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The eﬀect of femtosecond laser ﬂuence on nanostructuring of Tungsten (W) and Molybdenum (Mo) has been
investigated after ablation in ethanol environment. A Ti: Sapphire laser (800 nm, 30 fs) at ﬂuences ranging from
0.6 to 5.7 J cm−2 was employed to ablate targets. The growth of structures on the surface of irradiated targets is
investigated by Field Emission Scanning Electron Microscope (FESEM) analysis. The SEM was performed for
both central as well as the peripheral ablated regions. It is observed that both the development and shape of
nanoscale features is dependent upon deposited energies to the target surface as well as nature of material.
Nanostructures grown on Mo are more distinct and well deﬁned as compared to W. At central ablated areas of
W, unorganized Laser Induced Periodic Surface Structures (LIPSS) are grown at low ﬂuences, whereas,
nonuniform melting along with cracking is observed at higher ﬂuences. In case of Mo, well-deﬁned and
organized LIPSS are observed for low ﬂuences. With increasing ﬂuence, LIPSS become unorganized and broken
with an appearance of cracks and are completely vanished with the formation of nanoscale cavities and conical
structures. In case of peripheral ablated areas broken and bifurcated LIPSS are grown for all ﬂuences for both
materials. The, ablated diameter, ablation depth, ablation rate and the dependence of periodicity of LIPSS on
the laser ﬂuence are also estimated for both W and Mo. Parametric instabilities of laser-induced plasma along
with generation and scattering of surface plasmons is considered as a possible cause for the formation of LIPSS.
For ethanol assisted ablation, the role of bubble cavitation, precipitation, conﬁnement and the convective ﬂow is
considered to be responsible for inducing increased hydrodynamic instabilities at the liquid-solid interface.

1. Introduction
Laser induced micro/nano-structuring of materials is a versatile
tool to modify the properties of materials for enhanced optical
absorption [1], thermal [2], ﬁeld emission [3], hydrophobicity [4],
biocompatibility [5] and tribological performance [6]. A large variety of
complex and multiscale features e.g. Laser Induced Periodic Surface
Structures (LIPSSs) [7], pillars [8], naonocracks [9], nanodots [10],
nanopores or nanocavities [11] and leaf-like nanoplatelets [12] can be
grown on surfaces of solids by using femtosecond lasers. LIPSS or
ripples have been extensively studied since the ﬁrst discovery by
Birnbaum on semiconductor surfaces [13]. A large number of previous
reports conﬁrmed that this could be recognized as a general phenomenon of laser-matter interaction on diverse kind of materials e.g.
metals, semiconductors and dielectrics [13–16]. Several theories such
as radiation remnants, second harmonic generation, or plasmonic
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excitations, Coulomb explosion and parametric decay model have been
proposed for growth mechanism of LIPSS during ultrafast laser
ablation [15–17]. However, the mechanism is not yet completely
understood and remains a topic of debate.
Laser ablation-based nanofabrication is strongly dependent upon
laser beam parameters, such as wavelength, pulse duration, ﬂuence and
nature of material as well the environmental conditions and their
nanochemical eﬀects [18,19]. The ablation eﬃciency of materials is
signiﬁcantly inﬂuenced by oﬀering diﬀerent cooling and quenching
rates, conﬁnement and shielding eﬀects, shock wave generation and
chemical reactivity of the environment [19,20]. Various physical
processes such as plasma formation, condensation, agglomeration,
nucleation and coalescence are responsible for generation, growth
and size of nanostructures in the presence of reactive environment
[21].
Femtosecond laser assisted ablation and deposition of W and Mo
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Fig. 1. The schematic of experimental set-up for exposure of W and Mo by fs laser pulses in ethanol environment.

Sapphire laser with central wavelength of 800 nm, pulse duration of 30
fs at various peak ﬂuences ranging from 0.6 to 5.7 J cm−2 was
employed as an irradiation source for ablation of W and Mo in ethanol.
Field Emission Scanning Electron Microscope (FESEM) analysis was
performed to explore the nano structures formed on the surface of the
ablated W and Mo. To evaluate ablation rate, the crater depth was
measured with a confocal microscope.

