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A B S T R A C T   

Manipulation of material properties via femtosecond laser-induced periodic surface structures is of significant 
importance for many practical applications in optics, tribology and wettability, but it is still a substantial 
challenge for single-beam femtosecond laser irradiation. We here report a strategy to uniformly generate large- 
area periodic nanostructures on molybdenum surface by utilizing cylindrical focusing of double time-delayed 
femtosecond blue lasers with orthogonal linear polarizations. It is found that three different types of periodic 
surface structures can be controlled and actively transformed through properly adjusting the energy fluence 
ratios between double laser pulses. The remarkable long-range uniform property is clearly identified by both the 
microscopic observation and Fourier frequency analysis. The obtained minimum structural size and period 
approximate 140 nm and 260 nm, respectively. The underlying mechanisms are attributed to the complex surface 
plasmon excitation during the temporally correlated dynamic process of dual laser-material interactions. These 
investigations help to facilitate femtosecond laser nanostructuring into a robust and versatile way.   

1. Introduction 

Recent research advances in femtosecond laser-induced periodic 
surface structures (fs-LIPSS), a universal phenomenon of the laser- 
matter interaction with the energy fluence near the damage threshold, 
open up a new avenue for controllable surface nanostructuring on 
diverse materials [1–5]. With the help of this maskless technology, 
different LIPSSs even with the nanoscale period can be manufactured 
over a large area for the proper laser parameters, which clearly dem
onstrates advantages over the conventional lithography methods often 
suffering complex procedures and low throughput [6–7]. The capability 
of fs-LIPSS in manipulating the essential surface properties of materials 
allows practical applications in optics, tribology, wettability, biomedi
cine, and etc [8–12]. The corresponding physical origins are still on 
debate with two theories: (i) surface electromagnetic interference 
making the spatially periodic deposition of the laser energy during the 

laser-matter interaction; (ii) self-organization from the hydrodynamic 
motions of the surface melting layer [13]. To be sure, the formation of fs- 
LIPSS often undergoes a series of ultrafast dynamic processes in the time 
domain [14–16]. Now we can suppose that if more laser pulses are 
incident during the transient non-equilibrium stage of materials, the 
energy relaxation processes within the materials are modulated in both 
the temporal and spatial domains, which is expected to provide new 
opportunities for controlling the morphology of fs-LIPSSs. 

Currently, the development of fs-LIPSS technology especially with 
single-beam femtosecond laser irradiation suffers two obstacles, i.e, 
irregular arrangement of the structures, and lacking diversity of the 
morphology, which present great challenges in the scope of surface 
functionalizations on multidisciplinary applications. In recent previous 
studies, temporally shaped femtosecond lasers have been tried to solve 
the aforementioned problems via exploiting the transient surface dy
namics of the laser-material interaction [17–27]. For instance, through 
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using double/three/multiple femtosecond laser pulses with orthogonal/ 
cross/parallel polarizations and inter-pulse picosecond time delays, our 
group and Giannuzzi et al successfully manufactured the homogeneous 
large-area one-dimensional (1D) nanograting structures were on both 
metals and semiconductors [17–19], which overcomes the undesirable 
phenomena of bending, splitting and interruption. Moreover, with 
properly choosing the inter-pulse delay, energy fluence and polarization 
state of double femtosecond laser irradiations, diverse types of the 
regular two dimensional (2D) LIPSSs have been reported to achieve, 
such as square array of dots, hexagonal array of triangles and holes, 
chains of spindles [20–27]. During these investigations, the temporally 
delayed femtosecond laser pulses irradiation present the merits of more 
degrees of freedom for controlling the LIPSSs, but their high efficient 
manufacturing with high precision and uniformity as well as the profile 
transitions have been less explored. 

In this paper, we present an effective strategy for controllable 
manufacturing of different nanoscale LIPSSs with large-area uniformity 
on molybdenum surface, through using cylindrical focusing of double 
femtosecond blue laser pulses having orthogonal polarizations and a ps 
time delay. When the energy fluence ratios between double laser pulses 
are varied, three types of periodic surface structures, i.e., 1D nano
grating, 2D nanotriangle and nanodot structure arrays, can be developed 
especially with large-area homogeneity. The feature size and the spatial 
period of the achieved surface structures can be decreased down to 
140 nm and 260 nm, respectively. The uniform distribution in a long 
range is detailedly analyzed in both the spatial and frequency domains. 
Moreover, the formation conditions of such regular surface structures 
are experimentally obtained for the effective transitions in terms of the 
total energy fluence and the double laser fluence ratio. Finally, the deep 
insights into their physical origins are provided in the frame of multiple 
surface plasmon excitations due to the transient correlation between 
dual laser-material interaction dynamics. 

