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A very fast broadening, thermalization, and cooling of an initially narrow photoexcited electron distribution
was recently observed in the time- and frequency-resolved electron-acceptor luminescentgpefbulk
GaAs:Ge for near-band-gap excitation at low excitation densities and temperatures. As the short thermalization
times could not be explained by the standard rates for the conventional carrier-carrier, carrier-impurity, and
carrier-phonon scatterings, unconventional types of thermalizing carrier interactions were originally suggested
to interpret the data. In contrast, the present analysis restricts itself to the conventional scattering mechanisms,
but attempts to explain the fast thermalization and cooling rates by accounting for the finite experimental
pulse-repetition rates and the resulting presence of neutral donors of the amphoteric germanium, causing a very
effective additional electronic energy-relaxation channel via impact ionizations of Ge donors.

I. INTRODUCTION AND of the initially narrow photoexcited electron distribution.
EXPERIMENTAL BACKGROUND In spite of some recent progress in the theoretical descrip-
tion of nonequilibrium Coulomb systemg®-14it came as a
Time- and frequency-resolved hot-carrier luminescencesurprise when a very fast broadening, thermalization, and
has for many years provided an important tool for the studycooling of photoexcited electron distributions during and af-
of relaxation processes in highly laser-pulse-excited electrorter near-band-gap excitation was detected in moderately Ge-
hole (e-h) plasmas in semiconductors. Ultrafast excitationdopedp-GaAs (p=5-10" cm3) at extremely lowphotoex-
and luminescence-upconversion techniques have been useithtion densitie$4x10™ and 4x 10" pairs per cm).2° The
to follow the downrelaxation of carriers from their photo- e-h band-to-band excitation was achieved by 5-ps laser
populated band regions toward their respective band minimpulses with a photon energy of 1.536 €¥7-meV excess
with a time resolution of less than 100%8’ Luminescence energy pere-h pair), and the luminescence detected with a
spectroscopy with lower time resolution and correspondinglystreak camera of 15-ps time resolution and a spectral resolu-
higher frequency resolution has allowed the study of finettion of 1 meV. The experimental thermalization times were
details of the state occupations and band structtires. obtained from the temporal evolution of the measured spec-
Ordinary interband luminescence across the band gafra toward a purely exponential frequency dependence, re-
yields the product of the electron and hole distribution func-flecting the approach to a thermalized, i.e., Maxwellian, elec-
tions for each of the optically coupled band regions, and irtron distribution.
general the individual distribution functions can only be ob- The lattice temperaturgd0 K) were low enough to en-
tained in combination with a detailed theoretical analysis ofsure a significant electron-acceptor luminescence, and to
the experimental dafa® In contrast, electron-acceptor lumi- eliminate decisive phononic effects. Nevertheless, the theo-
nescence has the advantage of involving only one type afetical estimates in terms of the conventional transition rates
free carriers. For the present case of time-resolved lumineder the carrier-carrier scatterings yielded thermalization times
cence spectroscopy of a direct-gap material, this allows us tmuch longer than those extracted from the experimental
monitor directly the distribution function and thereby the spectréf*®
scattering dynamics of the photoexcited electrons as func- To estimate a possible role of spatial inhomogenetities,
tions of time!™° measurements were performed on both bulk and appropri-
Here, near-band-gap excitation, with electronic excitatiorately structured samples, the latter to limit vertical diffusion
energies below the threshold for optical-phonon emissionand surface recombination processes. It turned out that the
and low lattice temperatures have the further advantage dminescence data were the same for both types of samples.
eliminating noticeable phononic contributions to the initial This excluded the possibility that the bulk data contained
relaxation of the photogenerated carriers. In this way one cadominant luminescence contributions from regions with
hope to study the purely Coulombic scattering dynamicselectron densities higher than the average nominal densities
within the coupled system of electrons, holes, and impuritiesand with a correspondingly higher electronic thermalization
and in particular the broadening and eventual thermalizationate.
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FIG. 1. Schematic picture of the band-acceptor luminescence©
spectroscopy in GaAs:Ge.
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Figure 1 gives a schematic picture of the band—acceptorE 0
luminescence spectroscopy of Ge-doped GaAs, including thes