has been reported by many researchers [11–13]. The hydrothermal
treatment during laser assisted ablation provides an eﬀective synthetic
approach for fabrication of morphologically tunable WO3 nanomaterials, with promising applications in gas sensing, electrochromic devices
and photocatalysis [22]. W is widely used as ﬁlaments, electrodes,
electrical and electronic contacts. Mo metal and its alloys have
specialized applications due to unique combination of properties,
including high strength at elevated temperatures, high thermal and
electrical conductivity, and low thermal expansion. Zhang et al.
reported that MoS2 exhibits signiﬁcant saturable absorption under
femtosecond laser excitation at 800 nm and is potential candidate for
ultrafast photonics [22]. Femtosecond laser interaction with metallic W
is reported by Fujimoto et al. [23]. The deposition of W nanogratings
induced by a single femtosecond laser beam has been reported by
Zhang et al. [24]. Laser-assisted nanostructuring of W in liquid
environment [20] and improvement in thermionic properties is
investigated by Barmina et al. [2]. Femtosecond laser-induced periodic
surface structure formation on W is reported by Vorobyev and Guo
[25]. Tang et al. [26] reported that the self-assembled, highly uniform
and tuneabale W nanogratings initiated by a single femtosecond pulsed
laser can be controlled by controlling the laser power and scanning
speed. Sub wavelength dot-like structures are directly generated on Mo
surfaces by focusing two-color femtosecond laser pulses [27].
Nanoscale cracks oriented perpendicular to the incident laser polarization are induced by low ﬂuence femtosecond laser irradiation on
metallic surfaces of W, Mo and Cu. Their formation is attributed to
local ﬁled enhancement around the nanoscale holes on the metal
surface [9].
The purpose of the present work is to investigate the eﬀect of
variation in femtosecond laser ﬂuence on nanostructuring of W and Mo
in the ethanol environment. The threshold ﬂuence, ablated diameter,
ablation depth, ablation rate, and the dependence of the periodic
structure interspaces on the laser ﬂuence are measured experimentally
and are compared with theoretically calculated or reported values by
other groups. The motivation behind this wok was to explore: eﬀect of
the peak ﬂuence as well local ﬂuence on the formation of nanostructures, material response (enthalpy of evaporation, thermal conductivity, reﬂectivity, absorption coeﬃcient, melting point for W and Mo,), as
well as eﬀect of wet (ethanol) ablation on the surface modiﬁcations
after fs laser irradiation. Laser ablation of W and Mo in ethanol
introduces various nonlinear eﬀects and enhances thermal and chemical reactivity at the solid-liquid interface due to conﬁnement. A Ti:

2. Experimental
The present work deals with the ablation of W and Mo with
multiple femtosecond laser pulses irradiation in ethanol. The grinded,
polished and ultrasonically cleaned W and Mo specimens with dimensions of 10 mm×10 mm×10 mm×3 mm were mounted on the motorized xyz- manipulator to position the targets precisely for each
exposure.
A regenerative Chirp Pulse Ampliﬁed (CPA) with central wavelength of λL 800 nm, Ti: Sapphire laser system (Femtolasers, Compact
Pro) with a pulse duration of 30 fs at 1 kHz repetition rate (1.5 eV
single photon energy) was used for irradiation. The pulse energy was
measured using a power energy meter (a pyroelectric detector
Coherent) in front of the liquid cell (ﬁlled with ethanol) that was
placed before the lens and the energy was varied using neutral density
ﬁlters and a linear polarizer.
Both the targets of W and Mo were exposed in ethanol, for nine
laser pulsed energies of 50, 100, 150, 200, 250, 300, 350, 400 and 450
µJ, while keeping the pulse duration constant at 30 fs. These energies
correspond to peak laser ﬂuences of 0.6, 1.3, 1.9, 2.5, 3.2, 3.8, 4.4, 5
and 5.7 J cm−2 respectively. Targets were immersed in ethanol ﬁlled in
a quartz cuvette in such a way that the target was lying on the bottom of
the cuvette. The laser beam was brought through the top of the quartz
cuvette to avoid the energy losses by the cuvette.
Each exposure was done with 1000 number of pulses. The laser
pulses were directed at normal incidence onto the target surface. The
schematic of experimental set-up is shown in Fig. 1. The laser intensity
distribution was adjusted to be spatially uniform by using a Gaussian
proﬁle. The laser beam was subsequently focused using a lens of focal
length 20 cm. The target was placed at 2.7 mm before the focal position
to avoid ﬁlamentation of laser pulses in ethanol at the focus point. The
laser spot size on the target was 100 µm in diameter.
The surface morphology of the irradiated W and Mo was analyzed
by using a Field Emission Scanning Electron Microscope (SEM, FEI49
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particular spatial component of small surface roughness that is selected
by the phase-matching condition during light scattering at the metal
surface. The scattering of the incident light via the surface roughness
generates surface plasmon wave, which interferes with the incident
light and produces standing wave pattern on the surface. Such surface
standing wave induces periodic deposition of metal and serves as
grating components to scatter more incident light into surface plasmon
wave. A positive feedback loop is thus established between the initial
surface roughness and surface plasmon wave, resulting in the spontaneous formation of surface periodic structures [11].
For liquid assisted ablation, bubble expansion/collapse precipitates
the convective ﬂow of the metallic molten layer due to variations in
surface tension (thermocapillary eﬀect) of the material [2,18]. These
variations are responsible for inducing increased hydrodynamic instabilities called Kelvin-Helmholtz and pressures at the liquid-solid
interface [5]. In liquids extreme pressure and temperature conditions
in the focal volume during laser ablation, enhances the thermal stresses
and generation of shock waves in W and Mo. The relaxation of these
thermal stresses is rapid in ethanol than in air due to high density
medium and hence supports the formation of cracking along with small
scale structures such as droplets, pores and colloids [10].
The possible mechanism for the formation of nanoscale particulates, droplets and branches is hydrodynamical instability which is
caused by the variations in surface tension gradients at liquid-solid
interface [15].