2. Experiments 

Fig. 1 schematically depicts a strategy of periodic nanostructuring on 
metal surface upon irradiation of double time-delayed femtosecond laser 

pulses. Here, a commercial Ti:sapphire femtosecond laser amplifier 
(Spitfire Ace, Spectra Physics) was employed as a light source to deliver 
linearly polarized infrared (λ = 800 nm) pulse trains at the repetition 
rate of 1 kHz, leading to a large time interval of 1 ms between the two 
adjacent pulses. The measured pulse time duration of the laser is 40 fs. In 
terms of developing nanoscale LIPSS period, the infrared femtosecond 
laser was frequency-doubled into the blue light at λ = 400 nm via a beta- 
barium-borate (BBO) crystal, after which a spectral band-pass filter was 
placed for eliminating the fundamental light components. To achieve 
the inter-pulse time delay in picosecond scale, the blue laser was allowed 
to pass through a birefringent crystal of Yttrium vanadate (YVO4), which 
results in splitting of each laser pulse into double sub-ones with 
orthogonal linear polarization but in a collinear propagation. For the 
1.6-mm thick birefringent crystal, the available time delay between 
double pulses is of Δt = 1.5 ps [28]. Through rotating an azimuth angle 
(α) of the crystal relative to the direction of the incident blue laser po
larization, we can continuously change the energy ratio between double 
pulses. Afterwards, such double femtosecond lasers were then focused 
by a cylindrical lens (with a focal length f = 50 mm) into a line-shaped 
beam spot due to the actual spatial confinement only happening in one- 
dimension. Under such circumstances, the resultant large focal spot can 
help to decline the severe intensity variation and improve the struc
turing efficiency as well, in contrast to the traditional tight focusing 
effect with a spherical optical lens. The whole energy of the double laser 
pulses was finely adjusted by a combination of a half-wave plate with a 
Glan-Taylor prism that was placed before the BBO crystal. 

In the experiment, a 1 mm-thick Mo plate (with a purity > 99.8%) 
was selected as the sample material, because of its having the good 
thermal transfer and conductivity properties for many practical appli
cations in microelectronics, space optics and fusion reactors [29–31]. To 
avoid the disturbing effect of the laser-induced air ionization, the sample 
surface was placed 250 μm away before the focus. The resultant laser 
intensity distribution on the sample surface was monitored by a Win
CamD (LCM, DataRay), which presents a line-shaped profile with a 
narrowly confined width of approximately 35 μm and an unaffected 
length of approximately 6 mm at 1/e2 of the peak intensity, respectively, 
as shown in Fig. 1(b). Under the fixed irradiation of double femtosecond 

Fig. 1. (a) Schematic of the experimental setup for switchable formation of uniform large-area nanostructures on metal surface, by using double time-delayed 
femtosecond blue laser pulses with orthogonal linear polarizations (marked by E1 and E2, respectively) that are generated via a birefringent crystal of YVO4. (b) 
Measured cylindrical focusing line-shaped beam spot on the sample surface and its cross-section profiles along two directions. 
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blue laser pulses, the mechanically polished Mo sample was mounted on 
a computer controlled X-Y-Z stage (XMS-100, Newport) to translate at a 
velocity of v = 0.01 mm/s along the confined direction of the line- 
shaped laser spot, resulting in about 3500 pulses partially overlapped 
within one laser spot area and a mm-scaled laser processing area in one- 
step. The laser peak energy fluence on the sample surface can be eval
uated by F = 8E0/(πϕ1ϕ2) [13], where E0 represents the pulse energy, ϕ1 
and ϕ2 for the confined and unconfined beam dimensions, respectively. 
Before and after the experiments, the sample material was ultrasonically 
cleaned in acetone solution for several hours, and the surface mor
phologies were characterized by a scanning electron microscope 
(FESEM, HITACI, S-4800). 

The ablation threshold of the material is a vital parameter for the 
LIPSS formation. The reported ablation threshold fluence of Mo material 
was variable with laser parameters such as the laser wavelength, the 
overlapping pulse number and the pulse duration [32–33]. In the ex
periments, with the cylindrically focused double-beam laser scanning 
Mo surface at the velocity of v = 0.01 mm/s, the ablation threshold 
fluence was measured about Fth = 0.057 ~ 0.071 J/cm2, depending on 
the energy fluence ratio between the double laser pulses. 

3. Results and discussion 

Before our experiments, various types of LIPSSs had been reported to 
develop on Mo surface in the previous literatures [20,34–38], as sum
marized in Table 1. Under the single-beam femtosecond laser irradiation 
with the linear polarization, 1D grating-like LIPSS was generally pro
duced with orientation perpendicular to the laser polarization. The 
spatial period can be changed from the near- to deeply sub-wavelength 
scales by changing laser processing parameters [34–36]. Occasionally, 
2D sporadic triangular and rhombic LIPSSs were observed to produce 
among the traditionally longitudinal LIPSS on local regions and vary 
dramatically in different regions [37]. Upon sequential scanning with 
two orthogonal laser polarization directions, 2D square-shaped nano- 
pillars structure was also found to be achieved [36]. However, all LIPSSs 
above produced by the single-beam of femtosecond laser present irreg
ular spatial distributions with undesirable bending, splitting and inter
ruption defects. It was found that highly uniform 1D LIPSS can be 
achievable on thin Mo film [36]. Through using two-colored time- 
delayed femtosecond lasers, we successfully produced 2D nanodot- 
matrix LIPSS on bulk Mo [20]. In this work, we will employ double 
time-delayed blue femtosecond lasers to fabricate homogeneous large- 
area of three types of surface structures on the bulk Mo. 

