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PHYSICAL REVIEW B VOLUME 53, NUMBER 15 15 APRIL 1996-I

Coherent optical generation of nonequilibrium electrons studied via band-to-acceptor
luminescence in GaAs
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Nonequilibrium electrons generated by coherent optical excitation of GaAs are studied in a wide range of
carrier density. The electron distribution is monitored via spectrally resolved band-to-acceptor luminescence
after continuous-wave, picosecond, or femtosecond laser excitation. Our data demonstrate that the coherent
coupling between the laser radiation and the interband polarization and its dephasing strongly influence the
initial carrier distribution. The energetic width of carrier generation is broadened due to rapid phase-breaking
scattering events during carrier generation. Theoretical results from a Monte Carlo solution of the semicon-
ductor Bloch equations including on the same kinetic level coherent and incoherent phenomena show that the
broadening of the electron distribution is introduced mainly in the generation process whereas the recombina-
tion of electrons with bound holes makes a minor contribution. The theoretical results are in quantitative
agreement with the experimental data.

I. INTRODUCTION equation for the description of ultrafast carrier dynamics.

Until now, most simulations using ensemble Monte Carlo

The nonequilibrium dynamics of electrons and holes are(rEMC) techniques followed this approach. On the other

governed by the coupled elementary excitations of the Carriehand femtosecond coherent experiments demonstrate that

system and of the lattice and occur frequently on SprICOSEz%_oherent interband polarizations and their dephasing occur

ond time scales. Optical spectroscopy with ultrashort laser : : : i :
ulses provides direct information on such phenomena an na sgb-lOO-fs time scale, i.e., transiently during carrier
E I d the distinauishing bet th h tand i eneration, and thus cannot be neglected for a correct de-
as aflowed the distinguishing between the conerent and i Scription of the photogeneration procés3Theoretical cal-

coherent dynamics of carriefsat early times during excita- ~ jiations based on the semiconductor Bloch equations pre-
tion, the laser pulse creates a polarization of the semicondugyie 5 substantial broadening of the carrier generation rate
tor that couples coherently to the electric field of the pU|Secompared to the pulse spectrum by dephasing during the
This coherence is destroyed by phase relaxation originatingycitation pulsé-8
e.g., from collisions among the carriers, among excitons, or The experimental investigation of this problem requires a
from phonon scattering. The physics of coherent interbangechnique that gives insight into carrier distributions occur-
polarizations has been studied in both bulk and |OW-ring on a femtosecond time scale. Band-to-accepBX)
dimensional semiconductors by means of nonlinear opticauminescence inp-type Ill-V semiconductors represents
techniques like temporally and spectrally resolved four-wavesuch a probe, allowing the direct measurement of transient
mixing, giving insight into the nature of transient polariza- electron distribution$-° The emission is due to recombina-
tions and into many-body effects of the carriérs. tion of electrons created by continuous wave, picosecond, or
Much less is known on the specific shape of the nonequifemtosecond excitation with holes bound to acceptor atoms.
librium carrier distribution created by optical excitation, in The substantial width of the acceptor wave functionkin
particular with femtosecond pulses. In the simplest approxispace and the time-independent hole distribution allow a se-
mation, the initial carrier distribution is determined by the lective observation of the electron dynamics, even at ener-
band structure of the semiconductor, i.e., the dispersion afies high above the band gap and for excitation densities as
the optically coupled states i space, and by the spectral low as 13° cm 3,
envelope of the laser pulses. This picture, which considers Very recently, we provided direct experimental evidence
carrier generation a fully incoherent process, is the basis ahat the coherent coupling of femtosecond laser pulses with
many theoretical calculations relying on the Boltzmannthe interband polarization of a semiconductor has strong in-
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fluence on the shape of the initial nonequilibrium electron
distributions'® The transient electron distributions were
monitored via BA luminescence and both the width of the
luminescence peaks and their dependence on carrier density
point to a strong broadening of the distribution by dephasing
processes during the excitation pulse. In this paper, we
present more detailed studies on nonequilibrium electrons in
GaAs under different excitation conditions, namely
continuous-wave, picosecond, or femtosecond generation in
a wide range of carrier densities. In each case, broadening of
the initial distribution due to dephasing processes and inelas-
tic carrier—carrier scattering occurs at different densities,
pointing to the different strength of the screened Coulomb

Luminescence Intensity (arb. units)

N=1x10"%cm™

L . 2/ -
Fconst’p

-7 L L 1

1.44 148 152 1.56 1.60 1.64 1.68
Photon Energy (eV)

interaction in the carrier system. The carrier distributions
generated with femtosecond excitation show the fastest FIG. 1. Total emission spectrum of thpGaAs sample mea-
spreading in energy. The experimental results are analyzed fured with femtosecond excitation ol=10" and 2x<10'°
detail by theoretical calculations based on a Monte Carl@lectron—hole pairs per cmAt low photon energies, we observe
solution of the semiconductor Bloch equations. The calculaluminescence peaks due to recombination of thermalized electrons
tion shows that the broadening of the distribution functionwith free holes(l) and with bound holesll). The peaks at lower
due to dephasing processes stems mainly from the carri€hergies originate from recombination processes of electrons with
generation process whereas dephasing during BA recombin§€€ holes(lll) and bound hole§lV) involving simuitaneous emis-
tion makes a minor contribution. Furthermore, the intensitySio" of & photon and an optical phonon. The emission at high pho-
ratio of BA luminescence versus band-to-b&B@&) lumines- ton energies is caused by band-to-acceptor recombination of non-
cence is calculated and compared to the experimental resul:%qu'“b”um electrons (peak structure and by a very weak
The paper is organized as follows. After a short descrip- ackground due to band-to-band recombination. The dashed line
. ) . . ts th f th -d dent matrix el t
tion of the experimental techniques in Sec. Il, the results of?%eesigrf d_toe_;fcuefg; rotranesiteigr?rgy ependent matrix elqrgen
the different experiments are presented in Sec. lll. In Sec. I\f,) '

