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Hot-electron relaxation in quartz using high-order harmonics
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Using ultrafast time-resolved ultraviolet photoelectron spectroscopy, we have followed the energy relaxation
kinetics of conduction electrons in quartz, for energies of the order of 30 eV above the conduction-band
minimum. We measure energy-loss rates three orders of magnitude lower than those estimated for energies
close to this minimum. Likewise, the impact ionization rate obtaifigd0 ps 1) is much lower than the values
generally assumed in optical breakdown models.

The effects of a high level of electronic excitation in a In this paper we present an experiment aimed at a direct
dielectric depend to a large extent on the conduction electromeasurement of the relaxation of excited electrons in
relaxation dynamics. This matter is central to a large variety,-Si0,, where we use the 25th harmonigl25) of a Ti-Sa
of interactions between radiation and matter, such as, €.gaser(38.7-eV photorisas apump The Ti-Sa laser delivers
the effect of swift heavy ions in wide-band—gap dielectricsgq._fg pulses at 800 nm with energies up to 100 mJ, at a
(controversy between “thermal spike” and “Coulomb ex- yonetition rate of 20 Hz. 20 mJ are used to produce high-

plosion” modelg, the breakdown of dielectric materials un- order harmonics of the laser, by focusing in an argon gas jet,

der high dc fields, or the optical breakdown under stron : - o
laser fields. In these last two problems, the energy of carrie?‘%s described in Ref. 8. The 25th harmonic is selected by a

is ruled by the competition between the gain due to accelera;:—omlb'ln‘"m(t)rr]1 gf a th'r.(l.loo nn? alum;num foil andlo_f a_g-m
tion in the dc field or to the absorption of photoffsee- ocal [engih boron-silicon mirror at near normaf ncidence,

carrier heating and the losses due to electron-phonon colli-Which focuses the VUV beam onto the sample. This reflec-
sions (leading to lattice heating Depending on this tive setup allows us to preserve the_ pulse duratdhfs) that
competition, some electrons might gain enough energy frond grating would have considerably increased. Another part of
the field to collide with valence-band electrofispact ion-  the laser beam is used to generate the probe beam at 800 or
ization), which might result in an electronic avalancten 400 nm(1.55 or 3.1 eV. It is focused onto the sample with
exponential growth of the number of excited electjoifhe @ 3-m lens, at a 60° incidence. The interaction region on the
debate on the conditions in which such an avalanche capample is imaged with a camera to measure the probe beam
occur and be responsible for the breakdown of dielectrics hasize, as well as to control the time and space superposition:
been open for more than 20 yeéré,and has been revived by removing the aluminum foil, interferences between the
by recent ultrashort laser studiéBecause of its crucial im- two beams at 800 nm are easily observed at a zero time
portance both in optics and electronics, an impressive literadelay. The probe pulse size and energy are typically 200
ture has been published concerning these problems in quartand 100 J, leading to an intensity of a few TW/émPho-
By directly measuring the relaxation of hot electrons in thetoelectrons are detected using an eight-channel spherical
conduction band of this material, in addition to providing electron energy analyzer with a resolution of 100 meV. Con-
some knowledge on this prototype for ionocovalent wide-sidering the spectral width dfi25 (250 meVj, and of the
band-gap insulators, we would like to clarify this debate. probe at 800 nm(40 me\), this gives an overall energy
To access ultrafast relaxation processes, the most suitabiesolution of the order of 300 meV.
tool is subpicosecond lasers, especially two-color time- The 1-mm-thick quartz samples are cleaned in a dilute
resolved photoemission spectroscopya first pulse(pump  fluoridric acid solution(5%), and heated during 12 h at 1200
excites electrons in the conduction band, whereas a secoid in open air to preserve the surface stoichiometry. The
pulse (probe reexcites and ejects part of them out of the ultrahigh-vacuum chamber (18° mbay is equipped with a
solid where their kinetic energy is measured. By varying thehelium discharge lamfHe1), and the absence of any pollu-
pump-probe delay, one gains access into the temporal evoltion can be checked by recording the UPS spectrum. The
tion of the energy distribution. High-order harmonics genera-agreement between the spectra obtained with lded H25
tion in rare gases is a convenient way to extend these expelis quite good: the three well-known structures of the valence
ments into the vacuum ultraviolddyUV) range, since it band ofa quart? are easily recognizable, indicating that the
provides pulses that are synchronous with and as short as tsarface is clean under operational conditiofig. 1). We do
laser pulses that generate thé@uch time-resolved ultravio- not know the origin of the differences in the low-energy peak
let photoelectron spectroscogyR-UPS has already been amplitudes, but the high-energy ed@eetween 30 and 38
performed to study electron dynamics at semiconductoeV) that will be studied in detall in this paper is particularly
surface$, the harmonics being used as a probe in these exwell reproduced. Two important points, specific to photo-
periments. emission experiments on insulators, must be underlified:
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FIG. 1. UPS spectra of quartz obtained with theiHme (40.8 004
eV, circles, and withH25 (38.75 eV, triangles The former has ’
been shifted to lower energies to allow a direct comparison.
0.02 4 03
to obtain a stable and reproducible signal, whatever the light O ety 1)
source used, it is necessary to heat the quartz sample at 700 000
- ) v ) v ) v )