3.1. Structural morphology and characterization 

In the experiment, by varying the azimuth angle of the birefringent 
crystal, α,we investigated the morphology evolution of the laser-induced 
surface structures on Mo surface with different energy ratios between 
double pulses at the total laser fluence of F = 0.182 J/cm2. In the case of 
α = 0◦, the double time-delayed laser pulses cannot be produced via the 
birefringent crystal, instead there is only a single beam of blue femto
second laser irradiation. As a result, the typical 1D semi-periodic 
nanograting surface structures were observed to form, in accompany 

with the poor quality of bending, splitting and interruption phenomena, 
being very similar to the situations in the previous reports [19]. In 
general, this is a great challenge for the application of surface photonic 
devices. On the other hand, when the azimuth angle of the crystal was 
clockwise rotated to α = 30◦, we were able to obtain the double-beam 
femtosecond lasers with the energy fluence ratio of F1:F2 = 3:1, and 
consequently the quality of the nanograting structure formation was 
found to improve significantly with the highly uniform spatial distri
bution, as shown by the SEM images in Fig. 2(a). In this case the periodic 
grooves can be well organized in the mm2 scale area without the pre
viously observed distorting defects, which dramatically improves the 
spatial regularity of the surface structures in comparison with the result 
of single-beam femtosecond laser irradiation [39–40]. Moreover, the 
spatial orientation of the induced uniform nanograting surface struc
tures is found perpendicular to the direction of the linear polarization of 
the high-fluenced laser beam E1. The corresponding high resolution SEM 
image demonstrates that the grating ridges tend to possess the unprec
edented straight and smooth features without wavy and splitting pro
files. The measured grating period approximates Λ = 260 nm, associated 
with the groove width of w = 100 nm. 

The spatial frequency image of the uniform nanograting structures 
was obtained using 2D Fast Fourier transformation (FFT) method, as 
displayed in Fig. 2(b). It is clear that the calculated discrete distribution 
of the frequencies line up in the direction perpendicular to the structure 
orientation, which also implies the excellent uniformity of the surface 
structures in the spatial domain. The retrieved data along the connection 
of frequencies (the white dot line in the middle) was plotted in Fig. 2(d), 
where an interval of approximately f = 3.73 μm− 1 between the two 
adjacent frequency peaks indicates the reciprocal spatial period of 
268 nm, being consistent with the measurement from the SEM image. 
The calculated dispersion in structure orientation angle (DSOA), which 
is used to quantitatively characterize the structures regularity [38], is 
about δθ = 6.5◦, as shown in Fig. 2(e). This result also indicates the 
remarkable uniform formation of the structures on the material surface. 

In fact, as we continuously clockwise rotated the azimuth angle of 
the birefringent crystal to α = 37◦, which corresponds to the energy 
fluence ratio of F1:F2 = 1.52 between double laser pulses, another kind 
of surface structure was observed to form, as shown in Fig. 3(a). Much 
different from the observation of the 1D nanograting structures in Fig. 2, 
in this case the uniform formation of 2D arrays of nanoscale triangles 
can be unexpected to achieve, wherein the neighboring six nano
triangles were seen to organize into a hexagonal pattern, as shown by 
the yellow solid lines in the high resolution SEM image. Because the 
formation of triangle structure is indeed realized by the mutual cross- 
linking of three ablation grooves, which are oriented in the left- 
slanted, right-slanted and horizontal directions, respectively, the 
whole structure pattern can be understood as a result of the spatial 
interlocking of three groups of 1D nanogratings. Moreover, the left- 
slanted orientation of the grooves is seen perpendicular to the direc
tion of the linear polarization of the high-fluenced laser E1, while other 
two groove orientations are found neither parallel nor perpendicular to 
the linear polarizations of double laser pulses. The measured spatial 
periods for the three groups of the nanogratings with the left-slanted, 
right-slanted and horizontal orientations approximate Λ1 = 265 nm, 

Table 1 
Summary of the LIPSSs formed on Mo surface.  

