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The relaxation of photogenerated electron-hole plasmas is investigated in CdTe using time-
resolved luminescence in the picosecond regime. The plasma temperature, the plasma density, and
the band-gap renormalization are traced during the relaxation following the excitation pulse. Tran-
sient luminescence spectra are analyzed, first in a mostly used free-particle model and second, in-
cluding carrier collision broadening calculated in the plasmon-pole approximation. The transient
temperatures obtained with the second presumably correct model prove to be significantly lower.
The plasma cooling is slowed down with increasing initial plasma density. The temperature decay is
compared to plasma cooling theory including hot-phonon effects. The agreement is satisfactory for
the densities ranging from 5X 10' cm ' to 4X10' cm '. Additionally, good agreement is found
between our experimental results of band-gap shrinkage and theory. This work represents the first
simultaneous test of several aspects of the electron-hole plasma theory including the many-body
line-shape theory, the quasiparticle damping, the band-gap renormalization, and the plasma cooling
kinetics.

I. INTRODUCTION

CdTe, Cd Zn& „Te, and Cd Hg& „Te are II-VI com-
pounds which are of interest for the development of new
optoelectronic devices for infrared light emission or ab-
sorption. This interest is stimulated both by recent pro-
gress in molecular-beam epitaxy of these materials as well
as by their possible use in all-optical modulation in rela-
tion with all-optical data-processing techniques. ' In
these techniques, the transmission of thin platelets is
modulated by changes in the state (i.e., density and tem-
perature) of a generated high-density electron-hole plas-
ma (EHP). The concommitant change of the optical
properties such as induced absorption or transmission are
strongly nonlinear and decay generally on a sub-
nanosecond time scale following a picosecond laser-pulse
excitation. To our knowledge, only a few investigations
have been published on EHP in CdTe. The plasma ex-
pansion and the band-gap renormalization have been in-
vestigated in Ref. 3, whereas the time and density depen-

dence of the exciton-polariton has been investigated in
Ref. 4.

The aim of the present paper is twofold. First, we try
to close the gap between basic experimental and theoreti-
cal investigations on the dynamics of high-density EHP
in CdTe in the picosecond regime, and to elucidate its im-
portance for possible future applications. Second, we re-
veal a serious problem which arises if, as usually done,
many-body effects are neglected when determining the
temperature out of the experimentally detected transient
luminescence spectra. This second point is of general in-
terest and the consequences are not restricted to the case
of CdTe. Very often, the EHP temperature is simply ex-
tracted from a quasiexponential high-energy tail of the
radiative luminescence spectra. ' Here we extend the
analysis to At the whole line shape using many-body
theories and including in particular the collision broaden-
ing, ' '' i.e., the broadening of electronic states by emis-
sion and absorption of plasmons as well as the participa-
tion of plasmons in optical transitions. The temperatures
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deduced by this new advanced method prove to be appre-
ciably lower than those determined from the simpler,
more naive single-particle description.

%'e compare the EHP cooling kinetics with a theory of
phonon emission and absorption which includes the dis-
tortion of the phonon distribution by the strong genera-
tion of phonons during the EHP cooling process (i.e., the
so-called hot or -nontherma/-phonon effect). Satisfactory
agreement is found for the densities ranging from 5 X 10'
cm to 4X 10' cm . The band-gap renormalization
deduced from the line-shape 6ts is in good agreement
with the theory developed by Zimmermann. '
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II. EXPERIMENTAL RESULTS

The samples are thin layers of CdTe grown by
molecular-beam epitaxy on a Cdo 96Zno04Te substrate.
Substrate growth rate was 1 pm/h at the temperature of
300 C using one CdTe cell as a source. The Cd Zn, Te
substrate has the advantages of a very small lattice
mismatch with CdTe (0.2%), a relatively good crystal
quality, and a band-gap energy which is about 20—25
meV larger than that of CdTe. The CdTe epitaxy thick-
ness was 0.8 pm. The absorption coefFicient is about
5X10"cm ' (Ref. 17) so that the plasma is not homo-
geneous in the direction perpendicular to the excited sur-
face. Note, however, that diffusion tends to homogenize
the plasma because of the blocking barrier of
Cd Zn, „Te. The plasma density will be determined
directly from the luminescence line-shape analysis. The
samples are mounted on the cold Anger of a He cryostat
and excited by a synchronously pumped mode-locked dye
laser with a repetition rate of 80 MHz and a pulse length
of 4—6 ps [full width at half maximum (FWHM)]. The
luminescence is spectrally dispersed by a 0.32-m mono-
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chromator and additionally temporally resolved by a
two-dimensional streak camera. The overall time resolu-
tion is better than 20 ps. The excitation photon energy is
chosen to be 1.70 eV. All the material parameters used in

