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Subpicosecond study of carrier trapping dynamics in wide-band-gap crystals
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Using a very sensitive time-resolved interferometric technique, we study the laser induced carrier trapping
dynamics in wide band-gap crystals with 100 fs temporal resolution. The fast trapping of electrons in the
band-gap is associated with the formation of self-trapped exc{®hE's). The STE's formation kinetics does
not depend on the pump laser intensity in §i@hile the trapping rate increases in NaCl with the excitation
density. We interpret this result as a direct evidence of exciton trapping in the first case, and an electronic
trapping following a hole trapping in the second. This result is explained in terms of electron trajectories
calculated with a simple Monte Carlo simulation: the electrons can explore a large volume before being
trapped in NaCl, not in Si@ A temperature influence on the initial trapping process is observed in KBr, not
in NaCl and SiQ. Finally, we find no evidence of STE formation in diamond. This result is in agreement with
general consideration about the STE’s formation in terms of lattice elasticity and deformation potentials.
[S0163-182697)01110-7

[. INTRODUCTION terferometric technique has been applied to several other ma-
terials going from pure ionic solid&NaCl, KBr) to a pure

When a lattice is not stable upon creation of electron-holeovalent one(diamond via a material presenting a mix
pairs, an electron, a hole, or a bound electron-hole (@i+  ionocovalent characteSiO,). The influence of the pump
citon) can be trapped in its own lattice deformation. Thislaser pulse intensity and sample temperature has been stud-
self-trapping process, occurring in materials where the couied for two probe wavelengths: 790 and 618 nm.
pling between carriers and phonons is strong, has received The experimental results presented in this work can be
for a long time a considerable interest especially in wideynderstood with the help of some basic pictures proposed to
band gap solids because it is supposed to be the initial step #plain the STE’s formation some time ago, and constitute
defect creation mechanisms. The development of femtosegn experimental evidence for these models that are still not
ond laser pulses is very helpful to understand these phenomgitied out of hand:in quartz, STE’s are formed from the
ena because it is now possible to separate the different SteBfctron and the hole of the same electron-hole pair, whereas
of the trapping process and then to perform studies of defecﬁﬁ NacCl, their formation can be roughly interpreted as a two

formation dynamics. Experiments are usually based on Spe%’teps mechanism: first, a hole self-trapping occurs, and then

terlc:e i(t:roopr:(-:horlgeasilrj;ev%ee?tesz;s nggn dpulj::lggpis ngztfg an electron is captured by this hole, leading to an STE. Thus,
P P eWe ultrafast carrier trapping is correlated to the STE forma-

test the absorption coefficient of the perturbed material aft We will show that in KB i 1o NaCl. th |
a controlled time delay. Several time-resolved spectroscopiﬂon' € willshow that in mbr, contrary to INat, the sample
perature plays a role even in the initial trapping process.

measurements have been performed in alkali halides such fem ) : , i
NaCl?! KBr,2 and in oxides such as SiG3* Recently, time- Our results are 'conS|s',tent with models whlch prgdlct that
resolved experiments based on the concept of interferometry 1 E'S ¢an exist in a given material, only if the lattice elas-
in the frequency domain have been performdthis method  ticity is large enougfi.

is very powerful because it allows a direct observation of the In Sec. Il, we describe the experimental setup and prin-
modification of the dielectric function of the material due to ciple. In Sec. lll, a phenomenological description of the ex-
the pump pulse, and thus, to measure the lifetime of photoeited material dielectric function is developed. The experi-
excited carriers. The evolution of the electronic excitationmental data in SiQ, NaCl, KBr, and diamond are presented
density has been studied in this way in three oxitl&©,, in Sec. 1V, as well as a kinetic model based on rate equations
MgO, Al,0;).6 While the lifetime of electrons in the con- used to emphasize the difference of the STE’s creation ki-
duction band is respectively 50 ps and 100 ps in MgO andhetics between Si©@and NaCl. The results of a Monte Carlo
Al ,05, a mean electron trapping time of 150 fs has beersimulation of electron trajectories in NaCl and SiQinder-
measured in quartz. This trapping time coincides with thdying the crucial role of the electron-phonon collisions, is
rise time of the self-trapped-excitdSTE) absorption band, presented in Sec. V. Finally, the elastic constants of the dif-
leading to the conclusion that the electronic trapping is assderent materials studied here will be compared, and a corre-
ciated with the formation of STE’SIn order to investigate lation between elastic properties and radiation hardness will
the role of the sample ionicity in these phenomena, this inbe pointed out.
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FIG. 1. Schematic representation of the experimental setup. BS:
beam splitter, BBO: frequency doubling crystal, DL: delay line, Ml:
Michelson interferometer, DM: dichroic mirror, FL: focusing lens,
S: sample, IL: imaging lens, VC: video camera, CCD: charge FIG. 2. Images of the two probe pulses spectrum obtained at the

coupled device camera. output of the spectrometer. Top: without pump pulse, bottom: a
pump pulse has crossed the,8l; sample 3 ps before the second
Il. EXPERIMENTAL PRINCIPLE AND SETUP probe pulse. The vertical axis represents the distance from the cen-

The technique of interferometry in the frequency domainter of the pump beam, and the horizontal axis the wavelength.

