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Cooling of a hot electron-hole plasma in Al„Ga& „As
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Time-resolved photoluminescerice experiments in the picosecond regime reveal the density depen-
dence of the cooling of a photogenerated electron-hole plasma in Al Ga& As with x =0—0.44. A
strong reduction of the cooling process is observed for samples with a separation between I and X
valleys larger than the LO-phonon energy. This reduction is nearly independent of the initial excess
energy of the carriers. No reduction, however, is observed for samples with a direct band gap if this
separation is smaller than the LO-phonon energy and for samples with indirect band gap. These re-
sults show that screening is negligible up to densities of 7X 10' cm . Nonthermal optical phonons
created during the cooling process by intravalley scattering of electrons with small eftective masses
can explain the observed reduction for the electron system.

I. INTRODUCTION

The cooling of an electron-hole plasma (EHP) in vari-
ous structures of two- and three-dimensional group-III-V
compounds delivers basic information about the
electron-phonon interaction. ' ' A reduction of the
energy-loss rate by polar-optical scattering (@ ), i.e., the
emission of LO phonons, is observed at high excitation or
n-doping densities' as well in time-resolved photo-
luminescence (PL) experiments as in cw PL with or
without electrical heating of the electron gas. ' Two
different reasons were discussed for this reduction in bulk
material: (i) screening of the Frohlich interaction at
higher carrier densities, ' ' or (ii) the buildup of a non-
thermal phonon population ' ' ' where the reabsorp-
tion of the LO phonons, which have a lifetime of 9 ps, '

leads to a reduction of the net energy-emission rate of the
carriers.

The effect which is important at the lower densities
probably will also dominate the cooling behavior at
higher densities. Let us make the following qualitative
considerations to make this plausible: If screening would
dominate at the lower densities (e.g., 5X10' cm ) it
would strongly hinder the buildup of a nonthermal pho-
non population even at higher densities (e.g. , at 5 X 10'
cm ) since the emission rate of phonons is then so
strongly reduced that the phonon population remains low
at all densities. In contrast, if the nonthermal phonon
effect becomes important at the lower densities, the effect
of screening on the 6p will remain- small even at the
higher densities since screening affects both emission and
reabsorption of the nonthermal phonons in about the
same way. Thus, essentially, screening cannot alter the
reduction of the 8, once a nonthermal phonon popula-
tion has been built up.

Previous theoretical work predicted that screening of
the electron-phonon interaction should start at densities
as low as 5 X 10' cm, ' whereas according to more re-
cent work' ' dynamical screening should set in at densi-
ties higher than 7 X 10' cm . Experimentally, the
reduction of the e, starts already at about 2 X 10'
cm, and a reduction by a factor of 100 is observed at

1X10"cm-'. "
Most groups nowadays attribute this reduction to the

occurrence of nonthermal phonons; however, only one ex-
periment has shown that screening should play a minor
role up to densities of about 4X10' cm by studying
the reverse process, the heating of a cold EHP by a warm
lattice. However, a detailed analysis reveals that the situ-
ation even in this experiment is not as simple as thought
initially: ' Phonon underpopulation and different tem-
peratures of electrons and holes have both (partially com-
pensating) influence on the heating behavior, and the ab-
solute densities were a factor of 2 smaller than quoted in
Ref. 20, as revealed by a fit of the luminescence line
shape.

Thus the situation concerning screening is still not as
clear as thought previously. In this paper we clarify the
role of screening and additionally the question whether
plasmons influence the 6', . Finally, the role of the very
initially emitted phonons is investigated. We report on
two experiments: (i) the excitation photon energy hv, „,
for bulk GaAs is varied between 1.55 and 1.97 eV, and (ii)
we studied not only GaAs, but also Al Ga, As with
x=0—0.44. Particular attention was paid to samples
close to the crossover composition of the ternary alloy
from a semiconductor with a direct fundamental band
gap to one with an indirect fundamental band gap. Three
main results become evident: First, the phonons emitted
in the very first relaxation process do not inAuence the
6, at delay times larger than 15 ps. The 6, is then con-
stantly reduced and the situation actually resembles a
quasi-steady-state equilibrium. Second, screening of the
6, is a minor eff'ect at densities up to n =p =7X10'
cm, and, third, only electrons with small effective
masses contribute to the reduction of the 8p, via the
buildup of a strong nonthermal phonon population in a
relatively small region in k space.

