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Electron kinetics and emission for metal nanoparticles exposed to intense laser pulses
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A kinetic theory for the interaction of laser radiation with metal nanoparticles embedded in a wide-band-gap
dielectric is presented. The formalism is based on the integration of the Boltzmann equation for electrons of an
open system, adapted to the description of electron losses from the nanoparticle such as thermionic and
photoelectric effects. Differential forms of the electron-electron and electron-phonon collision operators are
introduced to perform kinetic calculations beyond the nanosecond time scale. This kinetic model, which also
includes nanoparticle-matrix energy transfer, is used to calculate laser energy deposition, redistribution, and
electron ejection for nanosecond or picosecond laser-pulse durations in a model system for laser damage
investigation; gold nanoparticles embedded in Siass. Though electron-phonon relaxation times are small
compared with laser-pulse duration, an important part of the electron population is found to be driven beyond
a typical 10 eV energy. These results suggest that laser absorption by a metal nanoinclusion can create a plasma
around the particle.
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[. INTRODUCTION nanoparticle interaction consists in calculating the absorption
of an inclusion through Mie’s theoR'° knowing the metal
Hot electron relaxation dynamics in metal nanoparticlesdielectric function. Then, it is possible to determine the evo-
have drawn much attention in the last few yelarsin the  lution of electron and phonon temperatures in metal, as well
scope of femtosecond to picosecond laser-pulse durationas in the glass matrix'! A metallic nanoparticle embedded
and for low excitation levels, both two-temperature and ki-in glass constitutes a potential well for the metal conduction
netic formalisms were used to describe the elect@rand  electrons. The finite depth of this potential well implies that
phonon (p) systems of metals. The main purpose of theelectrons, with energy above a critical value, are able to es-
above-mentioned experimental and theoretical studies hampe from the inclusion. When this process becomes effec-
been the analysis of optical responses of metal nanoparticlesye, requiring an electron temperature of order of the elec-
both for understanding their fundamental electronic and vitron volt, the temperature concept itself dies out since the
brational properties and for developing new materials. Moreelectron distribution function can no longer be identified to
recently, another application field for nanoparticle-glass systhe Fermi-Dirac function. Hence, explicit calculations for the
tems has been looked through; the study of laser damagevolution of the electron distribution function have to be
initiation of optical material§;® using metal nanoparticles as performed using the Boltzmann equatiGnincluding in-
model nanoabsorbing centers. creasede-p coupling due tod-states contribution for large
In laser damage investigation, one is interested in interacelectron heating® nanoparticle-glass energy transfer by elec-
tion of a high fluencéfew J/cnt) laser pulse with the metal tron ejection, and heat diffusion in the matrix.
nanoparticles. The previous electron kinetics modeling de- Such kinetic calculations have drawn much attention in
veloped in femtosecond or picosecond regimes and for a lowhe last few years in the frame of ultrashort pulses. In the
fluence are then inadequate. New approaches, including negase of nanosecond pulses, a major inconvenience is encoun-
effects, have to be developed to describe this highly nonlintered; the resolution of kinetic equations in their integrodif-
ear regime. For instance, Papernov and Schmid’s resulferential form is very computer time consuming. The calcu-
show that the energy deposited by the laser pulse inside tHation time can be drastically reduced using a purely
metal particle only is not sufficient to produce the observedifferential kinetic equation, allowing implicit numerical in-
damage site$’ In particular, the creation of an electron tegration schemes. We show that it is possible by transform-
plasma around the inclusions can modify the absorbing proping e-e and e-p collision operators by the use of Landau
erties of the systertnanoparticle and glasand be a precur- diffusion approximations? making these calculations trac-
sor mechanism to damage. The aim of this paper is to detable on a standard computer. The fully kinetic model pre-
scribe the first phase of this process, that is, nanoparticlsented in this paper, allows us to determine the amount of
electron heating and kinetics in a very strong excitation reejected electrons from gold nanoinclusions by thermionic
gime, and creation of an electron plasma in the glass, as emissiort® and photoelectric effecf as a function of parti-
result of gold nanoparticle interaction with a high intensity cle’s dimension and of duration and fluence of the incident
picosecond or nanosecond laser pulse. laser pulse.
The simplest model one can use to describe laser- General properties of gold nanoparticles embedded in
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silica and processes of electron ejection from an inclusiorthrough the metal-glass interface is unnecessary. In particu-
towards the conduction band of silica are summarized in Sedar, the influence of the particle size on the rategf energy

Il. Section 11l is devoted to the kinetic model describing the exchange is neglectéd’ The time evolutions of the tem-
metal conduction electrons. In the same section, the methqgaeratures are obtained with the following coupled heat equa-
of integration of the Boltzmann equation is detailed. Numeri-tions:

cal calculations, modeling laser-nanopatrticle interaction with 5T
e

high intensity picosecond and nanosecond pulses in the UV CuAT.)—C = —G(T.—T)+S(t 1
(351 nm), are presented in Sec. IV. el Te) 5 (Te=T)+S(V), @)
JT
Il. NONTHERMAL EQUILIBRIUM PROCESSES Ci—r=CG(Te=T)+Syg, 2
The system studied is a spherical inclusion of radius oT
illuminated by a plane and monochromatic laser wave. We Cy—2=V. -k, VT,, 3)
shall consider throughout this paper that laser energy depo- 9 at 99

sition is dominated by linear absorption. This constraint will\,nare Ce, C;, andC
be satisfied for gold nanoparticles if the intensity of the lasef,q 4t capacitiesG is
pulse, in the wavelength range from 250 nm tarh, re-
mains approximately below 1 TW/ént’ Using a linear ap-

¢ reflect electronic, lattice, and glass
the e-p coupling constantx, is the
glass thermal conductivity(t) is the direct heat input to the

