
PHYSICAL REVIEW B 69, 054102 ~2004!
Electronic transport and consequences for material removal in ultrafast pulsed laser ablation
of materials
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Fast electronic transport is investigated theoretically based on a drift-diffusion approach for different classes
of materials~metals, semiconductors, and dielectrics! under ultrafast, pulsed laser irradiation. The simulations
are performed at intensities above the material removal threshold, characteristic for the ablation regime. The
laser-induced charging of dielectric surfaces causes a subpicosecond electrostatic rupture of the superficial
layers, an effect which, in comparison, is strongly inhibited for metals and semiconductors as a consequence of
superior carrier transport properties.
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I. INTRODUCTION

The importance of carrier dynamics in ultrafast laser
lation of materials has been indicated on numero
occasions,1–6 and the study of electronic transport in irrad
ated solid samples has the potential of elucidating the str
differences observed in the material removal characteris
for different classes of materials irradiated under sim
conditions.7 As an example, a rather rough but widely a
cepted estimation for laser-induced optical damage in n
conducting materials is based on a modified Boltzma
transport formalism. This results in a quantified descript
for free-electron generation, depending on the laser en
input and on the crude assumption that damage occurs w
ever the normally weakly absorbing solid develops stro
absorbing characteristics.8 In other words, the occurrence o
the optically induced destruction of the initially transpare
material depends on reaching a critical electron density
which resonant collective electronic oscillations occur, a
on the effectiveness of the energy coupling into the las
induced electron-hole plasma.

Since the theoretical description of carrier dynamics
dielectric and semiconductor targets under high-inten
pulsed laser irradiation or electron beam bombardmen
rather complicated, the topic has not been covered t
oughly. By convention, existing models may be divided in
three groups, depending on the preferred approach. In Re
and 9–11, carrier dynamics in silicon targets was studied
the frame of ambipolar diffusion with an implicit assumptio
of an equal number of electrons and holes in the solid
preservation of local quasineutrality of the sample. Anot
approach, developed for semiconductors irradiated by la
pulses12 and dielectrics under the action of electro
beams,13,14 takes into account the generation of local elect
fields inside the target with the assumption that the tar
remains neutral as a whole. This implies the absence of e
tron photoemission12 or relies on secondary electron emi
0163-1829/2004/69~5!/054102~12!/$22.50 69 0541
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sion equal to the absorbed electron flux.13,14 In Ref. 13, the
concept of a double layer~DL! was applied to processe
involving particle-beam–matter interactions to describe
spatial charge arrangement in the bulk of the irradiated m
terial. It should be stressed though that the irradiation
gimes considered in Refs. 12–14 are far below mate
breakdown. A third approach proposed in Refs. 15 and 16
the case of a dielectric target~MgO! irradiated by a laser
pulse of nanosecond duration may be labeled as the d
diffusion approach. The authors studied the self-consis
generation of an electric field as a result of laser heating
the electrons excited to the conduction band, their diffusi
and drift in the locally established fields. The possibility
electron emission is considered, involving at the same t
the lifting of the constraint of target neutrality. The calc
lated local electric field is found to reach values exceed
108 V/m under normal ablation conditions. The abov
mentioned models are suitable for nonconducting or poo
conducting materials. For ultrafast pulsed laser irradia
metals using pulse durations shorter than the character
times for electron energy loss,17–22the most utilized model is
based on the assumption of two interacting systems~elec-
trons and lattice! characterized by different laser-induced in
tial temperatures and exchanging energy on a time scale
by the electron-lattice interactions.

Recent studies at irradiation intensities above the dam
threshold have pointed out the potential of solid charging
induce an electrostatic disintegration of the surface follow
efficient photoelectron emission.7,23 The occurrence of the
surface Coulomb explosion~CE! generating macroscopi
material removal and high ion kinetic energies has be
demonstrated for dielectrics,7 while for semiconductors and
metals24 the subject remains controversial.

The paper is organized as follows. Section II introduc
the main characteristics of the calculation model, empha
ing also specific features for metals, dielectrics, and semic
ductors. Section III discusses the consequences derived
©2004 The American Physical Society02-1
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the calculations and provides a comparison between the
ferent types of materials used as model systems. It outl
the effects of the fast electronic transport in ultrafast la
irradiation and their relevance for laser ablation. A main
sult predicts that, within the range of the calculated irrad
tion doses, surface macroscopic Coulombic explosion
take place only for dielectric materials.

II. MODEL

In this work we investigate the role of electron-relat
processes responsible for generating specific paths that
to material ejection under ultrafast laser irradiation. T
questions we try to answer refer to the role of neutra
breakdown related to the charge carrier distribution in diff
ent types of excited solids, the magnitude, the duration
this disequilibrium, and its influence on the material remo
characteristics. We have used a simplified drift-diffusion co
tinuum approach to model the energy flow into the sample
the first hundreds of femtoseconds of the interaction, i
restricted region, confined within a few hundred nanome
beneath the surface. Our attempt is aimed at providin
common simplified frame applicable to different kinds
materials~dielectrics, semiconductors, and metals! under ul-
trashort pulsed laser irradiation and discussing the imp
tance of photoelectron emission in generating totally n
thermal material ejection mechanisms. The unified appro
is justified by a similar plasmalike behavior when high ex
tation densities are generated by high-power ultrafast la
irradiation sources.25,26 For all three classes of materials, th
model is based on solving the following equations.

~a! The continuity equation for the evolution of the lase
generated charge carriers

]nx

]t
1

1

e

]Jx

]x
5Sx1Lx , ~1!

where the two terms on the right-hand side represent sou
(S) for carrier production and losses (L) in the laser-
generated carrier population, andnx denotes the carrier den
sities with subscriptx5e, i representing electrons and ion
respectively.

~b! The equation of motion describing the transport
charge in a locally established electric fieldE, with the elec-
tric current density16 J including both drift and diffusion
terms,

Jx5ueunxmE2eD¹nx . ~2!