we discuss the theoretical approach allowing a solution O{h si fthe | b th le. th rati
the semiconductor Bloch equations with Monte Carlo tech"'€ SPO! SIiz€ O the laser béam on theé sample, the penetration

niques and present simulations of our experiments. The nLﬂ?pth’ and the number of photons absorbed per pulse. In the
ifferent measurements, the sample was oriented under the

merical results are compared to those from a semiclassicg e in the i g | b in ord -
treatment in terms of the Boltzmann equation. The relativ rewster angle in the incoming laser beam in order to mini-
mize the reflected intensity and thus the uncertainty in esti-

intensities of BA and BB luminescence and the different con- "<
tributions to the linewidth in the BA emission spectra areMmating the absorbed photon flux.
considered in some detail. The discussion in Sec. V is de-
voted to a comparison of experiment and theory. A brief
summary is given in Sec. VI.

IIl. EXPERIMENTAL RESULTS

In our experiments, the excitation energy was 1.73 eV. At
this spectral position, transitions from the heavy hole to the
conduction band dominate the absorption, whereas transi-
tions from the light hole to the conduction band make a

In the experiments, a Am-thick p-type GaAs layer contribution of less than 30%. As a result, the excitation
grown by molecular beam epitaxy is studied at a lattice temereates predominantly electrons and heavy holes with respec-
perature ofT =10 K. The sample is doped with Be accep- tive excess energies &.=185 meV andE, ;=25 meV. In
tors of a binding energy of 28 melRef. 20 and(compared Fig. 1, we present overall luminescence spectra recorded af-
to previous experiments on band-to-acceptor luminesgencéer femtosecond excitation of ¥and 2< 10 electron-hole
a relatively low concentration of>810'® cm 321 pairs per cm, respectively. The emission intensity is plotted

The sample was excited with a home-built Ti:sapphireon a logarithmic scale as a function of photon energy. We
laser which was operated either in continuous-wew or  find intense emission at photon energies between 1.44 and
self-mode-locked mode at a photon energy of 1.73 eV. Th@bout 1.52 eV which is related to different recombination
spectral width of the cw output was less than 1 meV. Inchannels of thermalized electrons that populate states in the
mode-locked operation, 20 ps pulses of a bandwidth of abodf minimum of the conduction band. Peak | is due to the
4 meV or bandwidth-limited 150-fs pulséspectral width 10 recombination of those electrons with free holes created by
meV) were generated, depending on the alignment of thehe excitation pulse whereas peak Il located below the band
four-prism sequence in the laser cavity. gap is related to recombination with holes bound to the ac-

The luminescence from the GaAs sample was collectedeptors. Peaks Ill and IV at even lower photon energy origi-
with a high-aperture lens system and focused onto the emate from the corresponding processes in which a photon and
trance slit of a double monochromat@pectral resolution 1 an optical phonon are emitted simultaneously upon recombi-
meV). The spectrally selected intensity was detected with anation.
single-photon counting multiplier with a dark count rate of  For our study of ultrafast carrier dynamics, we concen-
about 1 s, trate on the very weak high-energy tail of emission which is

The excitation densities given below are estimated frondominated by the recombination of nonequilibrium electrons

Il. EXPERIMENTAL TECHNIQUES
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FIG. 2. Spectra of band-to-acceptor luminescence fpstype
GaAs at a temperature @7, =10 K for different excitation condi-
tions. The spectra were measured wih continuous wave(b) 20 155
ps, and(c) 150-fs excitation ofN,=10' electrons per cf(photon '
energy 1.73 ey Parts(b’) and (c') give results forNq,=2x10
cm

160 165 1.70
Photon Energy (eV)

FIG. 3. (a)—(e) Hot electron luminescence spectra of Gaks-

with bound holes. Recombination of electrons and photogetice temperaturd| =10 K) measured for different carrier densities
nerated holes, i.e., the band-to-band transition, makes a mudhthat are generated by femtosecond excitation. The intensity of
smaller contribution as will be discussed below. Owing to theband-to-acceptor emission is plotted versus photon energy. The
acceptor binding energy and the dispersion of the valencepectra show a first peakinrel) that originates from conduction
band, the BA emission is red-shifted with respect to the exband states optically coupled by the excitation pifseton energy
citation at 1.73 eV and exhibits—for low densities—a seriesl-73 €V, pulse duration 150)fsand a series of phonon replicas.
of well-pronounced luminescence lines, separated from eactyithin the_ experimental accuracy, the .Iines eghibit an iden_tical
other by roughly the energy of a LO phonon. Electrons di-spectral width and broaden with increasing carrier concentration.
rectly excited by the laser pulse give rise to the peak at the
highest photon energy of 1.68 eV, whereas the lines at lowescattering in the distinctly different photogenerated electron
energy, the so-called phonon replicas, are due to carriers theistributiond>?®and will be discussed below. The change of
have emitted one, two, or three LO phonons. The relativehe spectra with carrier density is shown in more detail in
peak intensities of the individual luminescence lines followFig. 3 for femtosecond generation. We present data for five
quite well the square of the energy-dependent matrix elemertifferent excitation densities.
p.a Of the band-to-acceptor transitigdashed ling In par- For femtosecond excitation, the spectral profile of the first
ticular, the intensity of the lower peaks increases mainly bepeak was studied in detail. Spectra were recorded up to a
cause of the rising matrix elemefftAt a carrier concentra- photon energy of 1.695 eV. At higher energies, the suppres-
tion of 2x10'® cm™3 the different peaks are strongly sion of stray light from the excitation pulse was not sufficient
broadened, resulting in a nearly structureless high-energy taib isolate the very weak luminescence. In Fig. 4, the first
of emission. emission peak is plotted for three carrier concentrations on

