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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 obtained~1/40 ps21) is much lower than the values
generally assumed in optical breakdown models.
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The effects of a high level of electronic excitation in
dielectric depend to a large extent on the conduction elec
relaxation dynamics. This matter is central to a large vari
of interactions between radiation and matter, such as,
the effect of swift heavy ions in wide-band-gap dielectr
~controversy between ‘‘thermal spike’’ and ‘‘Coulomb e
plosion’’ models!, the breakdown of dielectric materials un
der high dc fields, or the optical breakdown under stro
laser fields. In these last two problems, the energy of carr
is ruled by the competition between the gain due to accel
tion in the dc field or to the absorption of photons~free-
carrier heating!, and the losses due to electron-phonon co
sions ~leading to lattice heating!. Depending on this
competition, some electrons might gain enough energy fr
the field to collide with valence-band electrons~impact ion-
ization!, which might result in an electronic avalanche~an
exponential growth of the number of excited electrons!. The
debate on the conditions in which such an avalanche
occur and be responsible for the breakdown of dielectrics
been open for more than 20 years,1–3 and has been revive
by recent ultrashort laser studies.4 Because of its crucial im-
portance both in optics and electronics, an impressive lite
ture has been published concerning these problems in qu
By directly measuring the relaxation of hot electrons in t
conduction band of this material, in addition to providin
some knowledge on this prototype for ionocovalent wid
band-gap insulators, we would like to clarify this debate.

To access ultrafast relaxation processes, the most sui
tool is subpicosecond lasers, especially two-color tim
resolved photoemission spectroscopy:5,6 a first pulse~pump!
excites electrons in the conduction band, whereas a se
pulse ~probe! reexcites and ejects part of them out of t
solid where their kinetic energy is measured. By varying
pump-probe delay, one gains access into the temporal ev
tion of the energy distribution. High-order harmonics gene
tion in rare gases is a convenient way to extend these ex
ments into the vacuum ultraviolet~VUV ! range, since it
provides pulses that are synchronous with and as short a
laser pulses that generate them.7 Such time-resolved ultravio
let photoelectron spectroscopy~TR-UPS! has already been
performed to study electron dynamics at semiconduc
surfaces,6 the harmonics being used as a probe in these
periments.
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In this paper we present an experiment aimed at a di
measurement of the relaxation of excited electrons
a-SiO2, where we use the 25th harmonic (H25) of a Ti-Sa
laser~38.7-eV photons! as apump. The Ti-Sa laser delivers
60-fs pulses at 800 nm with energies up to 100 mJ, a
repetition rate of 20 Hz. 20 mJ are used to produce hi
order harmonics of the laser, by focusing in an argon gas
as described in Ref. 8. The 25th harmonic is selected b
combination of a thin~100 nm! aluminum foil and of a 3-m
focal length boron-silicon mirror at near normal incidenc
which focuses the VUV beam onto the sample. This refl
tive setup allows us to preserve the pulse duration~60 fs! that
a grating would have considerably increased. Another par
the laser beam is used to generate the probe beam at 8
400 nm~1.55 or 3.1 eV!. It is focused onto the sample wit
a 3-m lens, at a 60° incidence. The interaction region on
sample is imaged with a camera to measure the probe b
size, as well as to control the time and space superposit
by removing the aluminum foil, interferences between t
two beams at 800 nm are easily observed at a zero t
delay. The probe pulse size and energy are typically 200mm
and 100mJ, leading to an intensity of a few TW/cm2. Pho-
toelectrons are detected using an eight-channel sphe
electron energy analyzer with a resolution of 100 meV. Co
sidering the spectral width ofH25 ~250 meV!, and of the
probe at 800 nm~40 meV!, this gives an overall energy
resolution of the order of 300 meV.

The 1-mm-thick quartz samples are cleaned in a dil
fluoridric acid solution~5%!, and heated during 12 h at 120
K in open air to preserve the surface stoichiometry. T
ultrahigh-vacuum chamber (10210 mbar! is equipped with a
helium discharge lamp~HeII!, and the absence of any pollu
tion can be checked by recording the UPS spectrum.
agreement between the spectra obtained with HeII andH25
is quite good: the three well-known structures of the valen
band ofa quartz9 are easily recognizable, indicating that th
surface is clean under operational conditions~Fig. 1!. We do
not know the origin of the differences in the low-energy pe
amplitudes, but the high-energy edge~between 30 and 38
eV! that will be studied in detail in this paper is particular
well reproduced. Two important points, specific to pho
emission experiments on insulators, must be underlined~i!
9883 ©2000 The American Physical Society
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to obtain a stable and reproducible signal, whatever the l
source used, it is necessary to heat the quartz sample a
K in order to cancel artifacts due to charge buildup at
sample surface during the irradiation, and~ii ! it is necessary
to decrease the number of photons in each harmonic p
down to a few 106 to avoid space-charge distortion of th
UPS spectrum. We estimate the density of carriers excite
the pump to be of the order of 1015cm23. Under such con-
ditions, we are free of space-charge effects.