QUANTA 200 F, Netherlands). SEM analysis was performed for both
central as well as for peripheral ablated regions of W and Mo.
For exploring the surface morphology of peripheral ablated areas,
the SEM analysis was performed at 100 µm away from central position
where local ﬂuence are evaluated.
The ablation threshold ﬂuence is determined by ﬁtting the laser
ﬂuence dependence of ablation rate. To evaluate ablation rate, we
measured crater depth with a confocal laser scanning microscope
(Nano focus µsurf explorer version 7.02).
3. Results and discussion
Femtosecond laser ablation of W and Mo at wavelength of 800 nm,
number of pulses 1000, pulse duration of 30 fs in ethanol at various
ﬂuences was carried out. The value of peak ﬂuence ranges from
0.6 J cm−2 to 5.7 J cm−2 and local ﬂuence ranges from 0.2 m J cm−2
to 1.9 m J cm−2. The local ﬂuences at the peripheries at a distance of
100 µm (radius of sphere) from centre, exactly where growth of LIPSS
is observed have been evaluated by using following relation [28].

⎞2
⎛D
∅min ≈ ∅oexp [−1/2⎜ LIPSSo ⎟ ]
⎝ ω0 ⎠

(1)

where ∅min is is the local ﬂuence, ∅o is the peak ﬂuence, DLIPSSo is
diameter of peripheral region (200 µm for present case), where surface
structures are observed, ω0 is beam waist. The evaluated values of local
ﬂuences therefore decrease to ~0.3×10−3 from the peak ﬂuence. A
signiﬁcant drop of the ﬂuence range is seen speciﬁcally for from the
centre into the periphery of the craters.
The evaluated values of local ﬂuences are 0.2, 0.4, 0.6, 0.8, 1, 1.3,
1.5, 1.7, and 1.9 m J cm−2.

3.2. Surface analyses of Mo
SEM micrographs in Fig. 4(a–i) show the variation in the surface
morphology of central ablated regions of Mo targets, exposed to 1000
laser pulses in ethanol, for various peak laser ﬂuences of (a) 0.6 J cm−2,
(b) 1.3 J cm−2, (c) 1.9 J cm−2, (d) 2.5 J cm−2, (e) 3.2 J cm−2, (f)
3.8 J cm−2, (g) 4.4 J cm−2, (h) 5 J cm−2and (i) 5.7 J cm−2.
Distinct LIPSSs on the surface of Mo exposed at low ﬂuences
ranging from 0.6 J cm−2 to 1.9 J cm−2 are exhibited in Figs. 4(a)–(c).
The distinctness of LIPSS increases with increasing ﬂuence. The
moderate ﬂuence regime ranging from 2.5 J cm−2 to 3.8 J cm−2
(Figs. 4d–f) is responsible for partial destruction of LIPSS along with
the growth of cracks. The high laser ﬂuence ranging from 4.4 J cm−2 to
5.7 J m−2 is responsible for complete termination of LIPSS. and
formation of nanocavities as shown in Figs. 4(g)–(i). The diameter as
well as the distinctness of cavities signiﬁcantly increase with increasing
ﬂuence.
Surface structures grown with peak laser ﬂuences ranging from
0.6 J cm−2 to 5.7 J cm−2 are seen to diﬀer greatly depending upon the
extent of the ﬂuence. The surface features formed at lower laser ﬂuence
regime are LIPSS. Structures formed at a moderate laser ﬂuence are
nanocracks. Whereas, features at high ﬂuence regime are nano cavities
and pits. With increasing laser ﬂuence (within high regime), both the
size and density of nanoscale cavities, pits or cones increase. This is
attributed to increased absorption by nanoparticles on the surface
produced by preceding pulses as well as geometric eﬀects caused by
scattering from the increasingly rough surface. This is ascribed to
hydrodynamical processes, such as ﬂuid ﬂow of the surface melt due to
surface tension gradients, as well to collapse of cavitation bubbles [30].
The presence of precursor sites signiﬁcantly alters the energy distribution of subsequent laser pulses [31].
SEM images in Fig. 5(a–i) show the variation in the surface
morphology of peripheral ablated regions of Mo targets, exposed to
1000 laser pulses in ethanol, for various local laser ﬂuences of (a)
0.2 m J cm−2, (b) 0.4 m J cm−2, (c) 0.6 m J cm−2, (d) 0.8 m J cm−2, (e)
1.00 m J cm−2, (f) 1.3 m J cm−2, (g) 1.5 m J cm−2, (h) 1.7 m J cm−2and
(i) 1.9 m J cm−2. The growth of LPSS is quite evident for all ﬂuences.
However, these micrographs are further divided into three parts.
Surface modiﬁcations in low ﬂuence regime ranging from 0.2 to
0.6 m J cm−2 are shown in Fig. 5(a–c). Fig. 5(a) represents broken,