In Fig. 2, we present emission spectra for two differentan extended energy scale and compared to(itbéshifted
carrier densities created lfg) continuous-wave excitation or spectral profile of the laser pulsésolid line). In all cases,
by (b,b") 20 ps, andc,c’) 150 fs pulses. The spectral width the spectral width of the BA peaks is considerably higher
AE of the different lines in each spectrum is identical within than the pulse width of about 10 meV.
the experimental accuracy. The absolute valua Bfis simi- In Fig. 5a), the linewidth of the first peak is plotted as a
lar for continuous-wave and picosecond excitation, whereafunction of density for picosecongircles and femtosecond
a substantially higher linewidth is found for femtosecondexcitation(squares Both sets of data show a strong increase
excitation. The linewidth increases with density as is obviouf linewidth on different density scales. In Fig(bp, the
from the data of the right column of Fig. 2. It is important to spectral width of the first three luminescence peaks which
note that the line structure of the spectra disappears at lowere separated in time by a single LO phonon emission time
carrier density for femtosecond excitation than for picosecs =160 fs, is plotted for an excitation density o&k40"
ond generation. This behavior is related to carrier—carriecm™ 3. The first(“unrelaxed”) peak exhibits almost the same
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FIG. 4. Spectral profile of the first luminescence peak for carrier
densities ofN=8x10" cm™3 (dotted lind, 510" cm™3 (dash-
dotted lind, and 4x10'> cm™2 (dashed ling For comparison, the
spectral envelope of the femtosecond excitation pulses is shown
(shifted to lower photon energy by 50 meV, solid line

FWHM Peak (meV)

spectral width as the phonon replicas occurring at later times.
The same behavior is found in the picosecond measurements 15 =

[Fig. 5(c), carrier density 410" cm™3]. 0 100 200 300 0 100 200 300
Time (fs)

IV. THEORETICAL CALCULATIONS

A. Carrier generation process FIG. 5. Spectral full width at half-maximurtFWHM) of the

On the semiclassical level the generation and scatterinfifst luminescence peafunrel) as a function of carrier density for
dynamics of photoexcited carriers is described by the BoltzPicosecond(circles and femtosecond excitatiofsquares The

mann equation(BE) for the distribution functions of elec- ]‘:emtose‘?on‘lj data ajed_"omﬂaredhto theoretif_a' Vé}"f’es Ca'C“'a:jed
trons (f§) according to rom a simulation including the coherent coupling of femtosecon

pulses and polarization in the samgémlid line) and from a semi-
d classical model of the incoherent carrier dynantaashed ling (b)
g Fe= 0D = 2 [W, FRAL= ) = Wi Fo (1= 1)1, Spectral width of the first, secorid-1L0), and third(~2LO) lu-

t k' minescence peak for femtosecond excitati¢rarrier density
(1) 4x10" cm 3). The solid line was calculated from the simulation

where the generation ratg,(t) and the scattering rates based on the semiconductor Bloch equations, the dashed line rep-

We describing a scattering process from state k' are resents the semiclassical result. The time scale was calculated with
k'k? 9 9p ’ an LO phonon emission time of 160 f&) Spectral width of the

calculated from Fermi's golden_rule. The gengration rate iSy,minescence peaks measured with picosecond excitatiamier
except for the energy dispersion of the optically coupledgoncentration %10 cm3).

states and for transient phase space filling effects, fully de-

termined by the temporal and spectral characteristics of th#ons and holes, and c.c. denotes complex conjudafte
laser pulse. The dynamics of the distribution function ofscattering part in Eq2) has the same structure as in Et).
holes () is described by an analogous Boltzmann equatiorThe corresponding matrices are related to the scattering rates
with the same generation rate and scattering réfys . On  of electrons and holes according to

this level all effects related to the coherence of the laser 1

pulse are neglected. The coherent dynamics in semiconduc- WE, =5 > (W, (1= f)+W,,, fo. ], 3)

tors, on the other hand, is described by the semiconductor 2,%en

Bloch equationgSBE) which involve, besides the distribu- refiecting the fact that scattering processes of both electrons
tion functions, also the interband polarizatipR. Treating  4nq holes lead to a dephasing of the polarization. The dy-
scattering processes in the semiclassical limit, the polarizgsamics of the distribution functions is again described by Eq.

