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Fast electronic transport is investigated theoretically based on a drift-diffusion approach for different classes
of materials(metals, semiconductors, and dielectriuader 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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. INTRODUCTION sion equal to the absorbed electron fld%* In Ref. 13, the
concept of a double layefDL) was applied to processes

The importance of carrier dynamics in ultrafast laser ab-nvolving particle-beam—matter interactions to describe the
lation of materials has been indicated on numerousspatial charge arrangement in the bulk of the irradiated ma-
occasions; ® and the study of electronic transport in irradi- terial. It should be stressed though that the irradiation re-
ated solid samples has the potential of elucidating the strongimes considered in Refs. 12-14 are far below material
differences observed in the material removal characteristicereakdown. A third approach proposed in Refs. 15 and 16 for
for different classes of materials irradiated under similarthe case of a dielectric targéMgO) irradiated by a laser
conditions! As an example, a rather rough but widely ac- pulse of nanosecond duration may be labeled as the drift-
cepted estimation for laser-induced optical damage in nondiffusion approach. The authors studied the self-consistent
conducting materials is based on a modified Boltzmanrgeneration of an electric field as a result of laser heating of
transport formalism. This results in a quantified descriptionthe electrons excited to the conduction band, their diffusion,
for free-electron generation, depending on the laser energgnd drift in the locally established fields. The possibility of
input and on the crude assumption that damage occurs wheglectron emission is considered, involving at the same time
ever the normally weakly absorbing solid develops stronghe lifting of the constraint of target neutrality. The calcu-
absorbing characteristiédn other words, the occurrence of lated local electric field is found to reach values exceeding
the optically induced destruction of the initially transparent10® V/m under normal ablation conditions. The above-
material depends on reaching a critical electron density amentioned models are suitable for nonconducting or poorly
which resonant collective electronic oscillations occur, andconducting materials. For ultrafast pulsed laser irradiated
on the effectiveness of the energy coupling into the lasermetals using pulse durations shorter than the characteristic
induced electron-hole plasma. times for electron energy l0$$;2?%the most utilized model is

Since the theoretical description of carrier dynamics inbased on the assumption of two interacting systéefsc-
dielectric and semiconductor targets under high-intensityrons and latticecharacterized by different laser-induced ini-
pulsed laser irradiation or electron beam bombardment ifial temperatures and exchanging energy on a time scale set
rather complicated, the topic has not been covered thomy the electron-lattice interactions.
oughly. By convention, existing models may be divided into Recent studies at irradiation intensities above the damage
three groups, depending on the preferred approach. In Refs.tBreshold have pointed out the potential of solid charging to
and 9-11, carrier dynamics in silicon targets was studied ifnduce an electrostatic disintegration of the surface following
the frame of ambipolar diffusion with an implicit assumption efficient photoelectron emissidrt> The occurrence of the
of an equal number of electrons and holes in the solid andurface Coulomb explosioCE) generating macroscopic
preservation of local quasineutrality of the sample. Anothematerial removal and high ion kinetic energies has been
approach, developed for semiconductors irradiated by lasetfemonstrated for dielectridswhile for semiconductors and
pulsed? and dielectrics under the action of electron metal$* the subject remains controversial.
beams:>“takes into account the generation of local electric  The paper is organized as follows. Section Il introduces
fields inside the target with the assumption that the targethe main characteristics of the calculation model, emphasiz-
remains neutral as a whole. This implies the absence of eleing also specific features for metals, dielectrics, and semicon-
tron photoemissiolf or relies on secondary electron emis- ductors. Section Ill discusses the consequences derived from
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the calculations and provides a comparison between the dif- Moreover, the calculations are based on the following as-
ferent types of materials used as model systems. It outlinesumptions.

the effects of the fast electronic transport in ultrafast laser (i) Laser excited metals and highly ionized nonconducting
irradiation and their relevance for laser ablation. A main re-materials are considered as dense pladhfasvith similar

sult predicts that, within the range of the calculated irradiaproperties.

tion doses, surface macroscopic Coulombic explosion can (ii) The zero-field material properties are considered equal

take place only for dielectric materials. at the interface and in the bulk.
(iii) The laser electric field does not influence the macro-
Il. MODEL scopic electron drift within the charged region.

4

Ny N 19y

ot
where the two terms on the right-hand side represent sourc
(S) for carrier production and lossed X in the laser-
generated carrier population, angd denotes the carrier den-
sities with subscripk=e, i representing electrons and ions
respectively.

(b) The equation of motion describing the transport of
charge in a locally established electric fiéd with the elec-
tric current densit}f J including both drift and diffusion
terms,

J.=|e|nyuE—eDVn,. 2)

The time- and space-dependent diffusion coefficlris
calculated, if not otherwise mentioned, Bs=kgT,u,/€,
where T, represents the carrier temperature andis the
carrier mobility.

(c) The Poisson equation to calculate the electric field
generated as a result of locally breaking the quasineutralit

to material ejection under ultrafast laser irradiation. The The system of equatior{4)—(3) was solved assuming the
this disequilibrium, and its influence on the material removalaccount for the small spatial extent of the laser pulse and
restricted region, confined within a few hundred nanometers 2F, \/ﬁ
— exp{ —41In2
trashort pulsed laser irradiation and discussing the imporg
tation densities are generated by high-power ultrafast las .- 800 nm corresponding to the most encountered experimen-
generated charge carriers depth has been employed. Every set of equations has its own
e ax ing an explicit numerical scheme. The targets—g@ia),
eters follow the general characteristics of different material
were calculated in the center of the cells. The depth of the
remote bulk boundargwith respect to the target surfacéhe
ing Gauss’ law.
inside the irradiated target: required is extremely small, thus resulting in a large calcula-