3.1. Surface analyses of W
The ﬂuence calculated at the central location of the laser spot
(central ablated region) has been termed as peak ﬂuence whereas the
ﬂuence at the periphery of the spot is named as local ﬂuence. SEM
images in Fig. 2(a–i) reveal the variation in the surface morphology of
central ablated regions of W targets, exposed to 1000 laser pulses in
ethanol, for various peak laser ﬂuences of (a) 0.6 J cm−2, (b)
1.3 J cm−2, (c) 1.9 J cm−2, (d) 2.5 J cm−2, (e) 3.2 J cm−2, (f)
3.8 J cm−2, (g) 4.4 J cm−2, (h) 5 J cm−2and (i) 5.7 J cm−2.
Nonuniform and unorganized LIPSS are observed in the central
ablated areas at low ﬂuences ranging from 0.6 to 2.5 J cm−2(Fig. 2a–d).
These LIPSS are covered with small scale pores which are arranged in
perpendicular direction to LIPSS. When the ﬂuence is increased to
3.2 J cm−2, (Fig. 2e) LIPSS are partially vanished with signiﬁcant
cracking. With further increase in laser ﬂuence from 3.8 to
5.7 J cm−2, LIPSS are completely vanished and nonuniform melting
along with nano cracking is observed in Fig. 2(f–i). The origin of such
kind of unidirectional nanocracks formed on metallic surfaces of W and
Mo at low-ﬂuence of femtosecond laser pulses is the locally enhanced
electric ﬁeld along the direction perpendicular to the incident laser
polarization around a nanoscale hole [29].
SEM images in Fig. 3(a–i) correspond to the variation in the surface
morphology of peripheral ablated areas of W targets, exposed to 1000
laser pulses in ethanol, for various local laser ﬂuences of (a)
0.2 m J cm−2, (b) 0.4 m J cm−2, (c) 0.6 m J cm−2, (d) 0.8 m J cm−2,
(e) 1.00 m J cm−2, (f) 1.3 m J cm−2, (g) 1.5 m J cm−2, (h)
1.7 m J cm−2and (i) 1.9 m J cm−2. LIPSS at all laser ﬂuences are
formed at the peripheral ablated of areas of W. In the peripheral
ablated areas, signiﬁcantly unorganized, undeﬁned, bifurcated and
broken ripples are viewed. The uniformity increases with increasing
laser ﬂuences and LIPSS with maximum distinctness and uniformity
are seen at a ﬂuence of 1.7 m J cm−2 (Fig. 3h).
LIPSS formation is attributed to the stimulated growth of a
50
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Fig. 2. SEM images revealing the variation in the surface morphology of central ablated regions of W targets, exposed to 1000 laser pulses in ethanol, for various peak laser ﬂuences of
(a) 0.6 J cm−2, (b) 1.3 J cm−2, (c) 1.9 J cm−2, (d) 2.5 J cm−2, (e) 3.2 J cm−2, (f) 3.8 J cm−2, (g) 4.4 J cm−2, (h) 5 J cm−2and (i) 5.7 J cm−2.

reported work by Vorobyev and Guo [25]. According to them [25],
LIPSS period for W at a ﬂuence of 0.44 J cm−2 vary from 560 to
470 nm, for diﬀerent numbers of laser pulses ranging from 60 to 800.
For W, the periodicity does not change signiﬁcantly with increasing
ﬂuence, but in Mo it increases drastically as the local laser ﬂuence
increases, from 0.4 m J cm−2 to 0.6 m J cm−2. However, the ripple's
period almost remains the same with further increasing laser ﬂuence
upto the maximum value of 2.1 m J cm−2. The periodicity of LIPSS is
smaller in ethanol as compared to reported values of periodicity in air
at similar ﬂuence [16]. This is the clear indication that wet ablation
with optimum pulse energy is more suitable for the growth of ﬁne
ripples. The rapid adiabatic cooling and fast heat dissipation of ablated
region of the W and Mo in the presence of ethanol [30] is a possible
reason for the growth of ﬁne ripples in ethanol.
The interspaces of periodic grating structures were in the range
from 0.3λL to 0.4λL for W and from 0.3λL to 0.6λL for Mo. Where λL is
the laser wavelength. This tendency suggests that dependence of
variation in interspaces of periodic grating structures on ﬂuence is
more pronounced in case of Mo as compared to W. This variation is
attributable to strong dependence of surface plasma density on the
ﬂuence in Mo than W. This fact leads us to conclude that combination
of laser ﬂuence, nature of material and environment play signiﬁcant
role for the growth and periodicity LIPSS [34].
For metals, the surface waves are in the form of Surfce Plasmons
(SP,s) that propagate along the metal surface and decay away exponentially from the dielectric/metal interface. The periodicity of LIPSS
by surface plasmon's is Λ sp =λLRe[((εd+εm)/(εdεm))1/2], where λLis laser
wavelength, εd refers to the permittivity of the dielectric medium and
εm= εr+iεi is the complex relative permittivity of the metal [25]. The
surface plasmons can only exist on a metal/air interface if the metal has
a real part of the relative permittivity smaller than −1. Since both W

