
Quantum Electronics  45 (6)  547 – 550  (2015)	 © 2015  Kvantovaya Elektronika and Turpion Ltd

Abstract.  We present the results of studying the morphology of the 
modified surface of aluminium, nickel and tantalum after ablation 
of the surface layer by a femtosecond laser pulse. The sizes of char-
acteristic elements of a cellular nanostructure are found to corre-
late with thermo-physical properties of the material and the inten-
sity of laser radiation. 
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1. Introduction 

In recent years, femtosecond lasers have been increasingly 
used for a wide range of problems associated with precision 
machining, as well as for creation of functional materials with 
specific optical and thermal properties [1 – 7]. In contrast to 
the process of evaporation of a material exposed to millisec-
ond and nanosecond laser pulses, the main mechanism 
responsible for removing a material in the case of femtosec-
ond pulses is thermomechanical ablation, caused by the 
action of high tensile stresses on the surface layer. Currently, 
the processes of nonequilibrium heating of electrons and the 
lattice, material melting and expansion under the action of 
femtosecond pulses is studied in detail [8 – 12]. However, the 
final stage of the ablation process associated with the forma-
tion of surface nanostructures is poorly investigated. In par-
ticular, the theoretical analysis of this phenomenon requires 
large amounts of computing resources in the molecular 
dynamics (MD) simulations. The MD methods, because of 
their atomistic nature where an interatomic interaction poten-
tial plays the fundamental role, reproduce in the most realistic 
way strongly nonequilibrium processes and metastable states 
of matter, arising in a thin surface layer after irradiation. 
Hydrodynamic modelling of such processes as ultrafast melt-
ing, melt tension and loss of continuity with the formation of 
cavitation bubbles is rather cumbersome, while they are rela-

tively simply implemented in MD calculations. This paper 
deals with the experimental study of the properties of the for-
mation of surface nanostructures under thermomechanical 
ablation of metals, as well as the influence of parameters of 
femtosecond pulses and material properties on the morphol-
ogy of the surface nanorelief formed. 

The impact of an ultrashort laser pulse on a metal sample 
initiates a series of physical processes, which finally can lead 
to the formation of a target surface with complex morphology 
[13 – 15]. Immediately after irradiation, in a thin surface layer 
there appears a two-temperature state when the temperatures 
of the electron and ion subsystems are different. During elec-
tron – ion thermalisation and diffusion of heat inside a mate-
rial, there occurs bulk melting of a superheated layer and tem-
perature and pressure profiles are formed. Then, compression 
and tension waves begin to spread deep into a sample, creat-
ing high tensile stresses that reach a maximum in the subsur-
face layer at a depth of several tens of nanometres, which ini-
tiates the nucleation of vapour bubbles in the melt. As a result 
of their growth and aggregation during cavitation, a foam 
material with complex cellular structure is formed. During 
the time from a few tens to hundreds of picoseconds, a thin 
liquid ablation layer separated from the basic material of the 
target by a layer of foamed melt is formed on the target sur-
face. The evolution of the foam and its decomposition are 
determined by the mass and the temperature of the substance 
involved in the cavitation processes and is dependent on the 
absorbed laser energy and thermophysical and mechanical 
properties of the material. The subsequent expansion of the 
foam is accompanied by thinning of the walls of the cells and 
their rupture with the formation of filaments and drops. At the 
same time, heat conduction processes lead to a cooling of the 
liquid phase and the final formation of the surface nanorelief. 