; A s : electron system by the laser pulse, @glis the metal-glass
proach on the basis of Mie's theatynd knowing the dielec- energy exchange. The electron and phonon temperatures are

tric function of gold nanoparticle, the determination of the ;ssumed to be homogeneous inside the particleTgnubsi-
number of photons_absorbed per unit time can be performegy, dependent. The whole system is assumed to present
through an absorption cross sectfdrt® The aim of Sec. Il A

) ) | _spherical symmetry. As boundary conditions, the phonon
is to estimate the temperatures reached in glass-nanopartiGlenheratures and heat flux are set continuous at metal-glass
systems, and point out the main characteristics of releva

Nhterface. In this configuratiorS,, is given b
processes. This is achieved on the basis of the two- g B 15 y

temperature mod&l* used to describe the metal dynamics. Kg( Ty
In Sec. Il B, the energy-band structure at the interface be- Sig= a a_r) , (4)
tween gold nanoparticle and silica is examined, and ejection- r=a
recombination process of hot electrons is discussed. wherea is the particle radius. The energy deposition term in
Eq. (1) is expressed as
A. Two-temperature model of the metal and energy exchange Tabs
with glass S(H=5 3Io(t). (5)
3mTa

The heating of the whole system can be divided in several
stages. Laser energy is first deposited on metal conductiof€re o being the laser intensity and,ps the absorption
electrons. An electron, which absorbs a photon, will redisCross section of the nanoparticle given“by
tribute the corresponding energy on the whole electron popu- 3 .
lation by means of-e collisions, and simultaneouslg-p o :127-ra32 No® (6)
collisions will contribute to the gold crystal lattice heating. abs ' o022 "y
The glass matrix around the inclusion is in turn heated by (7+2n)"+e
thermal diffusion. The two-temperature model, extensivelywherew is the laser angular frequenayijs the vacuum light
used in the literatur&;“ can be applied to nanoparticle-glass velocity, andn, is the glass index. The relative dielectric
systems as long as the heating laser pulse is not too sharbnstant of the particle=¢’ +i ¢” takes into account two
(greater than a few hundred femtosecdmisand if the flu-  mechanisms of laser energy deposition in gold: intraband
ence is not too high, in order to keep nonthermal processesbsorption(in the sp band and interband absorptiord (to-
negligible, such as energy losses due to electron escapeardssp band.?° Intraband absorption is described through
Hence, the metal is described as a couple of subsystems, anDrude model, including effects related to electron mean-
electron system and a phonon system. Each system is afsee-path limitation€! while a Lindhard type model is used
sumed to be in local equilibrium and is characterized by itsfor interband contributiod?*® Parameters involved in these
temperature, that is, the electron temperafty@nd the lat- models are adjusted in order to match the optical properties
tice temperaturd . In the case of nanopatrticle, the energy of the bulk metal in the limit of large particles. For gold
transfer between the metal and the glass is a very efficiemanoparticles embedded in silica and for a laser wavelength
process. An equation describing the evolution of the glasa =351 nm, o,,s is roughly given by o,.¢/(7a?)
temperaturél ; around the nanoparticle has thus to be added~0.1a nm.
to the two-temperature model. This energy transfer will be For laser-pulse durations,s above 1 ps, the electron
assumed to occur through phonon-phonon coupling only. temperature can be considered to evolve simultaneously with

As it will be shown below, in the frame of this two- the intensity of the incident wave. Let us compare the char-
temperature approach, a very precise evaluation of the rategteristic evolution time of electron temperature resulting
of energy exchange between electrons and phonons drom energy deposition with the time of energy exchange
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between the nanoparticle and the glass matrix. This energy €
exchange time is equivalent to the diffusion time of tempera- zero energy level
ture in glass, that isa? Cqy/Kg, Which is in the picosecond Conduction band €AJ‘ )
range Cy=0.163<10" J/n?/K and x,=1.37 W/m/K for e ! <p — band
fused silicd?). Since this time is very small compared with w o "]h-zkz' '
laser-pulse durations we are interested in, the heat flux in L — .
glass can be considered to be quasistationary in the neigh- tg - - —//fF e
borhood of the particle. Thus, we have,(r)~=Ty+ (T, / _
—To) alr (Ty is the glass temperature fﬁm), and S Ed:’/:' d = band
can be expressed as S I
Valence band 1
Slg% _ 3%(1-' ~To). 7) Silica Gold

FIG. 1. Diagram of the energy relations at the Au-gi@ter-
From Eq.(7), a characteristic time of energy exchange be-face.
tween the nanoparticle and the glass matrix can be properly

defined as function is different for different planes, it may happen that
2¢ the electron emission is anisotropic. However, the work

o= a % ~0.6a%(nm)2 ps. 8 functions of single crystalline gold associated with low-index

3 Ky planes present slight differences with respect to the work

function of gold in polycrystalline form, below 8%.Hence,
in numerical calculations, we will use the work function of
polycrystalline gold. For highly excited electron distribu-

Even for a high-electron temperaturé.(- 1 eV), the lattice
specific heat is large compared with electron o@g=2.49

X 10 IINPIK,?? Co~yT,, y=63 JIm/K?). Hence, ne- =@ . .
glecting the electron specific heat term with respect to th tions, absorption of 351-nm ligi8.53-eV photonkcan lead

. X %o photoemission of hot electrons. This mechanism can occur
two-temperature model, and since for nanoparticles we ha

ve . .
o ) . through the Drude absorption and intes-p band
Tm< Tias It IS relevant to look for a stationnary solution of transitions®* The respective weights of these two processes
the heat equation€gs. (1)—(3)]. One obtains ' P 9 P

can be roughly estimated, first noting that for a nanopatrticle,

a2s(t) because of mean-free-path limitations effects, the Drude ab-
T(t)=To+ 3 , 9 sorption is strongly enhanced with respect to massive mate-
Kg rial. For 3.53-eV photons, it represents typically 20% of the
S(t) whole absorption in a nanopartidlkess than 1% in massive
Te()~T(t)+ —. (100 ~ materia). The partial joint densities of states taken in Ref. 24
G corresponding to transitions from the two upjpkbands to-