The time- and space-dependent diffusion coefficientD is
calculated, if not otherwise mentioned, asD5kBTxmx /e,
where Tx represents the carrier temperature andmx is the
carrier mobility.

~c! The Poisson equation to calculate the electric fieldE
generated as a result of locally breaking the quasineutra
inside the irradiated target:

]E

]x
5

e

««0
~ni2ne!. ~3!
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Moreover, the calculations are based on the following
sumptions.

~i! Laser excited metals and highly ionized nonconduct
materials are considered as dense plasmas25,26 with similar
properties.

~ii ! The zero-field material properties are considered eq
at the interface and in the bulk.

~iii ! The laser electric field does not influence the mac
scopic electron drift within the charged region.

~iv! The electronic flow is caused by quasineutrality vi
lation on and beneath the target surface due to electron
toemission and strong density gradients.

The system of equations~1!–~3! was solved assuming th
targets are irradiated using a near-infrared ultrafast la
pulse with a Gaussian temporal profile. Since we are foc
ing on a reduced zone of a few hundred nm, we do
account for the small spatial extent of the laser pulse
propagation effects27 and, therefore, the intensity profile i
written as

I ~ t !5@12R~ t !#
2F0

tL
Aln 2

p
expF24 ln 2S t

tL
D 2G , ~4!

whereF0 is the incident laser fluence, the laser pulse du
tion is tL5100 fs~full width at half maximum!, andR is the
time-dependent reflection coefficient. All the calculatio
were performed for a laser radiation wavelength ofl
5800 nm corresponding to the most encountered experim
tal situations in ultrafast laser material processing. A o
dimensional model justified by enhanced transverse lat
dimensions for the laser spot with respect to the absorp
depth has been employed. Every set of equations has its
features dictated by material properties. Particular situati
for individual classes of materials will be discussed below

Modeling was performed for the one-dimensional case
ing an explicit numerical scheme. The targets—gold~Au!,
silicon ~Si!, and sapphire (Al2O3)—used as model system
for different material classes are divided into 5-Å-thick la
ers ~numerical cells!. Whenever possible, the model param
eters follow the general characteristics of different mate
classes rather than underlining particular properties of
selected materials. The electric current density was ca
lated at the cell boundaries, whereas the other parame
were calculated in the center of the cells. The depth of
numerical region was chosen in such a way that further
crease did not essentially influence the numerical results,
ensuring that the one-dimensional approach was valid. In
remote bulk boundary~with respect to the target surface!, the
condition of free-electron flow was applied. A cell was add
above the target surface to simulate the vacuum conditio
and the electric field at the target surface was calculated
ing Gauss’ law.

Special attention was paid to carefully choosing the ti
step. As the electric field reaches values above 1010 V/m,
leading in turn to high electron drift velocities, the time st
required is extremely small, thus resulting in a large calcu
tion time. Because of the free flow condition set for the
mote ~bulk! boundary, there was no possibility to accurate
control the conservatism of the numerical scheme. In or
2-2
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ELECTRONIC TRANSPORT AND CONSEQUENCES FOR . . . PHYSICAL REVIEW B 69, 054102 ~2004!
to find adequate time steps providing a good approxima
to the problem, the input equations were initially solved w
the limiting condition of zero electric field at the bulk boun
ary. This implies that the photoemitted electrons remain
the vicinity of the surface during the laser pulse, so tha
capacitor type of structure is generated: the positiv
charged solid layer depleted of electrons and the photoe
tron layer above the surface. Moreover, setting zero elec
field and restricting diffusion~one may do this because of th
small electron density gradient! in the remote boundary, th
conservation of the number of electrons can be easily c
trolled. It was found that, with a 10-attoseconds step,
number of electrons is conserved with good precision up
electric field values at the target surface on the order
108 V/m, whereas at higher fields conservation breakdo
will result in a strong increase in the electron number w
respect to the number of ions. Thus, decreasing the time
for electric fields above 108 V/m is necessary for successf
modeling. The above-determined time steps were then im
mented in the calculation where the condition of free el
tronic flow together with Gauss’ equation define the tr
value of the field at the remote boundary.

A. Metals

The continuity equation for free electrons@Eq. ~1!# in a
metal target~gold in our case! is assumed to contain n
source terms. It is understood implicitly that fast thermaliz
tion within the electronic system occurs so that the tw
temperature model remains valid. It has to be added tho
that fluence-dependent, delayed electronic thermaliza
with sub-ps time scales has been observed several times28,29

At the surface, photoemission was treated in the form o
boundary condition for the three-photon generated elec
current density,30–35 describing the interfacial electron flow
into the vacuum. Three photons are necessary, at our ph
energy of 1.55 eV, to overcome the potential barrier and
release the electron into the vacuum. The three-photon p
toemission cross sectioncAu , containing the relevant infor
mation about the electron escape probability, escape de
and energy gain, was empirically determined30,31 by measur-
ing the total electronic charge emitted in the irradiation p
cess. We correct this for the absorption changes corresp
ing to the present irradiation wavelength~800 nm!. The
nanosecond pulse durations used for investigations in R
30 and 31 are not likely to raise the electronic temperat
significantly. However, ultrafast, sub-ps irradiation of met
is able to induce extremely high electronic temperatures
the range of 1 eV, while the lattice remains cold for the tim
scales of interest. This makes imperative the correction
temperature-dependent effects, based on the genera
Fowler-DuBridge theory for multiphoton photoemission
high temperatures.32–35 At high irradiation intensities~few
TW/cm2) around and above the damage threshold at the
tice melting temperature, the thermally assisted three-pho
photoemission will be the major contribution to the prom
tion of electrons above the vacuum level. Additionally, t
thermal contribution~neglecting space-charge effects36,37! to
the ejected electron flux has been considered in the form
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the Richardson-Duschman equation,36 so that the total emit-
ted electron current density takes the form below. The th
mal emission of high-temperature electrons will play a mo
important role during the tail of the laser pulse where t
energy stored into the electronic system reaches a maxim
value,

Jeux505cAu

2~kTe!
2

~3\v2w!2 FS 3\v2w

kTe
D ~12R!3I 3

1A0Te
2 expS 2

w

kTe
D , ~5a!

with

cAu'
epdPE

\vS 3aAu1
1

l PE
D }

a32Au

2 S e

\v D 3S 3\v2w

k D 2

.