excitation channel from both the heavy-hglé) and light- = L T A 35ps | ¢ 53ps
hole (Ih) valence bands, and indicating the participation of fr \>, T exp ‘o th
Ge-donor levels. The full lines in Fig. 2 present the measured® N T den w{po don.)
band-to-acceptor luminescence for the two excitation densi-a. i < E

ties of 4<10** and 4<10** cm % on a linear scale at four & o W, - ,

diﬁgrerjt times, with th_e time zero taken at the.c.enter of the © 1.475 1.485 1.495 1.475 1.485 1.495
excitation pulse. In Fig. 3 these data were divided by the < :

density of states in order to depict directly the distribution Photon Energy (eV)

function of the electrons on a semilogarithmic plot. As a
Maxwellian Qistribution should give astra!gh_t line, this pre FIG. 2. Band-to-acceptor luminescence jmdoped GaAs
of presentation very clearly reveals deviations from inter-(o—5x 106 cm™3); for Ney=4x 101 cm2 and for N, =4x 103
nally thermalized distributions. cm™3; solid lines: experimentshown are the data of Ref. 8 without

In view of the very low excitation densities, the most the originally included smoothing procediréashed-dotted lines:
striking feature of the experimental data is the strong broadtheory without Ge donors; dashed lines: theory including Ge do-
ening of the spectra with respect to the narrow excitatiomors; dotted lines(calculated electronic excitation spectrum with
spectrum(dotted lines in Fig. Ralready at timet=0, i.e.,  the two transition peaks from the hh and Ih valence baRas. 6.
still during the excitation pulse. Moreover, the shapes of the
spectra show that the thermalization regime is also reached aver, the finite experimental pulse-repetition rate together
surprisingly short times, typically within a few tens of pico- with the slow donor-acceptor recombination results in a sub-
seconds, as seen in Fig. 3. Originally, the authors interpretestantial fraction of neutral donors, whose ionization by elec-
these findings by suggesting a modification of the standar¢rons opens a very fast and effective scattering channel for
e-h interaction by complementing the conventional instantathe initial broadening and the cooling of the photoexcited
neouse-h scatterings by acoustic-phonon-mediated multipleelectron distribution. The remaining part of Sec. Il presents
e-h scattering events. the details of this improved scattering scenario and its con-

The present analysis maintains the standard description difmation by the good agreement between the measured and
e-h scattering, but attempts to explain the data by includinghe simulated spectra, and provides further experimental evi-
the ionization of neutral donors and the corresponding recapdence of the important role of donor scattering in our
ture of free electrons as an additional electronic relaxatiorGaAs:Ge data. Section Ill contains a summary of our results.
channel.

Secti_on Il begins with a description_of the_ transport model II. THEORY AND RESULTS
underlying ourk-space Monte Carlo simulations of the con-
ventional carrier-phonon-acceptor dynamics. The failure of The Ensemble Monte CarlEMC) technique provides a
the simulations to reproduce the measured spectra will thevery efficient way of solving time-dependent Boltzmann-
motivate the additional consideration of the well-known par-type kinetic equations for hot carriers in semiconductors.
tial compensation of Ge as a dopant in GaAs. In thermallhe experimental conditions restrict the present transport
equilibrium the donors are ionized; thus they had not previproblem to a description of a spatially homogeneous system
ously been considered as inelastic scattering agents. Howef photoexcited electrons and holes; at experimental lattice
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FIG. 3. Semilogarithmic plot
of electron distribution functions,
as obtained from the experimental
spectra of Fig. 2.
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temperatures of 10 K, practically all holes of the dopingtion to the various carrier-carrier interactions, the non-
background are bound to their acceptors. As details of thehononic dynamics included the ionization of neutral accep-
band structure, such as the nonparabolicity and warping abrs[E;,,(Ge)=40.5 me\ by sufficiently energetic electrons
the valence bands, should have a minor influence on thand the corresponding recapture processes, as well as non-
electronic relaxation ratésall carriers were treated as qua- phononic Ih-hh inter-valence-band transitions induced by
sifree with appropriate effective massésm,=0.067m;, e-h and h-h scatterings® As already discussed in Ref. 8,
mp,=0.45m,, andm;,=0.082my). excitonic as well as exchange effects were assumed to be

