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The effect of fluence and pulse duration on the growth of nanostructures on chromium (Cr) surfaces has
been investigated upon irradiation of femtosecond (fs) laser pulses in a liquid confined environment of
ethanol. In order to explore the effect of fluence, targets were exposed to 1000 pulses at various peak
fluences ranging from 4.7 to 11.8 J cm–2 for pulse duration of ∼ 25 fs. In order to explore the effect of
pulse duration, targets were exposed to fs laser pulses of various pulse durations ranging from 25 to 100
fs, for a constant fluence of 11.8 J cm–2. Surface morphology and structural transformations have been
analyzed by scanning electron microscopy and Raman spectroscopy, respectively. After laser irradiation,
disordered sputtered surface with intense melting and cracking is obtained at the central ablated areas,
which are augmented with increasing laser fluence due to enhanced thermal effects. At the peripheral
ablated areas, where local fluence is approximately in the range of 1.4–4 mJ cm–2, very well-defined
laser-induced periodic surface structures (LIPSS) with periodicity ranging from 270 to 370 nm along with
dot-like structures are formed. As far as the pulse duration is concerned, a significant effect on the surface
modification of Cr has been revealed. In the central ablated areas, for the shortest pulse duration (25
fs), only melting has been observed. However, LIPSS with dot-like structures and droplets have been
grown for longer pulse durations. The periodicity of LIPSS increases and density of dot-like structures
decreases with increasing pulse duration. The chemical and structural modifications of irradiated Cr have
been revealed by Raman spectroscopy. It confirms the formation of new bands of chromium oxides and
enol complexes or Cr-carbonyl compounds. The peak intensities of identified bands are dependent upon
laser fluence and pulse duration.

Keywords: chromium; femtosecond laser; pulse duration; fluence; nanostructures; laser-induced period
surface structures; SEM; Raman spectroscopy

1. Introduction

During the past 15 years, ultrashort (femtosecond (fs)) lasers have been demonstrated as a high
precision and powerful micro/nanostructuring tool for materials processing (1–5). These lasers
form a relatively small heat-affected zone and less mechanical and thermal damages. In con-
trast to material processing using nanosecond or longer laser pulses where standard modes of
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2 S. Bashir et al.

thermal processes dominate, fs laser pulses can induce nonthermal structural changes, driven
by electronic excitation, plasma formation and associated nonlinear processes. Predicting the
topography on metallic surfaces generated by fs laser pulses is a challenging task since there are
several physical mechanisms which are responsible for the energy deposition process (5–7).

The self-organized nano as well as micro-periodic structures, known as ripples, have been
observed on laser-irradiated surfaces even from the beginning times of laser processing of mate-
rials (8). The origin of the laser-induced periodic surface structures (LIPSS) is still debatable
and has been discussed in the literature extensively (4,8–11). A lot of experimental parameters
has been revealed to have influence upon the periodicity of the laser-induced surface structures,
such as material refractive index as well as threshold, laser fluence, number of laser pulses, pulse
duration, laser wavelength, radiation polarization and incidence angle. Taking into account their
typical dimensions, two main types of ripples are distinguished in the literature. The first type is
called low spatial frequency LIPSS (LSFL) with spatial periods close to or slightly lower than
the laser wavelength. To explain the formation of ripple periods near the laser wavelength, a the-
oretical description on the basis of the excitation of an electromagnetic surface wave interfering
with the light field was given by Sipe and co-workers (9). Huang et al. (12) have studied several
different materials including silicon and used the surface plasmon polariton (SPP) concept along
with numerical simulation to explain their experimental finding of the pulse number dependence
of the LIPSS periods upon irradiation by fs-laser pulses (1280 nm wavelength, 125 fs).

Nanostructures grown by fs laser irradiation on metallic surfaces have novel technological
applications in optoelectronics, biology and medicine. These structures are ideal model sys-
tems that merge the concepts known from photonic crystals (13) with the exceptional material
properties of metals to form ‘plasmonic crystals’. Surface plasmons are used to enhance Raman
scattering, molecular fluorescence, field-enhanced electron generation, the output efficiency of
solid-state light emitters and Terahertz lasers (14). This opens the door for various new appli-
cations in nanoimaging and spectroscopy. A specific example is the imaging of nanometresized
domains in polymers (15) or magnetic materials.