tion dynamics is given by (1), the generation rate, however, being calculated according
d 1 to
gt Pz L(ek+ Pt MicEo(e ™ (1= Fi—f2,)] 1 |
=iz [MEq(t)e™'“'pg —c.cl. 4
P P
- %: [ Wi kP = Wige Picr]- 2) The generation rateEq. (4)] involves the interband polariza-

tion which is influenced by the density-dependent scattering
Here,M, is the dipole matrix elemenE(t) is the temporal processes entering E(R) and therefore, in contrast to the
shape of the electric field strength of the laser pulse withsemiclassical case, the generation rate becomes density de-
frequencyw, eﬁ*h denote the single-particle energies of elec-pendent.
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taken into accountWE,k=0). The time dependence can be
understood as followSEnergy-time uncertainty leads to an
initially very broad generation rate; with increasing time the
line narrows and, in the tails, exhibits negative parts due to a
stimulated recombination of carriers initially generated off-
resonance. After the pulse, the distribution function of the
: generated carriers is in good agreement with the BE result
() N=1x10™ om® (d) N=2x10"® cm”® using a Gau_ssian §pec'_[ral profile of the generation rate the
4 4 —-100fs shape of which is time mde_pendent. F(_)r the rates shown in
1 It Figs. 6b)—6(d) carrier—carrier and carrier—phonon scatter-
ing processes as described by the matr\ﬁéﬁ’p have been
taken into account. In contrast to the semiclassical generation
rate, a strong density dependence is observed. At the lowest
density the behavior is essentially the same as in the case
05 0.6 07 05 0.6 0.7 without scattering. With increasing density carrier—carrier
Wave Vector (nm™") scattering processes become more efficient. Scattering pro-
cesses destroy the coherence between electrons and holes
FIG. 6. Generation rate of electrons as a function of wave vectoihich is necessary for the stimulated recombination pro-
at different times as calculated from the semiconductor Bloch equac€sses. As a consequence the negative tails are strongly re-
tions (a) without any dephasing processes ag-(d) including ~ duced with increasing density and the generation remains
dephasing due to carrier—carrier and carrier—phonon scattering fdroad for all times resulting in a much broader carrier distri-
densities ofb) 101 cm ™3, (c) 4x10° cm 3, and(d) 2x10'%ecm 3. bution than in the BE case.
Time zero represents the maximum of the 150-fs excitation pulse. The main feature of the SBE approach is a broadening of
the generation process. Thus, the question arises as to
The second term in the sum of E(R) which has the whether this broadening could be simply included in an in-
structure of an in-scattering term, is often neglected on theoherent BE approach which would considerably reduce the
basis of a random phase argument because it involves a suomputer time for the simulations. However, there is no
mation over the complex polarization components at differsimple way of directly obtaining this broadening from the
ent wave vectors. Then, the scattering partgpreduces to  distribution functions. The total scattering rate leads to a
the common structure«{—p,/T,(k)] with a k-dependent strong overestimation of the spectral width and—
dephasing timd,. However, it turns out that a correct mod- furthermore—the lineshape derived from the SBE is non-
eling of the dephasing including the in-scattering term is_orentzian. This originates from the cancellation between in-
crucial to obtain a physically reasonable density dependencgnd out-scattering contributions in the polarization equation.
of the dynamic§.5 In particular at low densities, where The only way to obtain an approximate result in the BE
mainly small-angle processes occur in carrier-carrier scattepproach is to perform a matrix inversion at each time step

ing, there is a strong cancellation between in- and outwhich, however, is not much simpler than solving the SBE.
scattering terms and the total scattering raiteleads to a

strong overestimation of the dephasing which results, e.g., in
very broad and clearly unphysical generation rates.

To compare the different models of carrier dynamics in  The luminescence which serves for monitoring the carrier
photoexcited semiconductors the BE and the SBE weréelynamics is based on the same light—matter interaction
solved numerically for the experimental conditions of bulk mechanism as the carrier generation process. Therefore, ra-
GaAs excited by a 150-fs laser pulse at 1.73 eV. The bandiative recombination processes should be influenced by
structure considered in the calculations consists of a paracattering processes in the same way as the photogeneration
bolic heavy hole valence bartdffective massn,,;,=0.45m,,  process discussed above, resulting in an additional density-
my, free electron mags and the conduction band dependent broadening of the spectrum. However, there is a
(m,=0.063n,) 8% Other material parameters used for thebig quantitative difference between BB and BA lumines-
solution of the BE and SBE have been summarized in Tableence as will be discussed in the following. Our theoretical
| of Ref. 7. The BE was solved by a standard ensembldreatment shows that the broadening of the BA luminescence
Monte Carlo (EMC) simulation including both carrier— is negligible compared to the broadening associated with car-
carrier and carrier—phonon scattering. The treatment of Couder generation.
lomb interaction in the carrier system uses static screening In contrast to the coherent generation by a laser pulse
with a time-dependent screening length that is up-dated asvhere the light field is treated classically, the luminescence is
cording to the changes in the carrier distribution. The soludue to spontaneous emission, requiring a quantum mechani-
tion of the SBE is based on a combined technique includingal treatment of the photon fielc?® A complete theory of the
a generalized Monte Carlo simulation for the incoherent parbroadening of BB and BA luminescence spectra will be pub-
of both distribution functions and polarization and a directlished elsewher’ Here we will concentrate on the main
integration of the coherent part of the equations. aspects and the physical origin of the differences between

In Fig. 6, the generation rate at different times as obtainedboth types of spectra.
from the SBE is plotted as a function of wave vector. Figure The broadening of a luminescence transition is deter-
6(a) shows the result obtained if no scattering processes amined by the scattering part of the respective polarization.

