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ABSTRACT: Here, we report a method or one-step generation of peculiar hybrid grating-
hole nanostructures on Fe-based metallic surfaces upon irradiation with spatiotemporally
modulated femtosecond lasers, i.e., orthogonal linear polarizations of time-delayed double
laser beams are manipulated into a tightly spatial energy distribution by optical diffraction. It
is surprisingly found that the induced surface structures not only present the highly uniform
appearance but also consist of two different geometric components: the ablation
subwavelength grating pattern with a spatial period of 707 nm and the well-distributed
nanohole arrays on the ridge areas. Remarkably, both the grating length and the nanohole
numbers can be controlled by varying the laser energy fluence. Theoretical analyses reveal
that the formation of these structures can be attributed to the surface plasmon excitation and
the light scattering of finite-length microstructures. Moreover, further simulation and
experimental results clearly demonstrate the near-field enhancement effect of such laser-
induced structures, which provides a promising way toward on-demand manipulation of the
light response and detection in metadevices.
KEYWORDS: femtosecond laser, metallic glass, hybrid nanostructures, light scattering of finite-length microstructures,
near-field enhancement

1. INTRODUCTION
Over recent years, micro- or nanostructures and their based
devices have attracted considerable interests because of the
fundamental significance and the remarkable applications, such
as THz radiation enhancement,1 extraordinary optical trans-
mission,2 light manipulation,3 and optical waveguides.4

Currently, the well-defined high precision structure is usually
produced by some traditional methods, including ion-beam
etching,5 nanoskiving,6 electron-beam lithography,7 and
oblique angle codeposition,2 however, they are likely to exhibit
a low throughput because of the rigid requirements in costly
devices, complex procedures, and large time consuming.
By comparison, the extensive study in multidisciplinary fields

has proved that lasers can act as an important tool for the high
precision machining and processing. Especially, the arising
femtosecond laser-induced periodic surface structures
(LIPSSs) are widely regarded as a new convenient way to
construct the subwavelength periodic gratings on metals,8−10

semiconductors,11,12 and dielectrics.13,14 With the help of
exploiting the physical effects in the laser−material interaction,
the formation of intriguing nanostructures, such as the dot
matrix,15 spindle chains,16 and triangular arrays,17 has ever
been reported. As for the material of metallic glass, the LIPSS
formation has been identified with the enhanced distribution
regularity,10,18 which is benefited from the special atom
arrangements with the short-range order but long-range

disorder. Of course, besides the influence of material
properties, both the geometric profile and the arrangement
regularity of laser-induced structures are closely related to the
field distribution of the incident laser. For example, Öktem et
al. reported the extraordinary regular LIPSS on thin metal films
using the high-repetition-rate femtosecond laser, where the
laser focusing spot was emphasized to shrink into a range less
than 10 laser wavelengths so that all points within the beam
spot can contribute to the mutual electromagnetic field and
avoid the independent creation of structures.9 Namely, the
spatial coherence of the excited surface waves can be preserved
more easily on a small irradiation area, thus facilitating the
birth of the regularly controlled structures. However, a
comprehensive understanding of the physics involved is still
missing.
In this letter, we investigate the controllable formation of the

anomalous hybrid grating-hole structures on Fe-based metallic
glass upon irradiation of two time-delayed femtosecond laser
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beams with a spatially modified pulse energy distribution to
show the tight uniform and controllable energy fluence. The
obtained grating component exhibits the subwavelength period
of Λ = 707 nm, with orientation perpendicular to the
polarization direction of the prior incident laser, while the
achieved nanoscale hole component displays well-defined array
profiles on the ridge areas, and remarkably, the hole numbers
are well controlled by varying the laser energy fluence. The
theoretical analyses based on the surface plasmon excitation
and the light scattering of the finite-length microstructures
provide the simulation results to match well the experimental
observations. In particular, the laser-induced hybrid nanostruc-
tures can be considered as a platform for choosing the near-
field enhancement distribution, which is demonstrated by the
simulation and experimental results.