The energy exchange rate between electrons and lattice d¢/&rdsp band, and fronp towardss band, can be used to
pends directly on the-p coupling constanG. We takeG build the imaginary part of the dielectric function. A com-
=2.5x 1016 W/m3/K, 5% more precise explanations about parison of the calculated and experimefttalielectric func-

this choice are given in Sec. lll E. Therefore, if the particlet'o_ns_ permits us to estimate the intem band_ transitions
size is of the order of a nanometer, energy loss from th fflCle_ncy. The r_esults _|r!d|cate that photoemission induced
inclusion towards the glass matrix by thermal diffusion is a2¥ thiS process is negligible as compared to the one related
process more efficient than heating of the gold crystal lattic&Vith Drude absorption in gold nanoparticles.

by e-p energy exchange. The consequence is that even for a Electrons can be ejected by thermionic effect if the occu-

nanosecond-GW/chraser pulse, the phonon temperatiie pation number around the energy e + W is significant. In

can remain rather low, i.e., under the metal melting temperagyscgﬁiss?(’):]haenzlicstggse Cflrcc))?ﬁ :ﬁ;%ﬁg{esmld can get energy

ture. For a gold nanopatrticle of radias=2 nm and a laser . S .
intensity 1,=0.5 GW/cn?, one obtainsT,~16 000 K and As the. metaII_lc pa'rt|cle IS er_nbedd_e(_d in a glass, electrons
T,~670 K. can _be ejected if their energy is sufflc_lent to reach the con-
duction band of the glass. If we consider electrons at ther-
modynamic equilibrium, the Fermi levels are identical in the
inclusion and in the glass near the interface. In a glass, the
Two electron ejection processes from a metal towarddocation of the Fermi level is not well known, but it is usu-
vacuum are known: the photoelectric effect and thermionially located approximately halfway between the top of va-
emission. At ambient electron temperature, the photoelectritence band and the bottom of conduction bahHence, en-
effect is efficient if the photon energy of incident light is ergies will be referenced with respect to vacuum. As the
larger than the so-called work function valMéof the metal  electron affinity of silica isea~1.2 eV2° the effective work
(extraction energy from Fermi level For polycrystalline function for the gold-silica interface will be reduced to
gold in vacuum, we hav&V=5.1 eV??> The nanoparticles W,;=W—e,~3.9 eV (Fig. 1). That interfacial barrier
may as well be single crystalline and exhibit faces corre-eight is in an agreement with the values used in studies
sponding to low-index planes. In this case, since the workelated to ballistic electron transport in thin Si@lms.2’

B. Electron ejection processes
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Since for gold the Fermi energy é& = 5.53 eV(with respect aT, e df (€) 3
to the bottom of parabolic conduction baneve can write Cor=- Jo ot et Sy (13
the critical ejection energy, as ep

€c~ €p+Wer~9.43 eV. (11 and

Electron ejection results in the creation of a positively
. A aT

charged nanoparticle, and hence of strong electrostatic field, Co——=V(kVTy). (14)

which tends to preserve the system quasineutrality. As the 9ot 99

silica band gap is~e;~8-9 eV, under the action of the

electrostatic field, electrons from the valence band of silicarhe first term of right-hand side of E¢1l3) represent®-p

can replace electrons ejected from g(ffily. 1). This mecha- energy exchange for a parabolic conduction band of gold.

nism occurs only if unoccupied electron states in gold arelhe constan#, related to the density of states in conduction

available at the corresponding energies, as this is the case fband, is written as

strong electron heatingT¢>3000 K). Moreover, when the

nanoparticle becomes positively charged, the potential en- 3

ergy of the remaining electrons shifts downward, hence the — (2me) — E Ne.

top of the silica valence band can match the energy levels of 2m2hs 2 27

free electron states in gold. In this recombination scheme,

electrons from the valence band of glass fill in the negativtherene

S : : . is the electron density in the conduction band.
charge deficit within the metal particle without having to lose Expressions of the four operators in E#2) can be found
energy. It is thus more likely than recombination with hot;

in the literature®>'’ The energy deposition operators, i.e., the

electrons in conduction band of glass which involve Iargeintraband and interband absorption operataty €)/dt) a

energy Ios_ses. In such a Process, e_Iectron emission leads dRd @f(€)/dt)inter are detailed in the Appendix. They can
the formation of electron-hole pairs in glass, which can subyq gagjly numerically evaluated. On the other hand, if energy
sequently form excitons and self-trapped excitdBSE) by o gistribution operators are expressed in their canonical
losing energy througle-p coliisions: form, they involve the evaluation of single integrals &p
collisions and double integrals fa-e collisions, in each

IIl. KINETIC MODEL point of phase space:??°|n practice, these types of cal-
Evaluation of thermionic emission requires the preCiseculations are feasible on_ly in the case of an extremely short
knowledge of the distribution tail, at the neighborhood ofPhenomena, corresponding to the ulirashort laser-pulse phys-
critical energye.. This cannot be done using the above two-1¢S: I the .femtosecond_ range. A numgrigal _calculation per-
temperature model that assumed the electron temperature fl%rmed using are-e collision operator in its integral form

be defined. We shall use here a description of the electroa/gg?rl]lg Orﬁqau'Srgsn;afgmg?rﬁtrg:q;'?OemOfa,:(Lmhé gz’mthlit §n40
kinetics, by its time-dependent distribution functid(e), %I\%I-SPZ). In order to model the phenongena of murc):h 'Ionger

assumed to be homogeneous and isotropic, mainly becau%uration the use of the collision operators in their standard
of the randomization due to the limitation of electron mean ! P . >
forms is not always necessary. This form is fully justified

free path to particle size. lts evolution is described with theonI if distribution functions differ in a significant way from
help of the Boltzmann equation that replaces Theevolu- y 9 y

tion equation(1) in the two-temperature model. It includes the Fermi-Dirac function. The fact thate and e-p relax-
- - ation times are typically of the order of a few tens of femto-
e-e ande-p collisions, and laser energy deposition through

intraband and interband absorption mechanisms: second§, means thaF abOV?‘ the picosecond range, a klnetlc
calculation consists in looking for an electron distribution

