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The distribution of hot electrons excited with femtosecond laser pulses is studied via spectrally
resolved band-to-acceptor luminescence. Our data demonstrate for the first time that the coherent
coupling between the laser pulse and the interband polarization strongly influences the initial carrier
distribution. The energetic width of carrier generation is broadened due to rapid phase-breaking
scattering events. Theoretical results from a Monte Carlo solution of the semiconductor Bloch equations
including on the same kinetic level coherent and incoherent phenomena, are in excellent agreement with
the experimental data.

PACS numbers: 72.10.Di, 72.80.Ey, 78.47.+p

The nonequilibrium behavior of carriers in semicon-
ductors is governed by the strong coupling of different
elementary excitations. Optical excitation of interband
transitions results in an ultrafast electron-hole dynamics
which is influenced by both coherent and incoherent
phenomena. The thermalization of a photogenerated
electron-hole plasma to quasi-Fermi distributions has
extensively been studied by ultrafast spectroscopy
monitoring transient absorption or luminescence spectra
[1—3]. The incoherent dynamics of hot electrons has
been investigated via band-to-acceptor luminescence that
is due to recombination of electrons created by continuous
wave, picosecond, or femtosecond excitation with holes
bound to acceptor atoms [4—9]. In such experiments,
the substantial width of the acceptor wave function in k
space and the time-independent hole distribution allow a
selective observation of the electron dynamics, even at
energies high above the band gap and for excitation den-
sities as low as 10' cm '. In this regime, the emission
spectra show a series of well-defined peaks which are
related to the nonequilibrium electron distribution. Band-
structure parameters, electron-phonon scattering rates,
and —for higher densities —carrier-carrier scattering rates
have been deduced from the experimental data.

Most of the experiments on thermalization have been
interpreted in terms of a fully incoherent carrier dy-
namics where carrier-carrier (cc) and carrier-phonon (cp)
scattering lead to a rapid redistribution of electrons andlor

holes. These phenomena have been modeled by ensemble
Monte Carlo (EMC) simulations based on the semiclassi-
cal Boltzmann transport theory. On the other hand, it is
well known that photoexcitation with coherent light in-
duces a coherent polarization in the carrier system. The
dynamics of this polarization and its decay by phase re-
laxation have mainly been studied in four-wave-mixing
[10,11] and hole-burning [12] experiments where, how-
ever, only indirect information on the transient carrier dis-
tributions is obtained. In contrast, the investigation of the
band-to-acceptor luminescence should provide much more
specific information on the initial distribution of electrons
and its temporal evolution.

In this Letter, we provide for the first time direct
experimental evidence that the nonequilibrium electron
distributions created by femtosecond excitation of GaAs
are strongly influenced by the coherent nature of light-
matter interaction. The dephasing processes result in
a density dependent broadening of the photogenerated
nonequilibrium distribution which cannot be explained in
terms of semiclassical transport theory. Luminescence
profiles for excitation densities between 5 x 10' and 5 x
10' cm give direct insight into these phenomena which
are analyzed by means of detailed simulations based on
a generalized Monte Carlo solution of the semiconductor
Bloch equations (SBE) [13,14].

In our experiment, a 3 p,m thick p-type GaAs layer
gro~n by molecular beam epitaxy is studied at a lattice

0031-9007/94/73(12)/1687(4)$06. 00 1994 The American Physical Society 1687



VOLUME 73, NUMBER 12 PHYSICAL REVIEW LETTERS 19 SEPTEMBER 1994

temperature of TI = 10 K. The sample doped with
Be acceptors of a binding energy of 28 meV [15] and
a concentration of 3 X 10'6 cm ' [16] is excited at a
photon energy of 1.73 eV by transform-limited 150 fs
pulses from a mode-locked Ti:sapphire laser. Time-
integrated luminescence spectra are recorded with a
double monochromator (spectral resolution 1 meV) and
a single-photon-counting multiplier. The excitation
densities given below are estimated from the spot size of
the laser beam on the sample, the penetration depth, and
the number of photons absorbed per pulse.

Excitation of the heavy hole to conduction band tran-
sition at 1.73 eV creates electrons and (free) holes with
respective excess energies of E, = 185 meV and F~~ =
25 meV [17]. The dynamics of the photoexcited elec-
trons is monitored via the band-to-acceptor luminescence
which is red shifted with respect to the laser pulse. In
Figs. 1(a)—1(d), we present emission spectra for four
different excitation densities between 8 x 10' and 2 &&

10' cm . The spectra at low carrier density exhibit a
first peak around 1.68 eV which originates from the re-

combination of electrons from states optically coupled to
the valence band by the laser excitation, and —at lower
photon energy —a series of phonon replicas. The latter
are due to electrons which have emitted one, two, or three
longitudinal-optical (LO) phonons and reflect the carrier
dynamics at later times. The intensity of the phonon repli-
cas increases with decreasing photon energy mainly be-
cause of the rising matrix element of the band-to-acceptor
transition [18]. For a very low excitation density oi'

X = 8 ~ 10'- cm -'. the individual emission lines have
an identical spectra1 width of 17 meV. With increasing
carrier concentration, the first peak and the phonon repli-
cas broaden substantially, resulting in a structureless lu-
minescence spectrum for N:= 2 '.& 10'6 cm-'.