~5b!

HereI is the laser intensity,A0 is the theoretical Richard
son coefficient (120 A/cm2 K2), w is the barrier height for
electron promotion into vacuum,k is the Boltzmann con-
stant, Te is the electronic temperature~considered to be
position-independent within the electron escape region!, and
R is the reflectivity.F represents the Fowler function de
scribed in Refs. 32–35.a32Au is a coefficient describing the
three-photon contribution to the photoemission process,e is
the electron charge,p is the electron escape probability,\v
is the incident photon energy~1.55 eV!, aAu is the metal
absorption coefficient at the laser wavelength, andl is the
electron escape depth (;5 nm30). dPE is the part of the
three-photon absorption coefficient ending above the vacu
level and resulting in electron photoemission, which h
been corrected for the present wavelength based on con
erations related to the electronic population and access
density of states below the Fermi level. A parabolic descr
tion of the band energy versus the density of states,38 char-
acteristic of the free-electron case, was used and the re
accessible to three-photon excitation was written with
spect to the Fermi level as

E
EF2~3\v2w!

` E1/2

exp@~E2EF!/kTe11#
dE.

The spatial and temporal behavior of the free-elect
temperature that influence both the strength of photoemis
and the diffusion efficiency are governed by the heat-fl
equation,20

AeS ]

]t
~Te

2!1
J

ene

]

]x
~Te

2! D5
Ke,0

Tl

]2

]x2 ~Te
2!12S~x,t !,

~6!

where the indexese,l refer to the electron and lattice param
eters, respectively,Ae5Ce /Te with Ce being the electronic
heat capacity, and the thermal conductivity of the electro
Ke is introduced as a temperature-dependent quantity e
to Ke,0Te /Tl .20 The heat transport equation accounts
both heat conductivity and direct, bulk, or across the vacu
2-3
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TABLE I. Modeling parameters for gold.

Parameters Value

Electron specific heat constantAe 71 (J m23 K22)a

Electronic thermal conductivityKe,0 318 (W m21 K21)a

Absorption depthl0 ~at 800 nm! 14.431029 ~m!b

Ballistic rangelball 1.0531027 ~m!a

Reflection coefficientR 0.949c

Electron mobilitym 5.1731023 (m2 V21 s21)d

Work functionf 4.25 ~eV!c

aReference 20.
bReference 40.
cReference 41.
dReference 42.
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interface electronic transport from the excited region~e.g.,
due to photoemission, which has the additional role of
moving hot electrons from the irradiated surface and sub
quently supplying the interaction region with cold bulk ele
trons!. Ballistic effects for electronic energy transport in th
first ;100 nm, which are significant in noble metals, ha
been considered through the action of an effective absorp
depth in the source term that more efficiently redistribu
the laser energy within the ballistic range of the electr
transport.20 The time scale of interest for the considered p
cess is less than 1 ps, so that electron-lattice relaxation
be neglected and the lattice temperature is assumed t
constant. The energy source term in Eq.~6! is written as in
Refs. 20 and 21,

S~x,t !5I 0~ t !~12R!
exp@2x/~l01lball!#

~l01lball!
, ~7!

wherel0 is the optical-absorption depth andlball is the bal-
listic range for the hot electrons. No transient reflectiv
changes during the laser pulse at increasing electron en
have been taken into account, keeping the effect of interb
transitions minimal.21,39Higher-order nonlinear contribution
to light absorption and attenuation, as well as additio
three-body collisional processes for hot electron product
were also not considered.

In contrast to dielectric and semiconductor targets, wh
laser radiation penetrates into a considerable depth at
beginning of the laser pulse~because of a low intensity
weakly absorbed leading edge!, for a metal target the region
perturbed by radiation~skin depth! is on the order of 0.5mm.
In this specific region, rapid heating of the electronic syst
takes place and strong electron-lattice nonequilibrium is
duced. Due to high electron thermal conductivity and h
diffusion outside the irradiated region, the affected reg
widens rapidly. To meet these requirements, at the begin
of the calculations a relatively small computational region
chosen (;1.5– 2mm). At the bulk boundary, the following
conditions are set: unperturbed electron temperature (Te0
5300 K), quasineutrality (ne5ni), and free, nonrestricted
electron in-flow. During the calculations, the numerical
gion was expanded. To account for this, at a boundary p
of N25, whereN is the total number of grid points, a tem
05410
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perature control is performed with the criterion (Te
2Te0)/Te<102421025 for each time step. Whenever th
condition was not fulfilled anymore, the number of the gr
points was increased. At the interface, the condit
(]Te /]x)50 is set to indicate that there is no heat trans
through the interface except for the energy carried away
the emitted electrons.

The modeling parameters used for the gold target20,40–42

are given in Table I.

B. Dielectrics

In a dielectric material~i.e., sapphire!, the source and loss
terms in Eq.~1! for electrons can be written as

Se5~Wmph1Qav!
na

na1ni
~8!

and

Le52Re2XPE. ~9!

It is implicitly assumed that diffusion as well as energ
transport follow almost instantly the establishment of t
density or temperature gradients according to the Fou
law, an assumption that may have a reduced degree of v
ity under ultrafast, nonequilibrium situations involving
considerable amount of energy input.

