
DOI: 10.1007/s00339-005-3320-3

Appl. Phys. A 81, 1639–1645 (2005)

Materials Science & Processing
Applied Physics A

i.m. burakov1

n.m. bulgakova1,�

r. stoian2

a. rosenfeld3

i.v. hertel3,4

Theoretical investigations of material
modification using temporally shaped
femtosecond laser pulses
1 Institute of Thermophysics SB RAS, 1 Lavrentyev Ave., 630090 Novosibirsk, Russia
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ABSTRACT We present a two-dimensional model, based on
a drift–diffusion approach, developed to describe the dynamics
of electronic excitation and lattice heating in several dielectric
materials with different electron–phonon coupling properties
(e.g. fused silica and sapphire) under the action of femtosecond
near-infrared laser pulse trains with variable separation time be-
tween pulses. The modeling approach was aimed to describe the
mechanisms that enable the spatial modulation of the structures
induced by temporally modulated laser excitation and ablation
of wide-band-gap dielectric materials. The possible geometric
contours of the laser-induced craters on the target surfaces are
discussed on the basis of the lattice-temperature profiles ob-
tained by modeling. It was found that the observed difference in
the crater shapes generated in fused silica and sapphire is condi-
tioned by the difference in dynamics of electron excitation and
recombination channels characteristic of these two materials.
This effect can be used to convert a given temporal pulse modu-
lation into spatial modulation, opening up new perspectives for
material processing in order to obtain desired structure profiles.

PACS 79.20.Ds; 42.62.-b

1 Introduction

Recent progress in producing energetic and reli-
able femtosecond lasers for material processing gives strong
momentum to further development of contemporary pulsed
laser technologies. Ultra-short laser pulses have received
much attention as a powerful tool for extremely precise pro-
cessing of almost any kind of material due to remarkable
features of the ultra-short laser pulse interaction with matter,
such as minimizing laser–plume interaction and reducing the
heat-affected zones. Due to rapid energy delivery, material re-
moval is strongly localized with minimal residual damage and
requires less energy than what is usually required when using
longer laser pulses [1–3]. These advantages of femtosecond
laser pulses are even more pronounced in laser processing of
dielectric materials because of highly non-linear absorption
and reduced heat diffusion as compared to metals, allow-
ing the generation of well-defined microstructures with high
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quality and reproducibility [4]. Laser ablation of dielectrics
proceeds through a whole sequence of physical processes,
such as non-linear absorption, non-equilibrium effects re-
lated to electronic and vibrational excitations, and avalanche
breakdown, giving rise to the generation of dense, overcritical
electron–hole plasmas [5]. Due to electron photoemission the
surface is effectively charged, resulting in surface-layer disin-
tegration by Coulomb explosion [5–7]. Repetitive irradiation
causes defect accumulation, strongly affecting the dynamics
of energy deposition [6, 8].

