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Evidence of non collisional femtosecond laser energy deposition in dielectric materials

G. Duchateau”, B. Chimier, S. Coudert, E. Smetanina, L. Barilleau,
N. Fedorov, H. Jouin, G. Geoffroy, P. Martin, and V.T. Tikhonchuk
Université de Bordeaux-CNRS-CEA, Centre Lasers Intenses et Applications,
UMR 5107, 351 Cours de la Libération, 33405 Talence, France®
(Dated: November 25, 2020)

Electron dynamics in the bulk of large band gap dielectric crystals induced by intense femtosecond
laser pulses at 800 nm is studied. With laser intensities (a few 10 TW/cm?) under the ablation
threshold, electrons with unexpected energies in excess of 40-50 eV are observed by using the pho-
toemission spectroscopy. A theoretical approach based on the Boltzmann kinetic equation including
state-of-the-art modeling for various particles interactions is developed to interpret these experimen-
tal observations. A direct comparison shows that both electron heating in the bulk and a further
laser field acceleration after ejection from the material contribute equivalently to the final electron
energy gain. The laser energy deposition in the material is shown to be significantly driven by
a non-collisional process, i.e. direct multiphoton transitions between sub-bands of the conduction
band. This work also sheds light on the contribution of the standard electron excitation/relaxation
collisional processes, providing a new baseline to study the electron dynamics in dielectric materi-
als and associated applications as laser material micromachining. To support such applications, a
simple expression to evaluate the energy deposition by non collisional absorption is provided.

I. INTRODUCTION

Developments of laser facilities delivering ultrashort
and intense laser pulses with photon energy in the eV
range have motivated studies in laser-solid interactions
including metals [1, 2], semiconductors [3] and dielectrics
[4, 5]. Focusing of a femtosecond laser pulse in a transpar-
ent dielectric material may induce modifications beneath
the surface, which can be tailored to produce perma-
nent three dimensional localized structural changes [6—
10]. Micromachining efficiency depends on the amount
of laser energy deposited in the irradiated volume. A
control of the amount and spatial shape of the deposited
laser energy opens the way to a large variety of applica-
tions going from photonics, bulk microelectronics, nano-
fluidics, to medicine [11]. Together with advanced ex-
perimental setups, such a control can be achieved by an
in-depth modeling description of the physical processes at
play, i.e. laser driven electron dynamics leading to the en-
ergy deposition into the material. An accurate prediction
of the laser energy deposition may further support the de-
velopment of these applications and improve the knowl-
edge of the fundamental laws governing the laser-solid
interaction. So there is a strong need to accurately de-
scribe the electron dynamics in dielectric materials irradi-
ated by femtosecond laser pulses with intensities ranging
from a few TW/cm? to the ablation threshold.

The admitted picture for the laser energy deposition
into the dielectric material is as follows. The laser en-
ergy is first absorbed by electrons through the processes
of both ionization and excitation/relaxation in the con-
duction band. During the second stage, the absorbed
laser energy is redistributed between the excited carri-
ers which may reach higher energies while they undergo
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collisions with phonons, ions, and other electrons in the
presence of the laser field. These processes eventually
lead to the energy transfer to the lattice. This is a
collisional picture theoretically described either by the
Drude model, multiple rate equations [12], or the kinetic
Boltzmann equation [4, 5, 13] which can provide the en-
ergy distribution of excited electrons related to the laser
energy deposition. This distribution can be experimen-
tally obtained through photoemission spectroscopy [14—
17]. For laser intensities below the breakdown threshold
of various dielectric materials including CsI, diamond,
CeF3, sapphire, and SiO,, photo-emitted electrons ex-
hibit universal characteristics of energies in excess of tens
of eV which collisional heating is not able to account for
[17, 18]. Following studies on High-order Harmonics Gen-
eration (HHG) in solids where such electron energies are
reached [19-23], it has been suggested that the previous
photoemission observations may be explained by direct
multiphoton transitions between sub-bands of the con-
duction band, hereafter referred to as the interband pro-
cess [15, 16]. A question then arises on the importance
of the interband process relative to collision-assisted elec-
tron transitions, and on its contribution to the laser en-
ergy deposition in dielectric materials (which is related
to the electron energy distribution).