_ _ _ (iv) The electronic flow is caused by quasineutrality vio-
In this work we investigate the role of electron-related|ation on and beneath the target surface due to electron pho-
processes responsible for generating specific paths that leggemission and strong density gradients.
questions we try to answer refer to the role of neutralitytargets are irradiated using a near-infrared ultrafast laser
breakdown related to the charge carrier distribution in differ-pulse with a Gaussian temporal profile. Since we are focus-
ent types of excited solids, the magnitude, the duration Ofng on a reduced zone of a few hundred nm, we do not
characteristics. We have used a simplified drift-diffusion con-propagation effecté and, therefore, the intensity profile is
tinuum approach to model the energy flow into the sample inritten as
the first hundreds of femtoseconds of the interaction, in a
t\2
beneath the surface. Our attempt is aimed at providing a [(H)=[1-R(t)]— —) ,
common simplified frame applicable to different kinds of L L
materials(dielectrics, semiconductors, and metalader ul- whereF, is the incident laser fluence, the laser pulse dura-
£ oh | o e ; f ion is 7, =100 fs(full width at half maximum, andR is the
tz;nce (I) P otpei ectron emlssrllon_m geq_(;ratln%_t(()jta Y NON%ime-dependent reflection coefficient. All the calculations
F erma materia .ejgct|on mechanisms. 1he uniied approaciye q performed for a laser radiation wavelength of
is justified by a similar plasmalike behavior when high exci-
&4 situations in ultrafast laser material processing. A -
o i 5,26 ; p g. Aone
wra(cj:hallt!onbsou(rjce%. ::‘_)r altlhthrfeelzl cla}sses of rtr_1ater|als, the dimensional model justified by enhanced transverse lateral
mode’ Is based on solving the following equations. dimensions for the laser spot with respect to the absorption
(a) The continuity equation for the evolution of the laser-
features dictated by material properties. Particular situations
for individual classes of materials will be discussed below.
=S, +L,, (1) Modeling was performed for the one-dimensional case us-
silicon (Si), and sapphire (AlD;)—used as model systems
¥5r different material classes are divided into 5-A-thick lay-
ers (numerical cells Whenever possible, the model param-

' classes rather than underlining particular properties of the
selected materials. The electric current density was calcu-
lated at the cell boundaries, whereas the other parameters
numerical region was chosen in such a way that further in-
crease did not essentially influence the numerical results, still
ensuring that the one-dimensional approach was valid. In the
condition of free-electron flow was applied. A cell was added
above the target surface to simulate the vacuum conditions,
and the electric field at the target surface was calculated us-

Special attention was paid to carefully choosing the time
step. As the electric field reaches values abov¥ Yom,
eading in turn to high electron drift velocities, the time step
tion time. Because of the free flow condition set for the re-

T (n— 3 mote (bulk) boundary, there was no possibility to accurately
(Ni—Ne). () . ;
X egg control the conservatism of the numerical scheme. In order
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to find adequate time steps providing a good approximatiothe Richardson-Duschman equatiSrso that the total emit-

to the problem, the input equations were initially solved withted electron current density takes the form below. The ther-
the limiting condition of zero electric field at the bulk bound- mal emission of high-temperature electrons will play a more
ary. This implies that the photoemitted electrons remain inmportant role during the tail of the laser pulse where the
the vicinity of the surface during the laser pulse, so that @&nergy stored into the electronic system reaches a maximum
capacitor type of structure is generated: the positivelyalue,

charged solid layer depleted of electrons and the photoelec- 5

tron layer above the surface. Moreover, setting zero electric | g=c 2(kTe) fiw—¢
field and restricting diffusiotione may do this because of the eIX=0""~AU (B 0 — )2 KTe
small electron density gradienin the remote boundary, the

conservation of the number of electrons can be easily con- +AT? ex;{ _ i) (58)
trolled. It was found that, with a 10-attoseconds step, the 0le kT.)’

number of electrons is conserved with good precision up to .
electric field values at the target surface on the order oYV'th

10 V/m, whereas at higher fields conservation breakdown € PSe as_Au< e )3(3hw_¢)2

%1—Rﬁﬁ

will result in a strong increase in the electron number with ¢, ,~ T 2 |7 K
respect to the number of ions. Thus, decreasing the time step ho| 3an,+ _E) @
for electric fields above fOV/m is necessary for successful ol

modeling. The above-determined time steps were then imple- (5b)
mented in the calculation where the condition of free elec-

tronic flow together with Gauss’ equation define the true
value of the field at the remote boundary.

Herel is the laser intensityd, is the theoretical Richard-
son coefficient (120 A/cRK?), ¢ is the barrier height for
electron promotion into vacuunk is the Boltzmann con-
stant, T, is the electronic temperatureonsidered to be

A. Metals position-independent within the electron escape regiand
o ) . R is the reflectivity.F represents the Fowler function de-

The continuity equation for free electropgq. (1)] N & scribed in Refs. 32—3%3_ 4, is a coefficient describing the

metal target(gold in our casgis assumed to contain N0 e photon contribution to the photoemission process,

?ourcgtthe_rmtsr,]. It 'T u?de(stood tlmpllcnly that fa;t] t?i{qmat“za'the electron chargep is the electron escape probabilifyp
lon within the electronic system occurs so that the Wo~g ha jncident photon energfl.55 eV), a,, is the metal

temperature model remains valid. It has to be added thoug bsorption coefficient at the laser wavelength, &riel the

that fluence-dependent, delayed electronic thermalizatioglectmn escape depth~6 nY). Spe is the part of the

vAvt|trt1hsub-p]§ time ic?les has_ been obtser\t/eg ;e\t/ﬁra][ fﬁﬁ%s% three-photon absorption coefficient ending above the vacuum
€ surface, photoemission was treated in tn€ 1orm Of g0 5pg resulting in electron photoemission, which has

boundary condition for the three-photon generated eleCtroBeen corrected for the present wavelength based on consid-