Temporal pulse shaping by Fourier synthesis of spectral
components has been demonstrated to be a powerful tech-
nique for controlling a variety of physical and chemical sys-
tems and offers enhanced possibilities to route specific pro-
cesses in pre-specified directions [9, 10]. In the particular field
of material processing the techniques present some interesting
opportunities. Adequate temporal tailoring of ultra-fast laser
pulses will deliver energy to the irradiated solid in a sequence
synchronized with the characteristic response of the mate-
rial. When dielectric materials are exposed to modulated laser
radiation, the sequential energy delivery may induce a prepar-
ation of the surface (i.e. defined electron density and phonon
temperature) and associated material softening during the ini-
tial steps of excitation, thus changing the energy coupling for
the subsequent steps. This may lead to lower stress, cleaner
structures, and provides a material-dependent optimization
process, with clear benefits especially for brittle materials.
Understanding the underlying physics and the interrelation of
the processes taking place in dielectrics irradiated by tempo-
rally tailored pulses can open additional ways for optimizing
and controlling microprocessing technologies. Energy release
into the lattice depends on the capability of the materials to
transfer electronic excitations into vibrational modes or in
transient lattice-localized deformations associated with car-
rier trapping. That is the reason we have chosen two types
of dielectric materials with different characteristics in rela-
tion to the electron–phonon coupling strength: fused silica
and sapphire. In oxides with strong electron–phonon coupling
such as α-quartz (c-SiO2) or fused silica (a-SiO2), fast electron
trapping associated with the formation of self-trapped exci-
tons is observed with characteristic times of approximately
100 fs [11]. In other oxides like sapphire (α-Al2O3) or mag-
nesium oxide (MgO), the electrons survive at the edge of the
conduction band for tens of ps. It has been shown [4, 8] that
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the characteristic electronic and lattice responses can be ex-
ploited in irradiation with temporally shaped pulses in order
to improve the structuring process. In this paper we present
a two-dimensional (2D) model describing the energy absorp-
tion and transport in dielectrics under the action of temporally
shaped laser pulses, namely multipulse sequences with vari-
able separation. A modeling tool is developed to calculate the
spatial details of the induced structures, an important factor
in precise laser machining of surfaces [12–16]. It furthermore
enables us to predict and verify assumed physical processes
occurring in excited dielectrics. The model sheds additional
light onto the characteristics of dielectric optical breakdown,
taking into account the temporal and spatial evolution of the
free-electron density, defect accumulation, the energies of
electron and lattice subsystems, and the optical response in
the dielectric targets under the action of temporally modu-
lated pulse intensity envelopes. The 2D extension of rather
established one-dimensional (1D) numerical approaches to
describe dielectric breakdown under ultra-fast laser excitation
is motivated by the direct comparison with experimental spa-
tial profiles of laser-induced craters. In spite of the fact that
radial transport should not play an important role when com-
pared to the axial dimension, 2D modeling helps in taking into
account the spatial intensity distribution across the irradiated
region. Additionally, when investigating the modulated spa-
tial profiles, it should be realized that modulations obtained
with a simplified 1D approach do not take into account the
2D effect of the electron thermal conductivity, which tends to
straighten the bent isothermal lines. The thermal conduction,
negligible on the scale of the irradiation spot, may become im-
portant during the modulated sequence. As a result, using 1D
modeling can lead to overestimating parameter modulations
and the latter can be considerably blurred or disappear com-
pletely in the more realistic 2D simulations. Besides calculat-
ing the 2D electron densities at the end of the laser sequence,
the model establishes the spatial profiles of the isotherms. It
provides a verification of the fact that electron trapping plays
a fundamental role in defining the final spatial profile, based
on the potential energy localized at defect sites. Modeling was
performed for sapphire and fused silica in order to emphasize
the material-dependent energy-deposition time scales (modu-
lated electronic excitation and optimal energy transfer to the
lattice) for particular experimental conditions. The tempera-
ture profiles obtained by modeling are analyzed and compared
with the experimental data on crater shapes. It has been found
that developing the antireflective properties is responsible for
the formation of the modulated crater in fused silica.

2 The model

The model is based on the one-dimensional (1D)
approach proposed in [5] to describe fast electronic trans-
port in different classes of materials (metals, semiconduc-
tors, and dielectrics) under ultra-fast, pulsed laser irradiation,
and developed to the two-dimensional (2D) case that implies
cylindrical symmetry for the problem of laser excitation. 2D
features of energy deposition into the lattice or glass matrix,
which define the resulting crater shapes, are of primary in-
terest. It has been shown that lattice heating is affected only
slightly by the laser-induced electric current [17], so the ef-

fects of surface charging and the associated ambipolar elec-
tric field are ignored. The modeling is based on solving the
equations listed below. The continuity equations for the laser-
generated free electrons, holes, and defects take into account
the processes of multiphoton ionization, avalanche, and elec-
tron recombination:

∂ne

∂t
= (

Wmph + QAV
) na

n0
− Re , (1)

∂nd

∂t
= Re , (2)

na = n0 −ne −nd . (3)