The spectra1 profile of the first peak was studied in
detail. In Fig. 1(e), this part of the spectrum is plotted
for the three carrier concentrations on an extended energy
scale and compared to the (red shifted) spectral profile
of the laser pulses (solid line). Even for the very low
excitation density of N = 8 x l0'-' cm -'. the spectral
width of 17 meV (FWHM) is considerably higher than the
pulse width of about 10 meV. In Fig. 2(a), the linewidth
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FIG. 1. (a)—(d) Hot electron luminescence spectra of GaAs
(lattice temperature TL = 10 K) measured for different excita-
tion densities N. The intensity of band-to-acceptor emission is
plotted versus photon energy. The spectra show a first peak
(unrel. ) that originates from conduction band states optically
coupled by the excitation pulse (photon energy 1.73 eV, pulse
duration 150 fs) and a series of phonon replicas. Within the ex-
perimental accuracy, the lines exhibit an identical spectral width
and broaden with increasing carrier concentration. (e) Spectral
profile of the first luminescence peak for carrier densities of
W = g X 10'3 cm ' (dotted line), 5 x 10'4 cm ' (dash-dotted
line), and 4 X 10" cm ' (dashed line). For comparison, the
spectral envelope of the laser pulses is shown (shifted to lower
photon energy by 50 meV, solid line).

40—(a)
semiclassical model

35 — full coherent model
~ experiment30—

~ ~~ ', r~
I

25—

20—

10
1 014

I l L

1 015 1 016

Excitation Density (cm )

I

)

I

45 Il 1 i i

(b)) 40I
-2LO ] ! t„

Ulll', ~ L ~ r
i

30 -T II--

& 25-&

20—
LL ~~ N=3x10 crn ~ N=2x10 crn

l 0 I i . 1 & l ~ )

0 100 200 300 0 100 200 300
Time (fs)

I.IG. 2. «', a) Spectral AVHM of the first luminescence peak
(unrel. ) as a function of excitation density. The data (squares)
are compared to theoretical values calculated from a simulation
including the coherent coupling of laser field and polarization
in the sample (triangles) and from a semiclassical model of
the incoherent carrier dynamics (circles). (b) Spectral width of
the first, second (—1LO), and third (—2LO) luminescence peak
for excitation densities of 3 X 10'-' em ' (left hand side) and
2 X 10'6 cm ' (right hand side). The data showing an identical
width of the peaks (squares) are compared to results from the
two theoretical models (circles and triangles). The time scale
was calculated with an LO phonon emission time of l60 fs.
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is plotted as a function of N (squares), showing a
strong increase from 17 meV at N = 8 X 10' cm to
approximately 40 meV at N = 2 X 10'6 cm 3 [19].

In Fig. 2(b), the spectral width of the first three
luminescence peaks which are separated in time by a
single LO phonon emission time ~Lo = 160 fs, is plotted
for two excitation densities (squares). At each density,
the first ("unrelaxed" ) peak exhibits almost the same
spectral width as the phonon replicas occurring at later
times.

The pulse duration of 150 fs is slightly shorter than the

single LO phonon emission time of vLo = 160 fs. For
carrier concentrations below 10' cm, the thermaliza-
tion of the photoexcited carriers to a Fermi-like distribu-
tion takes much longer than TLo. Thus, within the first
LO phonon emission time, most of the generated elec-
trons are part of the nonequilibrium distribution giving
rise to the first luminescence peak at 1.68 eV. This ini-

tial electron distribution is analogous to that studied in
femtosecond time-resolved luminescence measurements

[3], but completely different from the nonequilibrium

population generated by picosecond or continuous wave
excitation in a quasistationary way. In the latter case, the
photogeneration rate of carriers is much lower than the
intraband redistribution rates. Consequently, the majority
of electrons form a Fermi distribution at the bottom of
the conduction band, and the few electrons populating
the directly excited states at high excess energy interact
with this cold distribution.

We now discuss the photogeneration process in order
to understand the shape and the density dependence of
the spectra. Within the semiclassical description, the laser
pulse generates an initial nonequilibrium distribution of an

energy broadening that is determined by the spectral width
of the pulse and by band-structure details like heavy-
hole warping. The subsequent emission of LO phonons
leads to the formation of replicas of the excitation peak.
At higher densities, carrier-carrier scattering results in a
broadening that increases with time. Thus, replicas at
lower energies should exhibit a width larger than those at
higher energies and —in particular —larger than the un-

relaxed peak. The spectra calculated with a conventional
(semiclassical) EMC simulation including both cc and cp
scattering are presented in Figs. 3(a)—3(c) and show ex-
actly this behavior. The width of the calculated lumi-
nescence peaks plotted in Fig. 2(b) (circles) exhibits a
well-pronounced increase which remains true even if
more refined models of scattering rates, e.g., dynamical
screening, or band structure, e.g., warping, are considered.

