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We report a formation of highly homogenous subwavelength grating structures on the bulk Fe-based metallic
glass, using two nondegenerate linear polarization of femtosecond laser pulse sequences at certain temporal
delays. In contrast to the previous observations, the well-defined surface structures can take place across the entire
laser ablation regions, with the spatial period and the modulation depth of 722 nm and 115 nm, respectively.

Through the Fourier transformation analysis, we introduce two parameters to quantitatively evaluate the structure
uniformity. The underlying mechanisms are attributed to the surface scattered wave of the second femtosecond
laser pulse onto the transient material surface tailored by the first laser pulse. Moreover, different diffusion
coefficients of the chemical elements are found responsible for their various removal percentages after laser

irradiation.

1. Introduction

As a universal phenomenon of laser-solid interaction, laser-induced
periodic surface structures have been studied extensively for several
decades since the first discovery by Birnbaum on semiconductor surface
[1]. With the availability of femtosecond laser pulses [2], this research
has gained an increasing attraction and promoted the structure accuracy
into a regime of subwavelength or deep-subwavelength scales [3-5].
Now we can understand that such direct formation of the periodic struc-
tures in a single-step process not only includes the abundant physics, but
also re-functionalize materials via a control of optical [6,7], mechanical
[8,9], or chemical [10] surface properties. For the bulk materials, how-
ever, most of the previous studies demonstrated that the laser-induced
surface structures (or ripples) often present the ablative characteristics
with irregular or semi-periodic profiles [11-14]. The formation mecha-
nisms of the subwavelength ripples were usually ascribed to interference
of the incident laser and its excited surface plasmons [15]. Besides, the
pump-probe imaging approach is able to reveal the formation dynam-
ics of ripples from picosecond to nanosecond scales [16,17]. The spatial
irregularity of the ripple structures maybe due to the tight focusing of
the Gaussian laser beam intensity and complex feedbacks of the surface
defects to the scattered light [18,19]. With the help of cylindrical fo-
cusing conditions to make slowly varying intensity distribution in the

central part of the laser beam spot, a large area of the regular subwave-
length ripple structures has been induced on a dielectric surface [14]. On
the other hand, through adopting film materials, Oktem et.al. reported
the uniform formation non-ablative grating structures with bulging-like
profiles on titanium (Ti) thin film of due to the oxidation process [20].
Moreover, the fabrication of highly regular ripple structures have been
also demonstrated on molybdenum (Mo) film with 300 nm thickness
via a f-theta lens focused femtosecond laser beam [21]. In contrast to
thin films, bulk metallic materials have wider applications in industry
and research because of the advantages such as hardness and durabil-
ity, and undoubtedly, their usage values can be further improved by
the nanomanipulation of surface. Recently, the highly uniform ripple
structures have been demonstrated on Zr metallic glass using the single
pulse sequences of femtosecond laser [22,23]. However, how to gener-
ate the high-quality subwavelength structures in a long range on bulk
metal materials remains an open question for femtosecond laser preci-
sion manufacturing.

In this paper, we report the fabrication of the ultra-uniform subwave-
length grating structures on a bulk Fe-based metallic glass (Feg,Si;;C;),
by using two temporally delayed femtosecond laser pulse sequences
with different linear polarizations. Laser spatial intensity distribution
was modified by a hard aperture. The high quality of the surface struc-
tures can be properly maintained in the whole laser ablation region,
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which can also be extended in the laser scanning direction. This method
is mask-free and requires no further chemical etching process. Besides
the traditional morphologic examinations, the structure uniformity is
comprehensively analyzed via a two-dimensional fast Fourier transfor-
mation (2D-FFT) process. The obtained results demonstrate the time
delay effects on the improving uniformity, and finally the underlying
mechanisms are discussed. Furthermore, the spatially selective modifi-
cation of the chemical elements is also investigated.