In Eq. ~8!, Wmph5s6I 6 is the rate of a six-photon ioniza
tion process corresponding to an energy band gap of appr
mately 9 eV,na is the density of neutral atoms,Qav5aIne is
the avalanche term,8 Re represents the linear decay term a
counting for recombination and trapping processes, andXPE
denotes the photoelectron emission. Both source terms
corrected for the reduction in the density of ionization ce
ters ~neutral atoms providing the electronic reservoir of t
valence band! during photoionization. The diffusion coeffi
cientD @Eq. ~2!# was calculated with the assumption that t
average electron energy in the conduction band is appr
mately 5 eV.8,43 In the calculations, to compensate for th
mobility decay with temperature, a simplified, time
independent diffusion coefficient was used. The multipho
ionization cross sections6 and avalanche coefficienta were
based on a fit to the experimental results for the optical da
2-4
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age threshold at different pulse durations44 following a simi-
lar approach to that of Ref. 8, taking also into considerat
the observed decay in the threshold electron density
longer pulse durations.45 The multiphoton ionization cros
section and the avalanche coefficient were estimated
Al2O3 as s6583109 cm23 ps21(cm2/TW)6 and a
56 cm2/J. The fit-based approach, frequently encountere
ultrafast laser ablation studies,46,47 can give a better descrip
tion of any realistic situation. However, for the purpose
this paper, iterating the multiphoton and the avalanche c
ficients in order to reach the critical density at the conditio
observed in the experiment is not expected to influence
results significantly.48,49

The spatially and temporally dependent laser power ins
the dielectric target is mainly determined by loss mec
nisms involving free-electron generation and by the opti
response of a collisional free-electron plasma and
vacuum-plasma interface through the Fresnel formulas.
complex dielectric function at the incident frequency can
seen as a mutual contribution of the unexcited solid and
response of the laser-induced free-electron gas and is g
by8,50

«v* ~ne!>11~«g21!S 12
ne

n0
D2

ne

ncr

1

11 i
1

vt

. ~10!

Here«v* (ne) represents the complex dielectric function
the excited material,«g is the dielectric constant of the un
excited material at the incident wavelength@«g5n1/2

53.0983 ~Ref. 51!#, and ne , ncr5«0mev
2/e2 , and n0 are

the density of the conduction-band electrons, the critical d
sity for the free-electron gas at 800 nm, and the valence-b
electron density, respectively. The effective electronic m
was taken to be equal to the mass of the free electro
vacuum.

To take into account reflection, a scheme with a mov
vacuum-plasma interface towards the bulk following ele
tron depletion in the surface layers due to the photoelec
effect, and a multilayered, steplike, inhomogeneous elec
density profile4,50 was applied. The local intensity in a cell
given by the superposition of the direct irradiation and ba
scattered radiation. The energy balance is written bel
whereI (x,t) is the local intensity,

]

]x
I ~x,t !52Wmph

na

~na1ni !
\vnph2ae~x,t !I ~x,t !.

~11!

Herenph is the number of photons required for multiph
ton ionization (nph56 to overcome the energy band gap! and
v is the frequency of laser radiation. The free-electr

absorption coefficient ae(x,t) †ae54p/l „

1
2 ˆ2Re(«* )

1@Re(«* )21Im(«* )2#1/2%…1/2
‡ is calculated from the comple

dielectric response8 of a collisionally damped free-electro
plasma, considering a damping termvt53 to match the
observed reflectivities of;70% reported in Ref. 52 for su
percritical electron densities generated by high-intensity
05410
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diation. No dependences of the damping characteristic
increased electronic densities and temperatures were t
into account.

With regard to the photoemission term, for a quantitat
estimation we assume a statistical distribution of free el
tronic momenta in a wide-band-gap dielectric where
vacuum level lies close to the conduction-band minimu
and only electrons with a momentum component norma
and in the direction of the surface can escape into
vacuum. The minimal energetic distance between
vacuum level and the conduction-band edge, within one p
ton range~1.55 eV!, is a valid assumption for a large clas
of wide-band-gap materials with weak band-to-ba
scattering.53–56Thus, we assume that, on average, half of
electrons which appear in the processes of multiphoton
avalanche ionization are immediately photoemitted from
surface and below-surface region, taking into account an
stantaneously established angular distribution for the car
momenta. Due to the specific form of the PE term, at sign
cant above-threshold fluences, whenever the avalanche
cess stops due to the full ionization of the materials in
subsurface region, further electron heating and photoem
sion does not take place anymore on the tail of the la
pulse, a situation not present here. At high but still not sa
rated supercritical densities, on the trailing edge of the la
pulse, the initially dielectric material starts to exhibit
metal-like behavior, and emission from the conduction ba
may become significant.57 At lower, close-to-damage flu
ences, the dominant contribution is derived mainly fro
valence-band ionization by multiphoton and further co
sional processes. Maximum photoemission occurs from
surface with an exponential decrease within the bulk. Th
the photoemission termXPE was written as7

XPE5
1
2 ~Wmph1Qav!

na

na1ni
exp~2x/ l !, ~12!

where the electronic escape depthl was taken as 1 nm.58 The
integral photoemitted charge calculated as above is in g
agreement with reported experimental values for dielec
materials.59 Charging effects on the work function were n
explicitly considered, especially since the photoelectr
emission can be regarded as a self-regulating process. S
and early photoemission would lead to depletion in the el
tron population just below the surface~within the electron
escape depth!, inhibiting additional electron generation b
collisional ionization processes and, therefore, further de
ing photoemission at the end of the pulse. Increasing
surface barrier by charging effects would permit more el
trons to remain in the surface region, allowing supplem
tary generation and, in return, stronger photoemission on
trailing edge of the laser pulse.

