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Laser nanostructuring of materials surfaces

ILN. Zavestovskaya

Abstract. This paper reviews results of experimental and
theoretical studies of surface micro- and nanostructuring of
metals and other materials irradiated directly by short and
ultrashort laser pulses. Special attention is paid to direct laser
action involving melting of the material (with or without
ablation), followed by ultrarapid surface solidification, which
is an effective approach to producing surface nanostructures.
Theoretical analysis of recrystallisation kinetics after irradi-
ation by ultrashort laser pulses makes it possible to determine
the volume fraction of crystallised phase and the average size
of forming crystalline structures as functions of laser
treatment regime and thermodynamic properties of the
material. The present results can be used to optimise pulsed
laser treatment regime in order to ensure control nano-
structuring of metal surfaces.

Keywords.: nanostructures, short and ultrashort laser pulses, laser
ablation, rapid solidification.

1. Introduction

Laser micro- and nanostructuring of materials is important
in many scientific, technological and medical applications,
such as the fabrication of opto- and nanoelectronic devices,
information storage systems, control over the mechanical
and optical properties of solids and biomedical engineering
[1-8]. Nanostructures resulting from laser material proc-
essing have unique properties and often cannot be produced
by other, nonlaser techniques.

The production of nanoscale structures on the surface of
solids improves their physical and mechanical properties,
enhances the biocompatibility of implants with body tissues,
etc. For example, the strength of structural materials
increases with decreasing grain size, with no loss in plasticity
[9]. Nanostructured materials strongly differ in optical
properties from unmodified bulk materials, acquiring prop-
erties of metamaterials. This can be used to increase the
absorptance of materials by laser processing [10, 11], to
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produce black and coloured films on the surface of various
metals [11—-15] and to fabricate ‘black silicon’ structures
[7, 16] for solar-cell manufacturing. In addition, nanostruc-
tured surfaces find application in selective nanocatalysis,
microelectronics for information recording, processes for
creating optical memory based on phase transitions in metal
nanoparticles etc. [17].

Laser micro- and nanostructuring processes take advant-
age of physical mechanisms that underlie the formation of
two- and three-dimensional micron- and nanometre-scale
structures in metals, semiconductors, transparent materials,
and polymers illuminated by laser pulses of various inten-
sities and durations.

The development of laser nanostructuring technologies
has been stimulated by recent advances in laser engineering,
which have made it possible to generate short and ultrashort
laser pulses. Considerable effort has been aimed at improv-
ing the performance and lowering the cost of femtosecond
laser systems, which have proved effective in a variety of
applications [13—23]. Moreover, recent years have seen
increasing use of diode-pumped solid-state lasers generating
nanosecond pulses [24—26]. Such lasers offer the advantages
of small dimensions, good beam quality and high efficiency.

Nanostructuring with short and ultrashort laser pulses is
possible under various laser ablation conditions and also
under subthreshold conditions that ensure rapid melting of
the surface layer.

Issues pertaining to laser —matter interactions, in partic-
ular, laser ablation mechanisms, have been addressed in
many reports (see e.g. Refs[1,27-32] and references
therein). Intense, detailed research into the physics of
laser—matter interactions was probably triggered by the
idea put forward by Basov and Krokhin [33] as early as
more than forty years ago that lasers could be used to
achieve controlled fusion. The fundamental works by
Afanasiev and Krokhin [34—36] presented a physical picture
of processes initiated in solids by nanosecond laser pulses of
various intensities. Later, using theoretical analysis and
numerical modelling, Afanasiev et al. [37—43] explored
various aspects of metal and polymer ablation with ultra-
short (pico- and femtosecond) laser pulses.

The energy of a laser pulse is first absorbed in the
affected zone and then transferred to the bulk of the
material and its lattice through heat conduction processes
due to electron—phonon coupling. Mechanisms of laser
radiation absorption by electrons may be both linear and
nonlinear. Nonlinear light absorption at high incident laser
intensities has been extensively discussed in the literature
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because it determines the effect of ultrashort laser exposure
on transparent materials such as wide-gap semiconductors
and dielectrics [44—47]. Ultrashort laser pulses rapidly heat
the electronic system to temperatures in the order of tens of
thousands of kelvins, whereas the lattice remains at room
temperature. The key features of the electron thermalisation
kinetics in such a system, energy transfer from the electrons
to the lattice and the timescales of these processes have been
analysed in a number of publications [1, 42]. Energy transfer
from electrons to lattice phonons takes several picoseconds.
The heated region then acts as the source of a thermal wave
which propagates to the bulk of the material (heat con-
duction processes in metals exposed to femtosecond pulses
under nonequilibrium conditions were examined by Kana-
vin and Uryupin [48, 49]). Thus, the absorbed laser pulse
energy acts as a surface heat source.