(15

. . . function near equilibrium. Hence, we can approximate inte-
dfFE) :(dfF ¢ (df,( 6)) gral operators to differential operators. This latter form evi-
ot O S imera VO e dently avoids the calculation of integrals, but moreover al-
h cnergy deposition lows the use lof implicit nu_me_:rical schemes a_md suppresses
mesh constraints inherent in integral formulations. This pro-
(o’if(e)> (&f( e)) . (12)  cedure saves computation time by a factot.10
e o
e— —é
h A. Electron-phonon collision operator, integral, and differential
energy redistribution forms
This equation reduces to E€l) in the thermal regime. The transformation o&-p collision operator is first de-

Linear interband absorption is possible only for laser pho+ailed on the basis of the operator adapted to low electron
tons having an energy greater than siged band gap, thatis, temperaturesT,<3000 K), which leads to satisfactory re-
er—eq=2.45 eV (Fig. 1). As before, the metal lattice and sults in this temperature range. We give below the necessary
silica matrix will be described by their temperaturBsand  adjustments in the case of high electron temperatures, up to 1
Tq4. respectively, using standard heat equations eV (Sec. Il B.
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1. Integral form

The integralke-p collision operator for acoustic phonons is
written in the deformation potential approximatidms

(af(e)

—) —K Jqu—zd C(f,N) (16)
ot e,p_ ep 0 \/; q ’

with

C(f,N)=f(e—uw)[1-f(e)INy,—f(e)[1—f(e—u)](1+Ny)
+f(e+u)[1—F(e)](1+Ny)
—f(e)[1—f(e+u)INy,

where f is the electron distribution function and is the

phonon oneg andu are electron and phonon energies, re-

spectively.q represents the phonon wave number gpdhe

Debye wave number, expressed as a function of interatomic

distanced: qp=(3/47)Y32x/d. The phonon energy is re-
lated to their wave number by=7% c,q, wherecg is the
sound velocity. The, constant is given by

23/2772%3 G

Y, 3
mg kg Tp dp

7

Kep

whereG is the e-p coupling constant and is the Debye
temperaturdkg Tp=u(qp) =% Ccsdp].

2. Differential form

Since the electron energy is typically large with respect to

phonon one (~10 meV, e~1¢eV), it is possible to make
use of Landau approximatidfi,which allows us to express

the collision operator in a differential form. For this, we per-

form a Taylor expansion o€(f,N) function, up to second
order with respect to the small parameterStraightforward
calculations give

u? 9°f(e)
2 pé?

C(f,N)%u%(f(e)[l—f(e)])+(l+2 Nu)

PHYSICAL REVIEW B 68, 035424 (2003

B. Electron-electron collision operator, integral and
differential forms

1. Integral form
The transitions which occur ie-e collisions are of the
typee.+e., —e.,te., where total energy and momentum
are conserved. The transition matrix elements are calculated

using an interaction Hamiltonian related to Coulomb poten-
tial energy of electrons, taking into account screening
through a Thomas-Fermi dielectric functithiNeglecting the
exchange terms, the operator refdss

(af(f)) Kee
ot

efe_ 632\/;

JX
1+x

delf de; F(e,€q,€5)

Xmax
: (20
X

min

X +arctan/x

with Ke.=m.e*(4h3e?), ¢ being the electrostatic ap-
proximation of permittivity'® and the energy,, defined on
the basis of Thomas-Fermi wave numlogr; is given by

3n 1/3
e
( 71- ) .
Pauli’'s exclusion principle is represented by the function
With e;= €+ €;— €5, we have

Fle,e1,6)=[1-1f(e)][1—f(e1)]T(e2)F(e€3)
—fle)f(e)[1-f(e)J[1-F(e3)],

and the integration bounds are

_max(Jer—eg)* (Ve Ver)?)

ﬁqu eZ
2m, 27e

€s

min €s
) _min((\/e_1+ Ves)?,(Vet+ey)?)
max— € '

2. Differential form

We consider phonons to be in thermal equilibrium, at a tem-

peratureT,. In this caseN, is the Bose-Einstein function,

In the case o&-p collision operator, the maximum energy

and if the crystal lattice temperature is above the Debye tenr£Xchange by an electron with phonon population was limited
perature(that is always verified for noble metals at ambient© theé maximum energy of phonons. This quantity could be

temperaturg one easily checks that+12 N,~2kgT,/u.
The C(f,N) function is then written as

f(e)
f(e)[1—f(e)]+kgT, —) (18

P
C(f,N)~u£< o

Performing the explicit integration with respect woin Eg.
(16), we obtain thee-p collision operator in its differential
form

(af(e)) Cep @ ( af(e))
0 e_p—ﬁg f(e)[1—f(e)]+KgT, e

(19
with Cep=m2#° G/\2kg m3”2.

considered as a small parameter, and the conditions of appli-
cability of Landau approximation were fulfilled. This is not
the case for the-e collision operator, Landau approximation

is not straightforwardly usable. Because of strong screening
in a metal (the characteristic screening distance is of the
order of the crystal lattice meghe-e collisions are of the
“hard spheres” type. During a single collision, energy ex-
change can be of the same order as the maximum ergrgy
However, considering the above process as a marginal case,
we are able to build am-e operator in differential form, the
use of which being accurate as long as the characteristic time
of evolution of the distribution function is large compared
with the e-e collision time. In Sec. Il C, the high reliability

of the e-e differential operator will be demonstrated on the
basis of a numerical example. Introducing a self-relaxation
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process, the action of this operator will be similar to the one