The ion density is calculated based on Eq.~1!, disregard-
ing photoemission and neglecting hole transport in the bu
The recombination term was put in a general form asne /t
describing mainly trapping-like phenomenon~with t51 ps)
rather than a three-body saturable recombination proces
2-5
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The parameters used for sapphire were as follows: en
band gapEg59 eV, atomic density is 1.1731023 cm23, and
electron mobility m5331025 m2/(V s) ~ten times lower
than reported in Ref. 60! for a better match of the observe
diffusivities14 in laser-induced dense plasmas. A significa
decrease of the electron mobility is to be expected at h
carrier concentration61,62and high field values. To preserve
certain character of simplicity and in the absence of deta
data on these particular aspects of the electron transpor
have preferred to work with a reduced zero-field mobili
Since we consider electronic transport in the local elec
field, calculated from the Poisson equation, plasma-scree
effects within the bulk material are automatically taken in
account.

C. Semiconductors

The model for silicon was based on a similar approach
that for sapphire. The radiation reflection at the vacuum
terface and the absorption inside the bulk of a strongly
cited semiconductor were similarly described based on
optical signature of the unexcited material and the Dru
response of the laser-generated free-electron gas50 @«g
513.461 i0.048 ~Refs. 63 and 64!#. In analogy to Refs. 3
and 50, one- and two-photon ionization terms as well
collisional carrier multiplication were considered in Eq.~1!
for the evolution of the electron density,65,66

Se5F S s11
1

2
s2I D I

\v
1bneG na

na1ni
, ~13!

Le52Re2XPE. ~14!

One-photon and two-photon ionization cross sectionss1
ands2) were taken from Refs. 64 and 65, respectively (s1
51021 cm21, s2510 cm/GW) and the total atomic numbe
density is 531022 cm23. The avalanche electronic multipli
cation~b!, though reduced for silicon50,67 irradiated with ul-
trashort pulses~Ref. 67 gives an impact ionization rate in S
well below 1014 s21, approaching gradually at high electro
kinetic energies the value reported for dielectrics68!, has been
put in the form given by van Driel.9 The loss term at low
electronic densitiesRe5Cne

2ni is mainly determined by an
Auger recombination process9 with C53.8310231 cm6/s
reaching a saturation level at electronic densities appro
ing 1021 cm23.4,69 While the carrier population decays via
three-body recombination mechanism, the Auger proce
will preserve the energy within the carrier system. At hi
densities, the decay in the electron population is influen
by a characteristic relaxation time,t0 .69 Accordingly,

Re5
ne

t011/Cneni
~15!

with t056310212 s.69

An additional equation for hole generation takes into
count the hole transport process.

The current densities for the electrons and holes are b
on the following parameters:38 me50.015 m2/(V s) andmh
50.0045 m2/(V s), both mobilities being ten times reduce
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compared to the low carrier density values38 to account
for the reduction at high carrier densities an
temperatures.61,62,70

Electron photoemission71 was considered in analogy wit
the gold sample@Eq. ~5!#, taking into account a three-photo
photoemission event from the conduction band with a c
rected coefficient~both for the wavelength and the accessib
density of states! with respect to those previously used f
Au. To rescaledPE @Eq. ~5b!#, a Fermi-Dirac distribution for
the free electrons in a parabolic conduction band was c
sidered. Corrections have also been made to account fo
dependence of the absorption coefficient on the free-elec
density in excited semiconductors.60,71–73 As ionization of
silicon occurs very rapidly at the beginning of the las
pulse, inducing a metal-like state for the considered flue
(0.8 J/cm2), to describe the physical reality and to avoid t
instability of the numerical scheme we scaled the photoem
sion term to the number of available electronsne ~to account
for the variable number of free electrons! normalized to the
gold electron density. Instead of the Si work function (w
54.6 eV), an effective potential barrierweff54.05 eV ~Ref.
56! given by the initial electronic state and measured fro
the bottom of the conduction band was introduced as
relevant parameter.

The emitted electron current is the sum of the photoem
sion from the conduction band and a thermal ionization te

Jeux50}XPECB
1XPETh

, ~16!

Jeux505F cAu

dPE-Si

dPE-Au

S 3aAu1
1

l PE-Au
D

S 3ae-Si1
1

l PE-Si
D

3
2~kTe!

2~12R!3I 3

~3\v2weff!
2 FS 3\v2weff

kTe
D

1A0Te
2 expS 2

weff

kTe
D G ne-Si

ne-Au
. ~17!

The contribution of four-photon photoelectron emissi
from the valence band was not considered, as it is too sm
in comparison with the main contribution from the condu
tion band.56

The spatial and temporal distribution of the laser intens
in the sample was calculated as

]

]x
I ~x,t !52S s1

na

na1ni
1s2

na

na1ni
I ~x,t !

1ae-Si~x,t ! D I ~x,t ! ~18!

with I (0,t)5@12R(t)#I 0(t)2 (3\v/e) Jeux50 , taking into
account one- and two-photon ionization, inverse bremsst
lung absorption of light by the laser-induced free electrons
2-6
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the conduction band, as well as losses due to the th
photon photoemission. Higher-order processes were not
sidered for absorption, as their effect is negligible.56 Simul-
taneously, the energy deposited and transported in the
electronic system interacting with the lattice was calcula
by balancing the absorbed amount of photons in the follo
ing equations:

]Ef

]t
5S ~\v2Eg!

s1I

\v
1~2\v2Eg!

s2

2

I 2

\v
2EgbneD

3
na

na1ni
1ae-SiI ~x,t !1EgRe , ~19a!

AeS ]Te

]t
1

J

ene

]Te

]x D5
]

]x
Ke

]Te

]x
2

Ae

t
~Te2Tl !

1
2

3ne

]Ef

]t
, ~19b!

Al

]Tl

]t
5

]

]x
Kl

]Tl

]x
1

Ae

t
~Te2Tl !. ~19c!