.Cutrr?;:t densitﬁ?‘iﬁescriﬁir{g the interfacial eleciron flor\]/v terations related to the electronic population and accessible
Into the vacuum. 1hree pholons are necessary, at our pho cH?ensity of states below the Fermi level. A parabolic descrip-
ion of the band energy versus the density of stiftear-

release the electron into the vacuum. The three-photon ph%1'cteristic of the free-electron case, was used and the region

toer_nission Cross sectiar,,, containing the_ _relevant infor- ccessible to three-photon excitation was written with re-
mation about the electron escape probability, escape dept pect to the Fermi level as

and energy gain, was empirically determiffett by measur-
ing the total electronic charge emitted in the irradiation pro- o 12

cess. We correct this for the absorption changes correspond- f — dE.
ing to the present irradiation wavelengtB00 nm. The B~ (310~ ¢) XA (E—Ep)/KTe+1]

nanosecond pulse durations used for investigations in Refs. The spatial and temporal behavior of the free-electron

3.0 "J?Ud 31 are not likely to raise the elt_ectro_nlc_: temloeratur‘?emperature that influence both the strength of photoemission
.3|gn|f|cant|.y. However, ultrafa_f,t, sub-ps |rr_ad|at|on of metal;and the diffusion efficiency are governed by the heat-flow
is able to induce extremely high electronic temperatures, ”équationzo
the range of 1 eV, while the lattice remains cold for the time '
scales of interest. This makes imperative the correction for J J 9 Koo 92
temperature-dependent effects, based on the generalized Ae(—(Té)Jr ——(Ti)) =—"—(TH+23(x,1),

. . 0 ot en, dx T, ox
Fowler-DuBridge theory for multiphoton photoemission at 6)
high temperature¥-3° At high irradiation intensitiesfew
Twi/cn?) around and above the damage threshold at the lawhere the indexes, | refer to the electron and lattice param-
tice melting temperature, the thermally assisted three-photoeters, respectivelyd,=C./T, with C, being the electronic
photoemission will be the major contribution to the promo- heat capacity, and the thermal conductivity of the electrons
tion of electrons above the vacuum level. Additionally, theK, is introduced as a temperature-dependent quantity equal
thermal contribution(neglecting space-charge effeétd) to  to Keole/T) .?% The heat transport equation accounts for
the ejected electron flux has been considered in the form dioth heat conductivity and direct, bulk, or across the vacuum
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TABLE |. Modeling parameters for gold.

Parameters Value

Electron specific heat constaft 71(Im3K 2?2
Electronic thermal conductivitie 318 (WmltKhHa
Absorption depth\, (at 800 nm 14.4<10°° (m)®
Ballistic rangeh 1.05x 107 (m)?
Reflection coefficienR 0.949

Electron mobility 5.17x10° 3 (m? v~ ts 1yd
Work function ¢ 4.25(eV)°

8Reference 20.
bReference 40.
‘Reference 41.
dReference 42.

interface electronic transport from the excited regierg., perature control is performed with the criterionT g
due to photoemission, which has the additional role of re— T)/T,<10 *—10"° for each time step. Whenever this
moving hot electrons from the irradiated surface and subsezondition was not fulfilled anymore, the number of the grid
quently supplying the interaction region with cold bulk elec- points was increased. At the interface, the condition
trons. Ballistic effects for electronic energy transport in the (dT./dx)=0 is set to indicate that there is no heat transfer
first ~100 nm, which are significant in noble metals, havethrough the interface except for the energy carried away by
been considered through the action of an effective absorptiothe emitted electrons.

depth in the source term that more efficiently redistributes The modeling parameters used for the gold t&ff@t*?
the laser energy within the ballistic range of the electronare given in Table I.

transport® The time scale of interest for the considered pro-

cess is less than 1 ps, so that electron-lattice relaxation may B. Dielectrics

be neglected and the lattice temperature is assumed to beI dielectri teriali hire th dl
constant. The energy source term in Eg). is written as in n a dielectric ma eriafi.e., sapphirk Ne source and 10ss
Refs. 20 and 21 terms in Eq.(1) for electrons can be written as

n
exd —Xx/(No+ Npan)] Se= (Winpti+ Qay) —— (8)
(N o+ Npan) @ Mat M

2(x,1)=1lo()(1-R)
. . . . and
wherel, is the optical-absorption depth aig,, is the bal-
listic range for the hot electrons. No transient reflectivity Le=—Re— XpE. 9
changes during the laser pulse at increasing electron energy
have been taken into account, keeping the effect of interband It is implicitly assumed that diffusion as well as energy
transitions minimaf'3°Higher-order nonlinear contributions transport follow almost instantly the establishment of the
to light absorption and attenuation, as well as additionatensity or temperature gradients according to the Fourier
three-body collisional processes for hot electron productionlaw, an assumption that may have a reduced degree of valid-
were also not considered. ity under ultrafast, nonequilibrium situations involving a
In contrast to dielectric and semiconductor targets, whereonsiderable amount of energy input.