Sufficiently high incident laser intensities may cause
structural and phase changes, such as melting; vaporisation,
possibly accompanied by laser plasma generation; and
ablation, involving the ejection of surface atoms or particles
of the material [1, 28 —31, 50— 56]. The structural and phase
changes may lead to surface nanostructuring and nano-
particle formation away from the material surface. It has
long been known that, under certain conditions, laser-
induced material ejection from an exposed surface region
may lead to the formation of various micron- and nano-
metre-scale periodic structures in the affected zone
[11, 31, 57-61]. Moreover, laser-induced surface material
removal leads to the formation of nanoclusters
[3, 7, 8, 22, 62—64], which may then redeposit on a sub-
strate, leading to the formation of a nanostructured surface
film [65]. Nanocluster formation is possible both in the
ablation regime, where laser plasma effects are minimal, and
with direct participation of a laser plasma [3, 7, 64]. Cluster
formation in a liquid may yield a suspension of nano-
particles widely wused in biomedical applications
[3, 7, 12, 66, 67].

In recent years, a great deal of attention has been paid to
the possibility of so-called direct surface nanostructuring
with ultrashort laser pulses, where structures are formed at
specific laser radiation parameters [8, 22, 53, 63, 68]. Direct
surface nanostructuring means that nanoscale surface struc-
tures are produced without redeposition of ejected particles
onto specially prepared substrates, without any screening
masks, etc. Nanostructuring is only caused by a laser beam
incident directly on the surface of bulk material or film. One
can use repetitive-pulse exposures. The size of forming
nanostructures can be controlled by varying the number
of pulses [61]. A distinctive feature of direct laser nano-
structuring is that the processes involved are inherent in
laser ablation, which involves melting and/or material
ejection in the form of atoms, followed by redeposition
of the atoms and/or clustering in the vapour phase. In the
case of melting, surface nanostructuring is governed by the
surface cooling rate after the laser pulse.

Direct laser micro- and nanostructuring of material
surfaces is receiving increasing attention because this
method is simple and cheap [5, 60, 63, 68]. It ensures
both locality of the action and the possibility of large-
area processing using programmable beam scanning. An
important practical issue is then the ability to control and
reproduce laser nanostructuring processes.

Ultrashort laser pulses may cause ablation without
melting the material. In surface processing with femtosecond

laser pulses, the ablated material may have high energy (in
the vapour phase), which essentially rules out its redepo-
sition onto the surface (especially in the form of
microdroplets). As a result, only the material in the zone
under laser irradiation is heated and ejected. The irradiated
area undergoes morphological changes and nanostructuring
[19, 69, 70].

If there is a liquid material, it rapidly solidifies by virtue
of the heat transfer to the interior of the sample after the
laser pulse. Because of the very high cooling rate (107 K s~!
or above), the size of the forming crystallites may be
comparable to interatomic distances [26, 30, 56, 71]. This
causes structural changes in the irradiated zone, including
effective nanostructuring of the solidified material. If the
cooling rate exceeds the crystallisation rate, an amorphous
layer may form [25, 26, 72].

In optimising laser nanostructuring conditions, an
important point is to minimise the size of the resulting
structures. The minimum possible size of the structures
(holes, etch pits) produced by direct laser ablation of the
surface in the material ejection regime is determined by the
diffraction-limited beam divergence and is comparable to
the laser wavelength [18 —20]. When ~ 800-nm titanium:sap-
phire laser pulses are used in surface processing, only
micron-scale structures can be produced by direct ablation.
Ablation with femtosecond laser pulses can produce sub-
micron-scale structures only when the laser beam is carefully
focused [20, 53]. High-quality structures can then be
obtained, up to 100 nm in resolution or depth. The
minimum possible size of such structures is limited by
the stability and quality of the femtosecond laser beam
intensity profile. Surface structures tens of nanometres in
size can be produced by the above indirect laser treatment
methods through redeposition of forming nanoparticles
onto substrates and by near-field ablation, e.g. using a
femtosecond laser pulse in combination with scanning
microscopy or atomic force microscopy [3, 5—7].

Direct laser irradiation can produce very small structures
(tens of nanometres in size) on the surface of materials in
two instances: (1) intense laser ablation due to cluster
redeposition in and outside the ablation crater and (2)
ultrashort laser pulses which ensure very rapid heating,
melting and solidification of metal surfaces. Laser structur-
ing without ablation is possible when the pulse energy
density is slightly below the ablation threshold but exceeds
the melting threshold. Use is typically made of short and
ultrashort (nano-, pico- and femtosecond) laser pulses with
near-threshold intensities, which cause local metal melting
with no significant ablation.

In recent years, controlled direct surface nanostructuring
with laser pulses under such conditions has been the subject
of intense research. Attempts were made to systematically
study laser nanostructuring mechanisms and optimise proc-
essing conditions (intensity, duration, number and repetition
rate of laser pulses) with consideration for the thermody-
namic characteristics, mechanical properties and surface
quality of the target material [10, 22, 26, 68].

This paper reviews the results of experimental and
theoretical studies of micro- and nanomodification processes
induced on the surface of metals and other materials by
short and ultrashort laser pulses, with focus on the results
obtained by researchers at the N.G. Basov Quantum
Radiophysics Division, P.N. Lebedev Physics Institute,
Russian Academy of Sciences. Particular attention will be
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paid to the possibility of direct laser nanostructuring
through melting of the material (with or without ablation),
followed by ultrarapid solidification of the molten surface
layer, resulting in the formation of nanoscale surface
structures.