Material Beam properties Laser parameters Environ-ment Period LIPSS 
Morphology 

Regularity Refs 

Bulk Single beam 800 nm, 160 fs, 10 Hz Air 0.81λ Grating Bad [34] 
Bulk Single beam 1045 nm, 700 fs, 100 kHz Hexane 0.2 λ Grating Bad [35] 
Bulk Single beam 800/400 nm, 110 fs, 1 kHz Air, Water 0.66 λ, 0.42 λ Grating, Nanopillars Bad [36] 
Bulk Single beam 1030 nm, 400 fs, 400 kHz Air 0.74 λ Triangular, Rhombic Bad [37] 
Film Single beam 1030 nm, 213 fs, 600 kHz, Air 0.82 λ Grating Good [38] 
Bulk Two-color beam 800 nm and 400 nm, 50 fs, 1 kHz, Δt = 100 ps Air 0.75 λ Dot array Bad [20] 
Bulk Two beam 400 nm, 40 fs, 1 kHz, Δt = 1.5 ps Air 0.65λ ~ 0.85 λ Grating, Triangle, Dot Good This work  
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Λ2 = 320 nm and Λ3 = 340 nm, respectively, and their ablation groove 
widths are w1 = 70 nm, w2 = 60 nm and w3 = 60 nm, respectively. As for 
the nanotriangle structure unit, the measured three side lengths have the 
equal value of l = 200 nm. Likewise, the laser-induced nanotriangle 
structure arrays present the excellent uniform distribution and the high 
quality morphology of the structure unit within the sub-mm2 even mm2 

scale area. 
Fig. 3(b) displays the spatial frequency image of the 2D nanotriangle 

structure arrays using 2D-FFT, where the discrete frequency spots with a 
clear distribution feature were also arranged in the hexagonal pattern. 
The retrieved data along three chains of the frequency connection (white 
dot lines) are plotted in Fig. 3 (c)-(e), whose providing the sharp fre
quency peaks imply the remarkablely uniform distribution of the 2D 
nanotriangle structure arrays in the spatial domain. The measured in
tervals of f1 = 3.76 μm− 1, f2 = 3.09 μm− 1 and f3 = 2.97 μm− 1 between 
the two adjacent frequency spots along three different alignment di
rections indicate the reciprocal spatial periods of 268 nm, 320 nm and 
338 nm, respectively, which agree with the measurement results in the 
SEM images. 

On the other hand, when the azimuth angle of the birefringent 
crystal was further rotated to α = 45◦, the double laser pulses are certain 
to possess the equal energy, or the energy fluence ratio reduces to F1: 
F2 = 1, and the available laser-induced surface structures turn to become 
the uniform distribution of 2D nanodot arrays, as shown in Fig. 4(a). 

Similar to the aforementioned analyses, such structure pattern can be 
viewed as a result of the spatial interlocking of two groups of 1D 
nanogratings oriented in orthogonal directions, which are perpendicular 
to the linear polarizations of the double laser pulses, respectively. In 
particular, the formation of the highly uniform nanodot structure arrays 
can also be evidenced within the sub-mm2 even mm2 scale area with the 
high-quality structure unit. The measured spatial periods along the two 
grating orientations approximate Λ1 = 260 nm and Λ2 = 290 nm, 
associated with the groove width of w1 = 120 nm and w2 = 150 nm, 
respectively, resulting in a dot diameter of D = 140 nm. The calculated 
spatial frequency image for the 2D nanodot structure arrays, as shown in 
Fig. 4 (b), demonstrates the clear and discrete distribution of the fre
quencies in a square pattern. The narrow peaks in the retrieved data 
along the two chains of frequency connection (while dot lines), as shown 
in Fig. 4(c)-(d), hint the prominently uniform distribution of the nanodot 
structure arrays in the space domain. The measured frequency interval 
of f1 = 3.80 μm− 1 and f2 = 3.46 μm− 1 suggests the two reciprocal periods 
of 263 nm and 289 nm, being coincident with the measurement values in 
the SEM images. 

3.2. EDS analysis 

A chemical analysis of the pristine and femtosecond laser nano
structuring regions on Mo surface was performed by a comparative 

Fig. 2. Characterization of the uniform 1D nanograting surface structures on Mo surface induced by orthogonal polarizations of double femtosecond blue lasers with 
a time delay of 1.5 ps, where the energy fluence ratio between them is given by F1: F2 = 3:1 at the total laser fluence of F = 0.182 J/cm2. (a)-(b) SEM and 2D-FFT 
images of the nanograting structures. (c) Retrieved distribution of the frequency components along the middle white dot line in (b). (d) Calculated curve of the 
structure orientation angle distribution. 
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study of energy-dispersive X-Ray spectroscopy (EDS), as illustrated in 
Table 2. Appearing oxygen (O) element on the pristine Mo surface can be 
ascribed to the formation of native molybdenum trioxide (MoO3) layer 
in air [41]. After the femtosecond laser nanostructuring of Mo, the 
weight concentration of oxygen (O) element is observed to increase from 
5.76% to 7.42% due to the generation of new Mo oxides [41], while it 
decreases from 94.24% to 92.58% for Mo element. This result demon
strates that the laser-induced surface nanostructures are mainly 
composed of Mo and doped with a small amount of Mo oxides. 