K in order to cancel artifacts due to charge buildup at the 0 20 40 60 80

sample surface during the irradiation, afiid it is necessary

to decrease the number of photons in each harmonic pulse

down to a few 10 to avoid space-charge distortion of the

#]Zspifne;ttr:rgévgf tﬁztl(r)?g; Tfeid%er?]‘?lgy Bfn%a:;’:lg[iﬁxggs_d bMwee energies in the high-energy part of the UPS spectrum. Solid
: lines: simulations. Inset: pump plus probe photoemission signal for

ditions, we are free of space-charge effects. short delays, aE= 36 eV. The solid line is a guide for the eye.
Let us see now what happens when the probe beam iIs

added. In Fig. 2 we present the high-energy edge of the spegnd position as the one correspondingH@5 alone. This
trum obtained withH25 alone, and for two different delayS reproducib|e behavior can be deep|y modified when the
between pumpHi25) and probéIR, 1.55-eV photon When  pump and/or probe intensities are too large, indicating the
the delay is set to zero, the spectrum is shifted toward highyresence of space-charge effects.

energies by approximately one IR photon energy. For posi- To obtain more precise information, we recorded the pho-
tive delays(IR arrivesafter H25) this shift decreases, and toelectron signal at a fixed energy, as a function of the delay.
finally vanishes for delays larger than about 50 ps. ClearResults at different kinetic energies in the high-energy tail of
these spectra suggest that electrons absorb one pump ait@é spectruni30.8, 32, and 36 elare shown in Fig. 3 for a
then one probe photon, and that some relaxation occurs whegjtobe at 800 nm. For each of theses energies, we observe a
the pump/probe delay increases. In contrast, for negative detrong increase of the signal at zero delay. For small negative
lays (IR arrives before H25) spectra keep the same shapedelays, the kinetics correspond for all energies to the cross-
correlation of both pulse§l00 fs; see the inset of Fig.),3
whereas for positive delays we observe a slow decrease of
the signal that is faster for higher kinetic energies. The sim-
plest interpretation of these data would be an energy-
dependent depopulation ratg Adue, for instance, to impact
ionization. This hypothesis implies an exponential decay of
the signal which poorly fits the experimental curves, and
gives values of A of the order of 0.1 ps' for 36-eV elec-

4 5 6 7 8 trons and 0.02 ps' for 30-eV electrons. Clearly, such a

IR probe intensity (TWent) strong variation in this small energy window far from the
threshold is unlikely. Thus we interpret our results as fol-
lows: the decrease of the signal is due to the ejection of the
electrons out of the solid, or to inelastic processes like im-
pact ionization, which induce energy losses larger than the
experimental window that we considére., around 10 ey
These different processes cannot be distinguished experi-