2. Materials and methods

A schematic diagram of the experiment is shown in Fig. 1, where
a commercial Ti:sapphire laser amplifier was employed as the light
source, which delivers the horizontally polarized femtosecond laser at
the repetition rate of 1 kHz, with the time duration of 50 fs and the
central wavelength of 800 nm, respectively. A beam diameter of the
laser pulses out of the amplifier is 8 mm. Before splitting the laser pulse
into two pulses by a beam splitter (BS1), a 3.2 mm diameter of hard
aperture was used for modifying the spatial profile of the laser intensity
[24,25]. After passing an optical delay line, the double pulse sequence
were provided with a temporal separation At and then spatially over-
lapped for a collinear propagation. Moreover, in one optical path we
inserted a half wave-plate to rotate the direction of the linear polar-
ization of the laser pulse (E1) by 45° with respect to that of another
laser pulse (E2) (which keeps the horizontal polarization). An objective
lens (4 x, N.A.=0.1) was used for focusing the two femtosecond lasers
onto the metallic glass surface at normal incidence. A three-dimensional
translation stage (Newport, ESP301) was used to precisely control the
scanning speed and the sample position. The sample surface was placed
500 um before the laser focus and the calculated diameter of laser spot
was around 100 ym. The experiment was carried out in ambient air by
a line-scribing method with a scanning speed of 1 mm/s, resulting in
approximate 100 laser pulses partially overlapped in a beam spot area.
The experimentally measured single pulse ablation threshold fluence for
this material was about 0.23 J/cm?.

The selection of Fe-based metallic glass was based on its superior
physical and chemical properties, such as soft magnetic properties, ex-
cellent corrosion resistance and super-high hardness [26,27]. The sur-
face morphologies of laser-irradiated regions were characterized by
scanning electron microscopy (SEM, Keyence, VE-9800) and atomic
force microscopy (AFM, Bruker, D8 Focus). No surface preparation in-
cluding ultrasonic cleaning or chemical etching was carried out before
SEM and AFM imaging. The elements distribution were measured by
energy-dispersive X-ray spectroscopy (EDS, Phenom, ProX).

3. Results and discussions

In our experiments, the intersection angle between directions of two
laser polarizations is 45 °. As shown in Fig. 2, when the two femtosec-
ond laser pulse sequences (with the same energy fluence of 0.02 J/cm?)

E1 AT Half-wave plate
Objective
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Fig. 1. Diagram of the experimental setup for
the formation of the ultra-uniform subwave-
length structures on Fe-based metallic glass us-
ing two controllable time-delayed femtosecond
laser pulse sequences. E1 and E2 represent di-
rections of the linear polarization of two fem-
tosecond laser pulses, respectively.
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stroke the target at different time delays (the horizontally polarized
laser E2 was delayed), the one-dimensional (1D) subwavelength peri-
odic structures was formed on Fe-based metallic glass surface. However,
with varying time delay between two laser pulses, the appearance of the
constructed structures seems to be different. For example, at the time
delays of At =0 ps, 10 ps, and 20 ps, [Fig. 2(a-c)] the achieved grating-
like structures can be found splitting phenomenon on the ridges, which
makes the spatial regularity not so well. In contrast, when the time delay
increased from At = 30 ps to 70 ps [Fig. 2 (d-h)] the uniformity of the
structure morphology becomes more desirable. Furthermore, the spatial
orientation of the grating-like structures appears to change at different
time delays between double laser pulses. More specifically, the ripple
orientations at the inter-pulse time delays of At = 60 ps and 70 ps can
be evidently different. It is well known that for the irradiation of sin-
gle pulse sequences, the available ripple orientation is usually either
perpendicular or horizontal to the direction of the laser polarization.
However, under irradiation of double pulse sequences, the spatial ori-
entation of the achieved ripple structures is not only dominated by the
laser polarization, but also affected by the inter-pulse time delay. Such
phenomena could be attributed to the ripple formation process from the
surface wave excitation of the delayed pulse on the transient-state of
the material surface modulated by the incident first one of double pair
pulses [28].