II. EXPERIMENT

All samples are grown by liquid-phase epitaxy on
(100)-oriented substrates. An Al~ 4Gao 6As/GaAs/
Alo 4Ga~ 6As heterostructure (d G,&,-0.2 pm) is used for
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TABLE I. Compilation of the sample data and results (see text). The band gap E~ is determined from an extrapolation of the
low-energy edge of the band-to-band recombination at low excitation densities ( —10' cm ). The AlAs mole fraction is calculated
according to Eg = 1.519+1.27x eV, a gauge which is obtained by a determination of x of sample 10 by a double x-ray-diffraction ex-

periment. This gauge coincides well with the gauge given in Ref. 22. The separation between I and I, AE, is taken from Ref. 22.
The last rows are the numerical results obtained as described in the text.

Sample

Er (eV)

~E (eV)
a (n,„,=7X10' cm )

a (n,„,=4X10' cm )

E,", (eV)

1.519
0
0.493

60
30
15

4.8

1.677
0.1$
0.350

50
35
13
2
5.6

1.755
0.19
0.280

30
10
2
7.3

1.806
0.23
0.233

45
15
6
3
8.0

1.895
0.30
0.153

20
8

4
8.6

1.982
0.36
0.074

40
17
4
1.5
8.8

2.003
0.38
0.055

35
15
3
2.5
9.1

2.032
0.40
0.029

25
13
6
2
8.6

2.038
0.41
0.024
1.5
2
1

1

8.2

10

2.043
0.412
0.019
2.5
1.5
1

0.8
9.4

2.080
0.44

—0.014

the experiments with variable h v,„,. Comparative experi-
ments were carried out with GaAs single epitaxial layers
(d=1—2 pm). The layers with variable AlAs mole frac-
tion x are all single epitaxial layers (d =1—2 pm). The
AlAs mole fractions of samples 10 and 11 were deter-
mined by x-ray diffraction. The data for the samples are
compiled in Table I. Independent of the accuracy of the
gauge of x, the decay characteristic of the PL proves that
samples 1 —10 are direct and that sample 11 is indirect, al-
though the detailed situation may be rather complicat-
ed.

The PL is excited with a synchronously pumped dye-
laser [80 MHz repetition rate, 4—6 ps pulse width full
width at half maximum (FWHM)]. The use of difFerent
dyes and a Lyot filter enables a tuning of the wavelength
between 550 and 880 nm. The minimum size of the laser
focus on the sample is 15 pm (FWHM); however, we
mostly use diameters larger than 50 pm in order to mini-
mize the lateral inhomogeneity of the excitation. The ac-
tual excitation densities are always determined by line-
shape fits to the spectra. The luminescence light is
dispersed by a 0.32-rn spectrometer and is temporally
resolved and detected by a two-dimensional streak cam-
era with a typical overall time resolution of 15 ps
(FWHM). The samples are always kept at about 10 K.
The carrier temperature T, at various delay times is
determined from a semilogarithmic plot of the high-
energy tails of the transient spectra. ' ' '

lyze the data. Therefore only a common temperature T,
is used.