The essential ingredients of our EMC, which have beemegligible under the present experimental conditions. The
detailed in a foregoing pap@rcan be summarized as fol- carrier-phonon dynamics contained the polar-optic coupling
lows. As already mentioned, the EMC simulation is a methof electrons and holes to LO phonons, the optic deformation-
of solving the coupled time-dependent Boltzmann equationpotential coupling of holes to both LO and TO phonons, the
for electrons and holes. In our case these equations includembrresponding phononic inter-valence-band transitions of
the rates for the laser-pulse generation of electron-hole paifseavy and light holes, and the deformation-potential cou-
and the additional ionization and capture rates of carriers gtling of electrons and holes to acoustic phonons. However, at
impurities. Typically our simulations contained 30 000- the low excitation energies and lattice temperatures of our
50 000 simulated particles. The simulation starts by introducpresent concern, all types of phonons play a minor role: the
ing the photogenerated particles according to the temporalptical phonons because of their low mode occupation and
and spectral shapes of the excitation pulse. Using randorhigh energetic emission threshold, and the acoustic phonons
numbers in combination with the quantum-mechanical probbecause of their low scattering rates. As the energetic thresh-
ability distributions for the differential and total generation, old for acceptor ionization is even higher than that for LO-
capture and scattering cross sections, one follows the timghonon emission, this relaxation channel also turned out to
evolution of the ensemble of particles knspace, obtaining be completely ineffective.
the distribution functions of the carriers as functions of time Due to our neglect of the donors, we had to simulate a
during and after the excitation pulse. For our present case dfituation where carrier-carrier scattering should prevail at
band-acceptor luminescence, the simulated electron distribwarly times(0—5 p3s. Moreover, because of the pronounced
tion function directly gives the luminescence spectrum, aparnnass differences between electrons and holes, electron-
from a trivial density-of-states factor. However, an additionalelectron scattering would strongly dominate the initial broad-
frequency convolution was necessary, as the acceptor levedning and internal thermalization of the electrons. Only at
are slightly broadened by their interaction with the ionizedlater times should electron-phonon and electron-hole scatter-
acceptors and donors always present in GaAs:Ge. Finally imgs initiate a noticeable energy dissipation of the electrons.
convolution of this “intrinsic” luminescence spectrum with  The free-carrier screening of all Coulombic interactions
respect to time and frequency had to be performed to include/as treated by use of a quasidynamical version of the stan-
the spectral and temporal details of the experimental detedard long-wavelength limit of the static random-phase ap-
tion proceduré:® proximation(RPA) dielectric function. This version had been

In our simulation of the carrier-phonon-acceptor scenariosuccessfully applied in simulations of highly excited and
all standard types of carrier-carrier and the most effectivalense electron-hole plasmas in GaAs-type
carrier-phonon scatterings were taken into account. In addisemiconductord® Following this earlier work we checked
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our screening model by comparing the results of the EMC

calculation with a molecular-dynamics simulation of the GaAs:Ge
electron-hole system. In this latter approach no carrier- I-valley
phonon interactions are taken into account. However, as ex-
plained above, in our early-time spectra this dissipative in-
teraction with phonons as well as the acceptor ionizations are
negligible. For each simulated particle molecular dynamics
replaces its instantaneous intercarrier scattering events of the
kinetic k-space formulation by the continuous action fin il

space of the total electric field created by all partner carriers 4.5meVI emevré:z Donator levels
of the ensemble. By following the trajectories of all particles, —
the velocity distributions and therefore tkespace distribu-
tion functions are found as functions of time. This is a purely  FIG. 4. Schematic representation of the two-level model for the
classical approach, well suited for nondegenerate carrier systectron-donor dynamics.

tems like those of our present interest. Its main advantage

over_the Boltzmann d_escrlptlon |s_the a_utomat_lc inclusion Ofacceptors and LO phonons because of the small ionization
all higher-orderN-particle correlations, improving over the

screening problematics enforced by the use of instantaneo@%ergy of the Ge donoré6 meV as compared to the
scattering events and of the Stosszahlansatz in the Bolt(z_%ceptor-mmzatlon energy of 40.5 meV and the LO-phonon

mann roach. A ver d aareement between the resul nergy of 36.4 meYand the correspondingly smaller ener-
fih Ewcoaﬁd'm Ie ylg?‘é nagm(iee € v frtr?er € ertSEcJ tic threshold for an inelastic scattering event. As a conse-
gur t(reeatmeric of th%ef(r:elzjeacar)gie? sccrségr?inz urther suppo quence, the interplay of electron captures at donors and of
; A ' llision-in ionizations of donors turn I
The comparison between the EMC results for the standar ollision-induced ionizations of donors turned out to lead to