is a powerful and sensitive method to measure the phase shift
occurring in the electric field of a probe laser pulse in thepump beam, whose frequency is doubled in a 500-
sample under study. This phase shift is obtained by analyz«m-thick frequency doubling cryst&BBO). The fundamen-
ing the pattern resulting from interferences between a probtl and frequency doubled beams are separated by di-
and a reference beam, at the output of a spectrometer. Thggroic mirrors(DM). The coarse setting of the pump beam
method was originally used to study the temporal transfeintensity is achieved by placing a circular aperture before the
function of optical fibers. The fiber was placed in one arm 300-mm focal lens that focuses the pump beam on the
of a Mach-Zehnder-type interferometer, and the spectrunsample, and the fine adjustment obtained by changing the
was obtained by scanning the wavelength of a tunable lasepolarization of the beam at 790 nm with a half-wave plate
The technique has been adapted for short laser pulses to méacated before the BBO crystahot shown on Fig. L We
sure the self-phase modulation occurring during the propagassed pulse energies at 395 nm in the range 2 tqu22 The
tion in optical fibers'® In this case the spectrum is broad and diameter(at 1) of the pump beam is 34, 44, or 58m,
no tunable source is needed. More recently, time resolvesielding intensities between210** and 4x 10*2 W/cn?.
experiments using a pair of identical probe pulses separatédye used two probe wavelengths, 790 rithe remaining
by a fixed time delay have been performed. In this case, th&0% transmitted by the first beam splift@r 618 nm. This
sample is modified by a high intensity pump pulse, the refwavelength is obtained by white light continuum generation
erence and probe pulses impinging the sample respectiveif a water cell on which a part of the main Ti-Sapphire laser
before and after the pump pulSelnterferences between the beam at 790 nm is focused. The white light pulse is ampli-
two probe pulses can be observed if the grating of the spedied at 618 nm in three Rhodamine 6-G dye cells pumped by
trometer induces at the exit slit a temporal broadening largethe second harmonic of a yttrium aluminum garGéaG)
than the delay between them. The advantage of this setup kigser. The probe beam passes through a delay(hg and
to shake off the problem of the path difference between th@ small pinhole to improve the wave-front quality and in-
two arms of a small Michelson interferometer and thus tocrease the focal spot size. The two identical probe pulses are
remove the problem of the mechanic stability. Furthermoregenerated in a Michelson interferometétl ); the delay be-
since the optical paths are the same, the noise in the metween them is adjusted by translating one of the mirrors and
sured phase arising for instance from the roughness of th&as usually set at 12 or 18 ps. The interaction region is
sample surface can be suppressed by comparing measuir@aged on video camerd¥C) with lenseg(IL) to ensure the
ments with and without the pump pulse. This method waslignment of pump and probe beams, and at the entrance slit
successfully used to study the dynamics of laser induce@f the spectrometer. A typical image observed at the output
plasma at metal surfacésthe refractive index modification of the spectrometer and digitalized with a charge coupled
of dielectric materials induced by a high intensity [&and  device(CCD) camera is shown in Fig. 2: the horizontal axis
the oscillations of plasma density in the wake of an intensds the wavelength, and the perpendicular axis is parallel to
ultrashort laser puls€. the slit of the spectrometer and therefore represents the ver-
In the present experiments, we used a mode-locketical axis in real space. The spatial resolution is of the order
Ti:sapphire laser operating at a wavelength of 790 nm. Thef 1 um. The interference pattern is clearly observed in this
output of the oscillator is amplified in a regenerative ampli-picture. Indeed, if one considers the electric field of the ref-
fier, yielding 2 mJ, 120 fs pulses at a 20-Hz repetition rate. Aerence puls&,(t) =E(t)e'“o" and of the probe pulse, sepa-
block diagram of the experimental setup is drawn in Fig. 1rated by a delayt: E,(t) =Eq(t— At)e'“ot"49 the power
The first beam splitter reflects 90% of the main beam for thespectrum of this sequence of two pulses is given by
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— (=300 um in the present experimentand \ the probe
TSt wavelength. The zero time delay is defined as the coinci-
- 12ps dence of the maxima of the pump and second probe pulses.
1 A delay -60 fs means that the refractive index of the material
is probed 60 fdeforethe maximum of the pump pulse. In
that situation, the pump and the second probe pulse are al-
ready temporally overlapped and we observe a positive
phase shift which is due to the Kerr effect and is therefore
proportional to the pump laser intensity. Each curve has a
Gaussian profile as associated fitgll lines) show, and the
FIG. 3. Phase shift as a function of the distance from the centefull width at 1/e, 56 um, is thus in this case the size of the
of the pump beam observed in NaCl for three different time delaydocused pump beam. For the del&yp20 fs, probe and pump
between the pump and the second probe pulses. pulses no longer overlap and the signal is negative. This
negative phase shift is proportional to the density of elec-
I (w)=2lo(w)[1+coswAt)], leading to fringes in the spec- trons in the conduction band. Finally, for longer time delays,
trum separated by2/At. In Fig. Ab), a high intensity pump the phase shift is positive and significantly narrow8g
pulse crossed the samyiiel ,O in this casg 3 ps before the «m) than the initial positive one. In this case the positive
passage of the second probe pulse. As a consequence, fiase shift is proportional to the density of trapped electrons.
refractive index experienced by the reference and prob¥alence electrons must absorb three pump photons
pulses are slightly different. This induces a phase shift and & w,=3.14 eV} to bridge the 8.7 eV band-gap in NaCl. The
partial absorption, which readily manifest themselves in Figdensity of trapped electron is thus proportional to the third
2 (bottom) by a fringe pattern distortion and by a fringe power of the pump laser intensity. This explains the narrow-
contrast decrease, respectively. LA be the phase ing of the spatial distribution of trapped electron compared to
shift and T the sample transmittance, the electric field ofthe beam intensity profile. The spatial width ratio is almost
the second probe pulse is noOwWE,(t)=\TEy(t exactly /3, the ratio expected for a three photon process.
— At)e'l@ot=A0+A®T ang the spectrum of the interfering first Finally the spatial resolution is very useful in two tasks:
and second probe pulses is given byw)=Iq(w) measur_ing the pump laser intensitysitu, which is invers_ely
X[1+T+2\TcoswAt+Ad)]. Since the perturbation de- proportional to th_e pump beam surface, a_md check[ng_the
pends on the pump laser intensity which has a Gaussian prQrder of the multiphoton process at \{vork in the excitation
file, the distortion of the fringegthe phase shiftand the from the valence band to the conduction band.
fringe contrast(proportional to the transmittanceary ac-
cordingly. If we suppose that the refractive index does not
vary significantly during the probe pulse, a simple line by
line Fourier transform of the image allows us to extract the To interpret our experimental results, we need a model
desired informations: the phase shift and the transmittancevhich describes the refractive index “seen” by the first
(or absorption, as a function of a radial coordinate that rep- probe pulse and the second one after the pump pulse. In the
resents the distance from the center of the pump beam. Bipllowing equations, only the electronic contribution to the
repeating this operation for different time delays between thelielectric function is taken into account. We consider that the
pump and the second probe pulse, we get the temporal evdirst pulse interacts with the wide band-gap insulator in its
lution of these two quantities. As already emphasized, a draundamental state and we represent the medium with a popu-
matic signal to noise ratio improvement of the measuredation of two level systems. In that case, the dielectric func-
phase shift is obtained by comparing the phase obtained wittion reads
and without pump pulse. The results are also averaged over
three laser shots to limit the influence of shot to shot pump
intensity fluctuations. Furthermore, the sample is displaced e(w)=1+ 5 > .
after each pump laser shot to work on a fresh area and avoid Meg wi,~ 0 —iw/Tp
cumulative effects. We used in this experiment commercially
available high purity(impurity content<1 ppm, 500m N, is the valence electronic densityn the electron mass,
thick and optically polished samples. The experiment sensiey the vacuum permittivityw the probe pulsationt,, the
tivity for the phase shift is 1072 rad and the absorption oscillator strength between the valence baw@) and the
coefficient is measured with a confidence-z05%. conduction bandCB), w, stands for the energy difference
In Fig. 3, the space-dependent phase shift for three timbetween the VB and CB and 45 is the width of the tran-
delays observed in NaCl at room temperature are presentesition. Note that the dielectric function should include a sum-
The pump intensity is 1,6 TW/cfand the probe wavelength mation over all possible transition$;, and w,, must be
is 618 nm. Let us anticipate the discussion in Sec. lll andtonsidered in this expression as effective parameters repre-
qualitatively explain these three curves. The phase shift isenting this set of transitions. Anyway for our probe wave-
proportional to the modification of the refractive index: lengths, the samples used in the present work are quite trans-
AD(r,t)=27L/NXAn(r,t), wherer is the distance from parent. We are indeed far from resonancev )
the center of the pump bearhthe time elapsed since the ~9 eV>w~2 eV) and the damping termw{ ,) respon-
crossing of the pump pulség, is the length over which the sible for linear absorption can be neglected. In this case this
probe and pump beams are overlapped in the samplexpression is real and is nothing but the square of the usual
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refractive indexny, and we will use this value for the first 2