A. Results with different excitation photon energies

Figure 2 shows the cooling curve of the EHP obtained
with the heterostructure and equal excitation densities,
but with very difFerent excitation photon energies hv„, .
The upper data are obtained with an excess energy
kA v A v Eg of 450 meV, i.e., more than 12 times
the optical-phonon energy A~LO. In the lower data,
Ah v =30 meV & AcoLo. Additional data taken with
Ahv=99 and 226 meV are almost identical with the
lower data set. The two lines shown are theoretical fits
for t )20 ps with Fermi-Dirac statistics, screened
deformation-potential scattering, and an 6, reduced by a
time-independent factor a (as the only fit parameter), so
that

—10'-

III. RESULTS AND DISCUSSION

Figure 1 shows a transient spectrum of an
Alo 236'ao 77As single epitaxial layer 12 ps after the laser-
pulse maximum, together with a theoretical line-shape fit.
Rather accurate excitation densities are thus obtained.
After the density is determined once, only the high-
energy tails of the band-to-band recombination is traced
at the different delay times. ' The effective temperature,
determined this way, mostly rejects the electron tempera-
ture. In this paper, however, we discuss only high-
excitation effects in which electron and hole temperatures
are equal' after the delay time at which we begin to ana-

1.85
photon energy hv

1.90
(eV)

FIG. 1. Luminescence spectrum at t = 12 ps of an
Alo 23Gao 77As sample (solid line) with a theoretical line-shape
fit (dashed line). In these line-shape fits the change of the elec-
tron effective mass I, with the A1As mole fraction x is taken
into account.
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bulk GaAs heterostructure
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FIG. 2. Cooling curve of the EHP for different initial excess
energy hh v of the carriers. Delay time 0 is at the maximum of
the laser pulse. The 6t starts at 20 ps, i.e., when the laser pulse
is over. The experimental temperatures at 12 ps are included to
demonstrate that the fit with a constant reduction a of the @p,
cannot explain the initial temperature decay.

@theorygexpt
I o Po

where A'";" is calculated with an unscreened Frohlich in-
teraction and with the phonons in equilibrium with the
lattice. Details of the fit procedures are given in Refs.
9—11. The material parameters, which we use, are corn-
piled in Table II.

Figure 3 shows a and the initial T„directly, i.e., 20 ps
after the laser pulse for the four different hh v at an exci-
tation density of 2.5X10' crn . Obviously, a and T,'

do not depend on Ahv if hhv&300 meV. Only for the
largest Ah v is T,' slightly higher. In this case the energy
of the electrons is large enough to enable scattering into
the L minima. This scattering process is fast; however,
the process back lasts a few ps, which might lead to a
delayed heating effect, resulting in a larger T,'.

At first sight, the independence of a on the number of
initially emitted phonons appears as an argument favor-
ing screening as the origin for the reduction of the 8, at
these densities. A closer look, however, reveals that the

150
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& initial plasma temperature
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FIG. 3. Reduction of the energy-loss rate o. (left scale) and
the initial plasma temperature T,', 20 ps after the laser pulse
(right scale) as a function of the initial excess energy of the car-
riers.

assumption of nonthermal phonons is also consistent
with this result: The phonons emitted by e1ectrons high
up in the I valley have very small k values. Such pho-
nons cannot be reabsorbed —due to k conservation —by
a therrnalized electron gas which is, for T, —100 K, close
to the bottom of the I valley where the electron disper-
sion curve is less steep. On the other hand, this result
strongly supports the conception that the cooling on our
time scale resembles a quasi-steady-state equilibrium,
where the nonequilibrium phonon population is quasiper-
manently maintained by the generation and reabsorption
of phonons due to the cooling of the EHP and the anhar-
monic decay of optical into acoustical phonons.

Figure 4 shows a as a function of excitation density for
both the heterostructure and a single epitaxial layer, with
hhv-100 meV. A strong increase of a is observed for
densities larger than 2X10' cm . We note that the re-
sults for the two samples only fall together if the densities
are determined from the spectra and are not calculated
from the laser power, the absorption coefficient, etc. Fast
vertical diffusion obviously strongly reduces the density
in the case of single epitaxial layers since we get, for the
same laser intensity, a factor-of-3-lower carrier density
than for the heterostructure. Obviously, it is absolutely
necessary to determine densities by line-shape fits and not

TABLE II. Material parameters used in the fits and calculations.