The formation of micro/nano structures (ripples, columns and cones) on bulk as well as on
thin films by multiple pulse laser irradiations has been reported by several research groups
(4,8–11,16). The growth of these structures in the presence of liquids is significantly impor-
tant for technical and medical applications, e.g. laser shock processing, nanoparticle formation,
microstructure fabrication and dental tissue ablation. The laser matter interactions in liquids
involve complex processes such as laser-induced cavitations bubble, explosive boiling, the con-
finement effect, cooling due to heat conduction, an enhanced nucleation and chemical reactivity.
These processes play a significant role in liquid-assisted ablation (17–19).

From the basic evolution processes of the laser-induced plasma in a confining liquid, two
condensations of the plasma plume in the liquid can find their applications in materials synthe-
sis, one for the nanocrystal fabrications and the other for the surface coating preparation (20).
Nano structures of metals and their alloys, oxides, nitrides and carbides can be prepared by laser
ablation of solids in liquids (21). Additionally, laser ablation of solids in liquids is a technique
developed for ‘steam laser cleaning’ to remove micrometer and submicrometer particles from
the surface of metals and semiconductors, which shows high potential in microelectronics (22–
24). The previous work reported by our group (16) deals with the irradiation of stainless steel at
various fluences by multiple fs laser pulses (25 fs pulse duration, 800 nm central wavelength, 1
kHz pulse repetition frequency) in air and liquids (water and ethanol).

The motivation behind the current research work is to explore the optimum and favorable con-
ditions for the growth of micro- and nanostructures on the surface of Cr after fs laser irradiation.
Parametric studies are carried out to reveal various ablation phenomena in Cr by varying the
laser fluence and pulse durations with emphasis on melting and formation of nanoscale LIPSS
in central as well as peripheral ablated areas. Experiments are conducted for ablation of Cr in
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Radiation Effects and Defects in Solids 3

ethanol environment at an near infrared wavelength using a Ti:Sapphire fs laser. The innovative
aspect of the present work is that according to our best knowledge no work is reported in which
effect of varying fluence as well as pulse duration of fs laser on the growth of LPSS of bulk Cr
after ablation in ethanol has been investigated by both scanning electron microscope (SEM) as
well as Raman spectroscopy analyses. The parametric dependency of LIPSS and its correlation
with structural modification of ethanol-assisted ablated bulk Cr have not been established. Laser
parameters employed in the present study such as fluence corresponding to peak laser fluence
ranging from 4.7 to 11.8 and local fluences ranging from 1.4 to 4 mJ cm–2 as well as and pulse
duration ranging from 25 to 100 fs have not been explored The previously reported work by Albu
et al. (25) deals with growth of LIPSS on the metallic films with thickness of about 200–230 nm
at constant pulse duration of 200 fs and with fluence variation from 0.06 to 0.18 J cm–2.

2. Experimental details

Mechanically polished and ultrasonically cleaned chromium (Cr) samples of dimension
15 × 15 × 3 mm3 were used as target. The schematic of experimental set-up is shown in
Figure 1. The samples were mounted on the motorized xyz manipulator to position the targets
precisely for each exposure. The irradiation was performed by using Chirp Pulse Amplification
Ti:Sapphire laser system. The system was operated at a repetition rate of 1 kHz with a central
wavelength of 800 nm. A lens with a focal length of 17 mm was used to focus the laser beam
onto the target surface. The exposures were performed in an ethanol environment by placing the
targets 5 mm after the focus position where the spot size was measured to be 36 µm. This arrange-
ment is used to enhance the chemical and structural modifications of irradiated Cr in ethanol
environment which is revealed by Raman spectroscopy. The breakdown in ethanol generates high
temperature and pressure. If the temperature of liquid approaches its critical temperature, the ini-
tiation of phase explosion develops and the superheated liquid region (metastable) is formed.
This region is initiated by homogenous multiple-bubble formation accompanied by shockwave
generation. Therefore, this process validates the expectation of explosive liquid vaporization. The
confinement of plasma expansion in the liquid layer intensified acoustic pressure and increased
shockwave duration, owing to the additional photomechanical effects consequently promoting
material removal efficiency (26).

Figure 1. The schematic of the experimental set-up for exposure of Cr by fs laser pulses in an ethanol environment.
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4 S. Bashir et al.