(a) no dephasing (€) N=4x10"° cm™®

[
[

O = N W b

Generation Rate (arb. units)

O = N W s

B. Luminescence line shape
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For band-to-band transitions it is given by the scattering ma-
trices in Eq.(2). Thus, as expected, the broadening of the BB
luminescence transition is the same as the broadening of the
generation process. This situation changes, however, when
looking at band-to-acceptor transitions which are described
by an electron—acceptor polarizatipfi. The quantum me-
chanical calculation where the Coulomb interaction between
electrons in the conduction band and in acceptor states has to
be taken into account, leads to a scattering part for the
electron—acceptor polarization according to

band-to-band band-to-acceptor
(a) N=1x10" em™® (&) N=1x10" em™

(b) N=2x10"¢ cm™®

d
GiPH =2 W PR B Wi Pl )

scat k'

Luminescence Intensity (arb. units)

where 8,=[1+(qag/2)?] ~? is the Fourier transform of the el
charge density in the acceptor stadg,is the acceptor Bohr 168 172 176 162 1668 1.70 1.74
radius, and the scattering matrix is given by

Photon Energy (eV)
a e e
Wk'k:%[Wﬁ’k(l_fk’)“LWE’kfk’]' (6) FIG. 7. Calculated spectral profiles of luminescence due to
. . . . . band-to-band- and band-to-acceptor recombination for carrier con-
The dephasmg dynamics pf is c_haracterlzed by two main centrations of(a), () 10 cm 2 and (b), (b') 2x 101 cm 3. A
differences with respect tp, . First, due to the factoB;  carrier distribution generated by a 150-fs pulse is considered. The
there is no more complete symmetry between in- and ouUtgash-dotted lines were calculated from a semiclassical model using
scattering terms. However, for values smaller than the in- 5 golden rule approach for the generation and recombination rate.
verse Bohr radius, which are the dominant scattering terms afor the dashed lines, the broadening of the generation process was
low densities, this symmetry is fulfilled approximately and taken into account while the recombination rate was calculated
the general features related to the in-scattering terms whicliom the golden rule. The dotted lines were obtained with a golden
have been found for the interband case still hold. Secondule generation rate and using a broadened recombination rate. The
and more important, the scattering matrix is determined onlyolid lines give the result when broadening of both generation and
by scattering processes of electrons which is due to the facecombination processes are included. For band-to-acceptor lumi-
that free holes are not involved in such transitions. nescence, the broadening of the recombination process is negligible.
Because of the complexity of the problem a full time-
dependent quantum-kinetic calculation of the luminescencene final carrier density. We observe very broad spectra at
spectrum has not yet been performed. However, we can angigh density[Fig. 7(b)] which are caused by the very high
lyze the importance of the broadening by looking at the specscattering rates of free holes in the valence band. A com-
trum produced by fixed carrier distributions generated by gletely different behavior is observed for band-to-acceptor
150-fs pulse and ignoring any relaxation of the carrier distrijyminescence. Here, the broadening during recombination of
butions after the pulse. We have calculated the line shape @flectrons with bound holes of negligible scattering rate is
BB and BA luminescence spectra by a numerical matrixquite small even at the highest densifig. 7(b'), dotted

inversior involving the scattering matrice#/f,, andWg,,  line], resulting in a profile of the emission line close to the
due to carrier—carrier interaction for distribution functions semiclassical calculation. As a consequence, when taking
obtained from a BE and a SBE generation rate. into account the broadening due to both generation and re-

In Fig. 7, BB and BA luminescence spectra are shown forcombination processdsolid lines in Fig. 7, the BB transi-
different models at densities of ¥0[Fig. 7(a), (&)] and  tion exhibits a broadening with similar contributions from
2x10' cm 3 [Fig. 7(b), (b")]. In a semiclassical treatment, generation and recombination, whereas the width of the BA
generation and recombination do not lead to any additiondine originates predominantly from the generation process.
broadening and the width of the spectra is determined by th&his result justifies the use of a semiclassical model to de-
energetic width of the electron distribution, i.e., by the laserscribe the BA recombination in the dynamic calculations dis-
spectrum(dash-dotted lings In contrast, the SBE approach cussed in the following.
fully accounts for dephasing processes during the generation,
giving rise to an additional density-dependent broadening as
discussed above. The dashed lines show the corresponding
spectra if no additional broadening of the luminescence tran- The theoretical framework outlined above was used to
sition is taken into account. Considering exclusively thecalculate the spectra of band-to-acceptor luminescence for a
broadening upon recombination, i.e., the intrinsic emissiorvariety of experimental parameters. In Fig. 8, we present
linewidth, we get the dotted lines in Fig. 7. For BB lumines- results for femtosecond excitation calculated from the semi-
cence we find a somewhat larger broadening of the lumineslassical approacfFigs. 8a)—(e)] and from the SBE treat-
cence than of the generation since the efficiency of carrier-ment[Figs. §a')—(e')]. Several pronounced differences are
carrier scattering processes during generation increases witbund between the two calculations. In the semiclassical
density and the dephasing is gradually built up, while themodel, the unrelaxeffirst) peak marked bold in the figure is
broadening of the luminescence is completely determined bglearly visible up to the highest density ofx20* cm™3

C. Spectra of band-to-acceptor luminescence
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semiclassical coherent semiclassical coherent
(a) N=1x10" cm™ (') N=1x10" em™

(a) ps (@)

(b) N=5x10"* cm™ (') N=4x10™* cm™®

(c) N=1.5x10"% cm™® (¢') N=1.5x10" cm™

Luminescence Intensity (arb. units)
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160 165 170155 160 165 170
Photon Energy (eV)

(d) N=4x10" cm™ (d") N=4x10"° cm™

Luminescence intensity (arb. units)

FIG. 9. Luminescence spectra calculated for an excitatin
(@) with a 1.8-ps pulse anth), (b’) with a 150-fs pulse from the
simulations of(a), (b) the semiclassical Boltzmann equation and
(@), (b') the semiconductor Bloch equations at a density %10
cm 2. In the picosecond case the broadening of the peaks is much
weaker due to the increase in the screening wave vector resulting in
a reduced scattering and dephasing efficiency.