indistinct and substantially unorganized LIPSS. In Fig. 5(b) LIPSS
become comparatively distinct and bifurcated. For a ﬂuence of
0.6 m J cm−2, LIPSS become more organized and distinct in Fig. 5(c).
The surface modiﬁcations at moderate ﬂuence regime ranging from 0.8
to 1.3 m J cm−2 are shown in Fig. 5(d–f). At this ﬂuence regime, LIPSS
are more distinct and organized as compared to low ﬂuence regime.
The periodicity of LIPSS decreases with increasing ﬂuence. The surface
modiﬁcations at high ﬂuence ranging from 1.5 to 1.9 m J cm−2 are
shown in Fig. 5(g–i). This ﬂuence is responsible for the growth of
highly organized, distinct and well-deﬁned and bifurcated LIPSS.
The formation of holes was found to be highly inﬂuenced by the
surface inhomogeneities and pre-produced roughness [11]. These holes
are the precursors for the chaotic and rugged structures [11].
The LIPSS formation is generally attributed to interaction of the
incident laser beam with the excited surface plasmons [14,16,32]. The
incoming light can be scattered by microscopic surface roughness,
defects, spatial variations in the relative permittivity, etc. Due to the
interference pattern, the damage threshold can be periodically exceeded, so that the material melts and resolidiﬁes in the given pattern.
The periodic structures on the surface will then act as a grating leading
to more light scattering and thereby more energy is coupled to the
target. There will be constructive interference in the "valleys" and
destructive interference on the "hills", and this positive feedback
mechanism causes the growth of ripples [33].
The periodicity of LIPSS is estimated by measuring the distance
between two neighboring ripples from SEM micrographs as well as by
Fourier Transformation (FT) (Fig. 6b). The dependence of the periodic
interspaces on local laser ﬂuence for both W and Mo under fs laser
irradiation in ethanol is shown in graph of Fig. 6(c). It is found that the
periodicity of LIPSS varies from 310 to 340 nm in case of W and 250–
520 nm in case of Mo. These results are compatible with previously

51
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Fig. 3. SEM images revealing the variation in the surface morphology of peripheral ablated regions of W targets, exposed to 1000 laser pulses in ethanol, for various local laser ﬂuences
of (a) 0.2 m J cm−2, (b) 0.4 m J cm−2, (c) 0.6 m J cm−2, (d) 0.8 m J cm−2, (e) 1.00 m J cm−2, (f) 1.3 m J cm−2, (g) 1.5 m J cm−2, (h) 1.7 m J cm−2 and (i) 1.9 m J cm−2.

saturation in electron density and temperature at certain irradiance
levels (high ﬂuence in case of Mo and all ﬂuences ranges in case of W)
can be explained only on the prominent absorption mechanisms via
inverse bremsstrahlung and photoionization. For both fs and ns laser at
higher ﬂuences (higher than ablation threshold) and higher pressures
(greater than atmospheric) collisional excitation and conﬁnement
eﬀects become signiﬁcantly eﬀective. These eﬀects are responsible for
enhancement of laser plasma coupling through inverse bremsstrahlung. At lower pressure levels of environments (less than atmospheric
pressures), the trend of excitation temperature of fs-Laser Ablation
(LA) is found to be diﬀerent compared to ns-LA. This diﬀerence is due
to the fact that for ns-LA, the background pressure aﬀects the laser–
target and laser–plasma couplings as well as the plume excitation,
conﬁnement mechanisms and shielding eﬀect. However, the ambient
environment plays a more signiﬁcant role in the case of fs-LA, by
collisional excitation and conﬁnement. Therefore, the changes in
temperature of the fs-LA plume are marginal compared to ns- laser
ablation at higher pressures [40]. Along with temperature increase, the
ambient environmental conﬁnement will lead to electron density
enhancement [41] which in turn enhances the laser–plasma coupling
(reheating) through inverse Bremsstrahlung which has a dependence of
(electron density) 2.
Such temperature and density behavior can be explained by
assuming self-regulating regime. At high irradiance levels, when an
appreciable amount of energy is absorbed by the plasma, a selfregulating regime may be formed near the target surface. If the
absorption of the laser photons by the plasma becomes higher because
of high plasma density, the evaporation of the species from the target
becomes less, which in turn decreases the density of the charged
species. which in turn increases the temperature of the plasma. On the
other hand, when the absorption of the laser energy reduces, the
process is reversed, with similar results. The density, temperature, and