2. MATERIALS AND METHODS
Figure 1 presents a schematic diagram of the experiment setup, in
which the linearly polarized femtosecond laser pulses are generated by

a Ti:sapphire femtosecond laser amplifier (Spectra Physics HP-
Spitfire 50), with a central wavelength of 800 nm and a pulse duration

of 40 fs. Its output at a repetition rate of 1 kHz results in 1 ms (Δt = 1
ms) temporal spacing between two neighboring pulses. For the
purpose of correlating ultrafast dynamics between two adjacent laser−
material interactions, we designed a Michelson interferometer-like
configuration to acquire the picosecond temporal delay of laser
subpulses. Namely, each pulse output from the laser system was
divided into two identical parts in the time domain, and then, they
propagated along two different arms in the space domain, wherein the
adjustable optical path via the delay-line movement can be used to
precisely change the traveling time of the laser subpulses. Moreover, a
quarter-wave plate was inserted in one of the optical arms to modulate
the two subpulses into orthogonal linear polarizations, and the neutral
attenuators were employed within both arms to control the pulse
energy. Afterward, the two spatially separated laser subpulses were
collected into the overlapping collinear propagation by a beam splitter
and finally obtained a coaxial beam focusing through an objective lens
(Nikon, 4×, NA = 0.1). With the help of such an optical design, the
single-beam irradiation of 1 kHz repetition rate femtosecond laser
pulses can be easily obtained by blocking the one optical arm.

In our experiments, a 40 μm thick foil of Fe-based metal glass
(Fe85Si9B6) was adopted as a sample material in consideration of its
superior physical and chemical properties, including high plasticity,19

charming stabilization,20 and excellent thermal and magnetic
properties.21 And it was fixed on a computer-controlled three-
dimensional translation stage (Newport, ESP301) for the laser
striking at normal incidence. To avoid the severe laser ablation
behaviors, we placed the sample surface 430 μm away before the laser
focus, leading to the laser spot diameter of about 60 μm. All of the
experiments were carried out in ambient air by a line-scribing method
with a scanning speed of 1 mm/s, resulting in approximately 120 laser
pulses partially overlapped within a beam spot area. The calculation of
laser peak fluence is based on the formula F = 2E0/πwz2, with E0 being
the pulse energy and wz the spot radius on the sample surface.22,23

After the laser processing, the surface morphologies were examined by
both a scanning electron microscope (SEM, HITACHI, S-4800) and
an atomic force microscope (AFM, BRUKER, Multimode 8).

It is worth mentioning that before spatially dividing the laser pulse
into two parts, a 6 mm diameter hard circular aperture was placed in
the laser path to restrict the large beam size, and its optical diffraction
can consequently modulate the spatial distribution of the laser
intensity,24 as shown in Figure 2a. The calculation of the optical field
energy distributions is based on using Seelight software, where the
incident laser wavelength and the diameter of a circular beam
modulator are set as 800 nm and 6 mm, respectively. The focal length
of the optical lens is 45 mm, and the monitored plane is set 430 μm in
front of the focus. In contrast to the condition without using the hard
aperture, the center part of the diffracted laser spot (marked by the
purple stripe region within the intensity distribution curve in Figure
2a) can drastically reduce the effect area of the laser action, when the
pulse energy is properly adjusted above the damage threshold Fs of
the material. The use of the hard aperture tends to concentrate the

Figure 1. Schematic diagram of the experimental setup for generating
the peculiar hybrid grating-hole nanostructures on the surface of Fe-
based metal glass upon irradiation of the space−time modulation of
femtosecond laser pulses (red double arrows represent the direction
of the laser polarization; red single arrow for the delay-line movement;
and black single arrow for the direction of the laser propagation).

Figure 2. (a) Normalized laser diffraction patterns on the sample surface when using the hard aperture in the optical path, where the white curve
represents the modified spatial distribution of the laser intensity and the upper-right picture for a measured SEM image of the laser-irradiated
surface. (b) Calculated variations of the energy fluence as a function of the incident laser power for two cases with and without using the hard
aperture. (c) Measured charge-coupled device (CCD) image of the laser intensity distribution without using the hard aperture and the derived
curve of the spatial laser intensity distribution.
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laser energy into an evidently narrow region (about 7 μm in
diameter). Although such a tight localization of the laser energy can
be achieved by direct focusing, our experimental method makes the
manipulation of the laser fluence become more convenient with the
help of large diffraction patterns.