2. Direct laser nanostructuring of materials
surfaces: experimental results

Direct laser micro- and nanostructuring (modification) of
materials surfaces involves both producing a fine-crystalline
structure (which is also referred to as ’'nanocrystalline
structure’), in order to improve the mechanical properties
and corrosion resistance of the material, and creating arrays
of micro- and nanoparticles (nanoclusters) on its surface, in
order to improve its optical, electrical and other properties,
e.g., with the aim of enhancing its compatibility with
biological tissues. Nanostructures may strongly differ in
texture and properties from the bulk material they have
been produced on.

Structural details of nanomaterials (grain size, fraction
of grain boundaries, structural perfection) have a significant
effect on their properties and depend on the preparation
procedure [9]. Note that this refers primarily to the
mechanical strength of nanomaterials. At a large grain
size, the increase in strength and hardness with decreasing
grain size is due to the formation of additional grain
boundaries, which prevent dislocation motion. It is known
that crystallites are dislocation-free when their size is below
a certain critical value (for example, iron and nickel particles
are dislocation-free when their diameters are below 23 and
140 nm, respectively [73]). Accordingly, the high strength of
nanograined materials is due to the low dislocation density
and high dislocation formation energy in such materials.
The microhardness of nanocrystalline materials is a factor of
2 to 7 higher than that of their coarse-grained analogues
[74, 75]. An important point is that they have sufficiently
high plasticity [76]. In addition, grain size reduction
improves the corrosion resistance and superplasticity of
the material.

A key issue in the fabrication of nanocrystalline materi-
als is the ability to ensure a narrow particle size distribution
and control over the formation of nanoparticles and process
parameters. This can be achieved using laser nanostructur-
ing of materials [5, 8,9, 77]. The formation of a fine-
crystalline or amorphous surface structure under the action
of laser pulses is referred to as ‘laser glassing’
[26, 30, 71, 78].

The first experiments aimed at surface modification of
various metals and alloys in order to produce an ultrafine-
crystalline or amorphous structure by laser pulses 10~ to
1073 s in duration were performed more than three decades
ago and revealed many of the main general trends of laser
vitrification (see e.g. Refs [79—82]). Micro- and nanostruc-
tured materials were shown to have markedly better physical
and, especially, mechanical properties.

First of all, the fabrication of amorphous and nano-
crystalline structures by pulsed laser irradiation of metals
and various alloys was shown to be conceptually feasible. In
particular, using ~ 15-ns ruby laser pulses with an energy
density of ~3.57J cem 2, Mazzoldi et al. [80] obtained
amorphous layers of the order of 150 nm in thickness on
pure Al. The layers contained nanometre-scale (~ 10 nm)
crystalline inclusions. As shown earlier, there is a critical

laser cooling rate at which crystallisation can be suppressed
to give an amorphous structure. The critical cooling rate
depends not only on laser irradiation parameters (laser pulse
intensity and duration) but also on properties of the
material (thermodynamic characteristics, alloy composition,
metal purity and surface condition). The experimentally
determined cooling rate needed to completely suppress
crystallisation in pure metals illuminated by laser pulses
exceeds manyfold the calculated value. The reason for this is
that any crystal at the boundary of the irradiated region is a
potential seed. In particular, the calculated critical cooling
rate for aluminium amorphisation under the conditions of
the above experiment is 9.3 x 10’ K s™! [72], which is well
below the cooling rate used by Mazzoldi et al. [80] (about
10" K s71h.

Several approaches have been proposed for reducing the
critical cooling rate for amorphisation. Skakov et al. [81]
used additions of so-called glass formers (B, Si, P and C) for
this purpose. They irradiated 11 different Fe alloys con-
taining the glass formers. The CO, laser output intensity
was 10° to 10° W cm™ and the laser pulse duration was
120 ns. On some of the alloys, they obtained amorphous
layers 5 to 10 pm thick. The cooling rate of the alloys
containing the glass formers was ~ 10° K s™', which is far
below the calculated critical cooling rate for amorphisation
in pure Fe [72]: vy ~ 1.8x 10° K s~

Matsunawa et al. [82] investigated the formation of a
fine-crystalline structure in the Fe;4SigB;; alloy exposed to
~ 0.24-ms Nd:YAG laser pulses. The cooling rate was
1.5x 10° K s™!. They observed both fine-crystalline and
amorphous phases in the surface layer. To further increase
the cooling rate, substrates with high thermal conductivity
(Ni and Cu) were used as heat sinks. Under such conditions,
they obtained amorphous layers on the surface and fine-
crystalline layers at the solid—liquid interface. A mixed,
ultrafine structure (composed of amorphous and crystalline
regions) was also obtained in a mixture of Ni—Nb and
Cu—Zr powders exposed to millisecond neodymium glass
laser pulses [79]. The cooling rate was 10° K s~!. The laser
exposure was found to cause the alloys to amorphise in a
narrow range of irradiation parameters. Changing the
irradiation energy by 10% to 15% led to crystallisation
of the amorphous material. Fine-crystalline and amorphous
structures were observed to form at pulse durations from
milliseconds to nanoseconds.