laser radiation penetrates into a considerable depth at the In Eq. (8), Wy,n= ol ® is the rate of a six-photon ioniza-
beginning of the laser pulséecause of a low intensity, tion process corresponding to an energy band gap of approxi-
weakly absorbed leading edgéor a metal target the region mately 9 eVn, is the density of neutral atom®,,= aln, is
perturbed by radiatiotskin depth is on the order of 0.wm.  the avalanche terfhR, represents the linear decay term ac-
In this specific region, rapid heating of the electronic systentounting for recombination and trapping processes, X
takes place and strong electron-lattice nonequilibrium is indenotes the photoelectron emission. Both source terms are
duced. Due to high electron thermal conductivity and heatorrected for the reduction in the density of ionization cen-
diffusion outside the irradiated region, the affected regionters (neutral atoms providing the electronic reservoir of the
widens rapidly. To meet these requirements, at the beginningalence bandduring photoionization. The diffusion coeffi-
of the calculations a relatively small computational region iscientD [Eq. (2)] was calculated with the assumption that the
chosen ¢~1.5-2um). At the bulk boundary, the following average electron energy in the conduction band is approxi-
conditions are set: unperturbed electron temperatilig ( mately 5 e\?*3 In the calculations, to compensate for the
=300 K), quasineutrality fg=n;), and free, nonrestricted mobility decay with temperature, a simplified, time-
electron in-flow. During the calculations, the numerical re-independent diffusion coefficient was used. The multiphoton
gion was expanded. To account for this, at a boundary poinbnization cross sectioorg and avalanche coefficieat were
of N—5, whereN is the total number of grid points, a tem- based on a fit to the experimental results for the optical dam-
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age threshold at different pulse duratithfllowing a simi-  diation. No dependences of the damping characteristics at
lar approach to that of Ref. 8, taking also into consideratiorincreased electronic densities and temperatures were taken
the observed decay in the threshold electron density fointo account.
longer pulse duration’®. The multiphoton ionization cross  With regard to the photoemission term, for a quantitative
section and the avalanche coefficient were estimated fosstimation we assume a statistical distribution of free elec-
Al,O; as o0s=8x%10° cm *ps *(cm?/TW)® and @  tronic momenta in a wide-band-gap dielectric where the
=6 cn?/J. The fit-based approach, frequently encountered ivacuum level lies close to the conduction-band minimum,
ultrafast laser ablation studié%}’ can give a better descrip- and only electrons with a momentum component normal to
tion of any realistic situation. However, for the purpose ofand in the direction of the surface can escape into the
this paper, iterating the multiphoton and the avalanche coefyacuum. The minimal energetic distance between the
ficients in order to reach the critical density at the conditionsyacuum level and the conduction-band edge, within one pho-
observed in the experiment is not expected to influence theon range(1.55 eV, is a valid assumption for a large class
results significantly®4° of wide-band-gap materials with weak band-to-band
The spatially and temporally dependent laser power insidgcattering>~°® Thus, we assume that, on average, half of the
the dielectric target is mainly determined by loss mechaelectrons which appear in the processes of multiphoton and
nisms involving free-electron generation and by the opticakvalanche ionization are immediately photoemitted from the
response of a collisional free-electron plasma and theurface and below-surface region, taking into account an in-
vacuum-plasma interface through the Fresnel formulas. Thetantaneously established angular distribution for the carrier
complex dielectric function at the incident frequency can bemomenta. Due to the specific form of the PE term, at signifi-
seen as a mutual contribution of the unexcited solid and theant above-threshold fluences, whenever the avalanche pro-
response of the laser-induced free-electron gas and is givasess stops due to the full ionization of the materials in the

by?*° subsurface region, further electron heating and photoemis-

sion does not take place anymore on the tail of the laser

. el Ne 1 pulse, a situation not present here. At high but still not satu-

eu(Ne)=1+(eg—1)| 1— n_o - n_cr 1 (10 rated supercritical densities, on the trailing edge of the laser
1+iw—T pulse, the initially dielectric material starts to exhibit a

metal-like behavior, and emission from the conduction band
HereeX (ne) represents the complex dielectric function of may become significarit. At lower, close-to-damage flu-

| . . ; . ences, the dominant contribution is derived mainly from
thiifgg'tﬁaﬁﬁ:r'aig lﬁéh?niligfﬁttn%v;\o,gfetﬁgfﬂsfihfl/gn_ valence-band ionization by multiphoton and further colli-
o=

sional processes. Maximum photoemission occurs from the
=3.0983(Ref. 5], andn,, ny=gomew?/€?, andn, are b b

g € 0 surface with an exponential decrease within the bulk. Thus,
the density of the conduction-band electrons, the critical dent'he photoemission terMpe was written ab

sity for the free-electron gas at 800 nm, and the valence-band

electron density, respectively. The effective electronic mass

was taken to be equal to the mass of the free electron in n

vacuum. _ _ _ Xpe= 3 (WinpnT Qay) ———exp( —x/1), (12)
To take into account reflection, a scheme with a moving Na N

vacuum-plasma interface towards the bulk following elec-

tron letion in th rf layer to the photoelectri .
on depletio e surface layers due o the photoelectric here the electronic escape depthas taken as 1 nif. The

effect, and a multilayered, steplike, inhomogeneous electro . C
Y P g Integral photoemitted charge calculated as above is in good

density profilé*°was applied. The local intensity in a cell is £ with red imental values for dielectri
given by the superposition of the direct irradiation and back_agreemeng with reported experimental values for dielectric
aterials>® Charging effects on the work function were not

scattered radiation. The energy balance is written belomfénx licitl hsidered il since th hotoelectron
wherel (x,t) is the local intensity, plicitlyconsidered, especially since e -pnoloelectro

emission can be regarded as a self-regulating process. Strong
and early photoemission would lead to depletion in the elec-
mph N pn—ae(X, 1)1 (X,1). tron population just below the surfacwithin the electron
(Natnj) escape depjh inhibiting additional electron generation by
(1) collisional ionization processes and, therefore, further delay-
) i , ing photoemission at the end of the pulse. Increasing the
Hereny, is the number of photons required for multipho- g, 1t3ce harrier by charging effects would permit more elec-
ton ionization fi,,=6 to overcome the energy band gapd g to remain in the surface region, allowing supplemen-
 is the frequency of laser radiation. The free-electron,y generation and, in return, stronger photoemission on the
absorption coefficient ag(x,t) [a.=4m/\ (3{—ReE*) trailing edge of the laser pulse.
+[ReE*)?+Im(e*)?]¥2)Y?] is calculated from the complex  The ion density is calculated based on EL), disregard-
dielectric responseof a collisionally damped free-electron ing photoemission and neglecting hole transport in the bulk.
plasma, considering a damping ter@r=3 to match the The recombination term was put in a general formnaér
observed reflectivities of-70% reported in Ref. 52 for su- describing mainly trapping-like phenomengwith 7=1 ps)
percritical electron densities generated by high-intensity rarather than a three-body saturable recombination process.