FIG. 1. Time-resolved picosecond luminescence of a CdTe
epitaxy layer on a Cd Zn& „Te substrate. Lattice temperature
is about 10 K. Excitation photon energy is 1.7 eV. Parameters
deduced from the line fits for diferent delays are delay 0 ps,
density p=4X 10' /cm, temperature 110—120 K; delay 24.6 ps,
density p=4X 10"/cm', temperature 70 K; delay 58 ps, density
p=(2.4—3) X 10' /cm', temperature 40 K; delay 94 ps, density
p=1.5X10' /cm', temperature 30 K; delay 153 ps, density
p=(0. 5 —1)X 10' /cm', temperature 20—25 K.

TABLE I. Experimental parameters.

CdTe CdSe GaAs

Band gap (eV) at T=4 K
Electron e8'ective mass
Hole eft'ective mass
Exciton building

energy (MeV)

&0

LO-phonon energy
(meV)

TO-phonon energy
(meV)

Optical deformation
potential (eV/cm)

Acoustical deformation
potential (eV)

electrons
holes

Mean sound velocity (cm/s)
Piezacoustic factor
Density (g/cm )

1.6053
0.1

0.4
9.4

7.1

10.5
21.3

17.4

10'

3.39 X 10
2.8 X10-'
5.85

1.841
0.13
0.8

16.5

6,3
9.4

26

3.7
5.7

2.3 X10'
2.6X10 '

5.68

1.502
0.066
0.57
4.1

10.63
12.56
36.7

33.3

10'

7
3.5

3.5X 10
4.2X 10

6.75
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ed luminescence was 120 ps. Luminescence spectra at
lower excitation power are displayed in Fig. 2.

III. DETERMINATION OF THE CARRIER
TEMPERATURE

Two very different approaches to determine the carrier
temperature have been used in the literature. In the first
method, the high-energy tail of the luminescence lines
has been analyzed in the frame of noninteracting quasi-
particles. ' The complete line shape is described by

I(hv)=C, (hv E)'i f—, (hv EG)—
10

Ul
Xfh ( h v EG )—

1.56 1.60 1.64
photon energy(eVj

the analysis of the experimental results are listed in Table
I. Typical time-resolved luminescence spectra are
displayed in Fig. 1. The different spectra are arbitrarily
shifted vertically for clarity. The fall time of the integrat-

FICx. 2. Time-resolved picosecond luminescence of a CdTe
epitaxy layer on a Cd Zn& Te substrate. Lattice temperature
is about 10 K. Excitation photon energy is 1.7 eV. Parameters
deduced from the line fits for diferent delays are delay 0 ps,
density p=(0.7—1)X 10' /cm, temperature 60 K; delay 24.6 ps,
density p=(0.7—1)X10' /cm, temperature 30—35 K; delay 58

ps; density p=(5 —7)X 10' /cm, temperature 25 —30 K; delay
153 ps; density p=(2. 5 —5) X 10' /cm, temperature 15—20 K.

I(h v) = exp( —h v/k~ T,s.), (2)

where T,ff is an effective temperature related to the elec-
tron and hole temperatures by the following relation:

Pl, +mI,

Teff

mI me+
T TI

Usually it is assumed that T, = T&, so that T,ff T,
= T& = T, is the common carrier temperature.

In the second method, the whole line shape has been
fitted using a many-particle approach. ' ' ' A gen-
eral formula for the spontaneous recombination in a plas-
ma including any form of state broadening reads

where f, and fz are Fermi-Dirac distributions and m,
and m& masses of electrons and holes, respectively. M is
the excitonic translation mass. The gap energy E de-
pends only on the lattice temperature TL. Constants are
denoted by C&. The high-energy tail can be well approxi-
mated by a simple exponential of the form

I(h )=vC~ J f, (k)fq( )k
r(k, hv)

2
g2

hv E(p, T, ) —— k +r (k, hv)
2p

k dk,

AE

RH

4.64(pa~) '
0. 1k T

-2- o2s
8 c

RH

where az is the excitonic Bohr radius. In the limit
T, =O, Eq. (5) reduces to b,Es/RH= —4. 64(pas)+ '

where p is the reduced excitonic effective mass and
r(k, h v) describes a general collision broadening which is
often also called damping. Now the energy band gap E
additionally depends on the density p and the tempera-
ture T, of the plasma. The gap shrinkage AE measured
in Rydberg energy R~ can be approximated in the fol-
lowing way

leading to numerical values of the band-gap renormaliza-
tion very close to the data published by Vashista and
Kalia.