More generally, when a dielectric material is irradi-
ated by a femtosecond laser pulse, two main classes of
processes related to the electron dynamics are gener-
ally considered independently: material modifications in-
duced by laser energy deposition [7] and HHG [19, 20],
corresponding to irreversible and reversible electron dy-
namics, respectively. In both cases, valence electrons are
first promoted to excited states of the conduction band,
the subsequent dynamics then departing between these
two processes. HHG is a non collisional process related
to direct electron intra- and interband transitions. The
coherence between the excited electrons with the laser
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electric field stands during at least the period of time of
one optical cycle, eventually leading to the recombina-
tion of the excited electron to its parent ion (resulting in
radiation emission). During the electron excursion in the
conduction band, electrons may reach energies of tens of
eV but only on a short period of time (this is a reversible
process of energy exchange between electrons and fields).
Another quantum pathway corresponds to the excitation
of valence electrons to the bottom of the conduction band
where they may undergo collisions (scattering with mo-
mentum exchange) with phonons or other electrons [24],
then breaking their coherence with the laser electric field.
This scattered electrons then may further undergo colli-
sions, eventually leading to the laser energy deposition
into the material (phonon density is increased through
collisions). The occurrence of these two important pro-
cesses depends on laser and material parameters.

Two main classes of models are candidate to address
this question on the importance of the interband pro-
cess relative to collision-assisted electron transitions lead-
ing to the laser energy deposition in dielectric materi-
als. (i) Collisional models as solving the state-of-the-
art quantum Boltzmann equation, including all possible
electronic excitation and relaxation processes, provide
the electron energy distribution [4, 5, 12]. But the in-
terband process has never been included except in [13].
(ii) Non collisional models based on a resolution of the
time-dependent Schrodinger equation or optical Bloch
equations [20-23, 25]. The former allows one to inter-
pret the photoemission observation but the collisions are
not included [15, 16]. Despite these studies, a direct
comparison between theoretical and experimental elec-
tron energy distributions has never been performed while
this is an indispensable step for validating any model
[4, 5, 12, 15], leaving serious interrogations regarding the
(non-equilibrium) electron dynamics in the conduction
band of dielectric materials.

In the present work, the electron dynamics is stud-
ied both experimentally and theoretically for a-quartz
(cristalline SiOs) which is a representative example of
large band gap dielectrics. The experimental setup and
the observed photoelectron energy distributions for vari-
ous laser intensities are presented in Section II. The the-
oretical model providing a kinetic description of the laser
induced electron dynamics both inside the bulk and af-
ter ejection is provided in Section III. It is based on a
resolution of the quantum Boltzmann equation including
all possible bulk excitation/relaxation processes coupled
to a subsequent laser driven field acceleration (LDFA) of
electrons after their ejection [26]. In Section sec:results,
the observed photoelectron energy distributions are di-
rectly comparedwith the theoretical predictions, within
the challenging accuracy-demanding linear scale in the
present context. We emphasize that only the maximum
energy of ejected electrons has been considered in pre-
vious works [13, 17, 18]. The present model allows to
predict photoelectron spectra which are in a good agree-
ment with experimental results for various laser intensi-
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FIG. 1. Experimental photoelectron energy distribution for
quartz. Only the region of highest electron energies is shown,
where dynamics is only due to intrinsic processes modeled in
the present study (see text for more details).

ties. The non collisional direct multiphoton transitions
between sub-bands of the conduction band make a signif-
icant heating of electrons in dielectric materials in con-
trast to the widely used assumption of a dominant role
of collisional processes including phonon-assisted photon
absorption and inverse Bremsstrahlung. Our model ac-
counts in particular for acceleration of electrons to ener-
gies in excess of 40 eV below the ablation threshold. For
application purpose as laser micromachining of materials,
a simple expression to evaluate the energy deposition by
non collisional absorption is provided. Finally conclu-
sions of this work are drawn in Section V.