(e) N=2x10"® cm™

1556 160 165 170155 160 1.65 1.70

Photon Energy (eV) tion dynamics in the case of longer pulses, we have per-

formed simulations for an excitation with a 1.8-ps

. (transform-limited pulse.

FIG. 8. Luminescence spectra calculated for femtosecond exci- In Fig. 9, the resulting luminescence spectra obtained
tation_from the simulations aofa)—(e) the semiclassical Boltzmgnn from the .sen,wiclassical and the coherent model at a density of
equation(BE) and (a')—(e’) the semiconductor Bloch equations 2% 10 cm-2 are compared with the corresponding spectra
SBE, same parameters as in the experimeit higher carrier o . .

( P perim g for excitation with a 150-fs pulse. For both models we find

densitied (d) and(e)], the BE results show an increase of the spec- h | behavior that th in th
tral width of successive luminescence lines. In contrast, the SBé e general behavior that the spectra are narrower in the case

results give nearly identical widths of all lines for a fixed density. Of €xcitation with a longer pulse, as is also confirmed by the

The marked regions emphasize the different behavior of the unre€XPeriment(Fig. 2). However, in this case the deviations
laxed peak for the two models. between the semiclassical and the coherent model are much

more pronounced. The reason is that in the semiclassical

while the coherenSBE) model gives a strongly broadened model the width of the generation is determined by the spec-
peak. The FWHM of this peak as a function of density istral width of the laser, which decreases with increasing pulse
plotted in Fig. %a) for the coherentsolid line) and the semi-  duration, while in the coherent model the time which deter-
classical(dashed linmodel, together with the experimental mines the width is given by the minimum of pulse duration
results. The semiclassical spectra calculated for elevated deand dephasing time, the latter being the relevant quantity in
sities[Figs. 8d)—(e)] exhibit an increase in the broadening the present case. The semiclassical spectra exhibit a pro-
of subsequent peaks which is nearly absent in the SBE cahounced increase in the broadening of subsequent peaks in
culations and in the experimental results. To demonstrate thisontrast to the coherent results where for both excitation con-
difference more quantitatively, the full width at half- ditions a negligible increase is observed.
maximum of the three first peaks of the spectrum at a density It should be noted that for picosecond excitation, in par-
of 4x10" cm 2 is plotted in Fig. Bb) for the coherentsolid  ticular when using the semiclassical model, the effects of
line) and the semiclassicétlashed ling model. warping and broadening of the acceptor level result in a con-

For the case of picosecond excitation a quantitative comsiderable additional broadening of the spectra. However, this
parison with the experimental results has not been performedroadening is density independent in contrast to the broad-
for two reasons: First, an excitation with a 20-ps pulse reening due to dephasing processes. Figure 9 shows that at
quires a simulation of the dynamics over at least 50 ps comdensities above 10 cm™ dephasing makes a substantial
pared to typically about 3 ps in the case of femtoseconaontribution to the broadening of the peaks.
excitation resulting in an increase in CPU time by a factor of
more than 15 and, second, for the simulation of the SBE the
time dependence of the electric field of the laser pulse is
needed including detailed knowledge of the chirp which is Finally we want to address a phenomenon which cannot
not available. However, in order to study the trends observeble avoided in the experiments. Electrons do not only recom-
in the experiments and to investigate the role of the polarizabine with bound holes at the acceptors but also with free

D. Band-to-band luminescence
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width of the luminescence peaks increases strongly, leading

107\ (@ N=1x10" em”® to more or less smooth emission spectra at high density. The
10° | peak structure disappears at carrier concentrations around
'j 2% 10 cm™3 for femtosecond excitation, whereas the pico-
108 [ second data show structure up to about’in 2 (see, for
comparison, also Ref. 11(ii) The luminescence spectra
107 | \(b) N=4x10" cm” taken with femtosecond excitation at densities beloW® 10
102 cm 3 show a spectral width of the first emission peak of 17
10° to 20 meV, significantly higher than the bandwidth of the

. 150-fs laser pulses of 10 mei¥ig. 4). The inhomogeneous
10 broadening due to warping of the valence band which makes

Luminescence Intensity (arb. units)

10° a density-independent contribution of 8—10 meV cannot ac-
count for this excess linewidth. (i) The femtosecond data
10™ taken in a wide range of carrier density from*4@p to
B 2x10' cm 2 demonstrate that the spectral width of the dif-
10 ferent lines, i.e., the unrelaxed peak and the replicas, is iden-
10° ) tical within each spectrum.
1.55 1.60 1.65 1.70 From the viewpoint of a semiclassical description, this
Photon Energy (eV) behavior is interpreted in the following way6~'8The laser

pulse generates an initial nonequilibrium distribution of elec-

FIG. 10. Calculated spectra of band-to-accefttashed lings  trons with an energetic width that is determined by the spec-
band-to-banddotted lineg, and total(solid lineg luminescence oc- tral width of the pulse and by band-structure details like
curring after femtosecond excitation @ 10", (b) 4x10'°, and(c)  heavy-hole warping. The latter contribution has been well
2x10'° electrons per ¢ The luminescence intensity is plotted on characterized in cw measurements of BA luminescence and
a logarithmic scale versus photon energy. For photon energies in thakes a density-independent contribution to the overall line-
range between 1.55 and 1.70 eV, the band-to-band intensities agjdth. With increasing carrier density, the rates of inelastic
much lower than those of the band-to-acceptor luminescence.  cqulomb scattering increase, leading to a spreading of the