and
Mo
have
a
positive
value
at
800 nm
(εrW ,800nm=5, . 22,(εrMo,800nm=1.9) and thereby does not support surface
plasmons [35]. The surface structures at nanoscale are developed
before LIPSS formation can signiﬁcantly modify the refractive index
of W and Mo surface and possibly bring the real part of the relative
permittivity below −1. [25].
The non-monotonous behavior of the periodicity of LIPPS with
ﬂuence is attributable to diﬀerent ejecting velocities of the molten
material, diﬀerent angles of the ejection ﬂow and the diﬀerent rate of
evaporation for each ﬂuence. For relatively low ﬂuence, the ejection
velocity of the melt is smaller than that caused by higher ﬂuence [36].
But at higher ﬂuences angle of the ejection ﬂow and the rate of
evaporation increases nonmonotonically. Similarly the absorption of
laser energy by the target surface is also non-monotonous for diﬀerent
ﬂuences. It depends upon the electron number density as well as
temperature of ambient plasma, ablation threshold, physical properties
and incubation coeﬃcient of target for multi-pulse irradiation.
Characteristics of the laser-produced plasma strongly depend on
the laser irradiance levels [37]. As the laser irradiance increases, the
number of free electrons increases and consequently there is an
increase in the electron density [38]. It is generally believed that the
electron density generated at the surface of the bulk material decides
the ripple's period, and the electron density is proportional to the laser
energy ﬂuence. Both Chakravarty et al. and Xie et al. [39] have
conﬁrmed that the ripple's period is relatively larger when the electron
density is high. Once a high free electron density is produced by
multiphoton ionization, the material has the properties of plasma and
will absorb the laser energy via one-photon absorption mechanism of
inverse bremsstrahlung (joule) heating. The light absorption in the
electron plasma will excite bulk electron plasma density waves.
With increase in laser irradiance, the electron temperature also
increases up to a certain irradiance and then saturates [39]. The
52
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Fig. 4. SEM images revealing the variation in the surface morphology of central ablated regions of Mo targets, exposed to 1000 laser pulses in ethanol, for various peak laser ﬂuences of
(a) 0.6 J cm−2, (b) 1.3 J cm−2, (c) 1.9 J cm−2, (d) 2.5 J cm−2, (e) 3.2 J cm−2, (f) 3.8 J cm−2, (g) 4.4 J cm−2, (h) 5 J cm−2and (i) 5.7 J cm−2.

plasma and the ablated species plasma. In case of liquid assisted
ablation as compared to ablation in vacuum or a controlled gas
atmosphere, plasma expands adiabatically with super-sonic velocity
within the liquid in which the target is immersed, and experiences an
additional conﬁnement eﬀect from the liquid. Also a shock wave is
generated at the plume–liquid interface which travels back and forth
within the plume. These eﬀects are responsible to increase the
temperature, pressure and density of the plume.
The ablation threshold is a key parameter for discussing the
mechanism of self-organized grating structure formations. A simple
theoretical value for the single-shot threshold ﬂuence is found by
assuming that the light is absorbed according to Beer's law (exponentially with a characteristic absorption length 1/α). The ablation occurs
when the energy per unit volume exceeds the energy necessary for the
material to undergo heating, melting and evaporation. This energy can
often be well approximated by its dominating term, the enthalpy of
evaporation per unit volume ρΩvap. By taking this into consideration
only a fraction A of the light is actually absorbed, the threshold ﬂuence
can be expressed [35].