The parameters have the following designations:Ef ,
the energy of the full electron system in a numerical c
Ee5Ef /ne , the average energy of one electron;Te , the
electron temperature,Te52Ee/3k; Tl , the lattice tempera-
ture. Heat capacity and thermal conductivity, respective
are taken asAe5 3

2 k and Ke54k2 (meTe /e) .9,74 Ae /t de-
scribes the energy coupling to the lattice and the hot car
relaxation time was taken ast5tR@11(ne /ncr)

2# with tR
5240 fs.65

Since the optical signature of a free electronic gas
proximates very well the behavior of the excited Si sample50

absorption and reflection coefficients were calculated b
Drude-type scheme for a collisionally damped electron-h
plasma induced by an ultrashort laser pulse~100 fs! at nor-
mal incidence (R(t52`)50.34),51,64 in a similar manner to
the approach used for dielectric materials.

III. RESULTS AND DISCUSSION

The models were initially tested by calculating the da
age thresholds for gold, silicon, and sapphire and compa
them with previously published data. The heat-transfer eq
tion @Eq. ~6!# for metals is suitable to describe the electron
subsystem heating on the femtosecond time scale, but
invalid for a time domain when electron-lattice exchan
becomes significant. In order to extend the thermal trans
calculation for gold up to the melting time, the comple
two-temperature problem for heat propagation20 was solved
for our irradiation conditions

CeS ]Te

]t
1

J

ene

]Te

]x D5
]

]x
Ke

]Te

]x
2g~Te2Tl !1S~x,t !,

~20a!

Cl

]Tl

]t
5

]

]x
Kl

]Tl

]x
1g~Te2Tl !. ~20b!
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Here Ce , Cl , Ke , and Kl are heat capacities and therm
conductivities of electrons and lattices, respectively, andg is
the electron-lattice coupling constant. Melting of a 1-mm
film is reached at an incident fluence of 0.93 J/cm2 ~equiva-
lent to 0.047 J/cm2 absorbed fluence!, in agreement with pre-
vious observations.7,20The damage thresholds for Si and sa
phire take place when electronic densities in excess
1021 cm23 are reached, at 0.3 and 2.7 J/cm2, respectively,
also in good agreement with the experimental studies.44,47,75

According to the model, the Si sample experiences a ther
dynamic solid-to-liquid phase transition and starts to mel
around 0.5 J/cm2, a value higher than those experimenta
reported,75 since the hole contribution to phonon generati
was not explicitly accounted for.76 It should be stressed tha
numerical results on damage thresholds do not depend
nificantly on whether photoemission was taken into acco
or not. Considerable electron depletion of the surface laye
the sapphire target leads only to a slight shift of the bre
down region~i.e., overcritical electron densities! towards the
bulk ~on the order of the electronic escape depth!.

The results of the calculations related to the buildup a
decay of a net positive charge on the surface of sam
representative for different classes of materials (Al2O3 , Si,
and Au! are plotted in Fig. 1 as a function of time. The las
fluences used to calculate the charging dynamics are slig
above the experimental ion emission thresholds,20,44–47,50

namely 4 J/cm2 for Al2O3 , 0.8 J/cm2 for Si, and 1.2 J/cm2

for Au, respectively. Under these specific irradiation con
tions, the electronic temperature reaches high values ran
from around 1 eV in gold to approximately 5 eV in silico
and even more in sapphire. It is obvious that the net charg
significantly higher for the dielectric target than for the me
or for the semiconductor target. Sufficient charge can be
cumulated at the dielectric surface on the 100-fs time sc
that creates an electrostatic stress with magnitudes com
rable to the mechanical binding strength, and thus initia
the surface Coulombic explosion. It should be emphasi
that strong charging of sapphire illustrated in Fig. 1 is no
result of higher photoemission, as compared to silicon a
gold. The sapphire target loses approximately 6.83108 elec-

FIG. 1. Calculations of the net charge density~the difference
between the electron and hole populations, respectively! located at
the surface as a function of the laser time for different classe
materials under investigation. Laser fluences are chosen to be a
the ion emission threshold for each material (FAl2O3

54 J/cm2, FSi

50.8 J/cm2, FAu51.2 J/cm2). The laser pulse is centered att50.
2-7



te

e
ub

er
ta
th
tio

le

he
om
te
e
s
e

e
he
fte
e
tri
ul
n
e

o
ur
rg

th
he

tic
um

e
f a
by
not
ts,

he
rre-
of
of
on,
on
ves

far-
ated
the
of

0.1
g
ote

lec-
va-

sur-
ue
old.
us
-
lies
re

cen-
al

id

oves

ab-

m-
tead
als
ron

in
ria
th
to
at

t-

BULGAKOVA et al. PHYSICAL REVIEW B 69, 054102 ~2004!
trons over the whole laser pulse duration from an irradia
spot of 470mm2, whereas 6.931011 and 3.531011 electrons
are removed from Si and Au targets, respectively.

We have estimated the threshold value of the electric fi
necessary to break the atomic bonds in sapphire. The c
energy density of the electric field is expressed asw
5««0E2/2. The valueWat5««0E2Vat/2 is the energy of the
electric field corresponding to one atom in the crystal, wh
Vat is the volume occupied by a single atom in the crys
Vat5n21. The energy necessary to remove an atom from
target can be estimated from the latent heat of sublima
calculated for a single atom,Lsub5485.7 kJ/mol,42 which
corresponds to approximately 5 eV. Thus, the threshold e
tric field is of the order of

Ethux505A 2Lat

««0Vat
5A2Latn

««0
, ~21!

wheren is the number density. For sapphire we obtainEth
;531010 V/m. Figure 2 shows the temporal behavior of t
net electric field developed at the sapphire surface in c
parison with the field values induced in other types of ma
rials. The negative value implies that the field is direct
away from the target, streaming from the subsurface layer
the vacuum. It can be observed that the electric field exce
the critical value and reaches a value of 8.431010 V/m at the
surface. The above-threshold electric field exists for a f
tens of fs. The spatial distribution of the electric field in t
near-surface layers is given in Fig. 3 at a time of 50 fs a
the maximum of the laser pulse, when the electrostatic fi
has reached its top value. The layer with overcritical elec
field where electrostatic disintegration of the lattice sho
occur is approximately 40 Å wide, in excellent agreeme
with the experimental estimation of the Coulomb explod
region.23

With semiconductors and metals, the higher electron m
bility and higher density of available free electrons ens
effective screening and a much smaller net positive cha
accumulated during the laser pulse, in spite of the fact
for the Si sample, supercritical carrier densities are reac

FIG. 2. Temporal behavior of the induced electrostatic field
the surface region of the sample for all three classes of mate
under investigation. In the dielectric case the field survives over
critical threshold for a few tens of fs. For metals and semiconduc
the charge-induced electrostatic field remains well below the m
rial break-up threshold value.
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This is not sufficient to induce a macroscopic electrosta
break-up of the outer layers of the substrate. The maxim
values of the electric field are only 4.13107 V/m and 5.4
3108 V/m for gold and silicon, respectively.