Landsberg first introduced a collision broadening in or-
der to explain the luminescence tail observed for
hv(Eg, ' which would be impossible according to Eq.
(1). We want to stress now that, following more recent
many-body treatments of the collision broadening, the
high-energy tail of the luminescence may also be strongly
aff'ected and that Eq. (2) does not always give the correct
plasma temperature. We follow the model developed by
Haug and Tran Thoai' which includes (i) collision life-
time broadening of the electron and hole states in direct
optical transitions in k space where the states are
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broadened by fast emission or reabsorption of plasmons,
(ii) indirect transitions involving plasmon emission or ab-
sorption, and (iii) finite lifetime of the plasmons, or
plasmon damping, due to intervalence-band absorption in
the plasmon-pole approximation. The damping I (k, hv)
in Eq. (4) reads

I (k, h v) =I,+(k,E, ) —1, (k, E, )

+I „+(k,E„)—1 „(k,E ),

where E, z denotes the kinetic energy of electrons and
holes. I,—I, is given by the following double integral

I,—„(k,hv)=
e fi topi(0) f +„dq b, (q)

2ireo "o ih'co, (q) —
& [hv E, h—(k 2qk—q)+q )+fico,(q)] +b (q)

X I b[hv E, „—(k 2qk—y+q )]+1 f, h—(k 2qky—+q )Idp,

where the plasmon dispersion law fico &(q) is approximate-
ly given in the plasmon-pole approximation by

A' co~,(q) =fi co,(0)—fi b,o
2

1+fi co,(0) + —
q

q 4 2p

fi co i(0) is the square of the usual plasmon energy given
by fi co~,(0)=4irpe /e~. qD is the Debye-Hiickel wave
vector which reads

4 &fi(k)
aE, (k)

The plasmon damping A(q) is given by

2( q ) ih2+2 + q
21

4 2p

'2

The damping constant A Ao describes the strength of the
intravalence-band absorption of plasmons at the center of
the Brillouin zone. In our calculations we used b,o
=(0.1 —0.2)co&&(0). Figure 3 displays several examples of
collision broadening as a function of wave vector k calcu-
lated for CdTe using the parameters of Table I. Figure
3(a) shows the results at high temperature, Fig. 3(b) at
low temperature and for two di8'erent densities, respec-
tively. At low densities and high temperature, i.e., for
nondegenerate plasmas, the electron and the hole damp-
ing depend only slightly on the wave vector [dotted and
solid lines in Fig. 3(a)]. At high density and low tempera-
ture, the electron damping goes almost to zero at the Fer-
mi wave vector [solid and dashed lines in Fig. 3(b)], as in
the early Landsberg approach, but then it rises again at a
larger wave vector to several meV corresponding to
several tens of kelvin. This implies that the shape of the
high-energy tail of the luminescence spectra must be
changed by damping when the EHP becomes degenerate,
especially at high density and low temperature. For in-
stance, in Fig. 3(b) the effect of damping broadening
(1 ~ 4 —5 meV) exceeds the effect of temperature
(k&T, =1.7 meV). The folding of the high-energy tail
with a Lorentzian-shaped damping function, as described
by Eq. (4), then transfers intensity from higher- to lower-
intensity regions. As a result, the temperatures deduced

CdTe
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FIG. 3. Electron and hole dampings in CdTe at high plasma
density. Plasma density 2X10' /cm'. , hole damping;

, electron damping. Plasma density 2X10"//'cm'. O-O-O,

hole damping, ———,electron damping.

from the semilogarithmic plot of I(h v) according to Eq.
(2) are always too high.