2. Experiment 

In this paper, nanostructures on the surface of metal film 
samples were formed with the help of radiation from a Ti : sap-
phire laser with a pulse duration of 40 fs at a wavelength of 
800 nm. The samples were ~1-mm-thick aluminium, nickel 
and tantalum films deposited by magnetron sputtering on 
polished glass substrates. A beam of p-polarised laser radia-
tion was focused on the sample surface by a lens with a focal 
length f = 30 cm at an angle of 45°. The spatial distribution in 
the focal spot corresponded to Gaussian with a radius r0 = 
30 mm at the e–1 level. The experiments were conducted in the 
air at different laser pulse energy densities F in the regime of a 
single exposure. The morphology of surface nanostructures in 
the irradiated regions was studied using a Tescan Mira 3 scan-
ning electron microscope (SEM). 
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Figure 1 shows SEM images of a modified surface of an 
aluminium target in the central part of the ablation crater 
after exposure to a femtosecond pulse with a varying energy 
density F. It can be seen that the modified surface of the bot-
tom of the ablation crater has a rather complex morphology. 
The main basic elements are cellular structures in the form of 
polyhedrons, which represent the remains of broken and sub-
sequently frozen membranes of nanofoam cells. Another 
characteristic element is spherical formations, formed from 
the melt after the rupture of membranes under the action of 
surface tension forces. Furthermore, at a large excess of F 
over the ablation threshold Fa (Fig. 1b), the proportion of 
ablative ‘debris’ in the form of nanospheres measuring from a 
few to tens of nanometres, deposited on the surface, increases. 
Thus there is a clear trend of increasing characteristic sizes of 
cellular and spherical nanostructures with increasing laser 
radiation intensity. The size of individual cells on the surface 
of aluminium increases from tens or hundreds of nanometres 
at a density F near Fa to micrometres at F/Fa H 5 (Fig. 2). 

Figure 3 shows SEM images of the central part of a modi-
fied surface of nickel and tantalum samples after exposure to 
a femtosecond pulse with an energy density F/Fa = 2. Note 
that the images in Figs 1 and 3 were obtained at different 
magnifications. 

Noteworthy is approximately the same morphology of the 
modified surface of the materials in question; however, the 
characteristic sizes of cellular structures differ markedly. 
With the same parameter F/Fa = 2, the largest cell size 
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Figure 1.  SEM images of the fragments of the central part of ablation 
craters formed on the surface of an aluminium sample after exposure to 
a laser pulse with a varying energy density at F/Fa = (a) 2 and (b) 3.6. 

1 2 3 4 5 F/Fa
0

500

1000

1500

2000

2500

L/nm
Al

Figure 2.  Characteristic size L of cellular structures of the modified alu-
minium surface as a function of the excess of the femtosecond pulse 
energy density over the ablation threshold after single pulse irradiation 
of the target. 

2 mm

2 mm

а

b

Figure 3.  SEM images of the central part of craters on (a) nickel and (b) 
tantalum at F/Fa = 2. 
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(0.5 – 1 mm) was observed for the aluminium sample, and the 
smallest (100 – 200 nm) – for tantalum. 

3. Results and discussion 

The MD method for calculating the ablation process of a 
metal, caused by rapid heating of a surface layer, is well 
known and has been previously described in the literature 
(see, for example, [13, 16]). Figure 4 shows the results of MD 
calculations of the morphology of the surface relief resulting 
from femtosecond ablation of an aluminium crystal. In the 
calculations we used a many-body EAM potential, developed 
in [16] for the simulation of aluminium at high pressures and 
strains up to the values corresponding to the theoretical ten-
sile strength. The simulation was performed at an initial sam-
ple measuring Lx ́  Ly ́  Lz = 500 ́  240 ́  24  nm for 1.72 ́  
108 atoms in a simulation box with periodic boundary condi-
tions along the y and z axes. The calculations were made for a 
ratio of the pulse energy density to the pulse ablation thresh-
old F/Fa » 1.8. According to the calculations, in this case the 
foam layer between the expanding liquid ablation layer and the 
freezing bottom of the future crater begins to disintegrate in 
about 2 ns after irradiation. As a result, nanostructures in the 
form of frozen cells of the foam and filaments with droplets at 
their ends are formed at the bottom of the crater. Figure 4 
shows the final stage of the MD calculation in 2.5 ns after laser 
exposure. On the left is a map of the potential energy of atoms, 
and on the right is a map of a centrally symmetric atomic order 
parameter. The structure of the frozen filaments and the sur-
face layer of a few tens of nanometres in thickness is signifi-
cantly modified and composed of nanosized crystal grains. The 
interior of the crystal is single-crystalline. Due to poor heat dis-
sipation the droplet at the end of the filament remains liquid by 
that time and is crystallised later. 