; . et donor-ionization rates high enough to provide a fast and
carrier-phonon-acceptor systdtiashed-dotted lingand the g0y energy-loss channel for the photoexcited electrons.
experimental spectrdull lines) is shown in Fig. 2. We note

' . , The resulting improvement of the calculated mean electron
pronounced discrepancies. At longer timd4-55 p$ the uiting improv !

calculated high-energy parts of the spectra are systematically
too high, and the corresponding asymptotic slopes lead to
electron temperatures roughly 20° higher than the experi- [
mental ones. Both these findings indicate that a very effec- [ -
tive energy-loss mechanism was missing in our scattering :
scenario. At short times the experimental data show a stron-
ger broadening, and in particular a much faster population of
the low-energy band states, again indicating the presence of
an additional energy-dissipation mechanism.

As the most promising candidate for such a fast and effi-
cient energy-relaxation channel, we next included the inter-
action of free carriers with neutral Ge donors. The presence
of a relatively large number of neutral donors is the conse-
quence of the fact that substitutional Ge in GaAs can act as
an acceptor and as a donor, with a respective concentration
ratio of roughly 3:18 It is experimentally well documented
by a long-lived donor-acceptor luminescence. In our experi-
ments, the donor-acceptor recombination rate, which in equi-
librium would lead to full compensation, was smaller than
the repetition rate of the laser-excitation pulses, leading to a
partial neutralization of donors. Adding capture of electrons
at donors and donor ionization to our transport model, we
included the ¥ ground state and the first §p excited state
as representative donor levels, as schematically shown in
Fig. 4. The corresponding thermal-equilibrium bound- and
free-state occupations as functions of temperafuree plot-
ted in Fig. 5. Figure 6 shows the underlying scattering rates 10"
at 0 and 10 ps, as calculated using simple hydrogeisiate
wave functiong® Our best results were obtained by assum- Temperature (K)
ing the quasistationary concentration of neutral Ge donors to
be eight and 15 times the calculated excitation density in our F|G. 5. Thermal-equilibrium mean free and bound-state occupa-
higher- and lower-density experiment, respectively. Thistions as functions of temperatur&ly,,: total number of donor
choice of the proportionality factors was further supportedstatesN,,: total number of electrongi) Ng=3.6x10' cm™3, and
by total-luminescence data, as will be shown below. (i) Ng=6.4x10" cm ™3, corresponding tdi) Ng,=4x10* cm 3,

Ge donors have a much higher cooling efficiency than Gend (i) Ng=4x10" cm™3,
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FIG. 7. EMC-simulated mean electron energies; full lines: in-

. . luding Ge donors; dotted lines: without Ge donors; upper part: for
FIG. 6. ring r for the electron-donor ring m ;il Y ’
G. 6. Scattering rates for the electron-donor scattering mode =A% 10 cm 3 lower part: forNg,—4x 10 cm % squares:

f Fig. 4; tt= i | = . . > L ;
of Fig. 4; upper partt=0 ps; lower partt=10 ps experimental values from well-established Maxwellian time regime.

energies is obvious from a comparison of the solid lines in__.. . .
) . . . ; ization. It can be estimatétito amount, depending on the
Fig. 7 with the experimental pointebtained from the slopes

in Fig. 3 and with the much too slow cooling found by carrier temperature, to 1-3 meV for the higher densities and