Na

(9| t)=—W
ax(xv)_
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The parameters used for sapphire were as follows: energyompared to the low carrier density valtfeso account
band gapE,=9 eV, atomic density is 1.2710% cm 3, and  for the reduction at high carrier densities and
electron mobility x=3x10"° m?/(Vs) (ten times lower temperature§! %27
than reported in Ref. §(for a better match of the observed  Electron photoemissidhwas considered in analogy with
diffusivities** in laser-induced dense plasmas. A significantthe gold sampl¢Eq. (5)], taking into account a three-photon
decrease of the electron mobility is to be expected at higiphotoemission event from the conduction band with a cor-
carrier concentratid®?and high field values. To preserve a rected coefficientboth for the wavelength and the accessible
certain character of simplicity and in the absence of detailedlensity of stateswith respect to those previously used for
data on these particular aspects of the electron transport, wu. To rescaleSpe [Eq. (5b)], a Fermi-Dirac distribution for
have preferred to work with a reduced zero-field mobility. the free electrons in a parabolic conduction band was con-
Since we consider electronic transport in the local electrisidered. Corrections have also been made to account for the
field, calculated from the Poisson equation, plasma-screenindependence of the absorption coefficient on the free-electron
effects within the bulk material are automatically taken intodensity in excited semiconductdi®’~"3As ionization of
account. silicon occurs very rapidly at the beginning of the laser

pulse, inducing a metal-like state for the considered fluence
C. Semiconductors (0.8 J/cn?), to describe the physical reality and to avoid the
instability of the numerical scheme we scaled the photoemis-

that for sapphire. The radiation reflection at the vacuum in-]c lon term to the number of available electrans(to account

e or the variable number of free electronsormalized to the
terface and the absorption inside the bulk of a strongly ex- old electron density. Instead of the Si work function (
cited semiconductor were similarly described based on the : on

i . . . =4.6 eV), an effective potential barrigre=4.05 eV (Ref.
optical signature of the unexcited material and 5}5‘6 Drud956) given by the initial electronic state and measured from
response of the laser-generated free-electron> gpsy

—13.46+10.048 (Refs. 63 and 64, In analogy to Refs. 3 thle bot’;om of thte conduction band was introduced as the
nd 50, one- and two-photon ionization terms as well asre cvant parameter. : .
a ’ The emitted electron current is the sum of the photoemis-

collisional carrier multiplication were coGrggdered in Ha) sion from the conduction band and a thermal ionization term:
for the evolution of the electron densf/!

The model for silicon was based on a similar approach t

Se= Lol 2 13 Jelx=0% Koy Xeer, (16)
e=|| o1t 50l |7+ Bne o (13 .
e
Le= —Re—Xpe. (14 OpE-si A peau
Je|x=0: Au's 1
One-photon and two-photon ionization cross sectians ( PE-Au ( 38, g+ —J
and o,) were taken from Refs. 64 and 65, respectively ( lpe-si
=1021 cm %, o,=10 cm/GW) and the total atomic number 2(kTo)2(1-R)313 [ 3ho— gg
density is 5<10°2 cm™ 3. The avalanche electronic multipli- > ( )
(3fhw— @ep) kTe

cation(B), though reduced for silicof®’ irradiated with ul-
trashort pulse$Ref. 67 gives an impact ionization rate in Si
well below 13 s™1, approaching gradually at high electron
kinetic energies the value reported for dielecffigshas been +AOT§ exp{ —
put in the form given by van Driel.The loss term at low

electronic densitie®,=Cn2n; is mainly determined by an

Auger recombination processwith C=3.8x10 3 cm/s

reaching a saturation level at electronic densities approach- The contribution of four-photon photoelectron emission
ing 1021 cm3.4%9 While the carrier population decays via a from the valence band was not considered, as it is too small

three-body recombination mechanism, the Auger processdd comparison with the main contribution from the conduc-

will preserve the energy within the carrier system. At hightion bands-e_ o _ _
densities, the decay in the electron population is influenced The spatial and temporal distribution of the laser intensity

@Deff) Ne.si (17)

ﬁa Ne-Au .

by a characteristic relaxation timeg.%° Accordingly, in the sample was calculated as
R e 15  xt)= ® o, ()
® 10+ 1/Cnen; (15 ax Tinan o T2ngn

with 7,=6x10"12 5%

An additional equation for hole generation takes into ac- +ae-Si(th))|(X’t) (18)
count the hole transport process.

The current densities for the electrons and holes are basedth 1(0t)=[1—R(t)]lo(t) — (3 w/e) Je|x—0o, taking into
on the following parameter®: 1,,=0.015 nf/(V's) and u, account one- and two-photon ionization, inverse bremsstrah-
=0.0045 nm¥/(V's), both mobilities being ten times reduced lung absorption of light by the laser-induced free electrons in
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the conduction band, as well as losses due to the three-
photon photoemission. Higher-order processes were not con- 4t
sidered for absorption, as their effect is negligitfl&imul-
taneously, the energy deposited and transported in the free
electronic system interacting with the lattice was calculated
by balancing the absorbed amount of photons in the follow-
ing equations:

-n_[10* em?|

n-

JE; oyl oy 12 0
e (ﬁw_Eg)%+(2ﬁw_Eg)7E_Egﬁne 01 0.0 041 0.2 0.3
n, TIME [ps]
X +ae.sl (X,1) +EgRe, (193 . .
n,+n; FIG. 1. Calculations of the net charge denditiye difference

between the electron and hole populations, respeciivetated at
daTe J dTe d  JdTe Ag the surface as a function of the laser time for different classes of
el ot e_ne EN - 7(Te_TI) materials under investigation. Laser fluences are chosen to be above
the ion emission threshold for each materiElA(Zo3=4 Jient, Fg