Here, we assume that ni = ne; na, ni, ne, and nd are the
densities of neutral and ionized atoms, electrons excited to
the conduction band, and defects, respectively; Wmph = σ6 I6

is the rate of a six-photon ionization process correspond-
ing to an energy-forbidden band Eg of approximately 9 eV
(for materials under consideration irradiated with 800-nm
laser wavelength); n0 is the total atomic number density of
the lattice (1.17 ×1023 cm−3 for Al2O3 and 6.6 ×1022 cm−3

for SiO2); QAV = αne I is the avalanche term [18]; and Re
represents the decay term taken in the form of a relaxation
time approximation ne/τtr, describing a trapping-like phe-
nomenon (with τtr equal to 100 ps for sapphire and 100 fs for
fused silica). It has been suggested recently [19] that tran-
sient defect population should be taken into account when
describing the complex optical response, but the absence of
a reliable cross section for defect absorption has been a ma-
jor impediment in considering this type of response in the
present work. We assume that carrier trapping in self-induced
lattice deformations is the dominant recombination process.
Both multiphoton ionization and avalanche terms are cor-
rected for the reduction in the density of ionization cen-
ters (neutral atoms providing the electrons in the valence
band) during ionization. The multiphoton ionization cross
section σ6 (σ6 = 8 ×109 cm−3 ps−1/(TW/cm2)6 for sapphire
and σ6 = 6 ×108 cm−3 ps−1/(TW/cm2)6 for fused silica) and
the avalanche coefficient α (α = 6 cm2/J for sapphire and
α = 4 cm2/J for fused silica) were estimated based on a fit to
the experimental results for the optical damage threshold [20]
following a similar approach to [18], taking into account the
observed decay in the threshold electron density at longer
pulse durations [21].

The laser pulse train consists of a sequence of the laser
pulses with the intensity profiles of the Gaussian temporal and
spatial form:

I (0, r, t) = (1 − R (r, t))
2F0

τL

√
ln 2

π

× exp

[

−4 ln 2

(
t

τL

)2
]

exp

[

−
(

r

R0

)2
]

, (4)

where F0 is the incident laser fluence, r is the radial coordi-
nate, R0 = 1.5 ×10−5 m is the irradiation-spot radius, τL =
100 fs is the laser pulse duration (FWHM), and R(r, t) is the
reflection coefficient. We consider a sequence of three iden-
tical pulses, although, for more complicated situations, the
values of F0 and τL can be arbitrarily chosen and vary from
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pulse to pulse. The spatially and temporally dependent laser
power inside the dielectric target is determined by loss mech-
anisms involving free-electron generation and by the optical
response of a collisional free-electron plasma as

∂

∂z
I (z, r, t) = −Wmph

n0 −ne

n0
hωnph −αe (z, r, t) I (z, r, t) ,

(5)

where z is the distance from the target surface toward the bulk
depth and nph is the number of photons for multiphoton ion-
ization (nph = 6). The optical response of the dielectric target
under breakdown conditions is calculated through the com-
plex dielectric function ε(ne), which can be seen as a mutual
contribution of the unexcited solid and the response of the
laser-induced free-electron gas [18, 22]:

ε (ne) = 1 + (
εg −1

) (
1 − ne

n0e

)
− ne

ncr

1

1 + i 1
ωτ

. (6)

Here, εg is the dielectric constant of the unexcited material
(εg = n2 with n = 1.75 and 1.45 for sapphire and fused sil-
ica, respectively [23]); nc = ε0meω

2/e2 is the critical electron
density (1.74 ×1021 cm−3 at 800-nm wavelength); and n0e is
the density of the valence-band electrons. The damping term
ωτ was chosen to be equal to 3 in order to match the observed
reflectivities of ∼ 70% reported in [24] for supercritical elec-
tron densities generated by high-intensity radiation. The ab-
sorption coefficient αe is thus determined as

αe(z, r, t) = 2
√

2π

λ

(
−Re(ε)+

√
(Re(ε))2 + (Im(ε))2

)1/2

.