Electron effective mass'
Hole effective mass'
Static dielectric constant
Optical dielectric constant
LO-phonon energy
Electron deformation potential'
Hole deformation potential E,", (see text)

Density of GaAs'

(0.067+0.083x )m&
(0.50+.0. 14x )m0
12.75
10.94
36.4 meV
7.0 eV
4.8—9 eV

5.32—1.6x gcm

'From S. Adachi, J. Appl. Phys. 58, R1 (1985).
Semiconductors, Vol. 17 of I.andolt-Bornstein, New Series, edited by K. H. Hellwege (Springer, Berlin,
1982).
'From D. L. Rode, Phys. Rev. 8 2, 1012 (1970).
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FIG. 4. Reduction of the energy-loss rate of the EHP as a
function of carrier density determined by a line-shape fit.

Sample 11

(xA, -0.&c j

EF
I~ &LO

from the experimental conditions
We have calculated a qualitative model of the hot pho-

non reabsorption for the two-dimensional (2D) case' and
a quantitative model for the three-dimensional (3D)
case. Both nicely explain why the reduction n is in-
dependent of T, and therefore independent of time on a
time scale of about 100 ps, i.e., a time much longer than
the LO-phonon lifetime. A quantitative agreement, how-
ever, is obtained for electrons only. The hole-phonon in-
teraction dissipates energy faster than we would expect
from our experiments: The detailed model, which takes
into account electron-hole, electron —LO-phonon, and
hole —LO- and —TO-phonon interactions, delivers a=7
for n,„,= 1 X 10' cm, whereas the experiment reveals
o, = 100. The good agreement between theory' and form-
er experimental results appears accidentally: a re-
evaluation of the old spectra reveals that the density
was more than an order of magnitude lower in these ex-
periments than quoted in Ref. 14. The detailed model
explains why we get at the lowest densities +=2 and not
+=1, i.e., exactly the theoretical @„,: nonequilibrium
occurs between electron and holes —the holes are always

FIG. 6. Sketch of the different possible scattering processes
for samples with an A1As mole fraction close to the crossover
composition, where Al„Ga, As becomes an indirect-gap semi-
conductor.

colder than the electrons at the lower densities, so essen-
tially the electrons contribute to the cooling only, but
both carriers contribute to the specific heat.

B. Results on Al„Gal „As

Next, we consider the results with Al Ga& „As. In
these experiments we always choose h v,„,=Eg + 100
meV. Figure 5 shows a as a function of x for all direct-
gap samples. In the theoretical fits we still assume that
only the GaAs-like modes contribute to the energy loss in
the interesting temperature range due to their smaller en-
ergy. The reduction a decreases only slowly for increas-

bulk AlxGa1 xAs
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FIG. 5. Reduction a of the energy-loss rate as a function of
the AlAs mole fraction x for two different, high-excitation den-
sities n,„,.

FIG. 7. Dependence of the deformation potential of the holes
E„on the AlAs mole fraction x if the variation of scattering at
low temperatures with x is attributed to a change in deforma-
tion potential.
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FIG. 8. Three-dimensional plot of the time behavior of the photoluminescence of the indirect Alo 44Gao 56As sample. The lumines-
cence at about 2.06 eV originates from electrons in the X valleys and has a decay time longer than the repetition time of the laser
pulses. Scattered light of the laser pulse appears at 2.16 eV, and the fast luminescence Aash at 2.08 eV originates from electrons in the
I valley.