This idea is confirmed by the simulation of the laser-power-
dependent energy fluence for two situations: with and without using
the hard aperture, as shown in Figure 2b. It is clear that in the case of
direct focusing, the achieved energy fluences tend to vary dramatically
by four orders of magnitude, especially at the small laser power values,
and much larger energy fluences are exhibited at the slight
improvement of the laser power values. In the case of the hard
aperture, the optical diffraction effect can significantly decrease the
gradient of the energy fluence variation with the laser power values,
thus leading to the effective control of the laser fluence within a small
range. Moreover, we also measured the laser intensity distribution by
a CCD for the situation without the hard aperture, as illustrated in

Figure 2c, where the obvious energy jitters are seen within the laser
beam spot. On the contrary, in the case of the hard aperture, the
energy jitters become almost disappeared due to the diffraction effect,
leading to the spatially smooth and uniform laser intensity
distribution.

3. EXPERIMENTAL RESULTS AND DISCUSSION
Figure 3 shows the experimental observations on the sample surface
upon irradiation of spatiotemporally modulated femtosecond lasers,
where the two laser subpulses linearly polarized in orthogonal
directions possess a time delay of Δt = 50 ps (here, the horizontally
polarized laser beam E2 is temporally delayed), associated with the
energy fluences of F1 = 62 mJ/cm2 and F2 = 45 mJ/cm2. The scanning
velocity of the sample is V = 1 mm/s, along the direction parallel to
the polarization direction of the prior laser pulse. As shown in the
SEM images, the surface structures present the uniform and peculiar
morphology. In specific, apart from the component of periodic

Figure 3. Formation of the hybrid grating-hole structures on the Fe-based metallic surface irradiated by the spatiotemporal modulation of
femtosecond lasers, where two femtosecond laser beams have a time delay of Δt = 50 ps with orthogonal linear polarizations, and the energy
fluences of the prior and delayed incident laser subpulses are F1 = 62 mJ/cm2 and F2 = 45 mJ/cm2, respectively. (a) SEM images of the laser-
induced hybrid nanostructure patterns. Here, E1 and E2 represent the directions of two laser polarizations, and S for the sample scanning direction.
(b) Higher resolution SEM image. The red arrows mark the structure geometric profiles. (c) Measured statistical fractional variations of the
induced grating period.

Figure 4. (a, b) AFM measurements of the hybrid grating-hole nanostructures induced by the femtosecond lasers. (c, d) Measured cross-sectional
curves for two positions marked in panel (a) with different colors.
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subwavelength grating structures, as reported by many previous
researche studies,10−12 two elliptical nanoholes can be observed on
each ridge surface. Moreover, along the direction of the laser
scanning, the spatial alignment of the nanoholes seems to be
coherently locked into the regular profile. Therefore, such complex
laser-induced patterns can earn the appellation “hybrid grating-hole
nanostructures”. The corresponding higher resolution SEM image, as
shown in Figure 3b, reveals that the grating component has a spatial
period of approximately Λ = 707 nm, with a groove width of about W
= 93 nm between two adjacent ridges. On the surface of each grating
ridge, two elliptical nanoholes, having the major and minor lengths of
approximately 465 and 149 nm, respectively, are spaced by 1.35 μm.

It should be mentioned that our achieved hybrid surface structures
are different from the previous reports on Si wafers,25,26 which can be
represented by the evidently coherent arrangement of the nanohole
arrays and the distinguishable periodic ablation grooves. Remarkably,
such peculiar uniform hybrid nanostructures can be induced by the
femtosecond laser in one-step processing. In addition, by collecting
the statistical measurements (a total number of 90 measured data)
from the SEM images, we obtained the fractional variations of the
grating period over the large range, with a value of ΔΛ/Λ < 0.05,
which indicates a high degree of the arrangement regularity for the
femtosecond laser-induced surface structures.