3.3. Dynamic window of the surface nanostructures formation 

In addition, we carried out massive experiments with varying the 
laser parameters to investigate the formation of the three types of highly 
regular surface structures. It was found that the appropriate scanning 
velocities were located within a narrow range of v = 0.01 ~ 0.02 mm/s, 
and the valid defocusing distance of the sample surface can be varied in 
a range of s = 200 ~ 400 μm. With the selected scanning speed of 
v = 0.01 μm/s and the defocusing distance of s = 250 μm, we experi
mentally obtained the dynamic windows for the formation of three 
uniform surface structures, in terms of the totally incident laser fluence 
and the energy fluence ratio (F1: F2) between the double laser pulses, as 
illustrated in Fig. 5. Clearly, when the laser energy ratio values are given 
within two ranges of 1:3 < F1:F2 < 2:3 and 3:2 < F1:F2 < 3, the ho
mogeneous 1D nanograting structures can be achieved; whereas for the 
variation of the laser energy ratio within two ranges of 0.5 < F1:F2 < 0.8 

and 1.25 < F1:F2 < 2, the homogeneous 2D nanotriangle structure arrays 
can be formed; however, the laser fluence ratios for producing the ho
mogeneous 2D nanodot structure arrays are found to confine within a 
range of 0.8 < F1:F2 < 1.25. Here, a “symmetric” behavior is observed 
for the three nanostructures formation with respect to the energy ratios 
of F1/F2 and F2/F1, which means they are determined by the relative 
energy fluence ratio and independent on the incidence order of double 
pulses in time sequence. Moreover, the proper energy fluence ratios for 
the formation of three homogeneous surface structures seem to rely on 
the total laser fluence. The higher the total incident laser fluence, the 
narrower the valid range becomes. Otherwise, either the irregular or no 
surface structures was formed. 

3.4. Physical origins of the surface nanostructures formation 

As reported in the previous studies [42–43], the laser-induced 
nanograting surface structures stem from the excited surface plasmon 
polaritons (SPP) whose subsequent interference with the incident laser 
gives rise to the intensity fringes on the material surface. The response of 
the material surface following the energy deposition often undergoes a 
series of ultrafast dynamic processes, which involve the optical ab
sorption by free electrons, the energy transfer from electron to the lattice 
subsystems, the melting, hydrodynamics and re-solidification of the 
lattice [14–16]. During the initial stage, the absorption of the periodic 
laser energy fringes was memorized by the material surface in a form of 
transient refraction index grating (TRIG) patterns, which consequently 

Fig. 3. Characterization of the uniform 2D arrays of nanoscale triangles surface structures on Mo surface induced by orthogonal polarizations of double femtosecond 
blue lasers with a time delay of 1.5 ps, where the energy fluence ratio between them is given by F1: F2 = 1.52: 1 with the total fluence of F = 0.182 J/cm2. (a)-(b) SEM 
and 2D-FFT images of the nanotriangle structures; (c)-(e) Retrieved distributions of the frequency components along the three white dot lines in (b). 
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causes the spatial selection of the material removal for the permanent 
nanograting structures. In practice, the well-arranged surface structures 
were generally developed by the multi-pulse exposure, wherein a posi
tive inter-pulse feedback between the laser-exposed surface morphology 
and the SPP excitation is established [1,39–40]. Based on such a feed
back mechanism, the laser-exposed surface morphology begins to evolve 
from the random nanostructures into the nascent periodic patterns, 
finally resulting in the well-defined surface structures. During these 
processes, the grating-assisted coupling between the laser and the 
excited SPPs tends to gradually convert from the nonresonant mode into 
the resonant mode with the evolution of the surface morphology. By 
taking into account the predominant role of the SPP excitation in the 
nanograting structure formation, the generation of three types of highly 
regular surface structures that consist of one, two and three groups of 
nanogratings can be ascribed to the excitation of the single, double and 
three SPPs with different wave vectors, respectively. The time delay of 
1.5 ps between the double laser pulses, being shorter than the electron- 
lattice coupling time (~10 ps) in metals, makes the dual dynamic 

processes of the laser-material interactions mutually correlated in the 
transient non-equilibrium conditions. Next, we will establish the phys
ical scenarios for the single, double and three SPPs excitations based on 
the dynamic correlation effects, to explain the formation of the highly 
regular surface structures. 

The sketches in the middle raw of Fig. 6 illustrate a physical 
description for the single SPP excitation on molybdenum material upon 
irradiation of double femtosecond lasers with the energy fluence ratio of 
F1:F2 = 3, which corresponds to the formation of the highly regular 
nanograting structures. Owing to the large difference between the two 
energy fluences, the strong SPP excitation of the incident laser pulse 
with the relatively high energy is ready to predominate the emergence of 
the nascent nanograting structures, while the irradiation of the laser 
pulse with the relatively low energy is inclined to heat the material 
surface. In other words, such different contributions from the double 
femtosecond laser pulses to the nascent grating development are actu
ally determined by their energy fluences regardless of the time
sequential incidence. As a result, the spatial orientation of the nascent 
grating patterns becomes perpendicular to the direction of the linear 
polarization of the laser pulse with the high energy. When the follow-up 
laser pulse pairs with orthogonal linear polarizations are incident on the 
nascent grating patterned surface, the high-energy laser pulse is logi
cally regarded as the TM polarization whereas the low-energy laser 
pulse as the TE polarization, and their energy depositions on the nascent 
grating patterns can be simulated using the finite-difference time- 
domain (FDTD) method, as shown in Fig. 6 (c). Here, the geometric 