The dotted points in Figs. 1 and 2 are fits to the experi-
mental spectra according to the damping theory de-
scribed above with the density and the temperature as ad-
justable parameters. The band-gap renormalization,
which is responsible for the shift of the whole lumines-
cence line toward lower energy, is determined from Eq.
(5) and in principle ought not to be adjustable. Neverthe-
less, this was not fully possible and we had to increase
slightly the gap shrinkage predicted by Eq. (5) as will be
discussed in Sec. V. The low-energy tail is reproduced
best only for the highest densities and temperatures (up-
permost curve in Fig. 1).

The temperatures deduced in this way are compared
(solid symbols in Fig. 4) with the temperatures which are
obtained by a single exponential fit to the high-energy tail
(open symbols). The latter are, as expected, always ap-
preciably higher than the former. Similar results have
been implicitly obtained in Refs. 18 and 19 for
Al Ga& As compounds.
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FIG. 4. Plasma temperature kinetics. Plasma temperature
deduced from Fig 1(highe. r density): denotes a free-particle
model; 0 denotes a many-particle model. Plasma temperature
deduced from Fig 2(lower . density): V denotes a free-particle
model; ~ denotes a many-particle model. Plasma temperature
deduced from Eqs (10): Solid. line denotes initial density

p =4 X 10"/cm', dashed line denotes initial density
p=0. 85X10' /cm .

IV. COMPARISON WITH PLASMA
COOLING THEORY

+ [h v Es(p, T, )] g(t), —

1 d&E, & 1 d&E, ) 1 d&E„&

p dt p dt i, p dt

+[hv Eg(p, T, )] g(t—), (10)

dnLo(q) dnLo(q) dnio(q)+
dt dt , dt

TL
n LQ ( q ) nLo—

LO

We summarize briefly the model used to calculate the
plasma temperature kinetics. A detailed description of
the calculation is reported elsewhere. ' We use three
coupled difterential equations, one for the conduction
electrons, one for the holes, and one for the LO phonons:

d(E, ) 1 d(E, ) 1 d(E, &

p dt p dt i, p di

where g(t) is the electron-hole pair generation rate and
nL (q) is the phonon occupation at wave vector q
with n Lg being the occupation corresponding to the lat-
tice temperature. ~Lo is the phonon lifetime. The
energy-transfer rate

1 d&E, )

p dt

from electrons to holes is outlined in the Appendix and
numerical results are given in separate publications.
The computations show that for the present plasma den-
sities larger than 10' cm the electron and hole temper-
atures are almost equal within a few picoseconds. So we
restrict for the following analysis on a common carrier
temperature. The carrier-energy relaxation by phonos
emission is taken into account by the terms

1 d(E„)
p dt

in Eq. (10) where a stands for the different phonon-
emission processes. The details are already explained in
Ref. 27. In principle, the emission of LO phonons ought
to be screened dynamically for the density range of our
experiments, i.e., 4X10' cm &p &4X10' cm, be-
cause the LO-phonon energy is close to that of the
plasmon. In CdTe, the resonance of the LO-phonon en-
ergy with that of plasrnons takes place at a density of
p =2. 5 X 10' cm . Nevertheless, we have demonstrated
in Ref. 28 that an unscreened Frohlich interaction can be
used to compute the net energy-loss rate by LO-phonon
emission

1 d&E, „)
p dt

at least as long as the LO-phonon distribution is thermal-
ized. (See also Ref. 29.) So we do not screen the LO-
phonon interaction to save computation time. The third
equation for LO phonons was previously derived and dis-
cussed extensively by Potz and Kocevar. We use the
material parameters listed in Table I and a LO-phonon
lifetime of OLD=15 ps. ' The electron-hole pair genera-
tion rate g (t) is assumed to have a Gaussian profile with
a FWHM of 6 ps. The results of the numerical simula-
tions are displayed together with the experimental data in
Fig. 4. It must be stressed that critical parameters such as
the phonon lifetime and the plasma density are not adjust
able in the cooling theory. The photon lifetime is known
from Ref. 31. The plasma density is derived directly
from the line-shape fit so that we carry out a self-
consistent test of both the line-shape theory and of the
cooling theory. The temperature for long time
(100 ps&i &150 ps) tends to 20—30 K (solid line and
dashed line, Fig. 4). This is a direct consequence of the
small LO-phonon energy of 21 meV in CdTe. For com-
parison, the LO-phonon energy is about 36 meV in GaAs
and the asymptotic temperature on the same time scale is
then typically 40—50 K. As a consequence, cooling by
polar-optical scattering is faster in CdTe than in GaAs
and Al Ga& As compounds. The fit of the temperature
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decay kinetics may be considered as satisfactory consider-
ing the large number of experimental parameters in-
volved in the theory (see Table I) and that neither the
plasma density nor the phonon lifetime were adjusted.
Slight discrepancies also persist on GaAs. The theoreti-
cal temperature deduced from plasma equations (10) de-
cays for long time slightly slower than the temperature
deduced from the line-shape analysis. Two possible
reasons may be invoked.