Returning to Fig. 1, we will discuss in the following th
effect of the size of the numerical region. In the case o
gold target, the size of the numerical region is determined
the heat-flow equation, and increasing the region does
influence the results of the calculations. For silicon targe
the only condition which should be met requires that in t
remote boundary, the number of free electrons should co
spond to the intrinsic population at room temperature
1.531010 cm23.38 For sapphire, due to the transparency
the initial state and ionization along the laser propagati
the situation is more complex. At any time the free-electr
density is decreasing in the remote boundary as this mo
away from the target surface. This occurrence has
reaching consequences. Namely, the value of the gener
free-electron density determines the supply efficiency of
numerical region with electrons, accounting for the value
the electric field and net charging. Numerical regions of
and 10 mm can be considered the two extreme, limitin
cases. In the first case, a high electron density in the rem
boundary is generated, resulting in a fast supply of the e
trons to the surface layer. This involves a more intense a
lanche causing higher maximum charging, however the
face electric field still does not reach the critical val
estimated above, lying just below the breakdown thresh
The size of 10mm corresponds to the irradiated spot radi
in the experiments7,23 and indicates the limit of the one
dimensionality. Further increasing the calculated slab imp
a strong violation of the problem dimension and therefo
necessitates accounting for lateral electron supply to the
tral part of the irradiated spot. Starting from the numeric
region of 1mm, the maximum charging is similar to the sol
curve shown in Fig. 1~given for 1 mm! but the period of
maximum charging increases as the remote boundary m
deeper in the bulk.

The charge dynamics are strongly correlated with the
sorption characteristics for each of the materials~Fig. 1!.
There is a quite different behavior for sapphire when co
pared to the other materials. The charging is retarded, ins
of roughly following the laser pulse envelope, as for met
and semiconductors. The effect is mainly due to elect

ls
e
r,
e-

FIG. 3. Spatial bulk profile of the electric field induced in me
als, semiconductors, and dielectrics.
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ELECTRONIC TRANSPORT AND CONSEQUENCES FOR . . . PHYSICAL REVIEW B 69, 054102 ~2004!
heating and collisional multiplication taking place during t
tail of the laser pulse, thus being directly linked to the nu
ber of free electrons in the surface layers. As follows fro
the calculations, a sapphire sample irradiated by a laser p
with a fluence of 4 J/cm2 accumulates multiphoton-generate
seed electrons during the first half of the pulse. Only wh
the electron density reaches a value on the order
1017– 1018 cm23 does avalanche start to dominate over m
tiphoton ionization in the calculated regime, leading to t
subsequent dielectric breakdown. At this point very efficie
electron heating and photoemission occurs, resulting in
percritical surface charging. An additional factor that w
significantly increase the electron energy at the end of
laser pulse at high input fluences is the drastic reduction
the available number of neutral atoms that can serve as e
tron sources for collisional multiplication. The electron av
lanche fades away and its importance in removing ene
from the electronic degrees of freedom ceases.

As discussed above, the electric field in the first cell b
low the surface reaches a value of;8.431010 V/m. An ex-
ternal fieldEex5«Ein is established in front of the surface
The accumulated electrostatic stress determines the su
disruption and the emitted ions will be driven by the field f
a few tens of fs~characteristic time of the electric fiel
‘‘pulse’’ in Fig. 2! and subsequently accelerated. The fin
momentum obtained by the ion subject to the action of
electric field Eex during time t is written asMv5eEext,
whereM is the ion mass. This gives an estimate of the ma
mum velocity acquired by an Al1 ion of v>104 m/s that
closely agrees with the value detected in time-of-flig
experiments.23 During the time when considerable surfa
charging exists, the ions travel a distance on the order
few tens of Å. Thus, the charged surface layer is destro
within an interval of several tens of femtoseconds.

The spatial distributions of both carrier density and t
accumulated net charge in the near-surface regions for
sapphire target are presented in Figs. 4 and 5 for diffe
times with respect to the maximum of the laser pulse. T
results demonstrated here have been obtained with a s
lated region of 1-mm thickness. Att50 fs ~Fig. 4!, corre-
sponding to the peak of the laser pulse, breakdown co

FIG. 4. Spatial profile of the free-electron and ion densities g
erated in the dielectric sample at different times during and a
irradiation.
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tions have not yet been reached~critical electron density for
the laser-induced free-electron gas for the case consider
1.7431021 cm23), neither at the surface nor in the neighbo
ing regions. Due to photoemission, the external layer of
target is strongly depleted of electrons, resulting in low
avalanche and, hence, in decreased ionization of the res
neutrals. The dielectric is ionized to a considerable depth
to the penetration of the leading edge of the laser pulse
this point, the laser-induced surface charging is weak
electron diffusion has not yet developed, so that only a s
face layer a few tens of an Å thick is positively charged~the
difference in the density profiles of electrons and ions
almost unnoticeable in the figure!.