neglecting the donor&otted lines. Figure 7 also shows the to 1 meV for the Iqw—exmtatlon case, in agreement with the
mean energies obtained by taking only the doneigiound onset of the'expenmental spectra. )
state into accountdashed lines This simplest possible do- _A comparison of the calculated and _experlmentally deter-
nor model results in a too fast initial cooling followed by a Mined carrier temperatures, as obtained from the near-
practically dissipationless regime due to a very effective re€xponential slopes of the spectra, again shows good agree-
combination heating®?° Both these unfavorable effects are Ment. As a minor technical point we mention that the
strongly reduced by the inclusion of thes Zxcited donor logarithmic representations of the experimental data in Fig. 3
state. Here the @-T processes have the highest rates. Whilecontain the already mentioned foldings, and therefore do not
the 1s—I" dynamics remains practically unchanged, trse 2 directly yield the temperature as the slope of the spectra.
states are soon being filled up, partially compensating for the The only free parameter used in our final theoretical
fast initial cooling and leading to a very good agreementmodel was the number of neutral donors before each laser
with the experimental data. Thissatate filling could have pulse excites the electron-hole pairs. Our experimental veri-
also been inferred from Fig. 5 by invoking the conventionalfication of a near-linear relation between the intensity of the
carrier-temperature concept: any laser-induced electron headonor-acceptor pair recombination and the excitation density
ing should strongly increase thes-&tate occupation over its justifies our assumption that the number of neutral donors
low initial value at 10 K. scales with the excitation density. Let us, then, check on our
In Fig. 2 we finally compare the calculated band-acceptorchoice of the absolute numbers, i.e., the ratios 8 for the
luminescence spectra, obtained by inclusion of donors, withigher and 15 for the lower excitation densities. This can be
the experimental ones, finding a very good agreement bedone by subtracting, as in all previous luminescence data, the
tween theorydashed lingsand experimengfull lines). Here  stationary k-donor-acceptor background and comparing the
it should be noted that, especially in the high-density casetjme behavior of the intensity of all remaining electron-
the experimental onset of the spectra is generally shifted acceptor recombinations with the number of free ared 2
few meV below the nominal band gap. This energy shift carelectrons as calculated under the assumption of approxi-
be explained by the the plasma-induced band-gap renormatately equall’-acceptor and &acceptor transition rates.
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Figure 8 compares the totéle., frequency-integratedumi- Time (ps)

nescence for GaAs:Ge and for a conventionally doped mate-
rial, i.e., GaAs:Be, as functions of tinféIn contrast to the
eventual decrease of the luminescence after typically a few
ps in GaAs:Be, the total acceptor luminescence in GaAs:G
increases in time due to the ionization argl s excitation
of neutral donors, as reflected in the calculated number o
free and 2 electrons. This correspondence is shown in the R
upper part of Fig. 9, and the separate densities of free and Xities has been theoretically analyzed by state-of-thdcart
electrons in the lower part. The close agreement between trapace ensemble Monte Carlo antspace molecular-
time evolution of the luminescence and that of the variouglynamics simulations.
calculated electron densities substantiates the specific choice Considering the coupled system of electrons, holes, and
of the proportionalities between the absolute neutral-donofcceptors, extensive ensemble Monte Carlo calculations and
densities and the excitation densities in our calculations. complementary molecular-dynamics simulations could not
Moreover, GaAs:Be as a reference material provides agxplain the measured broadenings. However, good agree-
additional, and direct, evidence for the decisive scatteringnent was found after taking account of the relatively fre-
contributions of donors to our GaAs:Ge spectra: the initialquent ionizations of neutral Ge donors by free carriers. It
electron distribution function in GaAs:Be is significantly turned out that this additional scattering mechanism provides
more structured due to the absence of the additional dondg very efficient energy-relaxation channel for the photoex-
scatterings, as has been discussed in Ref. 23 and can be sé#gd electrons, accelerating both their initial distribution

from a comparison of our Fig. 2 with Fig. 1 of Ref. 23.  broadening and their ensuing thermalization.
In addition to the analysis of the thermalization regime,

the later cooling stage of the electronic evolution has been
studied by a comparison of the increase of the near-

The recent experimental finding of an unexpectedly fasexponential slope of the measured and the calculated band-
broadening, thermalization, and cooling of a narrow photo-acceptor luminescence spectra. Here the inclusion of Ge do-
excited electron distribution in the time-resolved band-to-nors was also necessary to find agreement between theory
acceptor luminescence of GaAs at very low excitation denand experiment.

FIG. 9. Upper part: spectrally integrated experimental acceptor
minescencgfull line) and density of(I'+2s) electrons(dotted
ine) as functions of time; lower part: calculated free-electron den-
ity (full line) and Z-state occupatiofdashed lingas functions of
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