=
2

of e-p operators. In other words, electron population relaxes 1.0 R
on itself, instead of relaxing on different species. First, the 09F t=0 A 14
operator must satisfy two constraints, the particle number oslLt=3ns 733: N 1
and energy conservations, evidently while this corresponds F= 8 ps =20
to a physical reality or if we consider the particular case 0.7 7 oot 7
—o. These considerations lead to the operator 0.6 122 “““““ i
— °0 0408 1.2 1.6 2.0
ot (e) £(0)Cpq 4 ot (e) S T
— *
( ot )ee_ Je ae(f(e)[l flel+keTe —5¢ 041 ]
(21) 0.3 =
Cee Is @ parameter not explicitly dependent on electron en- 0.2 ]
ergy, which remains to be evaluated, aftl is the effective 0.1 .
electron temperature defined by ol o ] I
0 0204060810121.4 161820
1 € 3
o Tt =g | “Twi1—fw)Taw 100 Ui
1(0)Jo 1.00 ——— |
This effective temperature is exactly the thermodynamic 0.99 8'22: 7
electron temperature if the distribution functidnis the L 2097k |
Fermi-Dirac function, and moreover having to verif{e,) 0-98 ~0.96
~0. This is verified as long aB remains below~5000 K. 007 L] To95f ]
To determine theC.. parameter, we shall proceed on the z 0.94
basis of the analogy with the two-temperature model. It T 0.96 093 T3 45 6+ =
comes as ‘ S (f) (Pg)
0.95 1 / “ =
c V2 neh? < ! > 22 T ™
e e 6 mI2F(0) | Te—e/ (22 o o — 10
093 | | | | | |
eef(W)[1—f(w)] 0 05 1.0 1(1'5) 20 25 30
- - = ;NS
1 fo Te—e(W)
<Tee> = < ) FIG. 2. Distribution function fort=0, 8 ps, and 3 n%a), the
f f(w)[1—f(w)]dw absolute difference between distribution functions calculated using
0 the differential operatorf(;) with «..=0.6 and the integral operator

the collision freauency being calculated using &e colli- (f;) att=8ps is reported in the inset; evolution of the electron
4 y 9 g density during 3 ns for three values of thg, coefficient(b). Inset

ston operatpl(ZO), and aee is an adju_stlng_qoefTICIent of the shows the density variation during the first picoseconds, the solid
order of unity, evaluated using the identification of secondy;,q corresponding to exact calculation.

order energy momenta.

(3) Calculations are realized using the differential opera-
tor on a 3 nsduration and the integral operator on a 8 ps
The test of thee-e collision operator in its differential duration.
form has a main goal; showing its applicability to the process (4) Three values of the adjusting coefficiem{. are used
of electron ejection. Physically, this test corresponds to théo perform calculations in differential forms.
cooling of a hot electron population, which occurs while the  We expect the system to evolve towards a stationary con-
system loses high-energy electrons from the distribution tailfiguration having lost one part of its electrons. The amount of
Hence, we shall calculate the electron-density change in kst electrons must be the same for evesry, value, which
nanoparticle, considering that emitted electrons are not remust only have an influence on the delay to reach the equi-
placed, without taking into account electrostatic effects. Thdibrium state. Results obtained using the differential form of
test is built in the following way. the operator are compared with those obtained using the in-
(1) The initial distribution function is the Fermi-Dirac tegral form in the picosecond range. The evolution of the
function: f(e) =1/(1+exd e—u(Ty) /ksTs), wWhere u is the  distribution function is shown at times=0, 8 ps, and 3 ns
chemical potential and.=1 eV; the function is modified [Fig. 2@)]. Fort=8 ps, results arising from integral and dif-
arounde= €. in order to match the conditiof(e.)=0, and ferential operators witlr,.= 0.6 are practically identicadin-

C. Test of electron-electron collision operator

having chosere,=2 e set of Fig. 2a)]. At t=3 ns, the system has lost nearly 5% of
(2) The evolution of the distribution function is controlled its electrongFig. 2(b)], the associated energy loss leads to a
only by e-e collision operator decrease of the effective temperature. One can verify that the
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choice ofa,, coefficient has a little influence on the ejection 6
rate in nanosecond range, and in every case the system
evolves towards the same stationary state. Moreover, the
main part of the electron ejection process takes place during
the first few picosecondsnset of Fig. Zb)].

Fixed values of thex. coefficient were used in order to
point out their little influence on final results. Of course, in
realistic calculationsg. will be adjusted by the procedure

G(T2)/G(Teo)

of identification of second-order energy momenta. Therefore, 2+
we can conclude that o@-e collisions operator in differen- /Q”
tial form describes accurately the evolution of the distribu- — 1
tion function, as well as related processes. gl

D. Rates of electron ejection S.j

) 1 | |
1. Photoelectric effect 0 0.1 02 0.3 04 05 0.6 0.7 0.8 0.9 1.0
The laser energy deposition involves intraband and inter- T. (eV)

band absorption mechanisms. We shall consider that the pho- ,

ton energies are below 5 eV. In this case, only the intraband FIG. 3. Enhancemen_t_factors of electron-phonon_ coupling con-
mechanism is able to contribute directly to electron ejectionStam and electron specific heat for gold as a function of electron
since the interband mechanism corresponds to transitior?gmperature‘
from an energy leveky towards an energyy+#aw, well

below the critical ejection energy,. The change of electron

density due to photoelectric effect is written with the help of  As electron temperature becomes of the order of electron
the intraband absorption operaf@q. (A1) in the Appendi¥  volt, processes which are negligible at low temperature can