dimensions of the plume adjust in such a manner that the plasma
absorbs the same amount of laser radiation to maintain a selfregulating regime [42].
For W by increasing ﬂuence no signiﬁcant change in periodicity is
observed. This can be attributed to high melting point, thermal
conductivity, thermal diﬀusivity and enthalpy of evaporation for W
than Mo. The generation of free-carriers, leads to an interplay between
diﬀusive transport and impact ionization. When self-regulating regime
is reached then with further increase in ﬂuence no more enhancement
of periodicity of ripples occurs [15].
The laser beam was focused onto the target through a liquid layer of
about 5 mm millimeters in thickness through the ill-deﬁned air-liquid
interface without the use of a window or a clear side of the cuvette.
When the beam focus passes through ethanol, various nonlinear eﬀects
[1] as well as ﬁlamentation and self-phase modulation occur. Of course
all these phenomenon are responsible for broadening of spectrum
inside the liquid. The pulse stretching inside the liquids can be
considered additional eﬀects induced by liquid during ablation of W
and Mo. Nonlinear optical eﬀects occurring in the surrounding
environment induced by fs laser pulses inﬂuence the refractive index.
Surface nano-texturing is accompanied by changes in the absorption
spectrum of the target material, in the surface wettability, and surface
enhanced Raman scattering (SERS) properties [43,44].
The interaction of the laser beam with target surface at the ﬂuence
greater than the ablation threshold of the material, results in the
ablation (removal) of the material in the form of a plasma plume. The
high temperature of the plume results in the ionization and vaporization of the liquid at the plume–liquid interface and its conversion into
ethanol vapor, atomic and molecular carbon, hydrogen or oxygen
(ethanol plasma). This liquid plasma fuses with the plume plasma
and causes chemical reactions to take place between the ethanol

Fth =

ρΩ vap
αA

……………………

(2)

The theoretical values of threshold ﬂuences from relation (2) and
tabulated values of Table 1 come out to be 0.44 J cm−2 and 0.32 J cm−2
for W and Mo, respectively which are also listed in Table 1.
The two regimes in laser ablation are the multi-photon (skin depth)
and the electron diﬀusion (thermal). The optical penetration depth (lopt )
1/ α (nm) is 23.6 [35] and 18.9 [45] for W and Mo respectively for
800 nm wavelength. The thermal diﬀusion depth is lth~ χτ , where
K
χ = ρC , is thermal diﬀusivity, K is thermal conductivity, ρ is density
and C is speciﬁc heat capacity of the material. The thermal diﬀusion
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Fig. 5. SEM images revealing the variation in the surface morphology of peripheral ablated regions of Mo targets, exposed to 1000 laser pulses in ethanol, for various local laser ﬂuences
of (a) 0.2 m J cm−2, (b) 0.4 m J cm−2, (c) 0.6 m J cm−2, (d) 0.8 m J cm−2, (e) 1.0 m J cm−2, (f) 1.3 m J cm−2, (g) 1.5 m J cm−2, (h) 1.7 m J cm−2 and (i) 1.9 m J cm−2.

tion and thermal penetration depth. It is attributable to multiple laser
irradiation as well as conﬁnement eﬀects of ethanol.
When the target is ablated with signal shot, its fundamental and
unaltered physical and thermal properties are responsible for its
ablation. However, with multiple shots, accumulation behavior plays
a signiﬁcant role. The accumulated deposited energy per unit volume
signiﬁcantly increases by increasing number of pulses [47]. Therefore
the incubation eﬀect increases with increasing laser pulses and
correspondingly laser threshold ﬂuence decreases. Another important
factor is the enhancement of energy coupling eﬃciency, which may be
related to the decrease in the reﬂectivity of the incident laser pulse [48]
Initial pulses are also responsible for the generation of defects in the
target material. The intensity of the electric ﬁeld of incoming laser light
and its absorption is also enhanced due to this defect generated

depth lth(μm ) is 1.4 µm [46] and 11.27 µm [46] for W and Mo
respectively.
The experimental values of ablation depth for both W and Mo at
various ﬂuences are measured by using confocal microscope. The
confocal microscopy images for (a) 2D proﬁle (b) 3D proﬁle and
corresponding (c) section proﬁle are shown in Fig. 7. It corresponds to
Mo surface exposed to 1000 laser shots in ethanol at a ﬂuence of
3.2 J cm−2.
The plot of ablation depth Vs ﬂuence is shown in Fig. 8(a) for both
W and Mo. It clearly indicates that ablation depth increases lineally
with increasing ﬂuence. The values of ablation depth varies from 1 to
9 µm for W and from 3 to 22 µm for Mo with the ﬂuence variation from
0.6 to 5.7 J cm−2. The eﬀective ablation depth (for 1000 pulses in
ethanol environment) is signiﬁcantly higher than both optical penetra-