A number of reports analysed the effect of laser pulse
duration at different wavelengths on materials processing
conditions and compared processing conditions at various
laser pulse durations (see e.g. Refs [57, 58, 69]). In partic-
ular, Simon and Thleman [57] irradiated a variety of metals
(Ni, Al, Cu, Cr and Au) and semiconductors (Si and Ge)
with UV (1 =248 nm) laser pulses and compared the
morphologies of the irradiated regions at pulse durations
of 0.1, 0.5, 5 and 50 ps. They observed the formation of
periodic structures with a period of ~ 360 nm and holes less
than 1 pum in diameter (~ 500 nm in copper). At laser pulse
durations under 5 ps, the irradiated materials differed very
little in morphology, whereas the structures obtained at laser
pulse durations from 5 to 50 ps differed markedly. Pulses
more than 5 ps in duration produced a melt pool, leading to
the formation of solidified droplets on the surface. More-
over, increasing the pulse duration to 50 ps caused the fine
periodic structure to blur. In the semiconductors, such
structural distinctions were observed even at pulse durations
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slightly above 500 fs. When the laser pulse duration was
reduced to ~ 200 fs, the ablation process involved the
formation of a molten layer. The shape of the solidified
melt (the rim of the crater) depended on both the melt flow
dynamics and rapid solidification conditions.

Crouch et al. [69] compared the optical properties of
microstructures produced on silicon by nanosecond and
femtosecond laser pulses. The penguin-like structures pro-
duced by 30-ns and 100-fs laser pulses differed in size by a
factor of 5: the spikes were 40 and 8 um in height and 20
and 4 pm in width, respectively. Even though the structures
differed markedly in dimensions, morphology and crystal-
linity, the materials were very similar in optoelectronic
properties and chemical composition.

Thus, the morphology and physical properties of layers
produced by pulsed laser irradiation are governed not only
by the characteristics of the material but also by the laser
pulse energy density and duration.

A number of studies were concerned with the effect of
femtosecond Ti:sapphire laser pulses (4 = 800 nm) on the
surface morphology of various metals [10, 11, 13,
20, 53, 61, 63]. As shown by Korte et al. [20], structures
100—200 nm in size can be produced by the direct action of
femtosecond laser pulses using standard photolithographic
masks based on Cr-coated layers. Submicron surface
structures develop in two cases: (1) below ablation threshold
when there is a melt in the affected zone and (2) in the
ablation regime when the incident intensity slightly exceeds
the ablation threshold owing to careful beam focusing. In
this technique, the formation of a nanometre-scale hole on
the metal surface is always accompanied by surface dis-
tortion of the structure around the hole. Such a structure
appears in the region where the incident laser beam intensity
exceeds the melting threshold. Various exposure conditions
were examined in order to illustrate specific features of the
influence of a single laser shot on metals: without redepo-
sition of the ejected material, as well as with redeposition
and a solidified ridge around the hole.

Koch et al. [53] studied nanotexturing of gold films at
incident laser intensities that ensured melting of the metal in
the affected zone. The laser pulse duration was 30 fs, and
the incident intensity was just below the ablation threshold
but above the melting threshold. For noble metals (e.g.
gold), the lifetime of the melt pool was shown to be
sufficient for the formation of various surface textures.
In particular, conditions were selected for producing 500-
to 600-nm bumps with a nanojet of 100—200 nm diameter
in their central part. The dynamics of the formation of such
structures during melting and subsequent solidification are
still unclear.

Further attempts to study the morphology of laser-
processed gold, copper and titanium surfaces were made by
Vorobyev and Guo [10, 11, 61, 63]. In their experiments, the
size and shape of surface nanostructures depended not only
on the incident laser intensity and number of pulses but also
on the properties of the material and the initial structure of
the surface. Adjusting the incident intensity and number of
pulses, they were able to produce nano-, micro- and
macrostructures and various combinations of these on metal
surfaces. There were optimal laser processing conditions for
each type of structure, in particular for pure surface
nanostructuring, i.e., for producing only nanometre-sized
surface structures. The nanostructures in the three metals
were similar in size and shape. Using 65-fs laser pulses and

pulse energy densities just above the damage threshold (the
ablation threshold for Au and Ti is 0.067 J cm 2 and that
for Cu is 0.084 J cm™2), various nanostructures were
produced with one to ten laser pulses. These typically
had the form of porous structures (round nanopores)
40—-100 nm in diameter, randomly arranged nanoprotru-
sions 20—70 nm in diameter and 20—80 nm in length,
nanocraters and various structures (nanorings and eleva-
tions) 20— 100 nm in size around the nanocraters.

Figure 1b shows nanostructures produced on a Cu
surface by a single 65-fs laser pulse with an energy density
F=0.35) cm™2 [63]. The minimum size of the forming
crystalline nanostructure was 20 nm. Studies of the mor-
phology and texture of surface structures demonstrate that
nanostructuring is due to randomly arranged nanometre-
sized melt pools. The shape and size of the forming
nanostructures depend both on the dynamics of melt motion
in nanoregions in the zone being irradiated and on the
cooling kinetics.