II. EXPERIMENTAL OBSERVATIONS

The experiment is carried out on the CELIA Aurore
Ti:saphire laser facility [27]. A 1 mm thick a-quartz tar-
get is irradiated by linearly P-polarized pulses at the
wavelength of A = 800 nm, with 70 fs duration (full
width at half maximum, FWHM) at 1 kHz repetition
rate. The incident angle is 45° and a 30 mm lens pro-
duced a Gaussian intensity distribution in a 21 pm spot
size (FWHM). The experiment is conducted in a vac-
uum chamber at a pressure of 102 Torr, and the sample
is heated homogeneously to a temperature of 800 K to
maximize the photoemission yield, by decreasing the sur-
face charge. The photoelectrons emitted from the surface
are collected by a hemispherical analyser (CLAM IV VG
Microtech) with 9 channeltrons operating in ultraviolet
photo-electron spectroscopy mode. The axis of the de-
tector is perpendicular to the sample surface.

Figure 1 shows the experimental photo-emission spec-
tra for quartz obtained with intensities ranging from 8
to 47 TW/cm?. In general, such spectra exhibit a main
peak, for an electron energy of a few eV, which almost
does not evolve with respect to the intensity. This peak



corresponds to secondary electrons which properties de-
pend on the surface state. Since we are interested in in-
trinsic processes corresponding to high enough energies,
the low energy region is not shown. Above roughly 11 eV,
the signal exhibits a smooth decrease up to a maximal
energy, F,q., for which at least one count is measured.
Fae increases with respect to the intensity and reaches
roughly 40 eV for the highest intensity. Note that after
each photoemission experiment, we have checked by us-
ing a microscope that there was no modification of the
target surface, as observed in [28]. Similar behaviors in
terms of high energies and distribution shape have been
obtained for other large bandgap materials as sapphire,
Csl, diamond, and CeF3 [17, 18].

I1II. KINETIC MODELING OF THE LASER
INDUCED ELECTRON DYNAMICS

The electron dynamics in the bulk is described by a
Boltzmann kinetic equation which domain of validity
is fulfilled by using moderate laser intensities produc-
ing electron densities of the order of 10*¥-102° cm=3 [5,
12, 13]. This particle density is small enough to ensure
only binary collisions and an average distance between
particles larger than the De Broglie length allowing one
to consider particles as evolving classically (Boltzmann
equation is classical whereas collision operator are evalu-
ated through quantum calculations). On the other hand,
such densities are large enough to ensure a sufficiently
large number of collisions. Depending on the collisional
process, the collision frequency is in between 10'* s=!
and 10'® s~1. Since the laser pulse duration is 70 fs, at
least several collisions in average for each process take
place during the interaction. The use of a distribution
function thus makes sense and each collisional process is
expected to have a particular influence on the shape of
the distribution function.

Electrons are ejected from a nanometer-size layer be-
neath the target surface where the laser electric field can
be considered as a constant. Indeed, the field amplitude
adapts to the dielectric material property on a length-
scale vp/wye where vy is the velocity of bound valence
electrons and w, is their plasma frequency. The order
of magnitude of these quantities is 3. x 10% m.s™! and
1016 571, respectively, leading to vy /wye =~ 3 A. The laser
intensity is thus relatively constant a few nanometers be-
neath the surface, implying no spatial dependence in the
electron distribution, f (E, t), where k is the momentum

and the electron energy is Ej, = h252/2me. The temporal
evolution of f in the bulk is then given by:

B af(k,t) af(k,t)
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(1)
where the three collision integrals in the right hand side
describe the ionization, the relaxation, and the laser exci-
tation of conduction electrons, respectively. The electron
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FIG. 2. Illustration of the structure of the conduction band in
the first Brillouin zone as described in the multiple parabolic
band model. The bands exhibit an energy bandwidth of hv.
of the order of 1 eV due to the collisional broadening. An
illustration of possible multiphoton transitions is depicted by
the red arrows. Due to the broadening, the transitions take
place over a wave vector region Ak.

distribution is assumed to be isotropic since it is due to
electron collisions with acoustic phonons which charac-
teristic timescale is 10 fs [29)].