The first part of the experiment was performed by exposing the Cr targets in the ethanol envi-
ronment to four different pulse energies of 200, 300, 400 and 500 µJ, while keeping the pulse
duration constant at 25 fs. These energies were measured by the power/energy meter before the
cuvette. The measured values of laser pulse energies after passing through the cuvette filled with
ethanol turned out to be 186, 279, 372 and 460 µJ. The average pulse energies hitting the Cr tar-
get turned out to be 193, 290, 386 and 480 µJ. The peak fluence values corresponding to average
pulse energies with focal spot size of 36 µm are 4.7, 7.1, 9.4 and 11.8 J cm–2. The local fluences
at the peripheries at a distance of 100 µm from center, where growth of LIPSS is observed, have
been evaluated by using the following relation (27):

φmin ≈ φoexp

[
−1

2

(
DLIPSSo

ω0

)2
]

, (1)

where φmin is the local fluence, φo is the peak fluence, DLIPSSo is the diameter of peripheral region
(200 µm for presnt case), where LIPSS are observed and ω0 is the beam waist. The evaluated
values of local fluences are 1.4, 2.4, 3.1 and 4 mJ.cm−2. These values are illustrated in the table.

In the second part of the experiment, the targets were exposed in the ethanol environment to
three pulse durations of 25, 50 and 100 fs keeping the fluence constant at 600 µJ. The varia-
tion in pulse duration was achieved by using the Acousto-Optic Dazzler system (Electro Optics
France). It is an Acousto-Optic Programmable Dispersive Filter composed of an acousto-optic
crystal and radio frequency generator which is designed to filter ultrafast laser pulses. It performs
convolution between amplitude of the input signal and the programmable acoustical signal.

The pulse duration after Group Delay Dispersion (GDD) is

τ = τ0

√
1 +

(
4ln2

GDD

τ 2
0

)2

, (2)

where τ 0 is the minimum pulse duration and τ is the pulse duration after GDD.
The pulse duration of the laser beam was measured by a dispersion-minimized auto correlator

(Femtometer, Femtolasers Produktions, Vienna, Austria).
When beam focus passes through ethanol, various nonlinear effects (28) as well as fila-

mentation and self-phase modulation occur. Of course all these phenomena are responsible for
broadening of the spectrum inside the liquid. During experimentation the only possibility is to
measure the pulse duration of the beam before passing through the liquid. The measurement of
pulse duration exactly at the sample’s surface when it was dipped into the liquid and is inside
the cuvette is not possible. Therefore, various phenomena such as nonlinear effects, filamen-
tation and self-phase modulation causing pulse stretching inside the liquids can be considered
additional effects induced by liquid during ablation of Cr.

The targets were exposed to1000 succeeding pulses for both sets of the experiment. The
separation between each spot is 2 mm. This distance is sufficient to avoid overlapping.

The surface morphology of the irradiated was analyzed by using an SEM (FEI-QUANTA
200F, the Netherlands). SEM analysis was performed for both central and peripheral ablated
areas of Cr. To explore the structural characteristics of ablated targets, micro Raman spectroscopy
was performed using a Raman spectrometer Lab Ram HR-800 (Horiba Jobin-Yvon) with a spec-
tral resolution of 3 cm–1. An He–Ne laser operated at 632.8 nm with 8 mW was used as an
excitation source. Raman spectroscopy was performed in backscattering geometry. The spectral
data were accumulated at a fixed grating position for one minute and were collected using an
air-cooled charged coupled device camera.
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Radiation Effects and Defects in Solids 5

3. Results and discussion

3.1. SEM analysis

SEM image of Figure 2(a) shows the overall ablation spot on the Cr surface after ablation at the
lowest fluence. Its relevant zoomed sections for central as well as peripheral ablated areas are
also labeled and are illustrated in Figure 2(b) and 2(c).

3.1.1. Effect of laser fluence on the surface of ethanol-assisted fs laser-ablated Cr

SEM images in Figure 3 display the surface morphology of central ablated areas of Cr at various
fluences of (a) 4.7, (b) 7.1, (c) 9.4 and (d) 11.8 J cm−2 The disordered sputtering, melting and
cracking are observed for all pulse energies. However, the efficacy toward melting as well as
cracking increases with increasing energy due to enhanced thermal effects. At the lowest fluence
of 4.7 J cm−2 (Figure 3a) there seems to be less sputtering with large number of small-sized
droplets. When the fluence increases to 7.1 J cm−2 both the sputtering and cracking increase
(Figure 3(b)), but the density of droplets decreases significantly. For the fluence of 9.4 and 11.8
J cm−2, it is seen in Figure 3(c) and 3(d) that both cracking and melting become dominant due
to enhanced thermal ablation mechanisms (29) and phase explosion (30).