200 nm

Nanocrater Nanopores

®
>3

N -

Nanorim

Nanoprotrusion

Figure 1. Typical images of (a) a copper surface before irradiation and
(b) a nanostructure produced on the copper surface by femtosecond laser
ablation (pulse duration, 65 fs; energy density, F = 0.35] em 2 N = 1).

Multiple irradiations can produce ensembles of nano-
structures up to 500 nm in size. The process is accompanied
by the formation of microstructures, which prevail at a
number of pulses N = 1000. Similar results can be obtained
at higher laser energy densities. Figure 2 presents a scanning
electron microscopy (SEM) image of a copper surface after
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exposure to two laser pulses with an energy density
F=9.6Jcm 2 [63]. The central part of the irradiated
zone contains only microstructures. At the same time,
nanostructures are seen in the peripheral parts of the
ablation zone, where the laser energy density is substantially
lower. In addition, Vorobyev and Guo [11, 61] observed the
formation of periodic structures in gold and titanium at a
laser energy density near the ablation threshold and a
number of pulses from 20 to 800.

Peripheral nanoroughness

Figure 2. SEM image of a copper surface after exposure to two laser
pulses (pulse duration, 65 fs; energy density, F=9.6J cm™2). Inset:
microstructure details in the central part of the irradiated zone.

As pointed out above, the mechanisms underlying the
formation of periodic structures at longer pulse durations
are well understood [31, 58]. Such structures are sometimes
referred to as laser-induced surface periodical structures.
Typically, their period is of the order of the incident
radiation wavelength and they are oriented perpendicular
to the incident wave polarisation. A unique feature of the
periodical structures produced by ablation with femto-
second laser pulses in studies by Vorobyev and Guo
[11, 61] was that both the elevations and depressions in
the periodic microstructures were covered with nanopar-
ticles, predominantly spherical in shape (Fig. 3) [61].

Also of interest is laser ablation at a high energy density

and a small number of laser pulses [61], which causes
complete melting of the region under irradiation. Subse-
quent ultrarapid melt solidification leads to the formation of
a smooth surface covered with redeposited metal nano-
particles down to ~ 10 nm in size. Figure 4 illustrates the
surface topography of titanium after irradiation by femto-
second laser pulses with an energy density of 2.9 J cm™>
[61]. Similar structures resulted from picosecond laser
irradiation [83], but the number of nanostructures produced
by a femtosecond pulse considerably exceeded that in the
case of a picosecond pulse.

Note that surface nanostructuring influences the optical
properties of metals; in particular, it increases their absorp-
tance. Vorobyev and Guo [11, 63] demonstrated an increase
in the absorptance of gold and copper. Selecting an
appropriate combination of nano-, micro- and macrostruc-
tures on a metal surface, one can increase the absorptance of
copper to 85% and that of gold to 100 %. The ablation
crater on gold was shown to be surrounded by a black halo
due to spherical aggregates of spherical nanoparticles.
Figure 5 shows images of a black gold layer composed
of spherical aggregates, whose size decreases with increasing
distance from the crater (the crater is situated to the left of
the zone in the images) [11]. As seen in Fig. 5b, the spherical
redeposited aggregates consist of spherical nanoparticles.
Thus, the redeposition of nanoparticles (clusters) outside the
beam spot leads to the formation of nanostructured material
known as black gold.

Despite the effectiveness of femtosecond laser nano-
structuring and nanostructuring with the use of picosecond
pulses, there is also practical interest in employing cheaper
laser systems generating nanosecond pulses. In particular,
Lapshin et al. [68, 84] irradiated various materials by 25-ns
F, laser pulses of wavelength 157 nm. Their results dem-
onstrate that nanostructures can be produced on solid
surfaces by multiple exposures that ensure ablation in
the centre of the beam spot and surface melting at its
periphery. Figures 6 and 7 present atomic force microscopy
(AFM) images illustrating surface nanotopography [68].
Figure 6 shows a nanostructured silicon nitride surface
profile after exposure to 500 laser pulses in the melting
zone, where the laser energy density was 0.6 J cm 2. The
characteristic lateral grain size is 100— 150 nm, with a height
of 100—150 nm, and aggregates of small grains are 400—

' 200 nm
- e—

Figure 3. (a) Periodic structure produced on a titanium surface by exposure to femtosecond laser pulses (pulse duration, 65 fs; energy density,
F=0.067 J cm™2; N = 400); (b) higher magnification image of the area outlined in the left panel, showing details of the periodic structure and

nanoparticles.
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100 nm

500 nm
T

Figure 4. Titanium surface after femtosecond (65 fs, 2.9 J cm~2) laser exposures: (a) smooth surface with microinhomogeneities after exposure to one
laser pulse; (b) smooth surface with nanostructures after two laser pulses; (¢) higher magnification image of the area outlined in Fig. 4b, showing
surface nanostructures; (d) nanotopography of a smooth surface after exposure to four laser pulses (one can see spherical nanostructures down to

~ 10 nm in size.