Fig. 4. Characterization of the uniform 2D arrays of nanoscale dots surface structure on Mo surface induced by orthogonal polarizations of double femtosecond blue 
lasers with a time delay of 1.5 ps, where the energy fluence ratio between them is given by F1: F2 = 1:1 with the total incident laser fluence of F = 0.182 J/cm2. (a)-(b) 
SEM and 2D-FFT images of the nanodot structures. (c)-(d) Retrieved distributions of the frequency components along the two white dot lines in (b). 

Table 2 
Chemical analysis of the pristine and femtosecond laser nanostructuring regions 
on Mo surface.  

Elements Pristine (wt. %) Nanostructuring (wt. %) 

Mo 5.76 7.42 
O 94.24 92.58  
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parameters of the structure design are provided by Λ = 260 nm, 
w = 80 nm and d = 60 nm on the basis of the experimental measure
ments, while the permittivity of Mo material is assumed as ε = −

1.64 + i1 at the wavelength of λ = 400 nm by considering the surface 
modification from the multi-pulse exposure. Clearly, for the incident 
TM-polarized light the calculated electromagnetic (EM) field intensity is 
enhanced on the grating ridge areas, leading to the ridge-center- 
preference energy deposition; while for the incident TE-polarized light 
the calculated enhancement of the EM field is concentrated around two 
edges of the groove, leading to the groove-edge-preference energy 
deposition. 

During the multi-pulse exposure of single-beam laser irradiation, the 
follow-up light incidence should be always deemed as the TM- 
polarization, so that there is only the ridge-center-preference energy 
deposition on the nascent grating patterns, which unavoidably results in 
the ridge splitting effect to deteriorate the spatial arrangement of the 
structures [39–40]. In contrast, for the case of double laser pulses irra
diation the two different EM field enhancement behaviors from both the 
TM and TE-polarized laser pulses can take place, and their spatial 
counterbalance tends to achieve the nearly homogeneous energy 
deposition on the nascent grating surface, which not only makes the 
ridge splitting suppressed but also causes the smoothness of the struc
ture. As a result, the positive feedback is constituted to regulate the 
growth of the nascent grating patterns with multi-pulse-pair exposures, 
thus finally leading to the large-area uniform distribution of the nano
grating structures. 

When the energy fluence ratio of the double laser pulses is decreased 
to F1:F2 = 1.7:1, the physical picture for the excitation of three SPPs is 
diagramed in the bottom raw of Fig. 6, which devotes to interpreting the 
formation of the regular 2D nanotriangle structure arrays. At the early 
stage of the nascent grating formation, the high-energy laser pulse is 

ready to generate the TRIG1 pattern (with a reciprocal lattice vector |

k
→

TRIG1| = 2π/Λ1) via its SPP excitation regardless of the first or time- 
delayed incidence, which finally evolves into one group of the nascent 
grating with orientation perpendicular to its polarization direction. 
Much different from the situation with the energy fluence ratio of F1: 
F2 = 3:1, in this case the physical contribution of the low-energy laser 

pulse to the morphology of the nascent grating surface becomes no 
longer negligible, its interplay with the TRIG1 pattern will modulate the 
structure morphology. 

When the high energy of laser pulse E1 reaches the target at first in 
the time sequence, the delayed incident low energy of laser pulse E2 is 
deemed to couple with the existing TRIG1 pattern, as shown in Fig. 6(d). 
The Gaussian intensity profile of the first laser pulse spot results in a 
gradient refraction index profile for the optically modified layer with the 
maximum change in the center of the Gaussian laser spot, which mod
ulates the whole profile of the TRIG1 pattern, as shown by the blue curve 
profiles in Fig. 6(b), 6(d) and 6(g). When incident on the gradient-index 
TRIG1 pattern, the delayed incident laser pulse E2 tends to be deflected 
from the normal incidence with a deflection angle of θ,as shown by the 
inset in Fig. 6(d). Under such circumstances, the tangential component 
of the deflected light can non-collinearly make two SPPs (SPP2, SPP3) 
excitation on the optically modified surface by scattering of the TRIG1 
pattern [44], whose wave vectors satisfy the phase matching condition 

k
→

spp2,3 = n k
→

0sinθ ± k
→

g, where ± k
→

g is an additional vector provided by 

the TRIG1 pattern for compensating the difference between n k
→

0sinθ and 

k
→

spp2,3. The noncollinear excitation of the two SPPs was simulated by 
the FDTD method, as shown in Fig. 6(e), where the structure design for 
the TRIG1 pattern was the same as that in Fig. 6(c). In the vectorial di
agram of the two noncollinear SPPs excitation in the plane of the TRIG1 
surface, the propagation directions for the two SPPs are determined by 

the azimuth angle of φ2,3 = ±cos− 1(|n k
→

0sinθ|/| k
→

spp2,3|) with respect to 
the TRIG1 orientation. 