Fig. 3(a) shows a typical result at the time delay of At = 58 ps, where
1D subwavelength grating- structures present two striking features: one
is their extraordinarily uniform distribution on the whole laser ablated
region, without disintegrated irregularities such as bend, breaking and
bifurcation. In addition, the regular arrangement along the scanning
direction indicates the robust extension of such structures during the
sample translation; the other is the structure orientation perpendicular
to the direction of the linear polarization of the delayed laser pulse E2.
Remarkably, through comparing the center part and the periphery of
the laser scanned areas, we can find that the structure uniformity can
take place across the entire laser ablated spot area in spite of the inci-
dent Gaussian laser intensity, in sharp contrast to the observations in
most previous studies [29,30]. The corresponding high-resolution SEM
images, as shown in Fig. 3(b) and (c), reveal that the ablated periodic
grooves have only 140 nm in width, with unusually sharp and straight
appearance. In addition, the measured structure period of 722 nm is less
than the incident laser wavelength.

For comparison, Fig. 3(d) demonstrates the obtained result using
a single pulse sequence femtosecond laser (with the energy fluence of
0.02 J/cm?). Clearly, the laser-exposed surface was also modified into
1D grating-like structures, with orientation perpendicular to the direc-
tion of the incident laser polarization. The measured spatial period was
745 + 25 nm. This observation is very similar to the previous reports on
other materials [9]. The detailed inspects reveal the ridge-splitting and
irregular bending phenomena, as shown in Fig. 3(e), which of course
degrades the spatial regularity of the surface structures.
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Fig. 3. Constructing the subwavelength-scaled surface structures on the Fe-
based metallic glass by two femtosecond laser pulse sequences. (a) Ultra-uniform
surface structures over a long-range scanning area induced by two femtosecond
laser pulse sequences at the time delay of At = 58 ps, with the intersection an-
gle of 45° between the two laser polarizations (E1 and E2). (b) and (c) are the
magnified views of (a). (d) Semi-periodic surface structures with ripple splitting
induced by a single pulse sequence femtosecond laser, with E denoting the di-
rection of the laser polarization. (e) is the enlarged image of (d). The energy
fluence of each laser pulse in both (a) and (d) is to the same of 0.02 J/cm?, and
S represents the direction of laser scanning.

In fact, a deep analysis of the uniformity of the whole structures
can be achieved in the frequency domain through 2D-FFT [14,21], and
Fig. 4(a) is a transformation image of Fig. 3(a). From this process, we
can obtain two evaluation parameters: the period uncertainty and the
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Fig. 2. SEM images of subwavelength-scaled
surface structures formed on the Fe-based
metallic glass by two femtosecond laser pulse
sequences with different time delays between
two pulses: (a-h) At = 0-70 ps. The intersec-
tion angle between directions of two laser po-
larizations (E1 and E2) is fixed at 45°; the en-
ergy fluence of each laser pulse is the same
of 0.02 J/cm?.S represents the direction of the
sample scanning.

orientation uncertainty. Because each peak value in the Fourier fre-
quency domain is usually written by two components: f, = f + Af,
and f, = f_y + Af,, as shown in Fig. 4(b), the retrieved structure period
of 722 + 9 nm can be obtained from the fundamental spatial frequencies

(f; and f,) by a formula of A = 1= 1 which is in good agreement

I\
with the measured data in the spatial domain. The period uncertainty,
AA/A, can be calculated from the full-width-at-half-maximum (FWHM)
intensity values of the fundamental frequencies in two components, Af,
and Afy, where
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Similarly, the orientation uncertainty of the structures is defined by
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Based on the above method, we obtained the evolution of two evalua-
tion parameters for the structure formation within the time-delay range
of At = 0~80 ps, as demonstrated in Fig. 4(c)-(d). Clearly, the time-
delay dependent variations of the two parameters exhibit the very sim-
ilar tendency, i.e., the obtained larger values usually appear within a
range of At < 30 ps, while the achieved smaller values, indicating the en-
hanced uniformity for the subwavelength structure formation, emerge at
the time delays around At=50~60 ps. Generally, when compared with
the calculation results of the single pulse sequence laser irradiation, as
shown by dashed lines, the double-laser induced subwavelength surface
structures can present the higher quality at the proper time delays.

Fig. 5 shows the AFM measurement results of the surface structures
obtained at the time delay of At = 58 ps, whose quantitative description
of the modulation depth is 115 nm. In particular, the achieved cross-
section curves at three different positions (marked by different color
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Fig. 4. (a) 2D-FFT image of Fig. 3(a); (b) Af,
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and Afy; (c-d) are the obtained two param-
eters (the period uncertainty and the orien-
tation uncertainty, respectively) through FFT
method for characterizing the structure uni-
formity as a function of the time delay be-
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Fig. 5. AFM measurement results of the laser-
induced uniform surface structures on Fe-based

1

metallic glass. (a) Three-dimensional image.
(b) Cross-section profiles along three different
lines marked in (a).