(reference probe pulse in all cases. Ad= TL[RG(S%IZ)— Re(19)], (€
We consider now that the second probe pulse ‘“sees”

three different electronic populations: a denditys of elec- e

trons in the CB, a densitiy,, of electrons trapped somewhere A=1— ex;{ - —|m(s%/2) )

in the band-gap, and, of courdég— N.— Ny, electrons still ¢

in the ground state. Furthermore, while the pump pulse i$ s the length over which the pump and probe beams are

present in the medium, it contributes to the dielectric func-syperposed in the sample, ane 27c/w is the probe wave-
tion by inducing a nonlinear polarization known as Kerr |ength.

as section, Eqs(2)—(4) have been useith extensoBut for the
sake of clarity, let us assume that the density of excited elec-
trons is small compared to the density of electrons in the

4

e? 1 e? fundamental state No>Ncg,N,) and that the damping
€alw)=1+ mso(NO Nes N”)flzwzlz— w’=iwlT & terms can be neglected. The latter hypothesis is rough, but
the former is valid since, as we shall see later, the excitation
Ncafcs 1 density in our experiments never exceeds®16m 3. With
o m* w2+iw/7—efp these approximations, a first order expansion of &g .re-
placed in Eq(3) gives
+ Nuf ! +y3 E2 2) 2
m of—w’—iol7 Xeff=p- A(I)_Z_WL nal .+ c _ Neafes Nufs
DY 2P 2ngeq m*w®  m(w;—w?)

m* is the electron effective mass in the conduction band, ®

wy is the energy difference between the fundamental and the Although a crude estimate, this expression gives a good
first excited state of the induced defectrlthe width of this  order of magnitude of the observed phase shfftand is
transition, andfy, is its corresponding oscillator strength. more convenient to identify the contribution of each term.
fcg is the oscillator strength standing for the transitions oc- The first term represents the Kerr effect. It is proportional
curring in the CB and I, simulates the electron-phonon to the intensity of the pump lasep, and contributegosi-
collisions in the CBx2 is an effective third order nonlinear tivelyto the phase shift because at our probe wavelengths the
susceptibility andE, the electric field associated with the nonlinear index {;) is positive. It is observed in all materi-
pump laser pulse. Note that holes in the valence band cils and will last as long as the pump and the probe pulses
trapped in the band gap should contribute to the dielectri©verlap in the sample. The second term, which is propor-
function in a similar way. The corresponding terms havetional to the density of electrons that have been excited by
been neglected in Eq2) because the effective masses ofthe pump pulse in the conduction band, is alwaggative
holes are much larger than that of electrons in the material$he last term stands for the trapping of the electrons subse-
under study, except in diamond. It is important to underlinequent to a defect formation. Its sign is determined by the
that this hypothesis is not valid if the probe frequencyrelative values ofw, and w. For example, in the case of
matches a trapped hole transition since such a resonant bghallow traps fy<w), its contribution isnegative This
havior can offset the mass ratio. However, this is not thgneans that the phase shift measurement alone is insufficient
situation prevailing in the materials studied here: in NaClto distinguish the electrons in the conduction band and the
and KBr, the optical absorption bands for ho{&§E or for  electrons in shallow traps. On the contrary, if the absorption
H cente} lie in the range 3—4 eV, while those for the elec- bands associated with the trapped state correspond to wave-
tron component are in the range of the probe wavelengtfengths shorter than the probe wavelength ¢ ), the trap-
used in the present experimeﬂﬁgn the case of SiQ, both  ping of electrons is revealed by the observation pbaitive
electron and hole absorption bands are peaked above 4 ephase shift.

far from our probe photon energi&s!’ This situation rein- The absorption cross section is given by:
force the argument of neglecting holes. Finally, let us emo=2w Im[sélz]/cN, whereN stands foNcg or Ny,. Taking
phasize that this simplification has in all cases little influencanto account the damping terms but supposing a “low” ex-
in our conclusion, except may be in the estimation of thecitation density we get the following expression fer
excitation density.