E. Adjustments of physical constants

as become effective, leading mainly to a change of the
coupling constanG and of the electron specific heat. For
(%) =Af€c(ﬁ—f> Jed 23) instance, Lugovskoy and Br&yhave made the hypothesis of
at o at). . ete the contribution oumklappprocesses. Taking into account

_ these effects can be done by introducing an effective cou-
that is, pling constantG, which increases with the electron tempera-
ture. Using their model, they have performed simulations of
) —_A Kimraffc f(e)\e(ethim)de. (24) the experiments of Fanet al**in thin gold films(30 nm. A
oh ec—ho very strong coupling constant value at room temperature
(G=2.7x 10" W/m®/K) and the usual electron specific heat
have been used. However, their estimation of absorbed laser
. fluence is too high by a factor about 2, leading to an overes-
=—A Kim,af ’ e+ hwf(e)de. timate of temperatures and thus necessitates an enhanced
h e~ ho cooling process in such a way to match the experimental
(25 results.
o On the other hand, Wanet al** have included the fact
2. Thermionic effect that for high temperatures, the electron density of states
The electrons from distribution tail can be ejected by thewhich must be considered in the low-energy range is not the
thermionic effect. Electron and energy losses associated withne associated with a parabolic conduction band, but a den-
thermionic effect are evaluated on the basis of outwardity of states reflecting the existence of tthédand. Taking
fluxes ate=e.. According to a relation similar to the one into account electron thermal diffusion and the effect related

given by Eq.(23), and using this time the operatdkd) and o the density of states towards low energies, a good agree-

INe
at

The associated energy balance yields the energy losses:

INg(€)
ot

p

(21), one obtains the emission rates dueetp ande-e col- ~ ment with experimental results on electron temperature re-
lisions: laxation in gold films, up tdr.=1 eV, was obtained. Hence,
in our numerical calculations, we have chosen to introduce
dNe of(e) the determination of th& constant and of the electron spe-
(7) =A Cepks TI(?) ’ (26)  cific heat as functions dF,, as given in Ref. 13. The density
th.p % of states that we have used derives from Ref. 24 an@the

coupling constant at room temperature I§=2.5
(%) —AC. kT ( ‘”(6)) @n X 10' W/m®/K. For example, th& constant alf,=1 eV is
It e eetB el ge | _ - six times larger than foff,=T,,=2300 K and the electron
specific heat is increased by a factor abo(Fig). 3). It must
The corresponding energy losses are simply the product dfe noted that the use of our kinetic model to simulate Fann
the rates by the energ.. et al. experiments yields a very good agreemént.
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IV. LASER-NANOPARTICLE INTERACTION (a)
6000 T T T

The above approach permits us to model laser-
nanoparticle interaction in nanosecond and picosecond pulse T, 2.6 nm
ranges, situations corresponding to model systems for laser P00
damage investigations. Such experiments were performed by
Papernov and Schmftf. in SiO,-thin-film doped with gold 4000
nanoparticles. The tested samples are 180-nm-thick silica  —
films in which gold nanoparticles were lodged at a depth of £ 3000
60 nm, with a mean surface density of the order of one &~
particle perum?. To study damage thresholds and morphol-
ogy, samples were irradiated with 351-nm, 0.5-ns laser
pulses. The presence of gold nanoinclusions led to the ap- 2.6 nm 1.3 nm
pearance of craters with the following characteristics: submi- 1000 1= 7
crometric with smooth wallgdiameter~0.2 um) and ab-
sence of fracture or scaling off traces. Their formation was 0 = SRR NI Nu—"
ascribed to heating, melting, and vaporization of the silica -1.0-08-06-04-02 0 0.2 0.4 0.6 0.8 1.0

1z
1.3 nm

pulse shape

2000

initially contained in the crater volume. Numerical estimates t(ns)
based on such considerations suggest that crater formation (b)
cannot proceed only through laser energy absorption con- 1.0 — T T
fined within the particle. It instead starts in the particle and
. . . 0.9
then spreads out to the surrounding matrix during the laser
pulse. The elgctron plasma generated around the inclusion 08 ' ermo-electrons
may play this r¢ée since it would provide a strong enhance- 07 L _
ment of the absorption of the surrounding silica. The first
step of the plasma creation initiated by laser-nanoparticle S 06 7
interaction can be described using our kinetic model. 50 5 | _
At this stage, several fundamental questions arise: what is go A

the extent of such an electron plasma and which physical
mechanisms may induce absorption coefficient changes ? 0.3
Whereas in fused silica, the dynamics of electron-hole pairs

created by femtosecond laser pulses at room temperature is 021 ]

quite  well und'erstooa?'32"3.3 the case of nongemellar 0.1 photo-electrons
electron-hole pairé or of silica at high temperatures up to 0 L1 . —

the melting point still require some more investigations. -1.0-0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1.0
However, since electron-hole pairs are believed to lead to a t (ns)

very fast (~150 fs) creation of STE’s up to very high den- ) .

sities (approximately the SiQ sites density of 2 FIG. 4. Gold nanoparticles having 1.3- and 2.6-nm radii, illumi-