2 JE; =0.8 J/cn, Fa,=1.2 J/cri). The laser pulse is centeredtatO0.
e

Tx Cax

Here C., C;, K., andK, are heat capacities and thermal
aTy 9 dT  Ag conductivities of electrons and lattices, respectively, guisl
ot ox 'XJF_(TE_T')' (199 the electron-lattice coupling constant. Melting of aufix
T .
film is reached at an incident fluence of 0.93 Fdequiva-
The parameters have the following designationg;, lent to 0.047 J/crhabsorbed fluengein agreement with pre-
the energy of the full electron system in a numerical cell;vious observation§?° The damage thresholds for Si and sap-
E.=Ef/ne, the average energy of one electrofy, the phire take place when electronic densities in excess of
electron temperaturel,=2E./3k; T,, the lattice tempera- 10?' cm 2 are reached, at 0.3 and 2.7 Jfgrmespectively,
ture. Heat capacity and thermal conductivity, respectivelyalso in good agreement with the experimental stutfiés’
are taken as\,= 3k and K,=4k?(u.Te/€).%" A,/ de-  According to the model, the Si sample experiences a thermo-
scribes the energy coupling to the lattice and the hot carriedynamic solid-to-liquid phase transition and starts to melt at
relaxation time was taken as= 5[ 1+ (n./ng)?] with 7 around 0.5 J/cf) a value higher than those experimentally
=240 fs® reported’® since the hole contribution to phonon generation
Since the optical signature of a free electronic gas apwas not explicitly accounted fdP. It should be stressed that
proximates very well the behavior of the excited Si samiple, numerical results on damage thresholds do not depend sig-
absorption and reflection coefficients were calculated by alificantly on whether photoemission was taken into account
Drude-type scheme for a collisionally damped electron-holeor not. Considerable electron depletion of the surface layer of
plasma induced by an ultrashort laser pul$@0 f9 at nor-  the sapphire target leads only to a slight shift of the break-

mal incidence R _..,=0.34) >*®*in a similar manner to down region(i.e., overcritical electron densitieowards the
the approach used for dielectric materials. bulk (on the order of the electronic escape d¢pth
The results of the calculations related to the buildup and
IIl. RESULTS AND DISCUSSION decay of a net positive charge on the surface of samples

representative for different classes of materials, 3, Si,

The models were initially tested by calculating the dam-and Ay are plotted in Fig. 1 as a function of time. The laser
age thresholds for gold, silicon, and sapphire and comparingyences used to calculate the charging dynamics are slightly
them with previously published data. The heat-transfer equaghove the experimental ion emission threshéffé; 47>
tion [Eq. (6)] for metals is suitable to describe the electronichamely 4 J/crf for Al,O4, 0.8 J/cm for Si, and 1.2 J/crh
subsystem heating on the femtosecond time scale, but it igr Au, respectively. Under these specific irradiation condi-
invalid for a time domain when electron-lattice exchangetions, the electronic temperature reaches high values ranging
becomes significant. In order to extend the thermal transpoftom around 1 eV in gold to approximately 5 eV in silicon
calculation for gold up to the melting time, the complete and even more in sapphire. It is obvious that the net charge is
two-temperature problem for heat propagatfomas solved  significantly higher for the dielectric target than for the metal

for our irradiation conditions or for the semiconductor target. Sufficient charge can be ac-
cumulated at the dielectric surface on the 100-fs time scale
Ce(‘;_Tﬁ‘Jr 3 (9_1_6) = iKe&—u—g(Te—ﬂHE(x,t), that creates an electrostatic stress with magnitudes compa-
gt eng dx ) dIx " IX rable to the mechanical binding strength, and thus initiates

(208 the surface Coulombic explosion. It should be emphasized

that strong charging of sapphire illustrated in Fig. 1 is not a

N9 M T (20p  esult of higher photoemission, as compared to silicon and
1Tt~ ax N ax T9(Tem T gold. The sapphire target loses approximately<618° elec-
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FIG. 2. Temporal behavior of the induced electrostatic field in  FIG. 3. Spatial bulk profile of the electric field induced in met-
the surface region of the sample for all three classes of materialgls, semiconductors, and dielectrics.
under investigation. In the dielectric case the field survives over the

critical threshold for a few tens of fs. For metals and semiconductoryhis is not sufficient to induce a macroscopic electrostatic
the charge-induced electrostatic field remains well below the mateﬁreak-up of the outer layers of the substrate. The maximum
rial break-up threshold value. values of the electric field are only 4<110’ V/m and 5.4

. . _X10° V/m for gold and silicon, respectively.
trons over the whole laser pulse duration from an irradiated Returning to Fig. 1, we will discuss in the following the

2 1 1
spot of 470um?, whereas 6.8 10" and 3.5¢10™" elections  gffect of the size of the numerical region. In the case of a

are removed from Si and Au targets, respectively. —  45/q target, the size of the numerical region is determined by
We have estimated the threshold value of the electric fiel he heat-flow equation, and increasing the region does not

necessary to break the atomic bonds in sapphire. The cubjgqence the results of the calculations. For silicon targets,

energy density of the electric field is expressed s  hq only condition which should be met requires that in the

_ 2 _ 2 H
=e80E"/2. The valueWy=eeE V42 is the energy of the  remqte’ houndary, the number of free electrons should corre-
electric field corresponding to one atom in the crystal, Wher%pond to the intrinsic population at room temperature of

Vg is the volume occupied by a single atom in the crystal,; 5y 10 cm3.38 For sapphire, due to the transparency of