In this model, the optical absorption spectra associated e fea/Te—p n fyw?l 7
with electrons trapped in the band gap are represented by? — NoCeg | M* (w2+ 1/7-57’)) m(wi— w?)+ o?l7])"
single absorption lines. In other wordg, must also be con- (6)

sidered as an adjustable effective parameter because, at least

in principle, several transitions with different probabilities  This probe photon absorption cross section includes the

are possible. Practically, we will consider in each case onlyontribution of electrons in the conduction baffuist parf

the dominant term, i.e., the one which is the closest to rescand trapped in the band gdpecond pajt The first term

nant transitions for our probe wavelengths. arises from electron-photon-phonon collisions. It is respon-
The phase shift and the induced absorption coefficient casible for laser heating of the electrons in the conduction

easily be obtained from the above discussed definitions: band®!°and increases with the probe wavelength.
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& A. The NaCl case
= . . .
2 We show in Figs. @a)—4(c) the space integrated phase
Z shift for NaCl for various pump intensities ranging from
= . 2] 0.5to 1.5 T W/cnf. The probe frequency is 618 nm and the
(¢): 1.5 TW/cm : .
b ‘ . ‘ ( sample is at room temperature. As already mentioned, we
0 2 4 6 8 10 observe in all cases a positive phase shift for delays close to
optical delay (ps) zero due to the Kerr effect. This gives us the temporal re-

sponse of the pump-probe system, which is about 150 fs. At
FIG. 4. Phase shift as a function of time measured in NaCl forthe end of the pump pulse, the phase shift becomes abruptly
three pump laser intensities. The probe wavelength is 618 nm andegative, due to the presence of electrons photoexcited in the
the sample is at room temperature. conduction band. The most remarkable feature in NaCl is
that the subsequent behavior of the signal depends on the
pump laser intensity. In the low intensity linji€ig. 4a)], the
IV. EXPERIMENTAL RESULTS signal goes back slowly to zero and becomes slightly posi-
AND KINETICS MODELIZATION tive for a delay equal to 5 ps. For a medium inten$Rjg.
4(b)], the phase shift becomes positive for 2 ps delay. In the
We now present and quantitatively discuss in detail thdighest intensity casgFig. 4(c)], the phase shift reaches a
: . O : positive value greater than in the above case but the time
results qbtalned for dlffe.ren.t materials: NaCI,. SiXKBr, delay is now only 1.3 ps. Keeping in mind that the negative
and C(diamond. Each point in the curves showing the tem- pnage shift is proportional to the density of electrons in the
poral evolution of the measured phase sh(dsd absorption  conduction band and that the onset of a positive phase shift is
is obtained by spatially averaging the original data as thoséhe signature of a trapping process, we conclude from these
presented in Fig. 3. In the fitting procedure presented belowgbservations that theapping kinetic is intensity dependent
we consider the real experimental geometry: a Gaussian prdP other wordsthe higher the excitation density, the faster
file for the pump beam crossed by the probe beam at athe trapping process. . .
angle of 10°. This means that for each time delay, Es. Absorption measurements are very helpful to identify the
. ' nature of the trap. We show in Figs(a and 8b), the ab-
and (4) are integrated along the path of the probe beam foghtion as a function of time obtained for comparable pump
each value of (Fig. 3. This allows to take into account the intensities(1.47 and 0.95 T W/cf) but for two different
spatial distribution specific for the Kerr effect and for the probe wavelengths: 618 and 790 nm. In both cases, a strong
electron in the conduction band or trapped in the band gapabsorption peak is present at short times but for longer time
Equations(3) and (4) are time-dependent because thedelays, a constant absorption close to 70% is reached in the
electron populationdNcg and N, are time dependent. The 618-nm case whereas this coefficient falls down to less than
kinetics of these populations can be simulated by using a s&0% at 790 nm. These experiments have been performed for
of rate equations. The basic idea is to postulate a time dé¥/° S"?‘mPf'.e temperatures: 303 anddlo K. We ﬁ'd Sort] fe.mafkf
pendence for the trapping process, to solve numericall ny significant temperature dependence in the behavior o

th t of rat i d then to check if th it he phase shift and of the absorption coefficient for both
€ set ol rate equations and then 1o check 1T the resu ﬁrobe wavelengths. This indicates that at the time scale of
of Egs. (3) and (4) fit the experimental data. The results g, experiment, i.e., up to 10 ps, the trapping center is the

of such simulations are presented in this section for NaCkame at 10 K and at room temperature. Transient absorption
and SiO, because their comparison shows a strikingly dif-spectra following electron pulse or picosecond laser excita-
ferent behavior. tion in NaCl at low temperature have been pub-



5804 P. MARTIN et al. 55

lished!®2° These spectra are attributed to the presence of TABLE I. Set of parameters used in the simulation for NaCl.
STE’s and exhibit a strong absorption band around 2.1 eV