X 10?2 Cmfs),zs,ss as a first approximation, the electron and qated by a 0.5-ns laser pulse, for a fluence of 0.3 %/¢a) evolu-

hole transport in silica can be neglected provided that thdon of effective electron temperature and phonon temperafoye;
number of emitted electrons does not exceed the number Gf° Of the number of ejected electrons by the number of conduc-
SiO, sites contained in a few shells around the nanoparticlelllon_eggtéofg‘:‘a'isz'dg nt::)a particleNy=540 for a=1.3 nm and
Hence, this critical value can be set to the number of con-*° - '
duction electrons of the nanopatrticle. In this frame, our cal-
culations will be representative of damage initiation mecha- Results of simulations for nanosecond pulses are shown in
nisms. Figs. 4 and 5, the pulse duration is 0.5 ns and the fluence is
The numerical calculations, which are presented, ar®.3 Jicn?, yielding a maximum laser intensity of
based on two assumptions: energy is deposited in the golet0.6 GW/cnt. The effective electron temperatures in the
nanoinclusion only and the emission-recombination procesgietal saturates well below 1 eV, while the gold crystal lattice
described in section Il B has been adopted; that is, each emitemperature reaches 620 K far=2.6 nm and 390 K only
ted electron at critical poirg, is instantaneously replaced by for a=1.3 nm[Fig. 4a)], the heat transfer from metal to-
an electron from valence band of SiOFor the nanosecond wards glass being more efficient for the smaller particle. A
pulses, the simulations of laser interaction with gold nanovery important remark must be made; the levels of electron
particles of 1.3 and 2.6 nm radii have beeen performed, akmperature in gold nanoinclusions, calculated with a classi-
were tested in Papernov and Schmid experiments. In order teal two-temperature model, would be more than twice high
show the influence of laser-pulse duration and laser intensitys the levels obtained with the kinetic model. For example,
the calculations corresponding to the same nanoparticles exsing Eg. (9) for the 2.6-nm particle, one finds,
posed to a 50-ps pulse are also presented. In both cases, #el5000 K (5600 K read in Fig. # The strong difference is
laser wavelength is 351 nm. due to the changes of thermodynamic properties of the sys-
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FIG. 5. Energy balance for 1.3- and 2.6-nm particles, relative to  FIG. 6. Same as Fig. 4, but in the picosecond regime: the laser-
configurations of Fig. 4: deposited energy, energy that is taken awagulse duration is 50 ps and the fluence is 0.15 3/cm
by ejected electrons, energy that has been transferred to glass by

thermal conduction, and energy stored inside the particle. taken away by ejected electrons, and the energy part remain-
ing inside the particle is negligible with respect to other ones.
tem with electron temperature, mainly tae coupling con- For the high peak power regime attained with picosecond

stant, and due to the saturation of the electron energy in theulses, we used a pulse duration of 50 ps and a fluence of
inclusion, related to electron ejection processes. The numbér15 J/cr (Figs. 6 and ¥, in this case, the maximum laser
of ejected electrons is shown in Fig(b4 The thermionic intensity reaches 3 GW/cmThis higher intensity leads to a
effect is strongly dominant with respect to photoelectric ef-larger transient energy of the electrons and modifies their
fect. The reason is that for gold at 351 nm, the irdesp  kinetics as compared to the nanosecond range. It shows up
absorption is much more efficient than intraband absorptionpy more pronounced saturation of effective electron tempera-
which is the dominant mechanism able to induce photoelecture as the laser intensity approaches its maximum value
tric effect for such a photon enerd®.53 e\j. One can ob- [Fig. 6(@], while the highest ejection rate of electrons is
serve that the ratio of ejected electrons is higher for thedbtained[Fig. 6(b)]. This indicates that electron ejection is
2.6-nm particle. This is due to slightly higher effective elec-the dominant energy loss mechanism in the high peak power
tron temperature reached in the larger particle, and to theegime. It is confirmed by energy balance calculation: the
significant phonon temperature difference siree@ colli- major part of the energy, which is deposited in the nanopar-
sions act on electron ejection rdtéq. (26)]. One can note ticle, is taken away by ejected electrons rather than trans-
that the major part of the energy, which is deposited in thderred to glass by thermal conductidfrig. 7). Energetic
nanoparticle, has been transferred to glass by thermal cospectrum of the ejected electrons whEh is maximum has
duction (Fig. 5. Another part of the deposited energy is been calculated using the integeaé collision operatofFig.
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FIG. 8. Energy spectrum of ejected electrons, whiles at its
maximum (electron kinetic energy, expressed in Fermi energy
units e,=5.53 eV).

-100 -80 -60 -40 -20 0 20 40 60 80 100

t (ps) cluding modeling by the two-temperature model. The ap-
(b) proach is thus based on a detailed description of the energy
9 — T T distribution function kinetics of the metal electrons by the
ol Boltzmann_ equation, including electron _excitation by intra-
. band and interband laser pulse absorption, electron-electron
deposited - L
L energy electrons scattering, apd electron exc!tatlon depende_nt electron-
phonon coupling. The metal lattice and surrounding glass are
described by their temperatures, taking into account heat dif-
fusion in the glass.

This description required numerical integration of the
electron Boltzmann equation over a nanosecond time scale.
As it is too computer time consuming to be performed using
the usual integral form of the-e ande-p collision operators,
differential forms have been introduced strongly reducing the
computation time. Calculations were performed in the case
of gold nanoparticles of 1.3 and 2.6 nm radii in a SiDa-
trix for 0.5-ns pulse at 351 nm and a pump fluence of
100 -80 -60 -40 -20 0 20 40 60 80 100 0.3 J/cn3, and for 50 ps pulse and 0.15 Jfrfiuence. In

t (ps) these regimes, we show that a significant number of elec-
) ) . . _ trons can be ejected from the nanoinclusion, mainly by ther-

FIG. 7. Energy balance relative to configurations of Fig. 6 in yionic emission. In both cases, the effective electron tem-
picosecond regime: the energy that is taken away by ejected e'e‘gerature in a nanoinclusion saturates below typically 1 eV,
trons becomes domlnant_wnh respect to the energy transferred Le to heat transfer to the surrounding glass and ejection of
glass by thermal conduction. the higher-energy electrons. The latter process dominates for

high peak power intensity pulses that create higher nonequi-
8). The maximum kinetic energy of emitted electrons is of|iprium electron distributions.
the order of the gold Fermi energy, and the spectrum is well  E|ectron emission from the metal nanoparticles accompa-
f|tted by a MaXWelhan dIStI‘IbutIOI‘l W|th an ef‘feCtlve tem- nied by recombination to preserve quasineutra"ty has been
perature of about 1 eV. The knowledge of such an energetigssumed here. It leads to “pumping” of the electrons from
spectrum is necessary to introduce electron transport in silicghe valence band of the glass, creating electron-hole pairs
in further theoretical modeling. and, subsequently, self-trapped excitons. These can modify
the material optical properties, and in particular its absorp-
tion, and contribute to laser damage initiation in these model
systems. Here electron transport in the glass is a key process