(7)

We assume that strongly ionized insulators can be considered
as dense plasmas and hence the two-temperature model by the
analogy with metals [25] can be used to describe the heating of
the electron and lattice subsystems [17]:

Ce
∂Te

∂t
= ∇ (Ke∇Te)− g (Te − Tl)+ S (z, r, t) , (8)

Cl
∂Tl

∂t
= g (Te − Tl) . (9)

Here, indices e and l refer to the electron and lattice param-
eters: Ce, Cl, and Ke are the heat capacities of free electrons
and the lattice and the electron thermal conductivity (for ultra-
short time scales of the order of 1 ps the lattice thermal con-
ductivity can be neglected); g = Ce/τr is the electron–lattice
coupling constant with τr being the characteristic electron–
lattice energy-relaxation time (τr ∼ 1 ps for both sapphire and
fused silica); and S(z, r, t) is the volume energy source term.
The source term for the temperature defines the average en-
ergy of the particles in the form [17]

S(z, r, t) = ne
∂Ee

∂t
= ∂Ef

∂t
− 3

2
kTe

∂ne

∂t
. (10)

Here, Ee is the average energy per free electron (Ee =
3 kTe/2) and Ef is the total energy of the electronic sub-
system. The thermodynamic parameters for the electronic

subsystem are taken according to [26]: Ce = 3 kBne/2 and
Ke = 2 k2

BneµeTe/e, where µe is the electron mobility (µe =
3 ×10−5 m2/(V s) [27] for sapphire and 2 ×10−4 m2/(V s)
for fused silica [28], 10 times lower than the reported values,
to describe the mobility decrease at high electronic densities).
The lattice heat capacity was taken as Cl = 3 kBn0.

The dynamics of the total energy of the electronic sub-
system is followed in time according to the energy balance,
taking into account the processes of multiphoton ioniza-
tion, avalanche, free-electron absorption, and defect forma-
tion [17]:

∂Ef

∂t
= (

nphhω− Eg
)

Wmph − EgQAV
na

n0

+αe I (z, r, t)− Ee
ne

τtr
. (11)

The energy-balance equation for defects is

∂Ed

∂t
= Ee

ne

τtr
, (12)

where Ed is the total energy stored in defects.
The system of equations (1)–(12) was solved numerically

using the explicit numerical scheme written for the 2D case
implying cylindrical symmetry. We use an irregular grid that
provides good accuracy and a large numerical region, requir-
ing therewith a reasonable computer time. The depth of the
numerical region was chosen in such a way that a further in-
crease did not influence the numerical results. In both the
remote boundary (bulk) with respect to the target surface and
the remote transversal boundary with respect to the center of
the irradiated spot, the conditions of free in- and out-flow for
heat transfer were set, while at the surface–vacuum interface
the condition of zero heat exchange was used. All the results
given below have been obtained for sapphire and fused sil-
ica irradiated by the sequence of three identical laser pulses of
800-nm wavelength with 100-fs duration, total laser fluence of
14 J/cm2, and variable separation time between pulses.

3 Results and discussion

In the modeling approach we aimed at describing
the specific experimental conditions [8] where the possibil-
ity of modulating the spatial depth profile as a function of the
pulse separation in the excitation sequence was demonstrated.
The experimental results are shown in Fig. 1 for a single mul-
tipulse excitation sequence per site with different separation
times between pulses. No modulation is observed in fused
silica with short separation (Fig. 1a, left), whereas increased
temporal distances between pulses result in a tendency toward
a step profile (Fig. 1a, right). This effect allows converting
a temporal pulse modulation into spatial modulation, open-
ing up possibilities to design the desired profiles. Similar ir-
radiation of a sapphire surface has produced no modulation
(Fig. 1b). It has been supposed [8] that carrier trapping is
responsible for the observed difference in the crater shapes
produced in these two materials.

The results of modeling are shown in Figs. 2–5. Figure 2
presents the contour maps of the lattice temperature in sap-
phire (a) and fused silica (b) generated after the action of
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FIGURE 1 (a) Single-shot struc-
tures made on a-SiO2 surfaces with
triple pulse trains with different sepa-
ration times at 14 J/cm2. Reproduced
from [8]. Left: 0.3-ps separation.
Right: 1-ps separation. Increasing the
temporal distance between the pulses
leads to a modulation of the spa-
tial profile. (b) Same for Al2O3, at
12 J/cm2 where no spatial modulation
is observed

a triple laser pulse with a separation between pulses of 1 ps
(the time is counted from the maximum of the first pulse in
the sequence). The contour lines of the lattice temperature
in the sapphire sample have a smooth oval form (Fig. 2a). In
fused silica (Fig. 2b) a certain modulation of the temperature
contour lines is developed with a hollow in the center of the
irradiation spot, evidently having common features with the
crater form observed in the experiments (Fig. 1a, right). This
modulation is even more pronounced in Fig. 3a, where the en-
ergy of the defects is added to the lattice temperature in fused
silica presenting the energy per atom Ttot accumulated in the
lattice:

Ttot = Tl + Ed/(3kn0) . (13)

Figure 3b demonstrates that the defect addition to the lat-
tice temperature Td = Ed/(3 kn0) significantly influences the
modulation in fused silica. It must be underlined that in sap-
phire the number of the generated defects is insignificant on
a time scale of several picoseconds, so that their energy does

not change noticeably the contour map of the lattice tem-
perature given in Fig. 2a. Moreover, the temperature contour
map in sapphire depends marginally on the separation time
between pulses. In modeling with a smaller time separation
between pulses on the order of several hundred femtoseconds,
the geometry of the contour lines for both materials was simi-
lar to that shown in Fig. 2a without signs of spatial modulation
(for fused silica, the contour map of the lattice temperature
after the action of a triple laser pulse with a separation be-
tween pulses of 0.3 ps is given in Fig. 4).

Since most of the material is removed following a phase
transition, temperature contour lines should be used as a cri-
terion to evaluate the crater geometry. A certain part of the
excited material in a surface target layer situated in the mid-
dle of the irradiation spot (Fig. 2) is evidently heated above
the thermodynamic critical temperature (Tc). To evaluate Tc,
one can use one of the methods discussed in [29]. For the ma-
jority of the materials, an expected value of Tc is 1.5–2 times
higher than the boiling temperature under atmospheric pres-
sure, which is 2270 K for SiO2 and 3250 K for Al2O3 [30]. So,
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FIGURE 2 Simulated lattice-temperature contour maps obtained for
Al2O3 (a) and a-SiO2 (b) samples after the action of a triple train of iden-
tical pulses (1-ps separation) with 100-fs duration and a total fluence of
14 J/cm2 at 3 ps after the maximum of the first pulse. The temperature levels
are marked in eV

FIGURE 3 Simulation results obtained for fused silica. Laser-irradiation
regime is as in Fig. 2. 3 ps after the maximum of the first pulse. (a) The
contour map of total lattice energy in temperature units taking into account
the energy accumulated in defect sites. (b) The energy of defects falling on
a lattice atom. The contour-map levels are marked in eV

FIGURE 4 Simulated lattice-temperature contour map obtained for fused
silica after the action of a triple train of identical pulses with 100-fs duration
and 300-fs separation time at 3 ps after the maximum of the first pulse. Total
fluence is 14 J/cm2

FIGURE 5 Electron-density contour maps for Al2O3 (a) and a-SiO2 (b)
samples for the same irradiation conditions as in Fig. 2 at 2.2 ps after the
maximum of the first pulse. The contour-map levels are marked in m−3

the expected value of Tc is around 4000 K for fused silica and
between 5000 and 6000 K for sapphire. According to thermo-
dynamic concepts [29, 31, 32], liquid matter rapidly heated
close to Tc experiences strong superheating and decays into
vapor and liquid droplets through explosive boiling (phase
explosion). Moreover, in extremely fast processes like ultra-
short laser ablation, the superheated fluid matter can cross the
spinodal line and decay into the gas phase without the for-
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mation of the critical vapor nuclei [33, 34]. As a rough guide,
a liquid zone with a temperature above Tc should be ablated
through spinodal decomposition, forming a crater shape cor-
responding to a ‘critical’ contour of the lattice temperature,
∼ 0.5 eV for sapphire and ∼ 0.35 eV for fused silica (Fig. 2).
A brief comparison of Figs. 1 and 2 shows that the correspond-
ing ‘critical’ contours are in good qualitative agreement with
the experimental data on crater geometries.