(~600 nm). We can therefore conclude that the trappingNonlinear refractive index (cffw) N, 7X10°1°
process at work in our experiment is the formation of STE's.initial valence electron density (cm) ~ No 2.24¢ 107
We now have to write rate equations describing the temaorder of the multiphoton process n 3
poral evolution of the electron density in the conductionMultiphoton cross section (cfrs 2) a® 2Xx10 82
bandN¢g and in trap leveldN,,. The observed trapping rate Oscillator strength for the CB feg 1
increases with the excitation density. This suggests &lectron-phonon scattering rate (3 1/7o_, 6x 10
bimolecular-type kinetics, an hypothesis already formulatedlectron effective mass in the m*  0.5x9.1x10 %
in alkali halides?>?? This suggests also that STE's are CB (kg)
formed in a two-steps process: a hole trapping and then aRole trapping time(ps Thole 0.5
electron trapping on a self-trapped hd®TH) site. In the  Electron-hole capture grapture 8x 10"
corresponding rate equations, this two steps trapping processcross section (ch)
is described as follows: the hole trapping probability is sim-mean electron velocity in the v 1.45x 107
ply an intrinsic trapping rate;,, a quantity which is believed CB (cms?
to be less than a few p&Ref. § but has not been yet pre- STE absorption band maximuteV) wy 2.1
cisely measured, while the trapping probability for an elec-STE absorption band widtteV) Ury 0.35
tron is proportional to the density of trapped hold$y]  oOscillator strength for the trap level 0.25

which are not yet occupied by an electrdd(— Ny,).
These equations contain the populations of free and

trapped holes, notelly, andNy,, respectively, and a source oyt the assumption of a preliminary hole trapping. If we
term that describes the creation of electron-hole pairs. Agssume an instantaneous hole trapping, the electron trapping
already pointed out, in NaCl this is a three photon excitatioryate, initially proportional to the square of the excitation den-

process. Finally the rate equations can be written as sity, should indefinitely increase with increasing pump laser

_ (33 captur intensity. However, we observe experimentally that above
(d/dt)Neg=0""'FNo— o **** & Ncg(Nin—Ny), excitation densities of the order of £0cm™3, the delay for

(d/dt)Ny= 09 Ncg(Nip— Ny, which the phase shift becomes positive is always the same

3 =1.3 p9. This saturation of the trapping rate unambigu-
(d/dt)Ngm= 0 *F;No— N/ 71, (()usly demonstrates that the hole must first be self-trapped: at
(d/dt) Nyy»= N /7, . (7)  very high excitation densities, the electron trapping immedi-
ately follows the hole trapping, and the hole trapping rate
o® is a generalized cross section for a three photon eXfr0e=0.5 p3g is readily measured from the high intensity
citation process anB,, is the photon flux of the pump pulse. data.
We take forN, the density of Cl atoms. The electron trap-  We can also deduce from this simulati¢from the maxi-
ping rate is proportional to the produef®“'y. The mean mum value of the negative phase shifte electronic density
electron velocity in the CB is chosen so that the electron achieved in the CB. Fon p=15 T Wicn? we obtain
kinetic energy corresponds to the energy of a LO phononNeg~8x10® cm™® and for 1,=0,5 T W/en?,
which is roughly the electron energy after the relaxation inNcg~4x 10" cm™3.
the CB1%%3 ¢°%W¢is the cross section for electron capture
by a self-trapped hole. This quantity has been previously
estimated to lie in the range of a few 1 cm?.2124
The electron-phonon coupling in NaCl is known to be less In Figs. §a) and &b) the phase shifts measured at 618 nm
efficient than in SiQ as we will discuss in the next section. at 300 K in a sample of QuartzafSiO,) for two pump
To perform the simulation, we took, ,= 10" °s. The po- intensities, respectively 3 TW/cmand 4 TW/cn? are
sition of the maximum of the absorption band,) and its  shown. The order of the nonlinear process responsible for the
associated width#,) are taken from the STE's absorption injection of valence electrons in the CB has been measured
spectrum in NaCGP. The corresponding values are respec-with the method described above. We found a four photon
tively 2.1 and 0.35 eV. In Table I, we present a summary ofabsorption process in agreement with the fact that the band-
the set of parameters that fits satisfactorily the measuredap in Quartz is equal to 10 eV §43.14 e\=12.5 e\}. As
phase shifts for three pump laser intensities and the absora- consequence, the initial excitation density is five times
tion for the two probe wavelengthull lines in Figs. 4 and  larger at 4 T W/cm than at 3 T W/cm. As in the above
5). case, we observe a positive phase shift due to the Kerr effect,
Given the relatively important number of adjustable pa-immediately followed by a negative phase shift, which is
rameters 0z, 0@, 7oy, Ty, Thoer o9, we do not proportional to the density of photoexcited electrons. As in
claim that the set of parameters used in the simulation has IdaCl, the evolution of the phase shift toward a positive value
unique character. A satisfying fit of the five curves cannot,jndicates a trapping of the electrons. However, contrary to
however, be obtained with significantly different values. Onthe case of NaCl, the trapping kinetics is independent on the
the other hand, it is evident from the data that the trappingpump laser intensity. Although the initial excitation densities
kinetics cannot be described by a simple exponential lawdiffer by a factor of 5the time necessary to get the positive
But an important point to notice is that it is neither possiblephase shift (550 fs) is the sandghis behavior is, as in NaCl,
to fit the phase shift evolution for the three intensities with-independent of the sample temperature and of the probe

B. The SiO, case
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0.8 : TABLE Il. Set of parameters used in the simulation for $iO
(a) : 3TW/em®

g % 1 Nonlinear refractive index (cfiiw) n, 2x10°16

= 04l initial valence electron density N 2.2x 107

E 02 Order of the multiphoton process n 4

E Multiphoton cross sectiofcm®s™?) ¥ 2.3x10° 114

= Oscillator strength for the CB feo 1
Electron effective mass in the CBg) m*  0.5x9.1x 10 %!
Electron-phonon scattering rate™!)  1/7_, 1.5x10%

= Electron trapping timefs) T 150

£ Oscillator strength for the trap level for 0.4 and 0.15

% Trap level energyeV) Wy 5.2and4.2

§ Width of the trap leveleV) sy 15and 1

|

1l 5 o : i3 ) The parameter; for which EgR), (4), and(8) _give .the best
optical delay (ps) fit of the experimental results are summarized in Table II.
The parameters,, and 7, are taken from the published tran-
FIG. 6. Phase shift as a function of time measured in,Si@  Sient absorption spectrd.
two pump laser intensities. The probe wavelength is 618 nm and the The electron-phonon coupling is responsible for the elec-
sample temperature is 300 K. tronic energy loss in the CB and is taken asX1®° s 1.