Moreover, the hyperfine ripples having a period of tens of
micrometers can be observed on the bottom of the grooves and
nanoholes, with orientation perpendicular to the grating direction.
The formation of such structures is believed due to the nonuniform
distribution of the surface energy followed by thermal melting and
resolidification. During these processes, the strong temperature
gradients can trigger the occurrence of thermocapillary instabilities,
and the consequent surface tension-driven melt flow leads to the
hyperfine ripple formation.27,28

To facilitate the understanding of the structure formation, we
further obtained the elaborate morphology information through AFM
measurements, as shown in Figure 4a. And, the variation of the
geometric profiles for the grating component is shown in Figure 4b,
with a modulation depth of about D = 237 nm. The measurement
result in Figure 4c shows the nanohole depth of approximately 196
nm. The observation of the bulging morphology beside the nanoholes
indicates that the thermal melting and expansion of the material may
be taken place during the grating structure formation. In addition, the
uniform distribution features of the surface structures are also
quantitatively evaluated by the AFM measurements, as shown in
Figure 4d, where the measured curves at two different portions
(marked by the arrows of A and B in Figure 4a) seem to be almost
consistent, indicating the well-defined capability of such hybrid
nanostructure formation.

For the strong absorbing metallic materials, many previous reports
have already proved that the morphology of femtosecond laser-
induced structures can be effectively modulated by the energy
fluence.29,30 With the curiosity of how the formation of hybrid
grating-hole nanostructures is varied with laser parameters, we carried
out the experiments by only changing the energy fluence of the
delayed laser subpulse, and the corresponding results are shown in
Figure 5. In addition to the distinctive regular appearance, another
interesting point for laser-induced structures is that both the number
of nanoholes and the transversal length of the grating component are
modulated. In other words, when the energy fluence of the delayed
laser subpulse decreased to F2 = 35 mJ/cm2, the generated nanoholes
were seen to transfer into the single-array distribution, and the
transversal length of the grating component is decreased to L = 2.5
μm, as shown in Figure 5a. As a matter of fact, if the energy fluence of
the delayed laser subpulse continued to reduce, no structures can be
formed on the sample surface. For the larger laser energy fluence of F2
= 52 mJ/cm2, the transversal length of the grating component was
extended to L = 4.5 μm, associated with three nanoholes on the ridge
surface, as shown in Figure 5b.

Noticeably, as the energy fluence of the delayed laser subpulse was
larger than F2 = 60 mJ/cm2, the above hybrid nanostructures
disappeared and tended to evolve into the periodic grating structures

with a transversal length more than L = 20 μm, which implied a
certain degree of physical links between the nanohole formation and
the grating component. Moreover, the topography of the hybrid
nanostructures including one or three nanohole arrays is also
measured by AFM, as shown in Figure 5c,d, which shows the
structure depths slightly reducing to D = 140 and 161 nm,
respectively. All in all, the aforementioned results provide direct
evidence for the effective control of the hybrid grating-hole
nanostructures by varying the energy fluence of the delayed laser
subpulse.

In the pioneering research studies,31,32 some authors pointed out in
both experiment and theory the physical importance of the laser-
induced grating structures, wherein the scattering electromagnetic
wave is generated from the existent surface morphology and
subsequently interferes with the incident laser to redistribute the
optical field, resulting in the grating splitting phenomenon. Similarly,
in our experiments, the development of the hybrid nanostructures can
be comprehended as a result of two successive physical processes
during the laser−material interaction. To be specific, the grating
component is first developed by the interference of the prior incident
laser subpulse with its surface plasmon−polariton (SPP) excitation on
the material surface. This is because not only the grating orientation is
perpendicular to the direction of the prior laser polarization but also
the measured spatial grating period approximates the calculated SPP
wavelength of λspp = 733 nm.