At an energy density of the femtosecond pulse near the 
ablation threshold, F » Fa, the characteristic time of the evo-
lution of bubbles is determined by the stopping time of the 
motion of a liquid shell separated from the cavitation-unaf-
fected material by a layer of bubbles, i.e., the transition time 
of the initial kinetic energy of the ablative shell into the poten-
tial energy of the surface tension of bubbles of the cavitation 
layer. The maximum bubble size l in a direction perpendicular 
to the surface will be expressed as: 

l ~ 
( )d F FcT

s
-

,	 (1) 

and the time of evolution of bubbles 

t ~ 
d F F/ /

cT
1 2 3 2

s
r -

,	 (2)

where s is the surface tension of the melt, and dT is the depth 
of warming of the sample at the beginning of cavitation. 
Cavitation in the melt occurs when the energy density exceeds 
the cavitation threshold Fc, which is greater than the value 
Fm, necessary for melting, but smaller than the ablation 
threshold: Fa > Fc > Fm. Given that the surface temperature 
Ts is approximately proportional to the absorbed energy den-
sity, it is possible to conclude that the characteristic time of 
the collapse of the foam cells slowly increases as T Ts c-  (Tc 
is the temperature of cavitation), while the freezing time is 
growing rapidly as (Ts – Tm)2, where Tm is the melting point. 
As a consequence, in the annular region of the focal spot on 
the target, where Fc < F < Fa, the surface with subsurface 
bubbles, frozen at the time when their volume is maximal, 
may experience a maximum rise. In this case, a rim with a 
maximum located at a certain distance from the crater walls is 
formed around the crater, as is the case in aluminium [14]. 
However, if the freezing occurs across the entire surface of the 
bubbles in the expansion phase, the maximum of the surface 
rise is always on the walls of the crater at F = Fa. It is also pos-
sible that in some materials the bubbles will always collapse 
faster than the freezing at F < Fa. In this case, the formation 
of neither subsurface frozen bubbles nor rims around the cra-
ter is possible. 

It should be noted that cellular structures for aluminium 
are considerably greater than for nickel and tantalum (see 
Fig. 1a and Fig. 3). This difference at a slight excess of F over 
the ablation threshold, according to relation (1), can be 
explained by differences in the surface tension coefficient s of 
the melt and the thermal conductivity l (the latter coefficient 
determines the depth of warming dT). The corresponding val-
ues of these parameters for the materials in question are as 
follows [17]: for aluminium s » 0.92 N m–1 (660 °С), l » 
230 W m–1 K–1; for nickel s » 1.74 N m–1 (1550 °С), l » 
70 W m–1 K–1; and for tantalum s » 2.25 N m–1 (2990 °С), 
l » 60 W m–1 K–1. Here, the values of s are taken in the vicin-
ity of the melting point. 

At large excesses of the ablation threshold, F >> Fa, the 
analysis is difficult due to the fact that with increasing F a 
complex multi-tier foam is formed, consisting of several lay-
ers of bubbles. Its disintegration according to the MD calcu-
lations for aluminium begins at those places where the walls 
are thinned down to a few nanometres upon reaching a cer-
tain critical bubble size equal to ~10dT. This correlates well 
with the experimentally determined characteristic sizes of cel-
lular nanostructures in Figs 1 and 2. In this case, the dimen-
sional evaluation of the time of the start of the foam collapse 
does not contain the coefficient s: 

t ~ ( )d F F1/2 / /
cT

3 2 1 2r - ,	 (3)

because the surface tension forces cannot seriously slow down 
the stretching of the foam. In the case of a multi-tier foam 
formed at high absorbed fluences, the primary rapture is 
likely to occur on the upper floors, where the walls of the cells 
are hotter and thus less strong. In this case, the central part of 
the crater has a more complex surface morphology, charac-
terised by large cavities and filaments, as well as by a signifi-
cant amount of ‘debris’, dropped out of the collapsed foam 
from the upper tiers (see Fig. 1b). Thus, the above analysis 
shows that the final morphology of the modified surface is 
determined by the ratio of the characteristic times of the cool-

Figure 4.  Morphology of the solidifying surface of the aluminium tar-
get in 2.5 ns after irradiation during the MD simulation of ablation at 
F/Fa = 1.8; the horizontal size of the calculation domain is 240 nm, and 
the bubble diameter is about 100 nm.
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ing of the surface layer and the evolution of the foam layer, 
which in turn depend on the thermomechanical properties of 
the material and the absorbed femtosecond pulse energy den-
sity. 

4. Conclusions 

The results of SEM studies of the bottom surface of ablation 
craters formed after irradiation of metal samples by a single 
femtosecond pulse have shown that its morphology is charac-
terised by the presence of chaotic cellular nanostructures, the 
characteristic size of which depends on the material proper-
ties and the energy density of laser pulses. According to the 
molecular dynamics calculations, these structures are formed 
from the molten foam after its solidification. 
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