-100 "
0

lines) exhibit a remarkable consistency (the fractional variations may
be due to the deposition of debris), which confirms the good spatial
uniformity of the laser-induced surface structures. Fig. 6 presents the
measured EDS mappings on the surface structures, which reveal that
after the laser treatment the spatial distribution of three chemical ele-
ments of Fe, Si and C, would like to show the periodic patterns, which
are in good consistent with the corresponding surface morphology. It
is clear that the colored region represents the element rich place and
the white region for element poor area. However, the strength of the
periodic variation appears to depend on the chemical elements, i.e., for
the elements of Fe and Si, the periodic change tendencies in the EDS
maps are indistinct, whereas the spatial distribution of the element C
presents the pronounced periodic tendency, which indicates the larger
percentage of the element removal.

The underlying mechanisms for the formation of such highly uni-
form subwavelength surface structures can be attributed to the follow-
ing factors: (i) the absence of an ordered atomic-scale structure, crys-
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tallites, grain boundaries, and dislocations in the amorphous state of
Fe-based metallic glass [31]. (ii) the Fe-based metallic glass has high
plasticity and ductility, which makes the material not easy break un-
der thermoplastic forming after the laser irradiation [32,33]. (iii) The
transient decrease of surface roughness by the larger mobility of atoms
due to the thermal heating of the first laser pulse [34,35]. (iv) the flat-
tening of spatial intensity distribution of the laser by the hard aperture
[24,25]. Therefore, the intensity fringes caused by interference between
the incident second laser pulse and scattered surface wave become ho-
mogeneously distributed on the material surface [15,18]. Alternatively,
the morphologic traces induced by the first laser pulse on the sample
surface would like to be washed out by the time-delayed femtosecond
laser pulse, resulting in the spatial orientation of the periodic structures
perpendicular to the direction of the polarization of the second laser
[At = 58 ps]. Moreover, compared with the single pulse sequence laser
irradiation, the negligible morphology splitting of the surface structures
induced by the double pulse sequences may be due to the change in the
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Fig. 6. SEM image and mapping of the periodic distribution of three chemical
elements (Fe, Si and C) by energy dispersive spectroscopy.

modulation depth of the structures [36,37], when thermal softening of
the material surface caused by the first laser is considered. On the other
hand, X-ray diffraction measurement confirmed that no crystallization
happens for the metallic glass under irradiation of such low laser fluence
[29]. In addition, we conclude that the reason why three chemical ele-
ments show the spatially periodic distribution patterns is that the laser-
induced temperature gradient on the surface followed by the periodic
material removal [38]. Because the diffusion coefficient of the element
carbon (~1077 e¢m?/s) is the highest in metallic glass compared with
the elements silicon (~10~8 ecm?/s) and iron (~10710 ¢m2/s) [39,40],
the removal percentage of carbon is the largest in these three chemi-
cal elements. Another explanation for various removal percentages of
three elements is the selective vaporization due to their different ther-
mal properties [19,41]. However, the amorphous phase of the sample is
unchanged after laser irradiation [35].

4. Conclusion

To summarize, we have successfully presented a strategy that allows
us to obtain the highly ordered grating structures on the bulk Fe-based
metallic glass, upon irradiation of time-delayed double femtosecond
lasers (1 kHz, 800 nm and 50 fs) with nondegenerate directions of the
linear polarizations. Morphological examinations reveal the highly ho-
mogenous structure formation across the entire laser ablated area, which
can be even robustly extended along the scanning direction. Moreover,
a comprehensive evaluation of the structural uniformity is achieved by
the introduction of two factors via the Fourier transformation process.
The physical reasons are attributed to both the amorphous state of the
sample and the further surface smoothening by irradiation of the first
femtosecond laser pulse sequence. These results enable potential values
in the high-quality femtosecond laser micro processing of metal surfaces
for many promising applications.
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