From the thermodynamic point of view, the following ef-
fect observed in the experiments [8] can also be understood.
Irradiation of sapphire samples produces smeared features
due to solidified melt splashed from the crater, while the bor-
ders of the craters in fused silica are rather clean (see Fig. 1).
Although the melting temperatures Tm of these two materials
differ little (2006 K for SiO2 [35] and 2320 K for Al2O3 [30]
(see the outermost lines in Fig. 2)) as compared to the dif-
ference in the boiling temperatures, the melting processes
proceed differently. In sapphire, melting is a first-order phase
transition, the process being accompanied by a discontinuous
change in the material properties. This implies that the liquid
and solid states are separated by a region of a final size where
the material is heated to the melting temperature and absorp-
tion of the fusion heat takes place. In fused silica, melting
is a second-order phase transition that means that there is no
discontinuous change in the properties (e.g. in density and vis-
cosity) and no latent heat of fusion. The viscosity of a glass
decreases gradually with heating, while molten sapphire has
a low viscosity so that it is very sensitive to a minor perturba-
tion [36]. Under spinodal decomposition, vapor particles have
extremely high kinetic energies [34] and their recoil pressure
forces the melt to come out of the crater, forming a rim on its
edge [35, 37]. The higher the value of Tc, the higher the par-
ticle kinetic energy and the greater the recoil pressure. The
greater the recoil pressure and the thicker the melt layer, the
more melt is splashed from the crater, as in the case of sap-
phire (see Fig. 2a, where the melt zone is located between
the two outermost lines with Tm and Tc). As for fused silica,
during the melting process the defect energy is released to
the lattice ensuring strong superheating of the matter with the
temperature above the melting point and, hence, significantly
reducing the width of the melt zone (compare Figs. 2b and 3).

It should be noted that other factors should also be taken
into account in such analysis, for example surface quality, sur-
face tension, and thermal conductivity influencing strongly
the solidification process. However, the behavior of the ther-
modynamic parameters of specific substances at high tem-
peratures is still an open question. According to the dynamic
scaling theory [38], the parameters have no time to relax to
their equilibrium values in fast processes like fs laser abla-
tion, and we restrict our modeling and discussion to the results
obtained with the parameters known from the literature.

What are the factors that intervene in the crater spatial
modulation? The answer becomes evident from Fig. 5 where
the contour maps of the free-electron density are presented for
the cases shown in Fig. 2. In the sapphire sample (Fig. 5a), due
to slow trapping dynamics, the maximum of the free-electron
density generated in the course of the pulse sequence action
is located on the target surface in the middle of the irradiation
spot, leading to enhanced laser energy absorption in this re-
gion and, correspondingly, to increased lattice heating. One

can see an obvious conformity of the contour maps of the
temperature and the free-electron density (Figs. 2 a and 5a).
In fused silica (Fig. 5b), the contour map of the free-electron
density is more complicated. Because of the rapid trapping
process, the surface layer in the middle of the irradiation spot
is depleted of free electrons, so that the maximum of the
free-electron density is shifted toward the bulk and toward
the irradiation-spot periphery. The formation of a ring of the
free-electron density in the surface layer with its maximum lo-
cated in the irradiation-spot periphery is remarkable. Hence,
modulation of the free electron density distribution and the
associated laser energy absorption results in modulation of
lattice heating and ablation.

4 Conclusions

We have presented a 2D model describing the dy-
namics of electronic excitation, defect formation, and lat-
tice heating in dielectrics under irradiation by a temporally
modulated femtosecond laser pulse. Laser-induced heating
of the sapphire and fused-silica samples was analyzed and
the temperature-contour plots are compared with the crater
geometries observed in experiments. It is demonstrated that
the material-characteristic relaxation time can have an im-
portant influence in establishing the limits of the excitation
regions and the range of influence for temporally modu-
lated pulses. If the relaxation time is considerably higher
than the laser modulation time, as in the case of sapphire,
the material is basically insensitive to the temporal details
of the laser excitation. The situation is reversed for mate-
rials with high electron–phonon coupling and the transient
optical properties are defined to a certain extent by the fast
electronic dynamics. Although the model requires further
development concerning mainly the dynamics of the defect
states, their re-excitation during the prolonged irradiation
sequence, and recombination, it made it possible to clar-
ify the origin of the crater-geometry modulation observed
experimentally.
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