On the contrary, our luminescence spectra for excita-
tion densities below 10' cm 3 (Fig. 1) exhibit a spectral
width of the first emission peak of 17 to 25 meV, signifi-
cantly higher than the bandwidth of the 150 fs laser pulses
of 10 meV. For this large excitation bandwidth, the in-
homogeneous broadening due to warping of the valence
band cannot account for the excess linewidth and for a
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density-dependent width at low carrier concentrations N.
For N = 10'4 cm 3, the experimental results and the the-
oretical simulations in Ref. [7] give cc scattering rates
much too low to account for our results. Furthermore,
our data for a/l excitation densities show a nearly con-
stant linewidth of the different peaks, in sharp contrast to
the results of the semiclassical model of carrier dynamics

[Fig 2(b)1.
The interaction of a semiconductor with a short laser

pulse is a coherent phenomenon as is well known from
four-wave-mixing experiments. This fact, however, is
usually neglected in the analysis of luminescence experi-
ments. The profile of the first luminescence peak ob-
served in our measurements is strongly infiuenced by this
coherent nature of the carrier generation process. During
excitation, the coherent coupling of the laser pulse with
the polarization of the sample gives rise to a nonequi-
librium electron distribution that covers a substantially
wider energy interval than the spectrum of the transform-
limited laser pulse. In this regime, the spectral width of
the carrier generation rate is determined by a momen-
tary spectral width which corresponds to the inverse of
the time elapsed after the onset of the pulse (cf. Fig. 1

of Ref. [14]). For an idealized system with dephasing
times much longer than the pulse duration, the generation
rate contains negative contributions at later times, i.e., co-
herent off-resonance recombinations, leading to a carrier
distribution defined by the pulse spectrum. During the
pulse, however, phase-breaking scattering events destroy
the coherence, suppress this recombination off-resonance,
and result in a width of the distribution which is larger
than the energetic width of the laser pulse and which
increases with carrier density. The measured nearly con-
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FIG. 3. Luminescence spectra calculated from the simulations
(a)-(c) of the semiclassical Boltzmann equation and (d) —(f)
of the semiconductor Bloch equations for various excitation
densities N (same parameters as in the experiment).
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stant linewidth of the initial peak and of the various repli-
cas for a given carrier density is a clear consequence of
the fact that the broadening is mainly introduced by the
carrier generation while the subsequent broadening due
to incoherent scattering processes is of minor importance.
Thus, the emission spectra give direct evidence of the co-
herent nature of the carrier generation process

This interpretation is supported by detailed simulations
of the coherent dynamics and of the carrier redistribution
processes. Our treatment is based on a generalized Monte
Carlo solution of the SBE [13,14], fully accounting for
the time dependent scattering rates during the temporal
evolution of the nonequilibrium electron distribution. The
luminescence spectra are obtained from the calculated dis-
tribution functions within the standard Fermi's golden rule
approximation [20]. Figures 3(d)—3(f) show the resulting
spectra for the same densities as in the experiment. The
calculated increase of linewidth of the first luminescence
peak with carrier density reproduces our data very well
[triangles in Fig. 2(a)]. Furthermore, the spectral widths

of the various replicas at a given density which are plot-
ted in Fig. 2(b) (triangles), are nearly identical and in

good agreement with the experimental results (squares).
It should be noted that the main criteria supporting our
interpretation are the identical linewidth of successive lu-

minescence peaks and the much more pronounced density
dependence in the coherent model (but not the agreement
of the absolute values of the spectral width). This density
dependence is related to the details of the cc scattering
processes. Even if the total cc scattering rate is approxi-
mately density independent, the decrease in the screening
wave vector with decreasing density leads to an increas-

ing number of small-angle scattering processes resulting
in a less efficient carrier redistribution and also, as re-

cently pointed out [13],in a less efficient dephasing. The
same argument holds for elastic camer-impurity scatter-

ing. With rising density, the efficiency of cc scattering
for dephasing starts at lower densities than that for elec-
tron redistribution. This behavior is due to the fact that

the decay of the interband polarization is strongly inAu-

enced by hole-hole scattering which is much faster than

electron-electron scattering.
In conclusion, we have presented the first experimental

evidence that coherent effects play a dominant role for
the spectra observed in luminescence experiments. The
linewidth of the successively created phonon replicas
is nearly constant, a behavior which is explained by a
broadening occurring in the generation process. This
interpretation is supported by the excellent agreement
with the results from a Monte Carlo solution of the
semiconductor Bloch equations.

We thank W. Kaiser and S.W. Koch for valuable
discussions.
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