As the material undergoes multiple laser pulse irradiation in the ethanol environment, there
is a possibility for the generation of thermal stresses (31). These stresses are accumulated on

Figure 2. SEM image of fs laser-ablated Cr (a) overall ablation spot on Cr surface after ablation at the lowest fluence
of 4.7 J cm−2. Relevant marked zoomed sections (b) central ablated area and (c) peripheral ablated areas.
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6 S. Bashir et al.

Figure 3. SEM images revealing the cracking and melting with nonuniform surface structures at the central ablated
areas after exposure of Cr to 1000 fs laser pulses at pulse duration of 25 fs for various fluences of (a) 4.7, (b) 7.1, (c) 9.4
and (d) 11.8 J cm−2.

the irradiated sites resulting in material fracture and crack formation as shown in Figure 3(a)–
(d) (10).

SEM images of Figure 4 illustrate the surface morphology of peripheral ablated areas of Cr
at various local fluences of (a) 1.4, (b) 2.4, (c) 3.1 and (d) 4 mJ cm−2. Very well-defined and
organized LIPSS are grown for all fluences at the boundaries. The average periodicity of LIPSS
varies from 270 to 370 nm for various lacl fluences.

The periodicity of LIPSS increases from 350 to 370 nm with increasing fluence from 1.4 to 3.1
mJ cm−2 and then decreases to 270 nm at a maximum fluence value of 4 mJ cm−2. It is also found
that the appearance of LIPSS becomes more organized and distinct with increasing laser fluence.
Table 1 illustrates the values of pulse energies and corresponding values of peak fluences as well
as local fluences at a distance of 100 µm from the center, where LIPSS are observed which is
considered as the peripheral ablated area. The dot-like structures with an average diameter of
200 nm have also been observed lying at the top of the LIPSS.

The growth of LIPSS is thought to be the result of the interaction of surface plasmons or
surface waves with the incoming electromagnetic radiation (5,32–34). Several authors have
proposed the excitation of SPPs as the possible mechanism responsible for the surface wave
generation in metals, semiconductors and dielectrics.

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
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Radiation Effects and Defects in Solids 7

Figure 4. SEM images revealing the formation of laser-induced periodic surface structures at the peripheral ablated
areas after exposure of Cr to 1000 fs laser pulses at pulse duration of 25 fs, at various local fluences of (a) 1.4 , (b) 2.4,
(c) 3.1 and (d) 4 mJ cm–2 in an ethanol environment.

inverse bremsstrahlung (joule) heating. The light absorption in the electron plasma will excite
bulk electron plasma density waves. These are longitudinal waves with the electric field compo-
nent parallel to the laser polarization. In the present study, LIPSS are observed on the Cr surface
after ablation in ethanol with a periodicity ranging from 270 to 370 and their orientation is per-
pendicular to the laser polarization (35). The SPP mechanism explains why the orientation of
the periodic structures is perpendicular to the laser polarization direction of propagation. Such
an electron plasma wave could couple with the incident light wave only if it propagates in the
plane of light polarization. Initial coupling is produced by inhomogeneities induced by electrons
moving in the plane of light polarization (10).

SPPs result from the coherent interaction of the incident laser field with free electrons cre-
ated in the material (36). The formation of laser-induced nanogratings is not determined by the
physical properties of materials at normal state but the high excited state induced by ultrafast
laser irradiation with the fluence near the ablation threshold. With this irradiation condition, in
an ultrashort timescale, abundant electrons are excited and high-density plasmas are produced,
which will change the surface physical properties of the material significantly (37). The spatial
frequencies of the plasmons which directly determine the ripple periods are a function of the
fluence-dependent density of free carriers (38).

As a general tendency the periodicity of ripples increases with increasing laser energy
(10). When the material is irradiated by a focused fs laser beam, multiphoton absorption and
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Table 1. The periodicity of LIPSS grown at peripheral ablated areas at different pulse laser energies and fluences for chromium irradiated with 1000 fs laser pulses at wavelength of 800
nm and pulse duration of 25 fs in an ethanol environment.