Let us see now what happens when the probe beam
added. In Fig. 2 we present the high-energy edge of the s
trum obtained withH25 alone, and for two different delay
between pump (H25) and probe~IR, 1.55-eV photon!. When
the delay is set to zero, the spectrum is shifted toward h
energies by approximately one IR photon energy. For p
tive delays~IR arrivesafter H25) this shift decreases, an
finally vanishes for delays larger than about 50 ps. Clea
these spectra suggest that electrons absorb one pump
then one probe photon, and that some relaxation occurs w
the pump/probe delay increases. In contrast, for negative
lays ~IR arrives before H25) spectra keep the same sha

FIG. 1. UPS spectra of quartz obtained with the HeII line ~40.8
eV, circles!, and with H25 ~38.75 eV, triangles!. The former has
been shifted to lower energies to allow a direct comparison.

FIG. 2. High-energy edge of the UPS spectrum without pro
~triangles!, and when the UV pump pulse is followed by an I
probe pulse. Delay 0: squares. Delay 12 ps: circles. Simulati
solid lines. Inset: electron signal as a function of the IR pro
intensity at a fixed energy~34 eV!, a fixed harmonic intensity, and
zero delay. The solid line is a guide for the eye.
ht
00

e

se

by

is
c-

h
i-

ly
and
en
e-

and position as the one corresponding toH25 alone. This
reproducible behavior can be deeply modified when
pump and/or probe intensities are too large, indicating
presence of space-charge effects.

To obtain more precise information, we recorded the p
toelectron signal at a fixed energy, as a function of the de
Results at different kinetic energies in the high-energy tai
the spectrum~30.8, 32, and 36 eV! are shown in Fig. 3 for a
probe at 800 nm. For each of theses energies, we obse
strong increase of the signal at zero delay. For small nega
delays, the kinetics correspond for all energies to the cro
correlation of both pulses~100 fs; see the inset of Fig. 3!,
whereas for positive delays we observe a slow decreas
the signal that is faster for higher kinetic energies. The s
plest interpretation of these data would be an ener
dependent depopulation rate AE , due, for instance, to impac
ionization. This hypothesis implies an exponential decay
the signal which poorly fits the experimental curves, a
gives values of AE of the order of 0.1 ps21 for 36-eV elec-
trons and 0.02 ps21 for 30-eV electrons. Clearly, such
strong variation in this small energy window far from th
threshold is unlikely. Thus we interpret our results as f
lows: the decrease of the signal is due to the ejection of
electrons out of the solid, or to inelastic processes like
pact ionization, which induce energy losses larger than
experimental window that we consider~i.e., around 10 eV!.
These different processes cannot be distinguished exp
mentally, and we assume that they occur at a rateA which
varies negligibly in our energy window. In addition, som
excited electrons remain in the conduction band for a ti
long enough to lose part of their energy before escaping
the vacuum. This means that at delayt we detect electrons
that have lost some energyDE between the absorption of

e

s:
e

FIG. 3. Electron signal as a function of pump-probe delay
three energies in the high-energy part of the UPS spectrum. S
lines: simulations. Inset: pump plus probe photoemission signa
short delays, atE536 eV. The solid line is a guide for the eye.
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pump and a probe photon. This explains the slowest kine
at 30.8 eV, since the energy possibly lost by the electr
before absorbing a probe photon—and thus the time elap
before doing so—is the largest in this case. Thus these m
surements give a direct access to the relaxation dynamic
electrons in the conduction band. To validate this interpre
tion, we performed the same measurements using the se
harmonic as a probe. We expect to observe the same kin
when the detector energy is set atE for a probe at 800 nm
and atE1\v (\v is the energy of an 800-nm photon! for a
probe at 400 nm, since in both cases we measure the re
ation of electrons having an energyE2\v. The results ob-
tained for the two different probe wavelengths are in rema
able agreement in both cases, as shown in Fig. 4.

To interpret our results more quantitatively, we made
simulation based on a master equation:

d f~E,t !

dt
5W f~E1DE,t !2~W1A! f ~E,t !.

f (E,t) is the probability for the state of energyE to be oc-
cupied at a timet. W is the probability per unit time that a
electron jumps fromE to E2DE, and A represents all the
population loss terms. The photoelectron spectrum obta
with the pump pulse onlyis proportional to the following
quantity:S(E)5*0

` f (E,t)dt.
The probe pulse shifts a fraction of the distributionf (E,t)

by \v with an efficiency equal to the probability to abso
one photon (a1), and by2\v for the emission (a2). For a
given delayt, between theH25 and the IR, the recorde
spectrum will be

FIG. 4. Kinetics measured with an 800-nm probe at energE
~triangles!, and with a 400-nm probe at energyE1\v ~circles!, for
E530.8 and 33 eV.
cs
s
ed
a-
of
-
nd
ics

x-

-

a

ed

S~E,t!5E
0

t

f ~E,t !dt1~12a12a2!E
t

`

f ~E,t !dt

1a1E
t

`

f ~E2\v,t !dt1a2E
t

`

f ~E1\v,t !dt.