The ionization processes consist of both the photo-
ionization, which is evaluated through the complete
Keldysh expression [30], and the impact ionization de-
scribed as in [4]. The relaxation processes are related
to electron-electron (e-e) [4] and electron-phonon (e-
ph) [4, 29] collisions, which induce the energy exchange of
electrons between themselves and to the lattice, respec-
tively. These collision integrals are calculated with the
Fermi’s golden rule. The electron recombination is also
included with a characteristic time of 150 fs [31] which is
assumed not to depend on Ej. The energy distribution
of phonons is assumed not to evolve during this short in-
teraction time and is set to the equilibrium Bose-Einstein
distribution with a lattice temperature set to 800 K.

Two main processes are included for the laser-induced
excitation of conduction electrons. First, the electrons
can absorb or emit simultaneously several photons dur-
ing a collision with phonons (e-ph-pt) or ions (e-ion-pt,
inverse Bremsstrahlung) [4]. Second, electron excitation
can also take place through a non-collisional process (no
other particle as ion or phonon is involved to absorb
photons) which is direct multiphoton interband transi-
tions [13, 15, 17, 18, 32]. To include the latter process,
the conduction band is described by multiple parabolic
energy sub-bands. An illustration of this process is pro-
vided by Fig. 2. Note this mechanism departs from the
Rethfeld’s approach [4, 12] and is expected to have a
significant impact on the electron dynamics. The inter-
band rate is evaluated according to the expression and
parameters provided in [13], i.e. without using any fit-
ting procedure. Such an approach allows us to introduce



explicitly the collisionless heating in a full kinetic treat-
ment of the electron dynamics in laser-driven dielectrics
[13].

Note that the photoionization process and the laser in-
duced electron dynamics in the conduction band are de-
scribed separately within the present approach whereas
it may be treated on the same foot by solving optical
Bloch equations for instance [20-23, 25]. Both processes
are introduced separately because (i) they are of different
nature and (ii) they cannot be modeled within the Boltz-
mann framework on the same foot. (i) They are of differ-
ent nature in the sense that the multiphoton ionization
process bridges a bound valence state to a quasi-free con-
tinuum state, whereas the multiphoton excitation in the
conduction band bridges two continuum states. Despite
the starting point of the theory to evaluate these collision
rates is similar, the dipolar matrix elements are differ-
ent, justifying to introduce both terms in the Boltzmann
equation. (ii) The photoionization process generates elec-
trons in the conduction band, whereas the multiphoton
excitation process in the conduction band leaves the to-
tal conduction electron density unchanged. The latter
process only changes the electron energy distribution in
the conduction band. Within our Boltzmann model, only
one parabolic conduction band is considered so that the
photoionization process corresponds to a source term of
electrons into the bottom of the conduction band. An
additional Boltzmann equation for the valence band may
be added for the sake of generality and treating on the
same foot both multiphoton processes, but it influence is
expected to be negligible since no more than a few per-
cents of valence electrons are promoted to the conduction
band. This approach is explained in details in [13].

Solution to the Boltzmann equation (1) provides the
energy distribution of electrons in the material. Their
ejection from the surface is possible if their energy is
larger than the work function which is 0.9 eV for quartz
[33, 34]. For low energy ejection, surface effects may
modify the distribution [35]. However, this influence is
negligible for the most energetic electrons which are con-
sidered here. Consequently, the distribution of ejected
electrons near the surface is assumed to be the same as
the one calculated in the bulk. To obtain a distribution
directly comparable to the experimental data, f(Ey,t)
is first weighted by the density of states g(Ex) o< v Ej
accounting for a three-dimensional free electron gas. Sec-
ondly, the influence of the laser electric field F'(¢), which
may further accelerate or decelerate the ejected electrons
depending on their instant of emission, is taken into ac-
count: it is a laser-driven field acceleration (LDFA) which
can change the energy distribution [26]. The final en-
ergy of the ejected electron is obtained by integrating
the classical equation of the electron motion in vacuum
dv/dt = —eF(t)/m. from the ejection moment ¢, to the
end of the laser pulse (160 fs in practice). The initial ejec-
tion velocity vy at t. is evaluated from the calculated elec-
tron distribution in the bulk. Since electrons in the bulk
undergo numerous collisions before ejection, they lose any
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FIG. 3. Energy distributions of ejected electrons from photo-
emission experiments (solid lines) and modeling (dashed lines)
for various laser intensities.