—n-1 L. L . .
Va=n"". The energy necessary to remove an atom from thene injtial state and ionization along the laser propagation,
target can be estimated from the latent heat of sublimatioge situation is more complex. At any time the free-electron

calculated for a single atom;=485.7 kJ/mol}? which density is decreasing in the remote boundary as this moves
corresponds to approximately 5 eV. Thus, the threshold elecyyay from the target surface. This occurrence has far-
tric field is of the order of reaching consequences. Namely, the value of the generated
free-electron density determines the supply efficiency of the
B \/ 2Mq \/ZAatn numerical region with electrons, accounting for the value of
Eiplx=0= seoVar geq (@1 the electric field and net charging. Numerical regions of 0.1
and 10 um can be considered the two extreme, limiting
wheren is the number density. For sapphire we obtkiy  cases. In the first case, a high electron density in the remote
~5x 10 V/m. Figure 2 shows the temporal behavior of the boundary is generated, resulting in a fast supply of the elec-
net electric field developed at the sapphire surface in comtrons to the surface layer. This involves a more intense ava-
parison with the field values induced in other types of matedanche causing higher maximum charging, however the sur-
rials. The negative value implies that the field is directedface electric field still does not reach the critical value
away from the target, streaming from the subsurface layers testimated above, lying just below the breakdown threshold.
the vacuum. It can be observed that the electric field exceedbne size of 10um corresponds to the irradiated spot radius
the critical value and reaches a value of810'° V/m atthe  in the experimenfs® and indicates the limit of the one-
surface. The above-threshold electric field exists for a fewdimensionality. Further increasing the calculated slab implies
tens of fs. The spatial distribution of the electric field in thea strong violation of the problem dimension and therefore
near-surface layers is given in Fig. 3 at a time of 50 fs aftemecessitates accounting for lateral electron supply to the cen-
the maximum of the laser pulse, when the electrostatic fieldral part of the irradiated spot. Starting from the numerical
has reached its top value. The layer with overcritical electriaegion of 1um, the maximum charging is similar to the solid
field where electrostatic disintegration of the lattice shouldcurve shown in Fig. X(given for 1 um) but the period of
occur is approximately 40 A wide, in excellent agreementmaximum charging increases as the remote boundary moves
with the experimental estimation of the Coulomb explodeddeeper in the bulk.
region?? The charge dynamics are strongly correlated with the ab-
With semiconductors and metals, the higher electron mosorption characteristics for each of the materidfsy. 1).
bility and higher density of available free electrons ensureThere is a quite different behavior for sapphire when com-
effective screening and a much smaller net positive chargpared to the other materials. The charging is retarded, instead
accumulated during the laser pulse, in spite of the fact thadf roughly following the laser pulse envelope, as for metals
for the Si sample, supercritical carrier densities are reache@nd semiconductors. The effect is mainly due to electron
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FIG. 5. Spatial depth profiles of the net induced charge density
DEPTH [nm] in the dielectric target indicating also the regions susceptible to be

FIG. 4. Spatial profile of the free-electron and ion densities gen_affected by Coulomb explosion.

erated in the dielectric sample at different times during and aftetjions have not yet been reachmlitical electron density for
irradiation. the laser-induced free-electron gas for the case considered is
1.74x 107 cm™ %), neither at the surface nor in the neighbor-
heating and collisional multiplication taking place during theing regions. Due to photoemission, the external layer of the
tail of the laser pulse, thus being directly linked to the num-target is strongly depleted of electrons, resulting in lower
ber of free electrons in the surface layers. As follows fromavalanche and, hence, in decreased ionization of the residual
the calculations, a sapphire sample irradiated by a laser pulsgeutrals. The dielectric is ionized to a considerable depth due
with a fluence of 4 J/cfaccumulates multiphoton-generated to the penetration of the leading edge of the laser pulse. At
seed electrons during the first half of the pulse. Only wherthis point, the laser-induced surface charging is weak and
the electron density reaches a value on the order oglectron diffusion has not yet developed, so that only a sur-
10'"-10'8 cm™2 does avalanche start to dominate over mul-face layer a few tens of an A thick is positively chargée
tiphoton ionization in the calculated regime, leading to thedifference in the density profiles of electrons and ions is
subsequent dielectric breakdown. At this point very efficientalmost unnoticeable in the figyre
electron heating and photoemission occurs, resulting in su- The critical electron density in the surface layer is reached
percritical surface charging. An additional factor that will about 25 fs after the pulse maximum, the ionization process
significantly increase the electron energy at the end of thelevelops further in a skin layer where 20% ionization is
laser pulse at high input fluences is the drastic reduction ofeached approximately 20 fs latésee Fig. 4 fort=60 fs),
the available number of neutral atoms that can serve as eleand the magnitude of the surface charge levels out. Dielectric
tron sources for collisional multiplication. The electron ava-breakdown develops within a region of 350 nm, whereas
lanche fades away and its importance in removing energgonsiderable positive charginfrom 3% to 10% of atomic
from the electronic degrees of freedom ceases. density in the lattice arises in a superficial layer of only
As discussed above, the electric field in the first cell be60-A thicknesgFig. 5. One can see that maximum charging
low the surface reaches a value-e8.4x10'° V/im. An ex-  is reached at a distance of 50 A under the target surface.
ternal fieldE.,=¢E;, is established in front of the surface. However, despite higher charging than in the first 40-A layer,
The accumulated electrostatic stress determines the surfaG®ulomb explosion in the maximum charging region is im-
disruption and the emitted ions will be driven by the field for probable because of the subcritical electric field valsee
a few tens of fs(characteristic time of the electric field Fig. 3). Note that, due to depletion of the outer layer of
“pulse” in Fig. 2) and subsequently accelerated. The finalelectrons, the reflection interface has moved towards the bulk
momentum obtained by the ion subject to the action of thg~60 A).
electric field E., during time 7 is written asMuv =eE,r, The electric field is directed towards the vacuum in the
whereM is the ion mass. This gives an estimate of the maxisurface layer of 60-nm thickne$sig. 3) and changes sign in
mum velocity acquired by an Al ion of v=10* m/s that the deeper regions. Thus, in a thin surface layer there is a
closely agrees with the value detected in time-of-flightcompetition between electron drift directed towards the bulk
experiment$3 During the time when considerable surface and diffusion tending to fill the layer depleted of electrons. In
charging exists, the ions travel a distance on the order of ¢he deeper regions the situation is the opposite. A steep gra-
few tens of A. Thus, the charged surface layer is destroyedient of the electronic density leads to electron diffusion to-
within an interval of several tens of femtoseconds. wards the bulk, whereas the drift component of the electron
The spatial distributions of both carrier density and thecurrent is directed towards the surface, tending to fill the
accumulated net charge in the near-surface regions for theositive charge space region present due to electron photo-
sapphire target are presented in Figs. 4 and 5 for differerémission. The two main processes responsible for the charge
times with respect to the maximum of the laser pulse. Theedistribution result in a double-layer efféétsimilar to that
results demonstrated here have been obtained with a simdeveloped in expanding plasmds’® However, this effect is
lated region of 1lam thickness. Att=0 fs (Fig. 4), corre-  weak during the laser pulse and only becomes pronounced at
sponding to the peak of the laser pulse, breakdown condiater times.
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The carrier redistribution picture is strongly nonstationary We have elucidated the main tendencies of electronic
during the laser irradiation. During the tail of the laser pulsetransport in the dielectric targets that can result in electro-
continuing photoemission and the corresponding redistribustatic disintegration(Coulomb explosion of the surface
tion of the components of the electronic current result inlayer. Further development of the presented model including
further changing of the charge distributions. Approximatelyenergetic considerations is underway. The temporal behavior
100 fs after the laser pulse termination, the process reacheéthe energy accumulated in the electronic degrees of free-
certain quasiequilibrium between the opponent drift and dif-dom is of particular interest. Preliminary calculations have
fusion terms, with a slight variation in time due to possibleshown that the electron average energy rises slowly at the
electronic decay channel&ecombination at traps, self- beginning of the laser pulse due to laser field acceleration of
trapping, Auger recombinatiprmnd electron supply from the the electrons created by the multiphoton ionization of the
bulk. valence band. A slight energy decrease is evident at the point