Once the periodic subwavelength grating structures are formed on
the sample surface, the optical energy of the subsequent laser
irradiation will be affected for redistribution. To deeply reveal this
kind of modulation, we simulated the spatial distributions of the
incident laser energy on the periodically grooved surface using the
three-dimensional finite-difference time-domain (3D-FDTD) method.
As shown in Figure 6a, the grooves were set to have rectangle profiles
with a width ofW = 100 nm, depth of D = 250 nm, and spatial period
of Λ = 700 nm but different transversal lengths of L = 2.5, 3.5, and 4.5
μm, respectively. It should be mentioned that for the sample surface
irradiated by the double-pulsed femtosecond lasers with orthogonal
linear polarizations and nonidentical energy fluences, the laser-
induced periodic grating structures are predominated by the laser
pulse of the relatively higher energy fluence.33 In particular, the
significance of the delayed incident laser pulse (E2) is considered to
keep the physical properties of the material surface, i.e., the measured
optical refractive index of n = 3.06 + i 3.95 for the material is
employed to simulate the local field enhancements, because the latter

Figure 5. SEM and AFM images of the hybrid grating-hole
nanostructures by varying the energy fluences of the delayed laser
subpulse. (a, c) for F2 = 35 mJ/cm2; (b, d) for F2 = 52 mJ/cm2. The
extracted cross-sectional curves from the AFM images (marked by the
blue dotted lines).
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can effectively suppress the phase explosion of the material surface
triggered by the prior laser pulse.34 Therefore, a Gaussian light (with
the wavelength of 800 nm) was introduced at normal incidence, with
the linear polarization perpendicular to the groove orientation, being
similar to the prior laser pulses (E1). The boundaries of the simulation
region were truncated by the perfectly matched layers, while the
boundaries in the direction perpendicular to the groove were set as
the periodic conditions.

Figure 6b−d illustrates the FDTD simulation results for the grating
structures with variable transversal lengths. For the case of L = 2.5
μm, only one spot of the local field enhancement is seen to take place
on the center part of each grating ridge surface, and its subsequent
material removal corresponds to the hybrid structure of single-array
nanohole formation. It is interesting that when the transversal length
of the grating component is extended to L = 3.5 μm, there are two
spots of the local field enhancement emerging on the grating ridge
surface, and their subsequent interaction with the material will result
in the hybrid structures of two-array nanohole formation. As expected,
for the grating design with the larger transversal length of L = 4.5 μm,
the simulation result demonstrates three spots of the local field
enhancement happening on the grating ridge surface, which
corresponds to the hybrid structures of three-array nanohole
formation.

Briefly, the transversal length of the grating plays a crucial role in
the final formation of the hybrid structure profiles. Of course, to
clarify the effect of other geometric parameters on the optical field
redistribution, we also calculated with different grating depths and the
ridge widths when L = 2.5 μm. For grating depths less than D = 50
nm, the simulation results exhibit no spots of the local field

enhancement on the ridge surface. However, by increasing the
grating depth to D = 100 nm, two spots of the local field enhancement
appear on the bilateral edges of the ridge surface, and they are seen to
coalesce into one spot localization at the center of the ridge surface
when the grating depth is varied within a range of D = 200−250 nm.
Similarly, for groove widths larger thanW = 150 nm, the single spot of
the local field enhancement will split into two parts with the
distributions close to the bilateral edges of the ridge surface.

For the formation of a single nanohole array, when the time delay
of double laser pulses changed within a range of Δt = 20−60 ps, the
hybrid grating-hole structures can be still observed. To further
demonstrate the structure formation at the larger time delays, we here
employed the single-beam femtosecond laser irradiation with 1 kHz
repetition rate, during which the time delay of two adjacent pulses is
increased up to Δt = 1 ms. We observed the grating splitting from the
period of approximately Λ = 620 nm rather than the formation of the
above hybrid structure, as shown in Figure 7a. Here, the employed
laser peak fluence of the single-beam experiment is F = 129 mJ/cm2,
slightly larger than the sum of the previously used double pulses, the
reason for which may be the lower ablation threshold of the material
driven by double-pulsed laser irradiation.35 And we employed only
the laser pulse E1 for the structure formation while blocking the
delayed laser pulse E2 to reach the target. This phenomenon can be
understood by the FDTD simulation with the optical refractive index
having a small value of n = 1.92 + i 2.49, where the local field
enhancements not only show a stronger intensity but also have a
larger transversal extension on the ridge surface, thus leading to the
splitting of the grating structures via the material removal, as shown in
Figure 7(b). Here, the reduced optical refractive index can be

Figure 6. (a) Schematic diagram of the periodic grooves on the metallic glass for the simulations. (b−d) Calculated optical energy distributions for
the grating structure (W = 100 nm, H = 250 nm, and Λ = 700 nm) with different transversal lengths of L = 2.5, 3.5, and 4.5 μm, respectively, when
the laser irradiation is linearly polarized perpendicular to the groove orientation (R: ridge surface and G: groove region).

