. Interestingly, the formation of such
multiple nanostructure chains is seen continuously extended in the
whole laser-exposed areas. The spacing between two neighboring
chains was measured about 667 nm. A high-resolution image reveals
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Fig. 2. Microscopic images of two grooves mechanically scratched on Fe-based metallic glass, associated with the feature sizes of micron (a)-(c) and submicron
(d)—(f) scales. (c) and (f) indicate the measured cross section profiles (red, black, blue lines) at different positions for two grooves. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Spindle-like nanostructure chains formation in the microgroove

Fig. 3. Observed formation of the spindle-like na-
nostructure chains within the microgroove irra-
diated by two femtosecond laser beams at the time
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delay of At = 6 ps, where the incident total energy
fluence is F = 42 mJ/cm? and the scanning speed is
v = 0.3 mm/s. (a) SEM images of the multiple
chains of spindle-like nanostructures. Here E; and
E, represent directions of the laser polarization,
and S for the sample scanning direction. The red
dashed lines mark the edges of the microgroove. (b)
Three-dimensional AFM measurements of the mi-
crogroove covered with spindle-like nanos-
tructures, and the upper-left inset shows the mea-
sured cross section curve for a small portion of
nanostructure formation (blue line) inside the
groove. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 4. Formation of spindle-like nanostructure chains inside the microgroove with varying time delay of two laser beams. (a) At = 0 ps, (b) At = 4 ps, (c) At = 20 ps
and (d) At = 35 ps. The total incident laser energy fluence is F = 42 mJ/cm?, and the scanning speed is v = 0.3 mm/s.

that each chain is constituted by the well-defined structure units with
the spindle-like appearance. For each spindle unit, both major and
minor lengths are about 120 nm and 350 nm, respectively. Meanwhile
the spatial period of the spindle unit distribution was measured about
A = 180 nm. These results suggest that the obtained structures can
possess the dimension smaller than a quarter of the incident laser wa-
velength (A = 800 nm). Moreover, from the three-dimensional (3D)
measurement of AFM for the larger groove situation, as shown in
Fig. 3b, it is also found that the formation of spindle nanostructure
chains is located not only on the bottom but also on the sidewalls,
which unavoidably increase surface roughness of the groove. The ob-
tained cross section curve of the nanostructure distribution, as shown
by the upper-left inset of Fig. 3b, demonstrates that the modulation
height of the spindle units approximates 54 nm. During the experiment,
when the incident laser fluence reduced down to about F = 20 mJ/cm?,
the formation of the spindle-like nanostructures can only be localized
inside the microgroove, associated with degraded spatial regularity and
the modulation depth.

3.2. Influence of the laser parameters on the structure formation

To comprehensively investigate the formation of spindle chains in-
side the microgroove, we began to vary the incident laser parameters in
the experiment, such as the time delay between two lasers, the direction
of laser polarization, and the pulse energy fluence. Fig. 4 shows the

evolution of the surface morphology inside the microgroove with the
time delay between double laser beams, while other laser parameters
are kept the same with Fig. 3. For example, at At = 0 ps, i.e., when two
femtosecond laser beams are incident simultaneously, it was found that
some areas of the groove surface were seriously damaged into line
traces, and there is only a small portion of nanostructure chains oc-
curring close to the groove edge. When the time delay becomes
At = 4 ps, the serious damage of the groove surfaces almost dis-
appeared, instead multiple spindle-like nanostructure chains began to
emerge. Such kind of observation is further pronounced with larger
time delays. With increasing the time delay to At = 20 ps, in spite of
still formation of chains, we can find that the spatial distribution of the
spindle-like nanostructure chains becomes degraded in both quality and
quantity. Especially, when the time delay became as large as
At = 35 ps, the nanostructure chains were seen difficult to form within
the groove, which implies the time-delay dependent physical correla-
tions between dual laser interaction processes.

Fig. 5 shows how the formation of spindle-like nanostructure chains
inside the microgroove changes with the direction of the laser polar-
ization at a given time delay of At = 6 ps. It is seen here that for both
laser polarizations having different angles () relative to the horizontal
direction, the spatial orientation of the structure chains can be always
kept parallel to the groove edges, but the spindle units are ready to have
slantwise profiles. Another interesting point is that, with both laser
polarizations deviating from the direction perpendicular to the groove
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edges, the formation of nanostructure chains inside the microgroove
became decreased not only in number but also in geometric contrast.
Especially, when the deviation angle increased to or larger than
6 = 60°, the observation of nanostructure chains becomes rarely within
the groove, indicating the physical role of the incident laser polariza-
tion.