Laser pulse before
cuvette (µJ) A1

Laser pulse energy after
passing through a cuvette
filled with ethanol (µJ) A2

Average laser pulse energy
(µJ) hitting the Cr surface
(average of A1 and A2)

Peak laser fluence
(φo) (J cm−2)

Local fluence (J cm−2)

φmin ≈ φoexp

[
− − 1

2

(
DLIPSSo

ω0

)2
]

(27)
Experimental periodicity of
LIPSS (nm)

200 186 193 4.7 1.4 350
300 279 290 7.1 2.4 360
400 372 386 9.4 3.1 370
500 460 480 11.8 4 270

Table 2. The comparison between experimental periodicity of LIPSS and calculated periodicity from different predictions such as interference theory as well as surface plasmon’s theory
chromium sample for laser wavelength of (λ) 800 nm.

Environment Refractive index nenv

Experimental periodicity of
LIPSS by 800 nm ≈ � (nm) (in
the present study)

Experimental periodicity of
LIPSS ≈ � (nm) reported by
Albu et al. by 775 nm

Periodicity of LIPSS by
interference theory: The
thresholds of surface
nano-/micro-morphology
modifications with fs laser pulse
irradiations, � = λ

nenv
(nm)

Periodicity of LIPSS by surface
plasmon’s theory:�SP =
λRe[((εd + εm)/(εdεm))1/2], where
λ is laser wavelength, εd refers to the
permittivity of the dielectric medium
and εm = εr + iεi is the complex
dielectric constant of the metal (nm)

Air 1 Not measured 460–550 800 578 (25)
Ethanol 1.36 270–370 120–180 588 216 (25)

D
ow

nl
oa

de
d 

by
 [

G
ov

er
nm

en
t C

ol
le

ge
 U

ni
ve

rs
ity

 L
ah

or
e]

 a
t 2

1:
54

 0
5 

A
pr

il 
20

15
 



Radiation Effects and Defects in Solids 9

photoionizations occur. Thus, the electron plasma is created in the material, characterized by
the electron plasma temperature (Te) and the plasma density (Ne). An analytical expression for
the periodicity (�) of LIPSS versus electron temperature (Te) and density (Ne) proposed by
Shimotsuma et al. (10) is as follows:

� = 2π√
1/Te((meω2/3kB) − (e2Ne/3ωkB)) − k2

pp

, (3)

where me is an electron mass, kB the Boltzmann constant and ω the angular frequency. This
dependence shows that the grating period increases with the increase of electron concentra-
tion and electron temperature. But it could be extracted from the above expression that plasma
parameters have a nonlinear effect on ripples grating. Therefore, when the laser energy initially
increases, the photoelectrons created by multiphoton photoionization process are more energetic
and the electron plasma temperature increases. Following the dependence of the ripples’ period-
icity on the electron plasma temperature from relation (1), the periodicity of ripples increases as
has been observed.

Characteristics of the laser-produced plasma strongly depend on the laser irradiance levels
(39). It is reported in the literature (40,41) that up to a certain value of laser irradiance both
the plasma parameters, i.e. electron temperature and number density, increase with increas-
ing laser irradiance due to enhanced energy deposition. With further increase in irradiance a
shielding occurs and can be explained only on the prominent absorption mechanisms via inverse
bremsstrahlung and photoinization as well as self-absorption of plasma (41). The expansion of
the plasma causes its cooling due to condensation, recombination and diffusion within the plasma
volume. This causes reduction in the plasma temperature and density.

With increasing laser fluence, it can be assumed that a large amount of the absorbed laser
energy is mainly converted to heat, leading to some well-known phenomena such as melting.
In this case, the surface temperature may also be modulated by the deposited (inhomogeneous)
energy formed by interference (incident-scattered). When the temperature is increased, the gradi-
ent of the surface tension results in a shear force, which causes the movement of hot liquid toward
cold regions to minimize its energy and the surface deformation. Therefore, the consequence of
these effects can be considered one reason for the change of the periodicity of LIPSS.

The irradiation at the ethanol–Cr interface increases the temperature high enough (due to con-
finement) that it induces a phase change of Cr. Thus, bubble formation/collapse in the ethanol
layer impinges upon the Cr and creates LIPSS or ripples on the surface (31,42). In addition to
that, this bubble expansion/collapse precipitates the convective flow of the Cr molten layer due
to variations in surface tension (thermocapillary effect) of the material (31,42). These variations
are responsible for inducing increased hydrodynamic instabilities called Kelvin–Helmholtz and
pressures at the liquid–solid interface (43).