electron distribution over a wider energy range and, thus, to

holes in the valence band. This results in a background in tha broadening of the luminescence peaks. The spreading rates
spectra caused by band-to-baf®B) recombination. In or-  of the distribution depend on the effective Coulomb interac-
der to estimate the magnitude of this background for oution among the carriers. Different numbers have been re-
experimental conditions, we have calculated also the BB luported, depending on the specific type of screening that was
minescence spectrum in the coherent model. The results agged in the calculation’$. With respect to the BA lumines-
shown in Fig. 10 on a logarithmic intensity scale. We find cence spectra, this picture predicts a broadening of the emis-
that at the lowest density the BB intensity in the relevantsion peaks that increases with time. Thus, starting from the
energy range is more than four orders of magnitude smalletinrelaxed peak, the spectral width of the luminescence peaks
than the BA spectrum. With increasing density this back-should increase continuously, i.e, phonon replicas at lower
ground increases, however, even at the highest density it isnergies should exhibit a width larger than those at higher
still one order of magnitude weaker. As a consequence, it hasnergies and, in particular, larger than the unrelaxed peak.
negligible influence on the shape of the peaks observed ifhe spectra calculated with a conventiorisémiclassical
BA luminescence. EMC simulation[Figs. 5 and 8)—(c)] show exactly this
behavior. The width of the calculated luminescence peaks
plotted in Fig. %b) (dashed lingshow a pronounced increase
which remains true even if more refined models of scattering

In the following, we first discuss the carrier generationrates, e.g., dynamical screening, or band structure, e.g.,
and the recombination processes for femtosecond excitationarping, are considered.
and their influence on the emission spectra. This part is fol- It is important to note that the semiclassical picture is in
lowed by a comparative analysis of the data taken with femstrong contrast to our experimental findings. First, for carrier
tosecond and with picosecond excitation. densitiesN<10™ cm 3, theoretical simulations of Coulomb

In our experiments, the 150-fs excitation pulse createscattering give inelastic carrier—carrier scattering rates much
carriers on a time scale that is somewhat shorter than tho low to account for the large width of the luminescence
emission time of LO phonons of about 160 fs. At low carrier peaks observed after femtosecond excitatfoli Second, the
densities(10** cm™3), the redistribution of electrons due to experimental spectra show the same spectral width for all
Coulomb scattering is slower than LO phonon emission anduminescence lines. The latter discrepancy demonstrates that
consequently, the majority of electrons is part of the nonequithe dominant contribution to the linewidth is present already
librium distribution that gives rise to the firginrelaxed  in the unrelaxed peak and originates from the carrier genera-
peak in the BA spectrum. The peaks at lower photon energtion process whereas the subsequent redistribution of elec-
derive from this first maximum by emission of single LO trons is of minor importance. The experimental results are
phonons(phonon replicas They are emitted at later times. fully accounted for by the SBE calculations including the
Our results in Figs. 2-5 reveal the following important fea-coherent interband polarization and its dephasing. During ex-
tures. (i) With increasing excitation density, the spectral citation, the coherent coupling of the laser pulse with the