Fig. 6. The periodicity of the ripples measured by Fourier Transformation (FT) (a) SEM micrograph (b) Corresponding 2D-FT of Mo surface after irradiation with 1000 fs-laser pulses in
ethanol. (c) The dependence of the periodic structure interspaces on local laser ﬂuence for both W and Mo under fs laser irradiation in ethanol.
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where Γ is the crater diameter, a is the laser beam diameter. The plot of
the squared cavity diameter in dependence of applied ﬂuence for both
W and Mo is shown in Fig. 8(b).
The ablation threshold was roughly estimated by the laser ﬂuence
resulting in minimal crater diameter. The experimental values of
threshold for 1000 multiple pulses come out to be Fth, W, Ethanol
=88 m J cm−2 and Fth, Mo, Ethanol=35 m J cm−2. It is observed that
threshold ﬂuence for W is higher than Mo. It is attributable to high
value of enthalpy of evaporation, melting point, boiling point of W than
Mo (see Table 1).
In the presence of liquids the chemical reactivity of the target with
liquid is signiﬁcantly enhanced which is responsible for the growth of
new phases and modiﬁcation in the chemical composition of the
irradiated target. The extremely high pressure in front of the laserinduced plasma will impinge the ablation species from the solid target
at the plasma–liquid interface into the liquid, and then, the chemical
reactions between the ablation species and the liquid molecules will
occur inside the liquid [53]. Our values are also signiﬁcantly smaller
than reported values by Gemini et al. [54] according to which the
ablation threshold ﬂuence for 100 pulses for Mo and W is 0.29 and
0.13 Jcm−2 respectively. The lower limit ﬂuences at which classical
ripples begin to form are 0.46 and 0.18 J cm−2and upper limit ﬂuence
above which they are no longer generated is 1.1 J cm−2 for both metals.
Again the reason behind this reduced ablation threshold is 10 times
higher number of pulses (1000 as compared to 100).

Table 1
Some Important thermal, physical and optical properties of W and Mo.
Some important thermal, physical
and optical properties

W

Mo

Enthalpy of evaporation

86.5 [35]

78 [55]

4.55 [56]
4.2373 [35]

4.66 [56]
5.2856 [45]

23.6 [35]

18.9 [45]

0.5 [35]
3.65 [45]
2.69 [45]
5.22 [35]
19.905 [45]
1.4 [46]

0.45 [45]
3.63 [45]
3.36 [45]
1.9059 [45]
24.477 [45]
1.27 [46]

3422 [46]
5700 [46]
19.25 [46]
170 [46]
135 [46]
65 [46]
0.44 ± 0.2

2623 [46]
4639 [46]
10.22 [46]
139 [46]
251 [46]
54 [46]
0.32 ± 0.2

(∆Hv )GJ /m3
Work function (eV)

α(105cm−1)
Optical penetration depth (lopt )

1/α (nm)
Absorption (A)
Refractive index (n)
Extinction coeﬃcient (k)
Relative permittivity ϵ1
Relative permittivity ε2
Thermal diﬀusion depth lth(μm)
Melting point °C
Boiling Temperature °C
Density ρ (g/cm3)
Thermal Conductivity (W m−1 K−1)
Speciﬁc Heat capacity (J Kg−1 K−1)
Thermal diﬀusivity χ( mm2/sec)
∆ Hv
(J /cm 2 ) Threshold
αA

Fluence

Theoretical [35]
Threshold Fluence Experimental
for 1000 laser pulses in ethanol

Fth,

Ethanol=88

m J cm−2

Fth Ethanol =
35 mJ cm−2

enhanced surface roughness and exhibits an accumulation behavior.
The excitations of the surface plasmons also play a signiﬁcant role as
they may provide extra energy in coupling mechanism [48]. As the
laser radiation absorption of the sample increases signiﬁcantly during
multi-pulse ablation [49,50], therefore accumulation and incubation
eﬀects by multipulse irradiation cause signiﬁcant reduction in observed
Fth [51].
The ﬂuence dependent crater diameter was determined by SEM
analysis. With Gaussian distribution of laser beam the crater diameter
is expressed as follows [52].

⎧ ⎛ ⎞2 ⎫
⎪
Γ ⎪
Fth = Fexp⎨
−⎜ ⎟ ⎬
⎪
⎪
⎝
⎩ a⎠ ⎭

4. Conclusions
The eﬀect of increasing laser ﬂuences of fs laser on formation of
nano structures on W and Mo surfaces after irradiation in ambient
environment of ethanol has been investigated. It is concluded that laser
ﬂuence, irradiation environment and nature of material play important
role for the growth of nanoscale surface structures. In case of central
areas, for W, nonuniform and unorganized LIPSS are formed for low
ﬂuences ranging from 0.6 to 2.5 J cm−2, whereas, nonuniform melting
and cracking has occurred for higher ﬂuences ranging from 3.2 to
5.7 J cm−2. For the peripheral ablated areas, LIPSS for all ﬂuences are
produced. However, the dependence of periodicity on ﬂuence is more
pronounced for Mo than W. The ablation depth and crater diameter for

(3)

Fig. 7. The confocal microscopy images for (a) 2D proﬁle (b) 3D proﬁle and corresponding (c) section proﬁle of Mo exposed to 1000 laser shots in ethanol at a ﬂuence of 3.2 J cm−2.
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Fig. 8. (a) The plot of ablation depth Vs ﬂuence for both W and Mo, (b) The plot of the squared cavity diameter in dependence of applied ﬂuence for both W and Mo.

both the metals show increasing trend with increase in the laser ﬂuence
due to more energy deposition at the surface. However, the threshold
ﬂuence for W is higher than Mo.
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