In a multi-shot regime, the fluence threshold evolves differently depending on the number of
laser shots and the material characteristics. The process of LIPSS formation can be described by
interference of the incident laser beam with some form of a surface-scattered electromagnetic
wave (44). Sipe’s theory provides a mathematical expression for the inhomogeneous absorption
of the radiation energy in the laser-irradiated material. Based on this theory, Bonse and Kruger
(27) gave detailed analysis of the pulse number dependence of the distribution of the spatial fre-
quencies and the corresponding spatial periods, revealing that the total number of laser pulses are
crucial and can be used for controlling the periodicity of LIPSS. Namely, the interference of the
electric field of the SPP with the incident laser beam leads to a spatially modulated energy depo-
sition in the material and finally generates the LSFL via inhomogeneous ablation. According to
Huang et al. (12) the decrease in the LSFL period for an increasing number of laser pulses occurs
via a grating-assisted surface plasmon–laser coupling. As the grating-like LSFL surface relief
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10 S. Bashir et al.

formed during firstfew laser pulses deepens, the resonant wavelength of the SPP will undergo a
red shift. This leads to a decrease in the LFSL periods during the multipulse feedback phase.

In a previous study, Huynh and Semmar (35) determined the incubation coefficient for Cu and
found that the ablation threshold decreases with respect to the number of coincident laser shots.
With multi-shot laser irradiation of the same surface spot, the incubation effect can change the
absorption of the material by evaporation of the top layer of the surface (i.e. every new pulse
irradiates a modified surface profile, causing further mass removal) (35). This reduction is due to
the accumulation effect induced by thermal stress–strain energy storage (45).

The dot-like structures or droplets are formed due to colloidal formation or nucleation process
under extreme conditions of high-temperature–high-pressure plasma at the liquid–solid interface
(20). The Cr clusters are formed in the cavitation bubbles that are generated during the laser
breakdown. The adiabatic expansion as well as cooling of Cr plasma plume react with ethanol
and enhance its chemical reactivity. The size variation is dependent upon the energy deposition
by the laser and structural (chemical) modifications (various oxides or enol complexes) (20).

The comparison between experimental periodicity of LIPSS and calculated periodicity
from different predictions such as interference theory as well as surface plasmon’s theory
for chromium sample is illustrated in Table 2. The table also provides the comparison with
previously reported work on Cr by Albu et al. (25).

The work reported by Albu et al. (25) was related to growth of LIPSS on the metallic films
with thickness of about 200–230 nm. The laser wavelength of 775 nm was used. The periodicity
of LIPSS determined from 2D-FT measurements is 120–180 nm in case of ethanol. Metallic
surfaces were processed by scanning at a scan speed of 1 mms–1 with corresponding overlap
(OL) between subsequent laser pulses in the range of 93% and 96%. The laser fluence was varied
between 0.06 and 0.18 J cm–2. However, the present work deals with growth of LIPSS on bulk
Cr with laser wavelength of 800 nm. All exposures were performed in an ethanol environment
by placing the targets 5 mm after the focus position with 1000 number of laser pulses at local
fluence ranging from 1.4 to 4 mJ cm−2. The LIPSS period varies from 270 to 370 nm. The higher
values of observed periodicity values of LIPSS for present case are attributable to difference in
number of overlapping laser pulses (1000 in our case), position of the target from the focus
position (5 mm away), slightly higher value of wavelength (800 nm), shorter pulse duration (25
fs) and nature of material (bulk).

The formation mechanism and the LIPSS period could be explained within the surface plas-
mon theory (12). The interference between the incident laser light and the excited surface
plasmons wave created at the dielectric–material interface will cause a periodic intensity varia-
tion on the surface, and a periodical thermal gradient is created. Due to the thermocapillary forces
induced by the thermal gradient, the melted material moves from the hot region to the colder
region (Marangoni effect); then periodical structures are formed by a self-organized process.

According to the two-temperature model, diffusion of hot electrons results in faster equili-
bration times between hot electrons and the lattice. Therefore, the lattice temperature exceeds
the melting temperature faster in thick photoexcited samples than in thin films, and so the
solid-to-liquid transition should occur more quickly in thicker samples (46).