200 nm

Figure 5. Structure of redeposited black gold outside the beam spot after
20000 laser shots (65 fs, 0.17 J cm™2): (a) black gold layer composed of
spherical aggregates; (b) SEM image of spherical nanoparticles that
constitute the spherical aggregates in the structure of the black gold.

600 nm in lateral size and ~ 500 nm in height. Note that the
unirradiated Si;N, surface ranged in lateral grain size from
60 to 150 nm, but the height of the grains was rather small:
6—20 nm. Near the centre of the beam spot, the energy
density was higher, 2 Jcm 2. The length scale of the
nanostructure in this region was 200 nm to 1.4 pm and
the nanoroughness was of the same order.

The surface nanostructuring of diamond-like films is
similar to that described above (Fig. 7). An important factor
in nanostructuring is inhomogeneity of the surface profile,
which may cause inhomogeneity of the ablation process.
Ablation first takes place at grain boundaries. After a
sufficiently large number of pulses, nanostructuring is
determined by laser-induced surface instability. Therefore,
optimising the number of laser pulses, one can control the
size of the resulting surface nanostructures, in particular,
minimise it.

In recent years, diode-pumped solid-state lasers have
been used increasingly in technological applications owing
to their small dimensions, good beam quality, and high
efficiency. They are widely used for the modification and
micromachining of semiconductors, ceramics, and metals
[24—-26]. Pervolaraki et al. [24] reported the use of a
Nd:YVO, laser generating nanosecond (1.7-2.8 ns) pulses
of the fundamental (1064 nm) and second (532 nm) har-
monics. They studied ablation of polyimide, gold film, and
silicon when the melt was ejected from the crater, and
analysed conditions for producing high-quality holes in
materials.

Bezotosnyi et al. [25] and Zavestovskaya et al. [26]
reported extensive experimental studies concerned with
the surface modification of metals and semiconductors by
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Figure 6. Two- and three-dimensional AFM images of a silicon nitride surface irradiated with 500 laser pulses (25 ns, 0.6 J cm™2).
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Figure 7. Two- and three-dimensional AFM images of a diamond-like film on a rough copper substrate after 100 laser shots (25 ns, 1.0 J cm—2). One
can see cells 60— 70 nm in characteristic lateral size and 10—70 nm in height and widely spaced hillocks 200— 500 nm in characteristic lateral size and

200-300 nm in height.

laser pulses. To this end, they employed a diode-pumped
acousto-optically Q-switched pulsed Nd:YAG laser
[85, 86]. They examined laser modification of indium solder
with the aim of improving the effectiveness of heat removal
from the crystal of high-power laser diodes [25]. The pulse
energy density was 0.1 J cm ™2, and the pulse duration was
6.5 ns. The SEM images in Fig. 8 illustrate the effect of laser
exposure on the surface morphology of indium solder [25].
The indium film is seen to amorphise (laser glassing). The
observed flaws typically ranged in size from 100 nm to
1 um. Modifying the structure of the solder film immedi-
ately before the laser mounting process ensured a marked
increase in diode laser output power [25, 26]. Laser-modified
indium solders made it possible to reach excellent output
parameters of high-power 808-nm laser diodes with good
reproducibility.

Thus, the above results on the structure of materials
exposed to short and ultrashort laser pulses point to the
formation of a fine structure with a grain size in the order of
several nanometres. The dimensions and shape of nano-
structures depend on the initial surface condition and the

number of laser pulses. All types of nanostructures thus
produced can be used in technological applications (e.g. to
control the optical properties of materials, enhance the
compatibility of implants with biological tissues etc.). Laser
ablation with femtosecond pulses can be used to manufac-
ture coatings such as black gold films. Direct laser
modification of materials surfaces is possible with and
without ablation. A necessary condition for modification
processes to take place is that there be a melt pool in the
zone under irradiation.

Note that the advantages of particular laser processing
conditions with a given laser pulse duration depend on the
type of material to be processed, laser processing conditions,
and processing procedure. All the advantages of direct laser
nanomodification of metal surfaces (with no plasma) are a
logical (natural) consequence of laser ablation processes. To
ensure nanostructuring reproducibility, one should optimise
processing parameters such as the heating and cooling time
and rate and the volumes of the liquid and crystalline
phases. Also important is the ability to determine the
average crystallite size. All the above parameters depend
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Figure 8. SEM images of a 2.7-um-thick indium film (a) before and (b)
after laser exposure (diode-pumped Nd:YAG laser; pulse duration,
6.5 ns; energy density, 0.1 J cm™2).

on laser pulse parameters and the thermodynamic properties
of the material.

3. Theoretical modelling of pulsed-laser-induced
nanocrystallisation processes

To construct a model of nanostructuring by short and
ultrashort laser pulses, one should study in detail the
mechanisms of laser energy absorption, nonequilibrium
processes induced by rapid laser energy deposition and
structural and phase transformations in laser-processed
surface layers of materials. All these processes are closely
interrelated. One distinctive feature of these processes is
that they may occur within extremely small volumes, down
to several hundred microns in size, in just 107" to 107'? s.
As a consequence, there are high heating and cooling rates
and large temperature gradients. Laser ablation, or laser-
induced material removal (laser etching), has been the
subject of extensive theoretical studies [1, 33-49, 52].
Melting processes have been analysed in detail for both
cw laser radiation and various laser pulse durations (from
milli- to femtoseconds) [1, 26, 30, 87—92].