Such a quasistationary picture is given in Fig(30 fs  where avalanche becomes the dominant process for addi-
after the laser peakSince the direct photoemission processtional free-electron generation by removing energy from the
has stopped, the electron current from the bulk is gradualljaccumulated electronic kinetic energy. A substantial rise in
closing the charged gap near the surface. Despite the negtne electron energy appears when the solid is highly ionized
tive surface layer, a certain quantity of net positive chargeand the avalanche alone is not capable anymore of convert-
still exists in the subsurface zone with a higher degree ofng energy into further ionization.
ionization and determines a region of maximum electron Another question of interest concerns the electrons emit-
density from where the electrons stream to the less-ionizeted from the target. Here we assume that they instantly dis-
regions due to diffusioriFig. 5. Due to the attraction gen- appear from the near-surface zone. However, on femtosec-
erated by the narrow positive subsurface layer, a region witlond time scales a substantial portion of such electrons has no
electron excess arises in the less-ionized interface regiotime to move to a large distance. The upper limit of the effect
Figure 5 illustrates the picture of a classic double 1dyéf:"®  of the photoemitted electrons on target charging can be con-
Note that the peak of positive charge is approximately thresidered by putting the condition of a zero electric field at the
times higher than that of the negative surface charge and it iemote(bulk) boundary. The calculations have shown that in
followed by a wider region with reduced negative chargesuch a situation with otherwise identical parameters, the
load. In even deeper regions where the electron density gramaximum electric field increases by less than 1.4 times.
dients are small, drift in the direction of the surface is theThus, taking into account the electric field generated by the
main contribution to the electron current and a new positivgphotoelectrons only increases the chances for fast ion ejec-
area is formed but with a smaller net charge density. tion from the target. However, it should be underlined that

The spatial description of the charge transport into thehe present theoretical consideration has shown that the Cou-
volume (Fig. 5 of the dielectric material at different times lomb explosion conditions can be realized even without the
shows that indeed only during the first 100 femtoseconds is iglectron driving force.
possible to generate significant electrostatic removal; after
that the charge is slowly redistributed in the bulk. Interest- IV. CONCLUSIONS

ingly, a succession of positively and negatively charged lay- In conclusion, we have studied theoretically the role of

ers (double layey appears with the ability to screen the bulk rapid electronic transport in defining the characteristics of

redistributed charge. A notable consequence of photoemis-

sion, which can take place for both dielectrics and semiconhaterial removal with ultrashort laser pulses. A strong elec-

ductors subjected to laser irradiation, is lower ionization in frostatic ion repulsion force causes the break-up of the sur-

thin superficial target layer, so that the breakdown regioﬁace of charged dielectric materials, while for semiconduc-

shifts towards the bulk. For the cases when the avalanchgrs and metals efficient neutralization occurs and ablation

. ; : receiv more thermal rance. Th vel model
mechanism contributes considerably to breakdown develo eceives a more thermal appearance. The developed models

ment, this displacement effect seems to be inevitable. Sinca'© 98”‘?‘3' ‘."‘“d can be us_ed to describe ch_arge transport dy-
the subsurface target layer is less strongly ionized than thgamics n |d|ff(=T:=rent materflaE on ulrt]rafastl t'?e sclales, ac-
deeper region, one expects that this layer will be chargegoum'?lg abso ordspmei Oft el nont %rlmg ¢ ?nnes .eTpen-
negatively at later times. This happens-&®.13 ps when the mentally observed in ultrafast laser ablation of materials.

net charge drops below zero, as can be seen in Fig. 1. When
the electric field drops below-5x10° V/m, the diffusion
term in this region starts to dominate the drift and electrons The Wissenschaftlich-Technologischen Zusammenarbeit
rush to the surface layer. (WTZ) project RUS01/224 is gratefully acknowledged.
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