As already pointed out, this term is also responsible for pho-
wavelength. The absorption measured at 618 nm in the exon absorption while electrons are in the conduction band.
perimental conditions of Fig.(B) is shown in Fig. 7. We For small positive delays, say 0 to 200 fs, the phase shift
observe a decrease of the absorption while electrons adramatically varies from a positive value due to the Kerr
trapped in the band gap. This initial absorption is due tceffect, to a negative value while electrons are excited in the
electron-phonon collisions. For longer time delays, it fallsconduction band. Therefore the assumption that the refrac-
down to less than 10%, indicating that the probe photon entive index does not change significantly during the probe
ergy is far from the resonances of the trapping center. Theulse is not valid in this situation. This is the origin of the
behavior of the phase shift and of the absorption is the samglight disagreement in this temporal region. The agreement
at 790 nm, and does not depend on the sample temperatufgetween experimental data and the curve fit is, however,

It is now well known that ionizing radiations produce quite good for longer time delays, leading to a strong confi-
STE’s in Si0,.2>?6 The STE transient absorption band hasdence in exponential law assumed in the kinetic equations
maxima at 5.2 and 4.2 e¥?*” and it has recently been es- and in the decay time of 150 fs obtained from the fitting
tablished from time-resolved absorption measurements thgarocedure. Finally the main conclusion is the simultaneous
the rise time of the absorption peak at 5.2 eV coincidesfrapping of the hole and the electron: in quartz the trapping
within experimental errors, with the electron trapping titne. really concerns thexciton Indeed, contrary to alkali halides,
There are therefore no doubt that the trapping process ino hole trapping is observed i-SiO, (Ref. 27 and accord-
SiO, is due to the formation of STE's. ing to ab initio Hartree-Fock calculation in SiQclusters, the

An intensity independent kinetics is the signature of astabilization of the STE is due to the electron rather than to
nonsequential or exponential trapping. Accordingly, the ratéhe hole?® Hole trapping has been suggested in amorphous
equations governing the density of trapped and conductiosilica (a-SiO,),?° but we have measured the same trapping
electrons simply include a multiphoton excitation sourcekinetics and the same absorption rise titrie a-SiO, than
term and an exponential decay, in a-SiO,, indicating that the exciton trapping process is the

. same in both cases.
(d/dt)Neg=Noo'¥Fy—Ncg/,

(d/dt)Ny=Ncg/7. €S) C. The KBr case
1 ‘ , ‘ , We present in Figs. 8 the phase shiftsp curves and
absorption(bottom curvep obtained in KBr with two probe
s 0.8 wavelengths: 618 nifFigs. §a) and §b)] and 790 nnjFigs.
T o6l 8(c) and &d)], at two sample temperatures: 30q Kigs. §a)
-‘é ol and §c)] and 10 K[Figs. 8b) and §d)]. The pump intensity
g is the same in all cases and is of the order of 1 T WAcTihe
| 02 range of intensities that can be explored in KBr is much
more limited than in other materials because, for higher in-

optical delay ps) tensities and especially at 618 nm, the absorption is so strong
that it rapidly reaches 100%, making interference measure-
FIG. 7. Absorption as a function of time measured in §ithe ~ ments impossible. In all cases, we observe a rapid evolution
pump intensity is 1.5 T W/crh The probe wavelength is 618 nm of the signal(phase shift and absorptipduring the first 4
and the sample temperature is 300 K. ps. In the limited accessible intensity range, we could not
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observe any excitation density influence on the kinetics as i, and higher than 2 eV at 10 K. Of course the real situation
NaCl. This last point is not consistent with previous free-can be more complicated than what our simple model de-
electron lifetime measurements in KBr based on photoconscribes. In particular it is possible that different states with
ductivity experimenté? It has been shown that when the different absorption bands are populated simultaneously: the
excitation density is low, the electron lifetime is about 10—20phase shift in such cases gives an averaged measurement of
ns and the recombination process is due to extrinsic trappinghese different populations. Indeed Alkali halides have been
For increasing excitation density, intrinsic trapping following classified in two class€$.In type-I materials such as NaCl,
bimolecular kinetics is observed, but above'16m?3, the the STE’s recombine radiatively at low temperature and the
experimental resolution did not allow a precise determinatiorformation of F-H pairs occurs via thermal activation along
of the lifetime, which becomes less than 10 ps. From thghe lowest state of the STE. In this case the yield of STE
present high resolution results we could conclude that théuminescence and stable-H pairs formation are anticorre-
trapping is not sequential but as we noticed in NaCl, above &ted. In KBr, which belongs to type-Il alkali halideB;H
given excitation density the trapping kinetics is limited by pairs are created even at low temperature and no such anti-
the hole trapping time, and we cannot exclude that the lowestorrelation is observed. Recent time resolved absorption
excitation density ¢ 10'%cm?) explored in KBr is already measurements have shown that the populations of STE's and
above this threshold. F centers following electronic excitation evolve in two time
The striking feature concerning the phase shift is that itscales’ a rapid evolution ¢~2 ps which we readily ob-
becomes positive after~45 ps in all cases except at 300 K, serve in our phase shift and absorption measurements, and a
618 nm[Fig. 8@a), top curvg. According to our refractive slower (r=~40 p9, that we did not investigate in the present
index model, the conclusion of this observation is that elecset of experiments. The ultrafast dynamical process leading
tronic state associated with the trap in the band gap presents the formation ofF centers is so efficient that the associ-
absorption bands peaked at energies lower than 2 eV at 3Ged absorption band around 2 eV dominates the transient
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FIG. 9. Phase shift measured in diamond at 300 K. The probe X 06 - 1
wavelength is 618 nm and the pump intensity s 10 W/cm?. = Lo
g
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absorption spectrum after only 3 p5.The behavior of the 2
phase shift after the first 3 ps is therefore controlled by the )

presence of centers. This hypothesis is confirmed by our .. :
absorption data. The absorption at 618 nm mainly due to F 050 100 150 200 250 300 350 400
centers, increases while the electrons are trapped. At 790 nm time delay (ps)

the initial absorption is due to the electrons in the conduction

band and decreases to a value lower than at 618 nm. The FIG. 10. Relative phase shiftop: ()] and absorptiofibottom:
remaining absorption is due to the STE'S. Moreover, it hagb)] measured in diamond at 300 K. The probe wavelength is 618
been established a long time dYthat the absorption spec- nm and the pump intensity i8LOM W/cm?.