An issue that is often addressed in the literature is

whether the mechanism of melting induced by ultrashort
pulses is thermal or nonthermal [18, 52, 70]. The mechanism
of phase transformations is nonthermal when the structural
changes involved occur more rapidly than the absorbed
energy transfer from electrons to the lattice. The phase
transitions that develop after heat transfer from electrons to
the lattice are ultrarapid thermal phase transitions.

There is experimental evidence (exemplified by the effect
of a femtosecond laser pulse on aluminium) that the
mechanism of metal melting by short and ultrashort laser
pulses is thermal at pulse durations down to 40 fs [93]. The
process is due to lattice heating to the melting point and
takes in the order of several picoseconds (1.5-2 ps for Al).
The new phase nucleates through a homogeneous mecha-
nism. The heating rate may reach 10" K s~'. The time
taken by the phase transition is independent of the laser
energy density, as distinct from nonthermal melting mech-
anisms.

Ivanov and Zhigilei [90] reported a computer simulation
study of the melting of 50-nm-thick Ni and Au films exposed
to laser pulses 200 fs to 150 ps in duration. The simulated
melting time was 2 ps. The ablation, melting, and vapor-
isation of nickel, copper, and quartz were studied using
molecular dynamics simulation [91, 92, 94, 95]. It is worth
pointing out that the melting and solidification times of
materials exposed to femtosecond pulses have been vari-
ously reported to be 2—20 and 50—120 ps, respectively.

The surface structure of a material exposed to a laser
pulse is governed by both the melt flow dynamics and
solidification kinetics. Fundamental metal solidification
processes during ultrarapid cooling have not yet been
studied in sufficient detail. This is particularly true of the
kinetics and dynamics of the melting and solidification
behaviour of metals exposed to ultrashort laser pulses.

The most general approach to describing solidification
kinetics during cooling after laser exposure is to examine the
distribution of the number of crystalline particles, Z, with
respect to the number of atoms per particle, n, at time ¢ [96].
Knowing the distribution function Z(n, f), one can find the
mean size of the crystallites formed during cooling and the
volume fraction of the new phase. The rate equation for
Z(n,t) was treated in a number of studies [71, 72, 97—101].
In particular, Kudinov and Shmakov [97] found a solution
to a general classic equation for Z(n,t) using an average
diffusion coefficient and linearising the rate equation. The
solution was used by Tokarev et al. [101] to approximately
determine the mean number of particles per crystalline grain
and the fraction of melt solidified for a silicon nitride surface
exposed to nanosecond F, laser pulses.

Zavestovskaya et al. [71, 72] proposed a method for
analytically solving the rate equation for the distribution
function Z(n,t). The method is based on the operator
method that is commonly used to solve the Schrodinger
equation. Its salient feature is that it requires no averaging
of the diffusion coefficient and builds on the use of specific
physical features of metal solidification at ultra-high cooling
rates (a large number of supercritical nuclei, absence of very
large nuclei and a nearly planar shape of forming crystal-
lites). This allows one to explicitly describe the physical
behaviour of kinetic parameters such as the crystallite size
and the fraction of crystallised phase as functions of laser
exposure parameters.

The distribution function thus derived [72] can be
represented in the form
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where Z;, and Z; are the initial and final distribution
functions; I is the first-order modified Bessel function; v is
the Debye characteristic frequency; k is the Boltzmann
constant; Ak is the latent heat of the phase transition; U is
the activation energy for the transfer of an atom across an
interface; and T is the solidification temperature. The final
forms of «(f) and B(¢) and, accordingly, the distribution
function are determined by the variation of the temperature
during cooling, which depends on the laser exposure
parameters and the thermophysical properties of the
material. Zavestovskaya et al. [72] considered the most
typical time dependences of temperature: linear, power-law,
and exponential. The o(z) and fS(¢) data obtained for linear
cooling are presented in Fig. 9 [71]. It can be seen that, at
very high cooling rates, o, f and, accordingly, the
distribution function reach a plateau in a small fraction
of the total cooling time.
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Figure 9. Time dependences of o and f for Fe at a constant cooling rate
(U/kTy = 17.1).

The cooling rate determines the explicit form of the
distribution function. For example, with

Zin = Zpd(n — ny), 3)
we obtain for linear and power-law cooling

3/4 _ -B/2
Zf:(%e*ﬁ> exp {7—(\/5 ‘é%e )]. (4)

Figure 10. Distribution function Z(n, t) between times ¢t = 0 and 2.5 ns
(U/kT, = 15).

Figure 10 illustrates the time variation of Z(n, ) [71]. It
is seen that, in the initial stage of cooling, the function shifts
(drifts) significantly, whereas at the end of cooling it remains
essentially unchanged.