coherence [24] with the laser electric field at the time of
ejection. Consequently, the electrons are assumed to be
ejected uniformly during the interaction: their ejection
time is not related to any particular phase of the laser
electric field. Since in experiments ejected electrons are
collected over the whole laser pulse duration, the theoret-
ical predictions are obtained by integrating the electron
distribution over time. Note that the maximum energy
gain corresponds to the classical energy of half an opti-
cal cycle. For an electron ejected at the optimal time, a
simple calculation shows that the final energy is roughly
40 eV for an ejection energy Ej, = 20 eV and a laser
intensity I = 50 TW /cm?.

IV. EVIDENCE OF NON COLLISIONAL LASER
ENERGY DEPOSITION

Figure 3 shows, within a linear scale, the experimen-
tal distributions of ejected electrons together with the
theoretical predictions for intensities ranging from 8 to
47 TW/cm?. The theoretical distribution at I = 24
TW/cm? is multiplied by a renormalization factor to
compare to the experimental data. The same factor is
used for all intensities. Both experimental and theoreti-
cal data are in a good agreement for each intensity. The
only significant discrepancy between modeling and ex-
perimental spectra appears for electron energies below 17
eV for the largest laser intensity. It may be attributed
to electron transport in the bulk which is not included
in the present modeling: low energy electrons are sen-
sitive to spatial charge rearrangements (potential mini-
mization) in the bulk which are all the more important
that the produced charge density is large (or highest laser
intensities).

The experimental observations can be reproduced only
if we include all above-mentioned physical processes:
photo-ionization, impact ionization, heating through
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FIG. 4. Maximum energy of photoemitted electrons as a func-
tion of the laser intensity. Absorption processes are gradually
switched on within the modeling, see inset legend for curves
meaning.

electron-phonon-photon and interband transitions, the
relaxation through electron-phonon and electron-electron
collisions, and the LDFA. In order to evaluate the role of
each process on the electron dynamics in the bulk, they
have been successively switched off. The comparison of
the theoretical spectra obtained with the various model-
ing configurations (not shown here) to the experimental
data leads to the following conclusions. (i) the impact
ionization prevents electrons from reaching too high en-
ergies at the largest intensities. However there is no elec-
tron avalanche, which is consistent with the fact that the
irradiated material is not damaged. (ii) Regarding the
electron heating in the conduction band, the introduc-
tion of both e-ph-pt and interband processes is required
to recover correct slopes for all considered intensities. In
particular, the interband process enables to mimic the
smooth decrease with respect to the electron energy [13].
(iii) Regarding the relaxation, the electron-electron col-
lisions provide a smooth energy distribution. Otherwise
the electron distribution contains several peaks separated
by the photon energy [13] that is not experimentally ob-
served. The contribution of e-ph collisions also permits
to redistribute electrons to lower energies providing the
observed slopes. In contrast, the electron recombination
and e-ion-pt do not modify significantly the spectra due
to the short interaction time and relatively low ionization
degree (the electron density in the conduction band is in
between 101? and 102° cm 2 depending on the intensity),
respectively.