trum of F centers in KBr is shifted towards low energy and _

broadened when the temperature increases: it is peaked af- ELECTRON TRANSPORT IN NaCl AND SiO ,: MONTE

600 nm(2.1 eV) at 73 K and at 630 nm1.95 eV} at 300 K. CARLO SIMULATION

In that case, it is not surprising that the phase shift is always The experimental results have revealed an important dif-
positive at 790 nm and changes its sign at 618 nm when thgyrence between SiQand NaCl: the electron trapping time
temperature changes from 10 to 300 K. does not depend on the conduction electron density in
SiO,, while it is strongly dependent on carrier density in
NaCl. This observation led us to describe the evolution of the
electron density in the conduction band in NaCl with bimo-
In Fig. 9 the phase shift obtained for a pure diamondiecular kinetics. The same model has been used to interpret
sample at 300 Kthe pump intensity is 8 10'* W/cm?) is  time resolved absorption experiments in alkali halitfes
shown for a probe wavelength of 618 nm. We observe thaNaCl, STE's consist of a hole, relaxed to the form of a
the phase shift is negative and remains constant. This beha@i, molecular ion and an electron. After the creation of an
ior is identical at both probe wavelengths, whatever theelectron-hole pair by the incident radiation, the molecular ion
pump intensity and the sample temperature. Even for intenformation results from the self-trapping of a hole in a very
sities as high as 1.5 T W/cfrwe were not able to see any short time, estimated to be less than 1’ fisen an electron is
modification in this behavior. captured by a hole and a STE is formed. The underlying
According to the experimental results, no trapping is vis-hypothesis in this two steps process is that electrons can
ible in diamond. We conclude that, at such time scales, if thexplore a volume large enough to contain many STH's. In
electrons are trapped, they are trapped into levels very clos@e case of SiQ, the STE’s creation rate is governed by an
to the bottom of the conduction band. exponential law independent on the excitation density. Each
Because no clear evidence of change in the phase shifllectron-hole pair remains in interaction until the STE is
appears during the time that separates the two probe puls&srmed. So the difference of behavior of the electron trap-
we performed measurements in the relative mode: we let thging time versus the pump intensity can be explained if the
two probe pulses cross the sample after the pump pulse. Hlectrons can run away from their hole in NaCl and not in
we suppose an exponential dedéfetime 7) of the electron SO,
density in the CB, the phase shift and absorption are in this Knowing exactly the minimum electron-hole distance
case given by:ADd=Ady(el"V1—el~(7AY7) and A necessary to prevent the trapping of an electron by a hole is
=Ao (el YN+ el~(t=407)) '\whereAd, andA, are the phase a difficult task, but as a first approximation, one can use the
shift and the absorption just after the pump pulse. Thissimple following arguments. When an electron-hole pair is
method is less sensitive than the absolute one but muctreated by the pump pulse, there is a coulomb attraction
longer time delays can be investigated. The result of relativietween them until they get far apart. In order to estimate the
measurements performed at room temperature in diamondistance necessary for the carriers to avoid recombination,
are shown in Figs. 1@ and 1@b). The pump wavelength one can take the distance. at which the Coulomb energy
and intensity are respectively 618 nm and 0.7 T Wicithe  becomes equal to the thermal ener@?2 kT). One finds
fits give 140 and 190 ps as time decay for the phase shift and,(SiO,)= 97 A andr (NaCl)= 63 A for T=300 K. Thus,
absorption, respectively. The latter value is certainly moref the electron reaches, with an energy greater than 3/2 kT,
reliable, due to the larger scattering in the absorption data.one can consider very roughly that electron’s capture by the