To reproduce our results, we found that the absorpt
coefficient (a1) must be larger than the emission coefficie
(a2) by roughly one order of magnitude, and for the sake
simplicity we have neglected it. The best fit of the spectra
Fig. 2 is obtained witha150.7, which means that 70% o
the excited electrons have absorbed one probe photon. N
linear effects like multiple-photon absorption are also e
pected. However, the signal was observed to increase
early with the probe intensity~see the inset in Fig. 2!, and
multiphoton processes have therefore been neglected in
simulation. The fitting procedure consists of determining
initial energy distributionf (E,t50) and the parametersW
andA that give the best agreement with both the experim
tal time-dependent spectra and the relaxation kinetics for
ferent energies~Figs. 2 and 3!. For the energy relaxation rat
W and the population loss rateA, we find 70 meV/ps and
1/40 ps21, respectively.

As already mentioned, the rateA represents all processe
that induce a population loss in the experimental energy w
dow, and therefore gives anupper valuefor the impact ion-
ization probability. A formula giving the collision rate be
tween valence and conduction electrons in semiconduc
was derived by Keldysh:10 A5t0@(E2EG)/EG#2s21, which
assumes that the kinetic energy~E! is close to the ionization
threshold (EG), and that the band structure is spherical a
parabolic. A crude estimation using this formula gives
impact ionization rate of 6 fs21,11 i.e., more than five orders
of magnitude larger than what we measure. However, su
discrepancy is not so surprising, since the prefactort0,
which is proportional to the product of the two overlap int
grals between the initial and final states for each electron
completely unknown in the case ofa-SiO2. Indeed as
pointed out in Ref. 12 in the case of GaAs, different a
proaches to evaluate this prefactor give results that differ
a factor 300. Clearly a more sophisticated description of
band structure is needed to clear up this point. Experim
tally, only one investigation aiming at the measure of imp
ionization rate was published14 in the case of a SiO2 /Si over-
layer, giving an impact ionization rate of 3 fs21 for 16-eV
electrons. Because the density of defects in oxide films fr
5 to 20 Å may be orders of magnitude higher than in o
pure quartz monocrystal or larger thickness samples, a d
comparison may be questionable. Indeed, these authors
pointed out that for larger oxide thicknesses~50–100 nm!
such high relaxation rates were unable to fit their results1

The measured relaxation rate (W), which is essentially
due to the coupling with optical phonons, is quite small
compared to numerical simulations.13 Indeed, according to a
semiclassical theory based on the Boltzmann equation,
culations using the Fro¨hlich Hamiltonian15 predict an
energy-loss rate of 20 eV/ps for 2-eV electrons~unfortu-
nately nodirect experiments have been performed in th
‘‘low’’ energy region! and 5 eV/ps for 30-eV electrons. Thi
last rate is 70 times larger than what we measure. It is
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clear at this stage if the assumptions of this model~isotropic
and parabolic band structures! could explain such a quanti
tative discrepancy; however, more fundamentally, all th
simulations, because based on the Fermi golden rule,
pose that energy is strictly conserved between succes
collisions. If the scattering rates are larger than the time n
essary to exchange an optical phonon (1/v lo;40 fs for 100-
meV phonons!, then semiclassical descriptions are no long
valid. Because we are using this case~5 eV/ps corresponds to
a scattering rate of 20 fs for 100 meV!, quantum calculations
are absolutely necessary to take into account the n
Markovian behavior of the system. This problem w
pointed out by several authors, and the results publishe
far17,18 indicated, indeed, longereffectiveenergy relaxation
times than those predicted by semiclassical calculatio
However, if the agreement between our measurements
the semiclassical theory is notquantitatively good, let us
note that the absorption probabilitya150.7 corresponds to
an absorption cross section of 8310219cm2, more than one
order of magnitude smaller than the one we measu
e
p-

ive
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r
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so
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nd

d

(10217cm2) at lower electron kinetic energies,16 which is
consistent with a decrease of the electron-phonon scatte
rate as predicted by all theories.

We have demonstrated an unexpectedly long ‘‘lifetim
for electrons with energies 30 eV above the bottom of
conduction band in quartz. A simulation of our results, bas
on a kinetic model, gives a relaxation rate of 70 meV/ps. W
also found an upper value for the impact ionization rate
1/40 ps21. Thus ionizing collisions with valence-band ele
trons do not appear as a very efficient relaxation mechan
and this result should be taken into account, for instance
the interpretation of recent experiments concerning las
induced breakdown. This work shows that TR-UPS is a po
erful tool to explore relaxation processes in all kinds of s
ids, and should provide valuable information and stimul
theoretical approaches.
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