Noting that, the magnitude of k
→

spp2,3 depending on the permittivity 

of sample material remains unchanged. The magnitude of n k
→

0sinθ is 
mainly proportional to the energy fluence of the time delayed laser pulse 

E2. With increasing the laser pulse fluence, n k
→

0sinθ becomes higher in 

the magnitude, so that the azimuth angle of φ2,3 decreases and k
→

g re
duces in the magnitude accordingly. The resonance excitation for two 

noncollinear SPPs with the high efficiency is supposed to occur when k
→

g 

is half of k
→

TRIG1 in the magnitude, that is, the three vectors of k
→

spp2, 

k
→

spp3 and k
→

TRIG1 construct a quasi-equilateral triangle due to their 
approximately equal magnitudes, as shown by the pink and yellow solid 
lines in Fig. 6(d), since the phase matching condition is fully fulfilled. 
Moreover, the two noncollinear SPPs can be resonantly diffracted by the 

TRIG1 pattern to each other: k
→

spp2 ± k
→

TRIG1 = k
→

spp3. At this case, the 
azimuth angle φ2,3 for the two noncollinearly excited SPPs is 
approximately ± 30◦. In our experiments, the resonance excitation of 
the two noncollinear SPPs was verified to occur within the energy- 
fluence-ratio range of 1.4 < F1:F2 < 1.7 for the double laser pulses. In 
other energy-fluence-ratios, the non-resonance excitation of the two 
non-collinear SPPs at other azimuth angles is negligible for the structure 
morphology formation due to low efficiency. Likewise, the interference 
of the low-energy laser pulse E2 with the two non-collinear SPPs at the 
azimuth angle of φ2,3=±30◦ will lead to two other groups of the nascent 
grating patterns, with a deflecting orientation angle of ± 60◦ relative to 
the precedent nascent grating patterns. Therefore, their spatially mutual 
interlockings would like to form the nascent 2D nanotriangle structure 
arrays, where the two groups of the grooves induced by the low-energy 
laser pulse apparent to have the shallower depth than that induced by 
the high-energy laser pulse. 

With the continuous pulse-pair exposure on the nascent 2D nano
triangle structure arrays, as shown in Fig. 6(f), the high-energy laser 
pulse E1 is capable of exciting three SPPs in the noncollinear directions, 
while the two noncollinear SPPs excited by the low-energy laser pulse E2 
are ready to propagate normal to the two groups of periodic grooves 
with the shallow depth. The excited three SPPs can further facilitate the 
growth of the existing nascent structure arrays by localizing the double 
laser energies into the grooves, and vice versa. As a result, the positive 

Fig. 5. Experimentally obtained a dynamic window for the switchable forma
tion of three types of highly regular nanostructures on Mo surface, in term of 
the total incident laser fluence and the fluence ratio between double laser 
pulses, where the symbols of ‘//’, ‘▴’, and ‘●’ represent the corresponding 
structure formations like the inset SEM images, and the symbol of ‘×’ for the 
irregular or no structure formation. The scanning speed and the defocused 
distance are fixed at v = 0.01 mm/s and s = 250 μm, respectively. 
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feedback is constituted to regulate the growth of the nascent 2D nano
triangle structures with multi-pulse-pair exposures, thus finally leading 
to a long-range uniform distribution of the surface structures. 

On the other hand, when the low energy of laser pulse reaches the 

target at first, the incident time-delayed high energy of laser pulse is 
responsible for producing one group of nascent grating via smearing out 
the TRIG pattern induced by the low-energy laser pulse. Under the 
subsequent pulse-pair irradiation, the temporally first incident low- 