FIG. 2. High-energy edge of the UPS spectrum without probementally, and we assume that they occur at a Aatehich
(triangles, and when the UV pump pulse is followed by an IR varies negligibly in our energy window. In addition, some
probe pulse. Delay 0: squares. Delay 12 ps: circles. SimulationsgXcited electrons remain in the conduction band for a time
solid lines. Inset: electron signal as a function of the IR probelong enough to lose part of their energy before escaping into
intensity at a fixed energ§84 eV), a fixed harmonic intensity, and the vacuum. This means that at delayve detect electrons
zero delay. The solid line is a guide for the eye. that have lost some enerdgyE between the absorption of a

Delay (ps)

FIG. 3. Electron signal as a function of pump-probe delay for
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FIG. 4. Kinetics measured with an 800-nm probe at endtgy
(triangles, and with a 400-nm probe at enerBy+ % w (circles, for
E=230.8 and 33 eV.
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S(E,T)=J f(E,t)dt+(1—a+—a,)rf(E,t)dt

0

+a+f f(E—hw,t)dHa,J f(E+ho,t)dt.

T T

To reproduce our results, we found that the absorption
coefficient (@) must be larger than the emission coefficient
(a_) by roughly one order of magnitude, and for the sake of
simplicity we have neglected it. The best fit of the spectra in
Fig. 2 is obtained withw, =0.7, which means that 70% of
the excited electrons have absorbed one probe photon. Non-
linear effects like multiple-photon absorption are also ex-
pected. However, the signal was observed to increase lin-
early with the probe intensitysee the inset in Fig.)2and
multiphoton processes have therefore been neglected in the
simulation. The fitting procedure consists of determining the
initial energy distributionf(E,t=0) and the parametei/
andA that give the best agreement with both the experimen-
tal time-dependent spectra and the relaxation kinetics for dif-
ferent energiegFigs. 2 and R For the energy relaxation rate
W and the population loss ratk, we find 70 meV/ps and
1/40 ps !, respectively.

As already mentioned, the raferepresents all processes
that induce a population loss in the experimental energy win-
dow, and therefore gives arpper valuefor the impact ion-
ization probability. A formula giving the collision rate be-
tween valence and conduction electrons in semiconductors

pump and a probe photon. This explains the slowest kinetic&as derived by KeldysH A= 5[ (E—Eg)/E]*s™*, which

at 30.8 eV, since the energy possibly lost by the electron@ssumes that the kinetic ener@) is close to .the |on|;at|on
before absorbing a probe photon—and thus the time elapséhreshold Eg), and that the band structure is spherical and
before doing so—is the largest in this case. Thus these mefarabolic. A crude estimation using this formula gives an
surements give a direct access to the relaxation dynamics §hpact ionization rate of 6 fs','*i.e., more than five orders
electrons in the conduction band. To validate this interpreta®f magnitude larger than what we measure. However, such a
tion, we performed the same measurements using the secofltfcrepancy is not so surprising, since the prefactgr
harmonic as a probe. We expect to observe the same kinetigéich is proportional to the product of the two overlap inte-

when the detector energy is setkafor a probe at 800 nm,
and atE+7%w (hw is the energy of an 800-nm photoior a

grals between the initial and final states for each electron, is
completely unknown in the case a#-SiO,. Indeed as

probe at 400 nm, since in both cases we measure the relaRointed out in Ref. 12 in the case of GaAs, different ap-

ation of electrons having an ener§y-#w. The results ob-

proaches to evaluate this prefactor give results that differ by

tained for the two different probe wavelengths are in remark2 factor 300. Clearly a more sophisticated description of the

able agreement in both cases, as shown in Fig. 4.