A kinetic model has been developed to describe the interfor further modeling the laser-nanoparticle-glass interactions.
action of a strong nanosecond or picosecond laser pulse witRurthermore, electron emission without or with only partial
a metallic nanoparticle embedded in a glass matrix. Electronrecombination could also take place especially in porous
lattice energy exchanges in the metal, energy transfer to th&lica samples, for which the metal-glass contact can be poor.
surrounding glass, and electron emission by photoemissioBlectrostatic effects then become relevant and can eventually
and thermionic effects were taken into account. For a strongnduce electrostatic explosion of the inclusions as observed
excitation, electron energy can be larger than the ionizatiofior metal clusters irradiated by an intense laser pulse in
threshold and an electron temperature cannot be defined, preacuum® This aspect of laser-nanoparticle interaction, to-

Energies (10715 J)

particle

V. CONCLUSIONS
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gether with electron transport in the glass, will be considered !
in future works. Ser() = inter

S(1), (A3)

8”
APPENDIX:  ENERGY DEPOSITION OPERATORS with e"=g{,;a T &inier - HENCE, the energy balance for intra-

The energy deposition operators appearing in @)  band absorption reads as
make use of transition matrix elements between electron
states, which necessitate drastic approximations to be evalu- i(n S— (t):Arc(af(e)) sizg
ated. As specified above, only linear absorption mechanisms 4t e€/intra™ Sintra at imrae €
are considered. In this case, operators can be adjusted ac- (A4)
cording to experimental measurements of energy deposition
in the gold bulk or in gold nanoinclusions, energy depositionallowing to deduce th&;,,, parameter
being directly related to the dielectric function of materials.
After the determination of functional dependences of opera- Sintra
tors, it remains a multiplicative constant, which is fixed Kiﬂ“azAﬁw“lHZ)' (AS)
through energy balance.

with
1. Intraband absorption

ec—hw

Consider first the energy deposition resulting from intra- |1=J Ve(et+how)[f(e)—f(et+hw)]de, (AB)
band absorption assisted by phonons. Basically, the fact is 0
that a three-body process requires a virtual state for the elec-
tron of the conduction band, which absorbs a photon, and _ [ ST URY
must absorb or emit a phonon in order to reach an allowed 2= Lcﬁw slethio)(e)de. A7)
state. However, the photon momentum being negligible with
respect to the phonon one, and the photon energy being large
with respect to phonon energy, the principles of energy and
momentum conservation will be expressed in a simplified Let us split the interband absorption operator in two parts,
form, involving explicitly the photon and electron energieseach of these parts increasing or reducing the occupation
only. The occupation numbéi(e) can be modified by four number for a given energy:
mechanisms, the emission/absorption of a photon by elec-
trons leading to transitions between states whose energies are of(e) af(e)\ " af(e)\ ™
e ande*hw, ho being the photon energy. The operator is ( ot ) :( ) ( )
then written as inter inter

2. Interband absorption

inter

Neglecting thed-band dispersiofFig. 1), the first part of the

df(e) o erator takes the form
( ot ) :Kintra(F;+F;+Fa+Fe)- (A1) operator fakes '
intra
af(e)\ ™" .
F. is related to the transition probability per unit time cor- | ~Kinedl-f(e)]de—en),  (A8)
responding to the absorption of a photon of engrgyby an nter
electron of energy —7% . This term is written as where e;= ez +7(w—wy), 8 is the Dirac distribution, and
fiwg is the energy gap betweesh band and Fermi level.
Fa=Ve—fof(e—ho)l-f(e], Assuming that the electron transition probability frasp

band towardsl band is proportional to the occupation num-
the square root comes from the density of states araund per insp band, the second part of the operator is written as
—how and 1-f from Pauli's exclusion principle. Similarly,
we have F.=\ethof(e+hw)[l—f(e)], F,= af(e)\ ™
—Vethof(e)[l-f(ethw)], andF, =—Je—fhof(e)[l ( )
—f(e—fhw)]. The whole energy deposition per unit volume inter
is given by Eq.(5). The dielectric function of gold is related \yhere7y is the Heaviside distribution. Each part of the op-

to intraband and interband absorption processeseinia  erator gives rise to an electron density changesjinband
+&inter- The Drude terne;,,, takes into account electron given by

mean-free-path limitation effects, and the interband contribu-
tion &,¢e IS Of Lindhard type. Energy deposition can also be (an )1 J,EC
e

:Ki_nterf(e)[l_H(E_ef)]:

written S(t) = Siptra(t) + Sinter(t), with

&f(e))t Jede

at inter 0 at inter
n”
Siralt) = Zintra S(t) (A2) which permits to obtain the following relation betwelé(},,
ntra 1 —
g” andK, ., parameters:
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Vel 1—f(e)]

Kiﬁter:Kﬁner p (A9)
f Jef(e)de
0
As before, the energy balance is written as
4 e[ df(e)
E<ne€>interzsinter(t):Af0 (T)imereslzde,
(A10)

PHYSICAL REVIEW B 68, 035424 (2003

where Sine, is given by Egqs(A3). Accordingly, theK .,
parameter is expressed as

Snter/A

+
Kinter_ ’

"e32 (&) de

6?/2[1_f(6f)] 1—€f—
€5 . \/Ef(e)de
(A11)

and the operator describing interband absorption is com-

pletely defined.
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