3.1.2. Effect of pulse duration on the surface of ethanol-assisted fs laser-ablated Cr

A significant effect of pulse duration on the surface modification of Cr has been observed in
SEM images of Figure 5(a)–(f). Micrographs of Figure 5(a), 5(c) and 5(e) correspond to mod-
ified surface of Cr at central ablated areas at a fluence of 11.8 J cm−2, whereas micrographs in
Figure 5(b), 5(d) and 5(e) denote peripheral ablated areas at a fluence of 4 mJ cm−2. In the cen-
tral ablated areas, only melting and cracking have been observed for the shortest pulse duration
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Radiation Effects and Defects in Solids 11

Figure 5. SEM images revealing the central as well as peripheral ablated areas resulting from the exposure of Cr to
1000 fs laser pulses at a fluence of 11.8 J cm−2, for various pulse durations of (a) 25 fs, center, (b) 25 fs, periphery, (c) 50
fs, center (d) 50 fs, periphery (e) 100 fs, center and (f) 100 fs, periphery, in an ethanol environment. In the central ablated
area, only melting and cracking have been observed for the shortest pulse duration of 25 fs. For the pulse durations of 50
fs as well as of 100 fs, well-defined LIPSS with dot-like structures and droplets have been grown.

of 25 fs (Figure 5(a)). For the pulse durations of 50 fs (Figure 5(c)) and 100 fs (Figure 5(e)), a
significant difference in the surface morphology is revealed. Instead of melting and cracking,
well-defined LIPSS with dot-like structures and droplets have been grown. The appearance of
LIPSS is more distinct and organized. The size of dot-like structures increases with increas-
ing pulse duration. Phase ejection, fragmentation, homogeneous nucleation, agglomeration and
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12 S. Bashir et al.

Table 3. The periodicity of LIPSS grown at peripheral ablated areas at differ-
ent pulse duration energies for chromium irradiated with 1000 fs laser pulses at
a wavelength of 800 nm and at a local laser fluence of 4 mJ cm−2.

Laser pulse duration (fs) Experimental periodicity of LIPSS (nm)

25 270
50 290
100 330

spinodal decomposition (47) are the main causes for the growth of dot-like structures. During
ultrashort laser pulse irradiation, the energy is delivered to matter in such short a timescale that
absorption occurs at nearly solid-state density (nearly isochoric heating). The laser energy is first
deposited in the electronic subsystem within a superficial layer with a thickness of tens of nm.
Then, the energy is rapidly transferred from the electrons to the lattice, and the heated region
can reach high temperatures which are accompanied by a build-up of strong pressures within the
material (47). The process of energy deposition by thermal conduction becomes dominant for
comparatively longer pulses (50 and 100 fs) as compared to shorter pulses (25 fs) for our case.
Therefore, the size of dot-like structures increases with increasing pulse duration.

For peripheral ablated areas LIPSS with dot-like structures are formed for all pulse durations
ranging from 25 to 100 fs (Figure 5(b), 5(d) and 5(f)). The periodicity of LIPSS and size distribu-
tion of dot-like structures increase and the density of dot-like structures decreases with increasing
pulse duration.

It is observed that for the shortest pulse duration of 25 fs, LIPSS have been developed only at
the peripheries where energy deposition is smaller. In the central ablated areas only cracking and
melting occurs which is due to more energy deposition. For pulse duration of 25 fs, the intensity
of the laser beam is higher as compared to that of longer pulses of 50 and 100 fs. Therefore,
high temperatures are accompanied by a build-up of strong pressures within the material. These
extreme pressures and temperatures are responsible for nonuniform ablation. When pulse dura-
tion increases, laser intensity decreases and nearly adiabatic vacuum expansion of the heated
material occurs with a consequent decrease of density and temperature. At this stage, the evo-
lution of the system during this relaxation from the extremely excited state mainly depends on
the level of laser irradiation intensity and causes LIPSS formation (47). In case of longer pulse
durations of 50 and 100 fs, the growth of LIPSS is observed for both central as well as peripheral
ablated areas and it confirms the less energy deposition due to smaller intensities at centers for
longer pulses as compared to shorter pulses. Table 3 illustrates the values of periodicity of LIPSS
for various pulse durations at a fluence of 4 mJ cm−2.

Femtosecond-pulsed laser interaction triggers a variety of timescale processes influenced by
the fluence and pulse duration (48–50). For very short laser pulses (fs), energy absorbed by
the electrons is much faster than it is transferred to the lattice (51). Since the lattice does not
heat appreciably during the pulse, there is no modification of electron-lattice scattering rates.
Therefore, with pulses of duration less than 50 fs nonthermal phenomena are dominant over
thermal processes (52).