Moreover, the influence of the laser energy fluence on the nanos-
tructure chains formation was studied as well in the experiment. Based
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Fig. 6. Measured variations of the spindle feature dimension as a function of
the incident laser fluence of two beams. Both upper-left and bottom-right insets
show the SEM images of the nanostructure chains under the laser fluences of
F = 30 mJ/cm? and 50 mJ/cm?, respectively. The time delay of two laser
beams is fixed at At = 6 ps and the sample scanning speed is v = 0.3 mm/s.
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Fig. 5. Formation of spindle-like nanostructure
chains inside the microgroove with changing the
direction of both laser polarizations, which are re-
presented by different 6 angles relative to the hor-
izontal direction. (a) 8 = 15°% (b) 6 = 30°% (c)
6 = 45°; (d) 6 = 60°.The total incident laser energy
fluence is F = 42 mJ/cm? and the time delay of two
laser beams is fixed at At = 6 ps.

on a large quantity of experimental measurements, we successfully
achieved the dependence of the spindle features (including the period,
the major and minor length) on the laser fluence in a range of
F = 30-50 mJ/cm?, and the corresponding results are shown in Fig. 6.
Here the employed other laser parameters are the same as Fig. 3, and
each obtained value comes from averaging measurements of 20 spindle
units. Clearly, with increasing the laser energy fluence, all structure
parameters exhibit the enlarging variation tendencies. In specific, when
the incident laser fluence was increased from F = 30 mJ/cm? to 50 mJ/
cm?, both major and minor lengths of the spindle units tend to are seen
to gradually enlarge from 265 nm and 87 nm to the values of 449 nm
and 191 nm, respectively; whereas its periodic configuration tends to
improve from 163 nm to 293 nm. This phenomenon suggests an ef-
fective method to control the dimensions of spindle chains inside the
microgroove.

3.3. Formation of the single nanostructure chain in the submicron groove

During the aforementioned experiments, the opening width of the
groove is several micrometers, about 5 times of the incident laser wa-
velength (800 nm), so that multiple chains of the spindle nanostructure
can be formed. Now an open question is naturally raised: what happens
for the narrower groove? By applying the same laser parameters in
Fig. 3, we repeated the experiment on the submicron-scaled groove, and
the corresponding results are shown in Fig. 7. It is clearly that there is
only a single nanostructure chain formed within the groove, and
structural units also display the spindle profile in geometry, very similar
to the observations in the micro-scaled groove. In this case, the mea-
sured major and minor lengths of the spindle units are 410 nm and
130 nm, respectively, with the periodic spacing of about 200 nm. All
these values are slightly larger than those in the microgroove. The



Z. Zhao, et al.

Single spindle-like nanostructure chain formation in the

submicron groove

Applied Surface Science 529 (2020) 147156

Fig. 7. Microscopic images of the single spindle
chain formation within the submicron-scaled
groove, with irradiation of two femtosecond laser
beams at the time delay of At = 6 ps. (a) High-
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. resolution SEM image of the nanostructure chain
(b) inside the groove. (b) Three-dimensional AFM
image of the nanostructure formation inside and on
AV the periphery of the groove. The upper-left inset
shows the measured cross section profile of na-
nostructure chain formation (blue line) within the
groove. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

corresponding cross section curve of the AFM measurement reveals that
the spindle structure height is about 27 nm. Moreover, it appears that
the nanostructures distribution within the submicron groove becomes
more regular and uniform. On the other hand, in contrast to the or-
dinary ripple structures formation on the flat surface near the scratched
groove, the induced single chain of the spindle units seems to be well
organized. Therefore, it is understood that the number of nanostructure
chain formation can be controlled by the groove width.

3.4. Formation of random microstructures on the flat surface

During the above-mentioned experiments, the spindle-like nanos-
tructures can be always found on the surface areas of both inside and
closely outside the grooves. To explore the physical significance of the
grooves for the regular formation of the spindle-like structures, we at-
tempted to strike a flat sample surface with irradiation of two femto-
second laser beams, and the corresponding result is shown in Fig. 8,
where the employed laser parameters are the same as Fig. 3 except for
the totally incident energy fluence of F = 50 mJ/cm? In this case, the
laser-induced surface structures are seen to mostly exhibit the ripple-
like profiles, however, their spatial alignments are interrupted some-
where to cause the morphology of shallow spindle-like nanostructures,
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Fig. 8. Surface morphology of the nanostructures formed on the flat sample
surface irradiated by two femtosecond laser beams at the time delay of
At = 6 ps, where the total incident energy fluence is F = 50 mJ/cm? and the
scanning speed is v = 0.3 mm/s. E; and E, represent directions of the laser
polarizations, and S for the sample scanning direction.

in sharp contrast to the regular observations inside the microgroove.
Accordingly, we can conclude that the geometric features of the micro/
submicron-groove are essential to improve the quality and efficiency of
the spindle-like nanostructure formation.

3.5. Exploration of the underlying mechanism

As for the good understanding of the experimental phenomena, the
physical processes during the structure formation by femtosecond laser
pulses should be explored in detail. First, for the micron-scaled groove,
the achieved multiple spindle chains can be viewed as the spatial in-
terlocking results between two types of laser-induced ripple structures:
one is oriented always parallel to the groove edges (not being affected
by the laser polarization), with the large period of about 667 nm in the
spatial distribution; the other is oriented always parallel to the laser
polarization, with the small period of about 200 nm in the spatial dis-
tribution. According to the previous studies [26-28], the former is
originated from the intensity fringes of interference between the laser
and the exited SPP that is coherently scattered from top edges of the
groove. In other words, upon irradiation of femtosecond laser the top
edges of the groove are ready to provoke the SPP excitation for the near
enhanced electromagnetic field, which makes the spatial alignment of
the intensity fringes along the groove edges [26]. Fig. 9 shows our si-
mulation result using the FDTD method, and five intensity fringes of the
enhanced SPP field can be evidenced within the groove.