Using (4), the relative change in the volume of the
forming phase can be represented in the form [71]

AV Vi, —V; NAV—NefAv P

v v,  NAV S

)

where N is the number of laser pulses. Another important
parameter is the average size of the crystalline nuclei of the
forming phase, or the average number of atoms per nucleus
[71]:

AV W,

— Vi NAV - NefAV

1—ef.
Vv V. NAV ¢ )

Note that (n) is completely determined by o, i.e., by the
broadening of the distribution, and that the AV/V ratio
depends only on f, i.e., on the drift of the distribution
function with an increase in the number of particles.

Figure 11 presents the calculated volume of the crystal-
lised melt as a function of cooling rate and thermodynamic
properties of the material for exponential cooling. It can be
seen that, at relatively slow cooling rates (exp f — 0), the
melt crystallises almost completely (AV/V — 1). The cor-
responding cooling rates are 1.8 x 10° K s™! for Fe,
2.8 x 10° K s™' for Al and 1.73 x 10° K s™' for Ni. With
increasing cooling rate, only part of the melt crystallises. In
the 1 — oo limit, we have expf — 1 u AV/V — 0. It is then
reasonable to assume that the rest of the melt tends to form
a noncrystalline, amorphous phase (a solidified liquid). In
particular, we find in the case of Fe that, even at cooling
rates approaching v, = 1.8 x 10° K s™!, approximately
0.996 of the melt may have the form of a solidified liquid.
Amorphous phases of Al and Ni may form at
Ve 9.3 x 10% and 7.3 x 107 K s7!, respectively.

Note that the condition v > v, is a kinetic criterion for
amorphisation. Zavestovskaya et al. [72] established an
amorphisation criterion from the condition that an amor-
phous phase is formed when its volume fraction approaches
a value, P, close to unity. The experimentally observed
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Figure 11. Semilog plots of the volume fraction of crystallised phase vs.
cooling rate for (/) Fe, (2) Al and (3) Ni.

Figure 12. Log—1log plots of the average number of atoms per crystallite,
(n), against cooling rate for (/) Fe, (2) Al and (3) Ni.

crystalline content is ~ 107% [102]; therefore, exp[p(t —
o) = P.

On the other hand, the rate of heat transfer from the
melt to the material during solidification is determined by its
thermophysical properties and sets the upper limit of the
cooling rate. In the case of pulsed laser exposure, the cooling
rate has a maximum near the solidification temperature [30]:

UHIRX = Aq/ ()"m\/z> ) (7)

where A4 is an effective absorptance; »x is the thermal
diffusivity; A, is the thermal conductivity of the material; ¢
is the incident intensity; and t is the laser pulse duration.
Relation (7) was used to determine the critical cooling rate
at which a noncrystalline (amorphous) phase can be
obtained for U/kT, > 5 [72]:

exp (f k%) 7 ®)

where ¢, is constant at ~ 0.95. It can be seen that whether
an amorphous phase can be obtained depends on both the
laser pulse parameters and the thermodynamic properties of
the material.

Note that Eqn (8) for the cooling rate needs to be refined
when thin layers of a material are processed and the cooling
rate depends significantly on the thickness of the melt pool
[84].

Figure 12 shows log—1log plots of the average number of
atoms per crystallite, (n), against cooling rate [71]. Even a
slight decrease in cooling rate is seen to lead to a sharp drop
(by several orders of magnitude) in (n).

When metals are irradiated by pulses of a diode-pumped
solid-state laser, the cooling rate is such that structures 100
to 400 nm in size may form on an indium surface. When
femtosecond laser pulses are used, the crystallite size is
20—40 nm, in good agreement with experimental data
[10, 11].

Detailed calculations, including numerical modelling,
and a quantitative comparison with experimental data
are hindered by the lack of accurate thermodynamic data

~ VAR(1 —¢)
7 UlnP

for the system. Moreover, when femtosecond laser pulses
are used the cooling rate of materials may reach 10'2 K s,
and the structure of the solidified melt and the presence,
shape and size of nanostructures may be governed by the
dynamics of the processes that occur in the melt during

cooling [63].

4. Conclusions

Research into the processes underlying surface micro- and
nanostructuring of metals and other materials by short and
ultrashort laser pulses has been reviewed, with focus on
direct laser irradiation involving melting of the material
(with or without ablation), followed by ultrarapid surface
solidification after the laser pulse. Experimental data for
nano-, pico- and femtosecond laser pulses demonstrate the
possibility of producing structures with dimensions in the
nanometre range and the possibility of amorphisation. All
the types of nanostructures thus produced can be used in a
number of technological applications (e.g. to control the
mechanical and optical properties of metals and other
materials, enhance the compatibility of implants with
biological tissues etc.).

The results of theoretical studies of the solidification
kinetics of molten metals have been analysed for ultra-high
cooling rates in materials processing with ultrashort laser
pulses. An analytical solution to the rate equation for the
crystallite size distribution after ultrarapid cooling has been
used to evaluate the average number of atoms per crystallite
and the size of crystalline grains resulting from pulsed laser
irradiation of metal surfaces. Determination of the volume
fraction of crystallised phase allows one to find the critical
cooling rate at which crystallisation is impossible and the
structure amorphises.

The data presented in this study can be used to optimise
direct laser micro- and nanostructuring conditions and to
ensure process control and reproducibility.
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