Figure 4 provides the evolution of E,,,; as a function
of the laser intensity from experimental observations and
as predicted by the modeling (the interband and LDFA
processes are included or not). In the experiment, E,, 4.
increases monotonically from 11 eV to roughly 40 eV.
Without the interband and LDFA processes, E,,q. can-
not exceed 10 eV for the highest intensity, the heating
being only due to e-ph-pt collisions in that case. By in-

cluding the interband process, FE,,q,; reaches about 23
eV, i.e. twice the energy of the previous configuration.
Both e-ph-pt and interband contributions to the electron
heating are thus comparable. A good agreement with
the experimental data is obtained when the LDFA is in-
cluded, providing an enhancement of the final electron
energy of more than a factor of 2. These considerations
clearly show that the observed photo-emission spectra re-
sult from three physical processes with comparable con-
tributions. All the previous conclusions are expected to
be similar for the above-mentioned other large band gap
dielectric materials which exhibit similar band structures
and coupling between states.
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FIG. 5. Evolution of the electron temperature as a function
of the maximum laser intensity as estimated with a simplified
Drude-like modeling.

We have shown the importance of the non collisional
laser heating. For applicative purposes as laser microma-
chining of materials, a simple expression to evaluate the
laser energy deposition is desirable. The starting point
is the interband rate for an electron, ws s(n) bridging the
bottom sub-band 1 and the final sub-band f, as derived
in [13]:

M 2y ™? 2
w1y = g e VT (Buy) {(a) kn} e

where n is the number of photons required to bridge
resonantly sub-bands 1 to f at wavevector k,. J), is
the derivative of the Bessel function with argument
By = %W, P; being momenta related to the
reciprocal-lattice vector. Vi is the dipolar matrix ele-
ment. More details on notations and values of parame-
ters relative to this interband rate can be found in [13].

The energy rate is obtained by multiplying Eq. (2) by
fw and summing over all allowed multiphoton orders. It
then has to be weighted by Ak/(r/a) = 2mahv./m*h?
that is the relative part of the Brillouin zone participat-



ing to interband transition due to the collisional broad-
ening (see Fig. 2). Finally, the energy density absorbed
per unit of time through the interband process, dU,,./dt,
reads:

dUpe  mawne(t)Ak _ o " ™2 o,
= Vil B —-) -k
dt Am2hlps Y TZLan (Biy) (a) "
3)

where n.(t) is the electron density in the conduction
band. In order to check the reliability of the expression
(3) against kinetic calculations and compare its contribu-
tion relative to standard collisional absorption, an evalu-
ation of the electron temperature is performed. The con-
duction electron density is evaluated by solving multiple
rate equations [12]. By setting the Drude averaged colli-
sion time to v ! = 10 fs accounting mainly for electron-
phonon collisions, the evolutions of the electron temper-
ature (= U/C, with C. the classical heat capacity) as
a function of the intensity including or not the non col-
lisional laser heating are obtained (see Fig. 5). They
exhibit similar trends as those provided by solving the
quantum Boltzmann equation [13], and values consistent
with the present electron energies (because T, ~ E,q0/2
[13]). This demonstrates the reliability of this simplified
model (2) describing the additional contribution of non
collisional heating to the Drude description.

V. CONCLUSION

Photo-emission experiments have been carried out
with large band gap dielectric crystals irradiated by near

infrared laser femtosecond pulses with intensities below
the ablation threshold. The electron energy spectra ex-
hibit a long tail up to energies close to 40 eV for the high-
est intensities. The underlying electron dynamics has
been analyzed through a state-of-the-art modeling based
on the Boltzmann kinetic equation including the main
excitation/relaxation processes, and the laser driven field
acceleration of ejected electrons. Experimental and theo-
retical energy distributions are in a very good agreement
for all considered laser intensities, whereas up to now
only the maximum energy of ejected electrons was con-
sidered. This direct comparison of the theoretical pre-
dictions to the whole experimental electron energy dis-
tributions shows that both heating in the bulk and elec-
tric field acceleration in the vacuum make comparable
contributions to the electron energy gain. The noncolli-
sional direct multiphoton transitions between sub-bands
of the conduction band is a major mechanism for electron
heating in the bulk of dielectric materials which must be
included for the evaluation of the energy deposition. For
application purpose as laser micromachining of materials,
a simple expression to evaluate the energy deposition by
non collisional absorption has been provided.
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