3.2. Raman spectroscopy analysis

Raman spectroscopy is widely used for the analysis of structural and phase disorder informa-
tion related to metallic oxides and metallic carbonyl compounds. 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.
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Radiation Effects and Defects in Solids 13

3.2.1. Effect of fluence on ethanol-assisted fs laser-ablated Cr

Raman spectrographs in Figure 6 show the structural modifications in the Cr after its exposure to
1000 laser pulses for various fluences ranging from 4.7 to 11.8 J cm−2 for a pulse duration of 25
fs in ethanol. Figure 6 also clearly indicates that the increase in surface roughness is responsible
for enhanced intensity of Raman signal. Two strong peaks are identified at wavenumbers of
1274 and 1534 cm−1 for the exposures for all pulse energies. These bands correspond to C–C
stretching vibration or enol complexes (53). As the material undergoes multiple laser pulses,
in an ethanol-confined environment, there is a possibility of oxide formation. These oxides are
identified on the irradiated surface of Cr in the form of tiny Raman peaks Cr8O21 (246 cm−1),
Cr2O5 (253 cm−1), Cr8O21 (487 cm−1), Cr2O7 (515 cm−1) and Cr2O3 (550 and 610 cm−1) (43),
resulting in material modification.

With increasing fluence, initially the peak intensities of corresponding bands of Cr oxides
and Cr enol complexes increase up till 9.4 J cm−2. It indicates that these bands become strong
with increasing pulse energies. However, for the maximum fluence of 11.8 J cm−2, the bond
dissociation takes places due to an enhanced thermal effect which is responsible for degradation
of peak intensities of these bands. For a fluence of 9.4 J cm−2, the density distribution of droplets
or dot-like structures is maximum and afterwards it decreases again for the maximum fluence of
11.8 J cm−2. It shows that Raman results are compatible with SEM analysis.

The extreme pressure and temperature conditions in the focal volume during laser ablation
enhance the chemical reactivity of Cr with dissolved oxygen in ethanol and support the formation
of various kinds of oxides (20). The shockwave that results from the laser breakdown gener-
ates high pressure–high temperature conditions at the liquid–plasma interface, which becomes
an active chemical reaction zone that enhances the bonding of Cr species with ionized ethanol
molecules to form Cr oxide nanostructures.

3.2.2. Effect of pulse duration on ethanol-assisted fs laser-ablated Cr

Raman spectrographs in Figure 7 show the structural modifications in the Cr after its exposure
to1000 laser pulses at various pulse durations ranging from 25 to 100 fs in ethanol at a fluence
of 11.8 J cm−2.

Figure 6. Raman spectra for fs laser-irradiated Cr exposed to 1000 succeeding pulses of various fluences ranging from
4.7 to 11.8 J cm−2 for pulse duration 25 fs, in an ethanol environment. Cr enol complexes as well as various kinds of
chromium oxides are formed.
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14 S. Bashir et al.

Figure 7. Raman spectra for fs laser-irradiated Cr exposed to 1000 succeeding pulses at a fluence of 11.8 J cm−2, in an
ethanol environment for various pulse durations ranging from 25 to 100 fs. Cr enol complexes as well as various kinds
of chromium oxides are formed.

Two strong peaks are identified at wavenumbers of 1274 and 1534 cm−1 for the expo-
sures for all pulse durations. These bands correspond to C–C stretching vibration or ethanol
complexes (53).

For all pulse durations ranging from 25 to 100 fs two peaks are identified at wavenumbers
246 and 610 cm−1. These peaks represent oxides formation of Cr, i.e. Cr8O21 and Cr2O3 (53),
respectively. With increasing pulse duration to 50 and 100 fs a Raman peak corresponding to
wavenumber 487 cm−1 is also observed. This peak corresponds to Cr8O21.

As far as the pulse duration is concerned, a significant increase in the peak intensities of
identified bands is observed with increasing pulse duration which is also attributable to enhanced
chemical reactivity Cr with ethanol and oxygen for longer pulses.

4. Conclusions

The surface and structural modification in Cr by fs laser irradiation in an ethanol environment is
dependent on pulse energies and pulse durations. The central ablated areas exhibit cracking and
melting because of thermal effects whereas at the peripheries LIPSS are the dominant features.
LIPSS turn out to be more organized and distinct with the increase in the pulse energies. As far as
the effect of pulse duration is concerned, LIPSS with dot-like structures and droplets have been
grown for 50 and 100 fs durations except 25 fs where there is a nonuniform ablation. However,
LIPSS are grown in peripheral ablated areas for all pulse durations. Raman spectroscopy reveals
that the ethanol environment forms the enol complexes of Cr or C–C stretching as well as oxide
formation of Cr.
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