D. The diamond case



5808 P. MARTIN et al. 55

2.5 . , . 200 VI. CONCLUSIONS

---------------------------- The technique of interferometry in the frequency domain
proved to be a very efficient and sensitive tool for the time
resolved study of carriers excitation and relaxation dynamics
in wide band gap insulators. Compared to for instance time
resolved absorption spectroscopy, that brings fruitful infor-
mation about the absorption bands associated with perma-
- nent (F andH center$ and transient statdSTE, STH, the
0.5f 7 experiments reported in this paper provide complementary
information. In particular, they offer the possibility to ob-
0 : j 0 serve electrons in the conduction band and to measure with a
0 50 100 150 200 good accuracy the excitation density. From this point of
time (fs) . .
view, the absorption process due to electron-photon-phonon
FIG. 11. Monte Carlo simulation of electron trajectories in collision which occurs while electrons are in the conduction
SiO, (full lines) and NaCl(dashed lines The light lines show the ~band is noteworthy. Its importance is evident before trapping
kinetic energy(left scalé and the heavy lines the electron-hole in SiO, (Fig. 7) and increases for longer probe wavelengths,
distance(right scale. for example in NaCl at 790 nriFig. 5b)], and also in a
material where no trapping is observédiamond, Fig.
hole becomes impossibfTo evaluate the time dependence 10(b)].
of the electron energy and the evolution of the electron-hole Our experimental results demonstrate that the ultrafast
distance, we have performed a simple Monte Carlo simulatrapping of carriers deep in the band gap observed in NaCl,
tion, based on the scheme developed by Fischeti>* The  KBr, and SiO,, is in all cases associated with the formation
only interactions considered here are the LO and acousticalf STE’s. Furthermore, a detailed study of intensity depen-
electron-phonon interactions, respectively treated with alence kinetics reveals two different pictures of STE’s forma-
Frohlich Hamiltonian and a deformation potential approach tion: hole trapping followed by electron capture in NaCl and
The hole is supposed not to move and there is no interactioexciton trapping in SiQ. With the help of a simple Monte
between the electron and the hole. Electron transport it€arlo simulation, these different behaviors can be interpreted
SiO, has been the subject of numerous study, and manin terms of electrons trajectories: the electrons lose their en-
physical data such as electron-phonon coupling constants aeegy quickly in Si0,, while they have the possibility to
available®*%32*In NaCl, these quantities seem to be knownmove away from their own holes before being trapped in
with a smaller precision, and especially electron-acousticaNaCl. The fitting procedure of the trapping kinetics allows us
phonon coupling. According to several authdt® this in-  to extract for the first time the intrinsic hole trapping time in
teraction is smaller than in S Electron-acoustical phonon NacCl. Bimolecular kinetics are supposed to be a general rule
collisions are isotropic, so they efficiently randomize thein alkali halides, but are not observed in KBr, for excitation
electron direction. Note that in order to take into account thisdensities ranging over one decade from tx Y to
lack of knowledge, we have tried different deformation po-2x 10* cm™3. Electron capture is rather as fast as hole trap-
tential values for NaCl, ranging from the value used forping or occurs simultaneously. Indeed it has been pointed out
SiO, to this value divided by ten without noting significant that different relaxation channels exist for electron hole pairs
changes in the results of the simulation. Electrons are inin KBr, depending on the time when the electron interacts
jected in the CB with a kinetic energnbv—Eg) of 2eVin  with the hole under relaxatioh.
SiO, and 1 eV in NaCl. The result of the Monte Carlo simu-  The case of diamond is apparently very similar to the case
lation is drawn in Fig. 11. We observe that electrons loseof Al ,0; and MgO°® In these three materials, we do not
their energy much more quicker in SjCthan in NaCl, observe evidence for STE's formation, but a slow decrease
mainly due to the LO-phonon energy, larger in Si(50  of the electron density in the conduction band with lifetimes
meV) than in NaCl(30 me\). When the electron energy lying in the range of 100 ps. It has been recently predicted
becomes of the order of thermal energy, té distance is that in diamond, it should be possible to observe self-
about 60 A[<r, (SiO,)] in SiO,, whereas, this distance is trapping in the case of valence biexcitoisThe maximum
about 150 A[>r.(NaC)] in the case of NaCl. Conse- density reached in the above experiment is of the order of
quently, we understand on the basis of this simple model that0® cm™2 (it is difficult to increase this excitation density
in NaCl an electron has a much greater chance to escapéthout making serious damages to the sampied we did
from its parent hole and meet another hole, whereas imot observe this related effect. This can be due to the fact
SiO, an electron always remains in the vicinity of its hole that the excitation density in still not high enough. In
and thus the STE formation involves the electron and theéAl ,O5, the transient volume change induced by high-energy
hole of the same initial pair. Let us underline that the inter-electrons has been ascribed to the formation of STE’s.
action between electrons and holes is not taken into accouttowever, intrinsic recombination luminescence has been ob-
in this model. However, the screening of the Coulomb po-served in ALO; at 7.3 eV3 with an excitation spectrum
tential is less efficient in quartz than in NaCl because thesharply peaked at the band edgsciton resonangé® This
static dielectric constant is higher in the last case. Thereforaneans that the stoke shift associated with eventual STE
the inclusion of such an interaction should still enhance thevould be of the order of 1 eV or less. As already pointed out,
relative pathways discussed above. our method could possibly not distinguish electron in the
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conduction band or trapped close to the bottom of the con- TABLE lIl. Elastic constants in th¢11) direction.
duction band. The same type of electron-hole recombinatior
luminescence has been observed in MgO, indicating even Material Ci1 (GPa STE
smaller stoke shift&! . . c 1076 No
Among the properties that allow to predict the trend for ALLO 497 No?
exciton trapping in a given material, the ionicity certainly MZ 03 294 N !
plays a role but is not a sufficient criteria to explain our 9 ©
results, since for instance STE’s would be observed in MgO, SI0, 87 Yes
much more ionic than SiQ As already mentioned, a STE is ’|\I<&|13Cr:l ;'f ;{::

associated with a local deformation of the lattice around a
bound electron-hole pair. This can be understood on the ba-

sis of simple and well-known scaling arguments. It is knownparameters to decide whether or not an exciton is self-

that the consequence of the addition'of an extra charge in fapped or free is the rati6/ &, whereC is the deformation

perfect lattice is to induce a relaxation of the lattice. Thepsantial ands the elastic constant: the largest this ratio, the
corresp_ondmg relaxation energy of the system is '”Versel}‘lighest the self-trapping probability. So, self-trapping is fa-
proportional to the number of atomic bounds which SUPPOT,oreq in materials with high deformation potential and small
this extra chargeNp) and then is minimum iNy=1. In g|54tic constant. In Table Il the elastic constants relative to
other words, the tendency of the system is t0 form a SOgne materials which have been studied in this work are
called “small polaron.”™ This energy which stabilizes the gpon |t is clear that the elasticity plays a crucial role in the

system is the sum of two terms coming from the electrongt ranning process and that our data are in full agreement
phonon interaction(acoustical and optical On the other b the simple arguments discussed above.
hand, this localization process has a cost. The latter is pro-

portional to 1N2” and the localization results from the com-

petition between these two contributions. Toyozawa and

co-workeré® have located electrons, holes, and excitons in Financial support from CEA-DAM is gratefully acknowl-
various solids into a phase diagram. One of the pertinentdged.
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