Fig. 6. Proposed physical scenarios for the formation of three types of highly regular surface structures upon irradiation of double time-delayed femtosecond lasers 
with orthogonal linear polarizations. (a) Schematic of the spatially periodic energy distribution on molybdenum surface dominated by the first incident laser pulse E1 
via the collinear excitation of SPP1, to which the response of the material brings the transient refraction index gratings (TRIG1, shaded blue regions in (b), (d), (g)) 
and the convex-lens-like optically modulated thin layer (the profile of TRIG1); (b) Schematic of null SPP excitation on the existing TRIG1 under the time-delayed laser 
pulse E2 irradiation with the energy fluence ratio of F2: F1 = 1:3; (c) Simulated spatial distributions of the electromagnetic (EM) field on the V-shaped nascent 
nanograting structure with exposure of multi-pulse-pairs of orthogonal polarizations, i.e., both the transverse magnetic (TM) and the transverse electric (TE) 
polarized lights, insets for the profiles on the transverse plane of the groove surface; (d) Schematic of noncollinear excitation of SPP2 and SPP3 on the existing TRIG1 
under the laser pulse E2 irradiation with the energy fluence ratio of F2: F1 = 1:1.7, and the inset for the light deflection behavior of the laser pulse E2 inside the 
convex-lens-like optically modulated thin layer; (e) Simulated EM field distribution of the two non-collinearly excited SPPs; (f) Simulated SPPs excitation on the 
nascent 2D triangle structure arrays with multi-pulse-pairs exposure; (g) Schematic of collinear excitation of SPP2 under the laser pulse E2 irradiation with the energy 
fluence ratio of F2: F1 = 1:1; (h) Simulated EM field distribution of the collinearly excited SPP2; (j) Simulated SPPs excitation on the nascent 2D nanodot structure 
arrays with multi-pulse-pairs exposure. 
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energy laser pulse is ready to deflect by the optically modified surface, 
and subsequently causes two noncollinear propagation of SPP excita
tions, finally leading to another two groups of nascent gratings. Such 
nascent structures can constitute the positive feedback mechanism with 
the excitation of three SPPs, and gradually evolve into the highly regular 
2D nanotriangle structures under the continuous exposure of multiple 
double laser pulses. 

The diagram in the top raw of Fig. 6 depicts the physical scenario of 
the two SPPs excitation based on double-laser irradiation with the en
ergy fluence ratio close to F1:F2 = 1:1, which corresponds to the for
mation of the highly regular 2D nanodot structure arrays. At the birth 
stage of the nascent grating surface, the temporally first incident laser 
pulse E1 brings forth the pattern of TRIG1 via the collinear excitation of 
SPP1. Because the decreased energy fluence of the laser pulse E1 tends to 
minish the depth of the TRIG1 pattern and flatten the gradient-index 
TRIG1 profile, both the scattering and deflection of the TRIG1 pattern 
for the temporally delayed incident laser pulse E2 begin to vanish. Under 
this circumstance, the laser pulse E2 can excite SPP2 independently and 
collinearly to generate another TRIG2 pattern, as demonstrated by the 
simulated EM field distribution in Fig. 6(g). The spatial interlocking 
between the two TRIG patterns is doomed to produce the nascent 2D 
nanocube structure arrays. With succeeding multi-pulse-pair exposures, 
both the growth of the 2D existing nascent arrays and the excitation of 
double SPPs are constructively feeded each other, as shown in Fig. 6(i), 
finally resulting in the uniform formation of large-area 2D nanodot 
structure arrays with the thermal melting at the corners of the structure 
units. 

3.5. Potential applications 

A large-area nanograting pattern has been demonstrated to not only 
produce good monochromaticity of the structural colors for the short- 
wavelength visible lights but also display excellent broadband antire
flection performances in the wavelength range of 400–1000 nm for the 
TM-polarized light incidence [19]. When compared with the nano
gratings, it is conceivable that the large-area 2D nanotriangle and 
nanodot structures could generate the same antireflection performance 
for the polarized and unpolarized light incidence, and produce the same 
structural colors along three or two directions [45]. Furthermore, the 
nanostructured Mo surface with oxidization can be used as the high- 
efficiency substrates for the second-harmonic generation signal [46] 
and surface-enhanced Raman spectroscopy via the oxygen-vacancy 
correlated localized surface plasmon resonance (LSPR) effect [47]. 
Beyond those applications, the nanostructured Mo surface enables other 
numerous potential applications on wettability modification [48], 
antifriction [49], photoelectron enhancement [50], thermal manage
ment [51], etc. 

4. Conclusions 

We demonstrate a strategy for the controllable nanostructuring of 
molybdenum surface with large-area uniform periodic nanostructures 
using cylindrical focusing of double time-delayed femtosecond blue la
sers with orthogonal linear polarizations. Three types of the surface 
nanostructures, featuring nanograting, nanotriangle and nanodot 
structure arrays, are controllably manufactured by the proper choice of 
the energy fluence ratios between the double laser pulses, respectively. 
The achieved surface structures can decrease down to 140 nm and 
260 nm in the structural size and spatial period. The microscopic ob
servations combining with Fourier frequency analysis demonstrate that 
the nanostructures present the extremely long-range uniform distribu
tion and the high quality morphology of the structure unit. The 
switchable formation conditions for the three types of nanostructures 
were experimentally obtained with respect to the total energy fluence 
and the double laser fluence ratios. Taking the standard SPP model of 
LIPSSs into account, the physical origins of the nanostructures were 

ascribed to the multiple surface plasmon excitations during the tempo
rally correlated dynamic processes of the dual laser-material in
teractions. Our investigations facilitate the efficient scale-up 
manufacturing of 2D nanoscale surface structures, promising potential 
applications in the nanoscience fields of photonic crystal, nano
plasmonics, nanotribology, nanofluidic, etc. 
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