band structure is needed to clear up this point. Experimen-

To interpret our results more quantitatively, we made atally, only one investigation aiming at the measure of impact

simulation based on a master equation:

df(E,t)
dt

=WTF(E+AE,t)— (W+A)f(E,t).

f(E,t) is the probability for the state of enerdyto be oc-
cupied at a timd. W is the probability per unit time that an
electron jumps fronE to E—AE, and A represents all the

ionization rate was publish&tin the case of a SiQSi over-
layer, giving an impact ionization rate of 371 for 16-eV
electrons. Because the density of defects in oxide films from
5 to 20 A may be orders of magnitude higher than in our
pure quartz monocrystal or larger thickness samples, a direct
comparison may be questionable. Indeed, these authors also
pointed out that for larger oxide thickness@g®—100 nm
such high relaxation rates were unable to fit their results.
The measured relaxation rat®V], which is essentially

population loss terms. The photoelectron spectrum obtainegue to the coupling with optical phonons, is quite small if

with the pump pulse onlis proportional to the following
quantity: S(E) = [ 5 f (E,t)dt.
The probe pulse shifts a fraction of the distributid(, t)

compared to numerical simulatiofSindeed, according to a
semiclassical theory based on the Boltzmann equation, cal-
culations using the Ftdich Hamiltoniart® predict an

by 7w with an efficiency equal to the probability to absorb energy-loss rate of 20 eV/ps for 2-eV electropmfortu-

one photon &), and by— % w for the emission &¢_). For a

nately nodirect experiments have been performed in this

given delayr, between theH25 and the IR, the recorded “low” energy region) and 5 eV/ps for 30-eV electrons. This

spectrum will be

last rate is 70 times larger than what we measure. It is not
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clear at this stage if the assumptions of this mdéitropic (10" '7cn?) at lower electron kinetic energié&,which is

and parabolic band structujesould explain such a quanti- consistent with a decrease of the electron-phonon scattering
tative discrepancy; however, more fundamentally, all theseate as predicted by all theories.

simulations, because based on the Fermi golden rule, sup- \we have demonstrated an unexpectedly long “lifetime”

pose that energy is strictly conserved between successiVg; electrons with energies 30 eV above the bottom of the
collisions. If tr;]e scattering _ratT‘S ﬁre Iarge/rvthar; ”f‘e time NeCeonduction band in quartz. A simulation of our results, based
essary to exchange an optical p onom;qg, -401s for 100- o 5 inetic model, gives a relaxation rate of 70 meV/ps. We
me_V phonon then semI(_:IaSSIQaI descriptions are no Iongeralso found an upper value for the impact ionization rate of
valid. Because we are using this caSeV/ps corresponds to 1/40 ps't. Thus ionizing collisions with valence-band elec-
a scattering rate of 20 fs for 100 mg\guantum calculations '

. trons do not appear as a very efficient relaxation mechanism,
are absolutely necessary to take into account the non-

Markovian behavior of the svstem. This broblem Wasand this result should be taken into account, for instance, in
. y : b . the interpretation of recent experiments concerning laser-
porllr;t%q Ol“.'t by seyeral authors, and 'the results publls'hed SRduced breakdown. This work shows that TR-UPS is a pow-
f_a indicated, mdeed_, Iong&szecnv_eener_gy relaxatlor_1 erful tool to explore relaxation processes in all kinds of sol-
times thaq those predicted by semiclassical calculaﬂonsl. s, and should provide valuable information and stimulate
However, if the agreement between our measurements an e,oretical aobroaches
the semiclassical theory is nafuantitatively good, let us PP '
note that the absorption probability, =0.7 corresponds to We gratefully acknowledge P. Saigs, M. J. Guittet, M.

an absorption cross section ok80 °cn?, more than one Henriot, M. Bougeard, O. Gobert, P. Meynadier, and M. Per-

order of magnitude smaller than the one we measuredrix for advice and stimulating discussions.
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