The critical electron density in the surface layer is reach
about 25 fs after the pulse maximum, the ionization proc
develops further in a skin layer where 20% ionization
reached approximately 20 fs later~see Fig. 4 fort560 fs),
and the magnitude of the surface charge levels out. Dielec
breakdown develops within a region of 350 nm, where
considerable positive charging~from 3% to 10% of atomic
density! in the lattice arises in a superficial layer of on
60-Å thickness~Fig. 5!. One can see that maximum chargin
is reached at a distance of 50 Å under the target surfa
However, despite higher charging than in the first 40-Å lay
Coulomb explosion in the maximum charging region is im
probable because of the subcritical electric field value~see
Fig. 3!. Note that, due to depletion of the outer layer
electrons, the reflection interface has moved towards the b
(;60 Å).

The electric field is directed towards the vacuum in t
surface layer of 60-nm thickness~Fig. 3! and changes sign in
the deeper regions. Thus, in a thin surface layer there
competition between electron drift directed towards the b
and diffusion tending to fill the layer depleted of electrons.
the deeper regions the situation is the opposite. A steep
dient of the electronic density leads to electron diffusion
wards the bulk, whereas the drift component of the elect
current is directed towards the surface, tending to fill t
positive charge space region present due to electron ph
emission. The two main processes responsible for the ch
redistribution result in a double-layer effect,13 similar to that
developed in expanding plasmas.77,78 However, this effect is
weak during the laser pulse and only becomes pronounce
later times.

-
r

FIG. 5. Spatial depth profiles of the net induced charge den
in the dielectric target indicating also the regions susceptible to
affected by Coulomb explosion.
2-9
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BULGAKOVA et al. PHYSICAL REVIEW B 69, 054102 ~2004!
The carrier redistribution picture is strongly nonstationa
during the laser irradiation. During the tail of the laser pul
continuing photoemission and the corresponding redistr
tion of the components of the electronic current result
further changing of the charge distributions. Approximate
100 fs after the laser pulse termination, the process reach
certain quasiequilibrium between the opponent drift and
fusion terms, with a slight variation in time due to possib
electronic decay channels~recombination at traps, self
trapping, Auger recombination! and electron supply from the
bulk.

Such a quasistationary picture is given in Fig. 5~500 fs
after the laser peak!. Since the direct photoemission proce
has stopped, the electron current from the bulk is gradu
closing the charged gap near the surface. Despite the n
tive surface layer, a certain quantity of net positive cha
still exists in the subsurface zone with a higher degree
ionization and determines a region of maximum elect
density from where the electrons stream to the less-ion
regions due to diffusion~Fig. 5!. Due to the attraction gen
erated by the narrow positive subsurface layer, a region w
electron excess arises in the less-ionized interface reg
Figure 5 illustrates the picture of a classic double layer.13,77,78

Note that the peak of positive charge is approximately th
times higher than that of the negative surface charge and
followed by a wider region with reduced negative char
load. In even deeper regions where the electron density
dients are small, drift in the direction of the surface is t
main contribution to the electron current and a new posit
area is formed but with a smaller net charge density.

The spatial description of the charge transport into
volume ~Fig. 5! of the dielectric material at different time
shows that indeed only during the first 100 femtoseconds
possible to generate significant electrostatic removal; a
that the charge is slowly redistributed in the bulk. Intere
ingly, a succession of positively and negatively charged l
ers~double layer! appears with the ability to screen the bu
redistributed charge. A notable consequence of photoe
sion, which can take place for both dielectrics and semic
ductors subjected to laser irradiation, is lower ionization i
thin superficial target layer, so that the breakdown reg
shifts towards the bulk. For the cases when the avalan
mechanism contributes considerably to breakdown deve
ment, this displacement effect seems to be inevitable. S
the subsurface target layer is less strongly ionized than
deeper region, one expects that this layer will be char
negatively at later times. This happens at;0.13 ps when the
net charge drops below zero, as can be seen in Fig. 1. W
the electric field drops below;53109 V/m, the diffusion
term in this region starts to dominate the drift and electro
rush to the surface layer.

*Corresponding author. Electronic mail: stoian@mbi-berlin
Also at National Institute for Laser, Plasma and Radiation Ph
ics, Bucharest, Romania.
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We have elucidated the main tendencies of electro
transport in the dielectric targets that can result in elec
static disintegration~Coulomb explosion! of the surface
layer. Further development of the presented model includ
energetic considerations is underway. The temporal beha
of the energy accumulated in the electronic degrees of f
dom is of particular interest. Preliminary calculations ha
shown that the electron average energy rises slowly at
beginning of the laser pulse due to laser field acceleration
the electrons created by the multiphoton ionization of
valence band. A slight energy decrease is evident at the p
where avalanche becomes the dominant process for a
tional free-electron generation by removing energy from
accumulated electronic kinetic energy. A substantial rise
the electron energy appears when the solid is highly ioni
and the avalanche alone is not capable anymore of conv
ing energy into further ionization.

Another question of interest concerns the electrons em
ted from the target. Here we assume that they instantly
appear from the near-surface zone. However, on femto
ond time scales a substantial portion of such electrons ha
time to move to a large distance. The upper limit of the eff
of the photoemitted electrons on target charging can be c
sidered by putting the condition of a zero electric field at t
remote~bulk! boundary. The calculations have shown that
such a situation with otherwise identical parameters,
maximum electric field increases by less than 1.4 tim
Thus, taking into account the electric field generated by
photoelectrons only increases the chances for fast ion e
tion from the target. However, it should be underlined th
the present theoretical consideration has shown that the C
lomb explosion conditions can be realized even without
electron driving force.

IV. CONCLUSIONS

In conclusion, we have studied theoretically the role
rapid electronic transport in defining the characteristics
material removal with ultrashort laser pulses. A strong el
trostatic ion repulsion force causes the break-up of the
face of charged dielectric materials, while for semicondu
tors and metals efficient neutralization occurs and abla
receives a more thermal appearance. The developed mo
are general and can be used to describe charge transpo
namics in different materials on ultrafast time scales,
counting also for some of the nonthermal channels exp
mentally observed in ultrafast laser ablation of materials.
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