(a) The plasmon-pole approximation of the random-
phase approximation might slightly overestimate damp-
ings especially at low plasma density. In that case, the
temperatures deduced from the many-body line-shape
analysis might be slightly too low.

(b) The plasma density decay (especially significant for
long time) has not been included in the plasma kinetic
equations. It would be necessary to add one more kinetic
equation in the system (10) for the plasma density. The
density relaxation implies a decay of screening of the
acoustical-phonon emission and therefore a faster tern-
perature cooling predicted by the theoretical model at
long delay.

We must stress that for CdTe the discrepancy between
experiments and theory is considerably reduced if the ex-
perimental temperatures are evaluated using a many-
body line-shape theory, whereas the disagreement
remains very important if the plasma temperature is eval-
uated in the frame of the free-particle model.

V. BAND-GAP RENORMALIZATION

The band-gap shrinkage obtained from the line fits of
Figs. 1 and 2 is compared in Fig. 5 to the theoretical re-
sult calculated from Eq. (5). As we already emphasized
in Sec. III, we had to increase slightly the theoretical
band-gap renormalization predicted by Eq. (5), typically
by 3—5 meV, in order to get the best fits. Theory seems

to underestimate the shrinkage at all densities. This
discrepancy may be attributed to a supplementary reduc-
tion of the band gap in polar materials due to the interac-
tion with LO phonons. This effect is not included in
Eq. (5). The overall agreement of our results with
Zimmermann's theory' must be considered as good; in
particular, the density dependence is the same for experi-
ment and theory. This is also in accordance with similar
results on Al Ga, As.

VI. CONCLUSION

This work is, to our knowledge, the first study of the
picosecond dynamics of a photogenerated electron-hole
plasma in CdTe. The deduction from experimental data
of the transient temperatures and plasma densities are, in
contrast to previous works, done in the framework of a
line-shape theory which includes important many-body
effects. This enables us to test simultaneously the plasma
cooling theory, the many-body line-shape theory, the car-
rier damping, and the band-gap renormalization. No pa-
rameter is adjustable in the cooling theory. %'e obtain a
satisfactory agreement between experiment and theory
for plasma densities ranging from 5 X 10' cm to
4 X 10' cm . On the contrary, an important and un-
resolved disagreement between the experiment and the
theory persists if the plasma temperature is deduced from
the luminescence line shape in the frame of the usual
free-particle model.

The cooling due to polar-optical scattering is in CdTe
much faster than in III-V materials as, e.g. , GaAs since
the LO-phonon energy of 21 meV is rather small.
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FIG. 5. Band-gap renormalization in the presence of a dense
electron-hole plasma. The density is measured in the mean in-
terparticle distance r, defined by r, =(3/4+pa& ) '. Solid line:
Zimmermann's theory, experimental values.

APPENDIX: GENERAL EXPRESSION
OF THE ENERGY-TRANSFER RATE
BY ELECTRON-HOLE COLLISIONS

One idea which explains the discrepancy between ex-
periment and theory on cooling of EHP is that electrons
and holes may have for long times (50—100 ps) diff'erent
temperatures, say the electrons are typically 10 K hotter
than the holes 2s, z6, 34 Then, the cooling of holes by
polar-optical scattering would be much less em.cient than
that of electrons. The temperature difference could help
to reduce the theoretical cooling rate at higher densities,
since for electrons a nonthermal phonon population is
very easily reached whereas for holes this would require
much higher densities. There exist already several publi-
cations which assume differences between electron and
hole temperatures. ' Here we derive the general ex-
pression of the energy transfer rate from electrons to
holes in order to complete our previous derivations of the
energy-loss rates by phonon emission. ' Our result is
more general than that of Refs. 34 and 35 and holds in
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degenerate as well as in nondegenerate conditions.
Let us consider the following scattering process: One

electron is scattered from the wave vector k, to the wave
vector k, —q and a hole is scattered from the vector kh to
the vectors kh+q. The energy exchanged between the
two particles in the collision process is

bE(k„kz, q) =E(k, ) —E(k, —q)

dE(k)
dt

=gbE(k„k„,q)[1—f, (k q)]
eh q

x y P(k„k„,q)f„(k„)

ensures energy conservation. The energy exchanged per
second by the k electron is