Figure 7. (a) SEM image of the structure formation under irradiation of the single-beam femtosecond laser pulses, where the laser energy fluence is
F = 129 mJ/cm2. (b) Simulation result of the laser field distribution for the existing grating structure (L = 2.5 μm,W = 150 nm, H = 250 nm, and Λ
= 620 nm) but with the modulated optical refractive index of n = 1.92 + i 2.49.
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attributed to the air−nanoparticle composite interface because the
phase explosion-based ablation mechanism causes the violent ejection
of materials from the surface into small clusters.36 However, the
employment of two time-delayed laser subpulses can effectively
suppress the phase explosion and convert the material removal into
the liquid layer spallation,34,37 thus nearly preserving the optical
properties of the original air−material interface. In other words, it is
the different physical processes of the light−material interaction that
modify the optical refractive index of the material surface to
consequently result in the distinct experimental observations between
double-pulsed and single-beam femtosecond laser irradiations.

Now, an open question is naturally raised: what about the potential
of such uniform hybrid grating-hole structures? Recently, tailoring of
the electromagnetic near-field properties is considerably interesting
because of the wide applications in detection, photovoltaics, and
sensing. However, the adopted microstructures are generally obtained
by complex techniques such as ion-beam etching, e-beam lithography,
and metal evaporation. Figure 8a,b demonstrates the calculations of
the near-field distribution for our fabricated hybrid structures with the
single-array and double-array nanohole formation, respectively, under
the light illumination of 633 nm wavelength. The results
unambiguously show that the enhanced near-field distributions
become pronounced in the nanoholes. Figure 8c illustrates the
practical mapping of the near-field distribution on the hybrid structure
surface with the single-array nanohole formation, using an aperture-
type near-field scanning optical microscope (SNOM), and the
observation of hot spots at the nanohole positions is consistent
with our simulations. The retrieved data of the near-field intensity
across the nanohole is shown in Figure 8d, which confirms the effect
of near-field enhancement triggered by the nanoholes.

4. CONCLUSIONS
In summary, we have employed the spatiotemporal modulation
of femtosecond laser irradiation to successfully fabricate the
highly uniform distribution of the hybrid grating-hole
nanostructures on the surface of Fe-based metal glass. In the
time domain, the incident femtosecond laser is divided into
double subpulse beams with orthogonal linear polarizations
and the time delay of Δt = 50 ps; while in the space domain,
their laser spots are modified via the hard circular aperture to

show some characteristics of the tight spatial restriction,
smooth intensity distribution, and easily tunable energy
fluence. The available surface structures not only show a
highly uniform distribution but also exhibit two different
components: one is the ablative subwavelength periodic
grating with orientation perpendicular to the polarization
direction of the prior incident laser subpulse and the other is
the nanohole arrays coherently locked on the grating ridge
surfaces. More importantly, the excellent control of such
hybrid structures can be easily carried out by adjusting the
energy fluence of the delayed laser subpulse.
The deep insights into the underlying mechanisms suggested

that the formation of the peculiar hybrid grating-hole
nanostructures is originated from two physical processes: at
first, the development of the periodic grating profiles based on
the SPP excitation of the prior incident laser subpulse and,
subsequently, the generation of discrete local field enhance-
ment spots due to the energy scattering of subsequent laser
pulses by the finite length of the grating component. The
simulation results agree with the experimental observations to
confirm the validity of our theory. Such hybrid surface
structures fabricated within one-step processing can be
considered as a platform for supporting the modulation of
the near-field distribution, which may be helpful in the future
design of the optical data recording, sensors, and biomedical
applications.
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