Moreover, because the SPP excitation by the top edges of the groove
would like to propagate in two opposite directions (left and right sides),
the resultant intensity fringes parallel to the groove edges can be also
found on the surface areas out of the groove, especially close to the top
edges, as shown in Fig. 3a. It is known that the efficiency of SPP ex-
citation by the top edges closely relies on the direction of the linear
polarization of the incident femtosecond laser, and thus no plasmonic
field scattering occurs when the laser polarization is parallel to the
groove edges [29]. That is, the contrast of the intensity fringes forma-
tion reaches the maximum for the direction of the laser polarization
perpendicular to the groove edges, while it is gradually degraded with
changing the laser polarization direction. This is consistent with the
experimental observations.

On the other hand, when the ferromagnetism of the sample material
of Fe-based metallic glass is considered, the transverse electric (TE)
mode of surface magnon polaritons (SMP) can be excited on the side-
wall surfaces of the groove during the femtosecond laser irradiation
[15], whose tangential wave vector, ks, is written as
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where o is the angular frequency of the laser light, c for the light ve-
locity, y; and g; (i = 1,2) for the real parts of the magnetic permeability
and dielectric permittivity of the media, respectively. Similar to the
ordinary ripple structure formation based on the SPP excitation, the
optical interference between the femtosecond laser and the excited SMP
consequently leads to the periodic structure formation on the groove
surfaces, but with the spatial orientation parallel to the direction of the
laser polarization. When the parameters of the surrounding air (i = 1)
and the sample materials (i = 2) are assumed to be y1; = & = 1.00,
pe = 1.20, e5 = -6.30, we can obtain the spatial period of about 177 nm
for the induced surface structures by the formula of A; = 2m/ks, which
agrees with the experimental measurement of 180 nm.

Moreover, due to the orthogonal alignments, the intensity fringes
induced by both SMP and SPP excitation tend to have spatial inter-
locking on the sidewalls of the groove, and the consequent ablation of
the material surface brings about the multiple chains of the spindle
nanostructures. For the submicron-scaled groove, the interval space
between the top and bottom edges is significantly reduced, so that the
SPP-based intensity fringes can no longer be included, i.e., only SMP-
based intensity fringes appear on two sidewall surfaces to show a single
chain of the ablation nanostructures.

For the purpose of comparison, the irradiation of a single-beam
femtosecond laser onto the grooves was also studied in the experiment,
but it was often hard to see the chains of spindle nanostructure for-
mation. According to the previous study, the larger electron—phonon
coupling factor (g) of the material is beneficial for the femtosecond
laser-induced periodic ripple structures [30]. Because the g factor of Fe-
based metallic glass is relatively smaller in comparison with metals
[31], almost no formation of the spindle nanostructures is caused. On
the contrary, during the irradiation of two femtosecond laser beams the
incident first laser beam is ready to promote the electron temperature of
the material, which transiently improves the value of g factor [32-34],
and thus the periodic structures induced by the second laser beam be-
comes more pronounced. Accordingly, when the time delay between
two laser beams is sufficiently large, the transient increase of g factor
from the first laser beam incidence tends to gradually vanish because of
the decreasing electron temperature, which results in no appearance of
the periodic structures within the groove.

4. Conclusion

In summary, we have employed two time-delayed femtosecond laser
beams with the identical linear polarization, to successfully produce the
regular chains of spindle nanostructures inside the microgrooves on the
surface of Fe-based metallic glass. It has been found that the spatial
alignment of spindle chains, with the period of about 667 nm, can al-
ways keep parallel to the groove edges even for different laser polar-
ization directions. For the distribution of the spindle units, the mea-
sured spatial period is only about 180 nm, and their major and minor

lengths approximate 350 nm and 120 nm, respectively. The contrast
and the orientation of the spindle structures can be modulated by the
incident laser polarization. The formation of the spindle chains dis-
appeared for the laser polarization parallel to the groove edges.
Moreover, when the groove width decreased to the submicron scale,
only one chain of the spindle nanostructures was observed.

To give a satisfactory explanation of the observations, we have re-
cognized such composite patterns as the spatial interlocking of two
orthogonally oriented laser-induced structures: one is originated from
the coherent SPP field generation by the groove edges, whose inter-
ference with the laser light consequently results in the subwavelength
periodic intensity fringes parallel to the edges; the other from the ex-
citation of TE-polarized SMP field on the sidewall surfaces due to the
magnetic property of the material, whose interference with the laser
light results in the deep-subwavelength periodic intensity fringes par-
allel to the laser polarization. Our investigations will not only benefit
the understanding the physics of the laser-material interaction, but also
be helpful in control developing nanostructures for the novel devices
and applications, such as plasmonics [35], sensing [36] and catalysts
[37].
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