V. DISCUSSION
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polarization of the sample gives rise to a nonequilibriumabsolute carrier densities has a relatively large value of about
electron distribution that covers a substantially wider energyt30%. On the other hand, the calculation assumes a spa-
interval than the spectrum of the transform-limited lasertially homogeneous excitation and gives a strong increase of
pulses. The spectral width of the carrier generation ratéhe luminescence line-width betweerk80™® and 2<10'®
which is shown in Fig. 6 for different times during the pulse cm ™3 as displayed in Fig. ®). Thus the overall spectra are
and different excitation densities, is determined by a momenvery sensitive to a spatial variation and the uncertainty of the
tary spectral width which corresponds to the inverse of theabsolute carrier density, leading to the slight discrepancies
time elapsed after the onset of the pulse. For an idealizebetween theory and experiment.
system with dephasing times much longer than the pulse A comment should be made on the extraction of lin-
duration, the negative contributions of the generation rate atwidths from the luminescence spectra. In a recent publica-
later times lead to a carrier distribution determined by thetion on BA Iluminescence generated with femtosecond
pulse spectrum. During the pulse, however, phase-breakingxcitation® a strong background due to BB luminescefice
scattering events destroy the coherence, suppress this recomas claimed to make a measurement of the linewidth at
bination off-resonance, and result in a width of the distribu-higher densities impossible. Band-to-band Iuminescence
tion which is substantially larger than the energetic width ofspectra measured with an undoped GaAs sample were used
the laser pulse. for a background correction of BA spectra fronmpadoped
The dephasing of the coherent interband polarization isample. It was assumed that—at a density of about ®°
dominated by the dynamics of free holes which show scatem™ °—the intensity of the background under the first lumi-
tering rates considerably higher than the photoexcited eleamescence maximurfunrelaxed peakwas about 1/4 of the
trons. The carrier generation term and the band-to-band lypeak intensity. After subtraction, the author found a similar
minescence are sensitive to scattering of free holes and shdimewidth of the BA luminescence peaks for densities 010
a strong broadening compared to which the broadening afind 2<10' cm™3.
BA luminescence, i.e., upon recombination with bound Unfortunately, the comparison of luminescence intensities
holes, is negligible. Thus the width of the luminescencefrom different samples is very difficult because of the differ-
peaks is essentially determined by the width of the generaent quantum yields of luminescence and, thus, the calibration
tion rate, whereas the contribution of the subsequent intrasf BB versus BA intensities shows a large experimental er-
band scattering of electrons, the only broadening mechanismor. The strong background claimed in Ref. 15 is not consis-
in the semiclassical model, is of minor importance. tent with the results presented here and in Ref. 19. The data
There is a second point related to the details of carrier-of Fig. 1, which give complete emission spectra for two car-
carrier scattering which is important for the dominance ofrier densities, show a strong decreasetharmalizediumi-
dephasing over redistribution. Even if the total carrier—nescence between 1.52 and 1.56 eV which is due to the
carrier scattering rate is approximately density independenstrong exponential decrease of the electron and hole popula-
the decrease in the screening wave vector with decreasirtgpns at largerk values. Extrapolation of this emission to
density leads to an increasing number of small-angle scattehigher photon energies leads to intensities much smaller than
ing processes resulting in a less efficient carrier redistributiorclaimed in Ref. 15 and completely negligible compared to
and also, as recently pointed duin a less efficient dephas- the BA intensities of Fig. 1. Band-to-band emission from
ing. The same argument holds for elastic carrier—impuritynonthermalized carriers represents a second possible source
scattering. With rising density, the efficiency of carrier— of background. This contribution can be estimated from the
carrier scattering for dephasing starts at lower densities thatalculated spectra in Fig. 10 where the relative intensities of
that for electron redistribution. This behavior is again due toBA and BB emission are plotted on a logarithmic scale. Even
the fact that the decay of the interband polarization isfor the highest carrier density, the background under the first
strongly influenced by hole—hole scattering which is muchand second peak is less than 10% of the BA intensity and can
faster than electron—electron scattering. be neglected. This behavior is related to the very efficient
The spectra calculated from the SBE approdeh. 8) are  thermalization of holes, leading to a very rapid spreading of
in excellent agreement with the experimental res{iitg. 3).  the initial distribution and a transfer of holes from states at
In particular, the relatively large linewidth at low excitation largek vector to states around the maximum of the valence
density, the increase of linewidth with density, and the idenband atk=0.28 Although the rise of the BB spectra towards
tical width of the different peaks for a fixed density are fully 1.73 eV gives evidence of some nonthermal hole populations
reproduced by the calculation. It is interesting to note that theén states directly coupling to the pump pulse at 1.73 eV, the
linewidths observed at densities around'®16m 3 corre-  overall emission intensity is much smaller than in BA lumi-
spond to a dephasing kinetics of the interband polarizatiomescence. We conclude that the background emission does
on a time scale well below 100 fs, a behavior that has beenot affect the extraction of linewidths from the BA spectra.
observed in femtosecond four-wave-mixing experiments We now compare the data taken with femtosecond and
with bulk GaAs®* with picosecond or cw excitation. At the same density, the
The luminescence spectra taken with high carrier densikatter show narrower luminescence lines which is dlido
ties of 4<10™ and 2<10'® cm 2 show slightly more struc- the smaller bandwidth of excitation, and, more importéin,
ture than the calculations of Figs(d) and 8e’) performed  to lower scattering rates of the photogenerated carriers. For
for the same densities. In the experiment, the Gaussian ifemtosecond excitation, most electrons are concentrated in
tensity profile of the femtosecond laser beam results in @ghe nonequilibrium distribution responsible for emission of
small spatial variation of carrier density across the excitedhe first luminescence peak at early times. For picosecond
spot on the sample. In addition, the experimental error okxcitation, however, the photogeneration rate of carriers is
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much lower than the intraband redistribution rates. Consetation pulses. The emission spectra, in particular the identical
qguently, the majority of electrons form a quasiequilibrium width of the unrelaxed peak and the different phonon repli-
distribution at the bottom of the conduction band and the fewcas, demonstrate that—for femtosecond excitation—this
electrons which populate the directly excited states at higilmechanism is much more important than the redistribution of
excess energy and give rise to the hot luminescence, interaetectrons by inelastic carrier—carrier scattering. An analysis
with this cold distribution. It has been shown that screeningof the recombination process shows that broadening upon
of the Coulomb interaction in such a distribution is muchband-to-acceptor recombination is negligible compared to
more effective than in the absence of cold carriers at th¢he broadening of the generation rate. These results demon-
bottom of the band®?*?° Thus the scattering rates during strate the dominant role of coherent effects for luminescence
and after picosecon@w) excitation are lower, resulting in a generated by femtosecond excitation.
slower dephasing kinetics, a smaller broadening of the gen- For picosecond or continuous-wave excitation, narrower
eration rate, and narrower luminescence lines. For this reeemission lines are found that persist up to higher carrier den-
son, the peak structure of BA luminescence persists up teities. This behavior is mainly due to the different carrier
higher carrier densities. This behavior is fully confirmed bydistribution in which stronger screening of the Coulomb in-
the calculations. teraction results in lower scattering rates among the carriers
and, thus, less efficient dephasing and redistribution. This
VI. SUMMARY interpretation is supported by the excellent agreement of our

) ) experimental data with the results from a Monte Carlo solu-
In conclusion, we have presented an experimental angon of the semiconductor Bloch equations.

theoretical study of band-to-acceptor luminescence under

different excitation conditions in order to get insight into the
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