=E~ (k„+q) —Eh (k„) x[1—f„(k„+q)] . (A3)

$2
qk, cost9 —

qPl e 2ffl e

The average energy exchanged (per particle) between
electrons and holes reads simply

qI hcose'+ q' .
2flz h

(A 1)
1 d(E) 1 dE(k)

eh

(A4)

X5(E(k, ) —E(k, —q)

E~(k„+q) —Er, (kg ))—, (A2)

where Vo(k„kz, q) is the scattering amplitude and
e(q, b,E) is the plasma dielectric function. The 5 function

I

Here, 8 (9') is the angle between the vectors k, and q (kh
and q). If bE is positive, the electron loses kinetic ener-
gy. The transition probability for this process is

2
Vo(k„kr„q)

P(k„kq, q) =

where p is the plasma density. We use the simple scatter-
ing amplitude Vo(k„k&,q)= Vo(q)=4me /eoq and as-
sume isotropic bands. We rewrite the exchanged energy
bE [Eq. (Al)] as follows: bE=bE(g, ri, y) =2yv gri ri. —
We use g=(A' /2m, )k (the initial energy of the elec-
tron), g=(A' /2m, )q, and qr =cos(8). We write f, (j) in-
stead of f, (k), and f, (g bE) inste—ad of f, (k, —q). For
the holes, we replace fI, (kI, ) and fi, (kz+q) by fz(A, ) and
fi, (A, +b,E), respectively, where A, is the hole initial kinet-
ic energy. Let us first calculate dE(k)/dt~, z. Introduc-
ing continuous coordinates, we get

dE(g)
dt

2

=gbE[1 f, (g bE)]- —Vo(q)

eh q
e q, bE 4~'fi

2mh

g2

3/2

X f v'A, di, 2n f dred'fr, (A, )fl fI, (A, +bE—)]5(2cpv'grI rI 2—cp'v'—1/crrI rI/cr) —. (A5)

Here o. =mh/m, . The contribution of the integration
over y' is equal to —,

' &cr /A, g if the equation
2cPv'gg r) 2''v'A—/cr—ri r)lcr .=0 —has one solution
(X,y') with —1&@'&1. This becomes possible as soon
as A, is larger than

1 0+1
A,,=—crq &g—

0 2

This condition reduces to [A,o, + m ] the integration inter-
val over A, . We deduce

dE(g) Vo(q) &2mh r

dt
=gbE[1 f, (g—bE)] — f v'X,'v cr/Ar, —ldk,f„(A,)[1 f„(A,+bE)] . —

~(q, b E) m%4 ~0

Introducing now continuous coordinates for the q summation, dE (g)/dt ~,h reads, after a little algebra,

dE(g)
dt

1

8m 3

3/2 2

f f dy2rr bE[1 f, (g bE)]— —

2

X f dA, fi, (A, )[l fr, (A, +bE)] . —
vr64 2m,

(A7)

Static screening of the electron-hole collision is an excellent approximation if the masses of electrons and holes are very
difFerent (see the Appendix of Ref. 27). So we use the static limit e(q, bE)=1+qD/q in Eq. (A7) where qD is the
Debye-Huckel screening wave vector defined by
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aI, (k)

eo k z BE~(k)

In case of thermalized regime, the integration over A. can be calculated analytically and we get the following formula:
r

dE(g) SI dP
o lg+gD

1 —f, (g —b,E)
ln—AE

P

1+ exp

1+ exp

~a+Pa
kB Th

Ao AE+pg
k~ Th

(A8)

Here, riD =(fi /2m, )qD, 5 =mt, e "kit Tt, Im, mA eo, and p& is the Fermi level of holes. Finally, the energy transfer

1 d&E&

p dt

from electrons to holes reads

1 d(E) 1 f ~~gf (g)
dE(g)

p dt
&

2~2p o dt
(A9)

Numerical computations show in fact that the electron and hole temperatures for density larger than 10' cm are
very close within a few picoseconds. So the assumption of a common temperature T, is well justified in our present ex-
periments.
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