ing x as long as x &0.4, an effect which might be ex-
plained by the increase of the effective masses with x (not
taken into account in the @,). However, a clear jump is
observed at x -0.4: for x )0.4 the 8, is close to theory;
a becomes independent of excitation density, and is al-
ways close to 2. We note that the fast PL decay clearly
reveals that samples 9 and 10 still have a direct funda-
mental energy gap. A sketch of the energetic position of
the different minima of the most interesting samples is
shown in Fig. 6. The separation between the Fermi level
in the I minimum and the bottom of the X minima is, for
samples 1 —8, larger than the energy of the LO phonon at
I or X, i.e., phonon emission into the "bottleneck" on
the LO branch can only occur via intraband scattering in
the I valley. As a consequence, we get the same non-
thermal phonon effects as in GaAs. Samples 9 and 10 are
still direct and most of the carriers are still in the I val-
ley. However, electrons with an excess energy of
A'coLo(X) now have the possibility to undergo an interval-
ley deformation potential scattering process with a zone-
boundary LO phonon, which has a much larger k vector.
No appreciable nonthermal phonon population can be
generated by such a process since the volume in k space
in which the phonons are created is very large.

On the other hand, screening in an EHP is determined
by the particles with the larger Debye vectors —the
holes. From samples 7 and 8 to samples 9 and 10, only
the scattering possibilities of the electrons, and neither
the screening of electrons nor holes, is changed. There-
fore this experiment shows that the reduction of the 6p,
is not caused by screening. Plasmons also cannot
inhuence the 6, since they are almost identical for sam-
ples 7—10.

The deformation-potential scattering determines the
energy-loss rate at lower temperatures and shows a pro-
nounced dependence on x. Taking into account the

dependence of the hole efFective mass and of the density p
on x, we get a variation of the hole deformation potential
with x shown in Fig. 7. The origin of this dependence
and whether it is really a change in deformation potential
is not yet clear. It is almost impossible to detect this
effect in transport experiments, since alloy scattering also
changes with x.

Finally, sample 11 clearly has an indirect fundamental
band gap. Figure 8 shows a three-dimensional plot of the
time-resolved PL. The decay time of the luminescence is
of the order of the time between two laser pulses (12.5
ns); therefore luminescence from the preceding pulse is
still observed at negative times before pulse arrival. Dur-
ing the laser pulse (at t =0), luminescence originating
from electrons in the I valley is visible at 2.08 eV. This
luminescence decays much faster than our optimum time
resolution (1/e decay faster than 3 ps). A minimum life-
time of the carriers in the I valley of 35 fs can be estimat-
ed from the linewidth of this luminescence Aash if a
homogeneous broadening of the line is assumed.

Cooling by polar-optical scattering is, in the case of
this indirect semiconductor, extremely fast. The temper-
ature of the EHP falls within our time-resolution immedi-
ately below 40 K, i.e., into a temperature range where
LQ-phonon emission is negligible against the emission of
acoustical phonons.

IV. CQNCI. USI(ONS

We have shown that screening and other plasmon
effects do not influence the polar-optical energy-loss rate
up to EHP densities of 7X10' cm . The much smaller
6„, observed at these densities is most likely caused by
the reabsorption of nonthermal phonons generated by
electrons with a small effective mass in a small volume in
k space. Nonthermal phonon effects are much smaller
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for holes and for electrons in X valleys due to their larger
effective masses. In particular, we expect these effects not
to be important, e.g., in Si. The detailed role of the ener-
gy dissipation by the holes is not yet clear. Possibly the
degeneracy of the valence band and the inhuence of
many-particle effects on the high-energy tail of the photo-
luminescence cause effects not considered in this publi-
cation.

In time-resolved experiments in the picosecond regime
the initially emitted phonons do not contribute to the
nonthermal phonon effect at times )20 ps. The situation
rather resembles a quasi-steady-state equilibrium, in
which a high-density thermalized electron gas generates
and maintains its nonthermal phonon population in such

a way that the 8z, is nearly independent of temperature
always reduced by a constant amount solely determined
by the carrier density.
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