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Anomalous reduction in the energy loss of electrons ip-type semiconductors
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We report the observation of an anomalous decrease in the energy-loss rate of minority electrons in
p-type GaAs at doping levels aboye>2x 10'° cm 3. This unusual behavior of the electron-hole energy
transfer is a general property of plasmas at high carrier densities and is due to the transition from dominant
plasmon-mediated scattering to free-carrier-screened single-particle scattering. This effect is observable when
the excess energy of hot carriers interacting with a cold plasma is comparable to the plasmomengergy
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The energy relaxation of minority carriers in semiconduc-cence exhibits a minimum at a hole densitypf 2x 10'°
tors has recently been studied in a series of experiments iom™ 3, indicating that the energy loss of minority electrons is
modulation-doped quantum welisand in doped GaA%®  reduced at very high doping levels. Monte Carlo simulations
These previous experiments have shown that electron-holef our experiments reveal that this minimum occurs for dop-
(e-h) scattering is an important energy-loss channel for miing densities at which the characteristics of ¢dk scattering
nority carriers. In a recent experiment prtype GaA< an  change from plasmon mediated to quasistatically screened,
extremely fast €200 f9 onset of the band-edge lumines- resulting in a nonmonotonic behavior of the energy-loss rate.
cence due to ultrafast cooling of minority electrons within  As an experimental tool to monitor the energy loss of
the central conduction-band valley has been reported. Fromhotoexcited minority electrons, we use the temporal evolu-
this finding and time-resolved spectra it could be shown thation of the luminescence spectra. The extremely fast dephas-
at high doping levels{ 10*° cm™3) the energy-loss rate due ing process of free carriers in the case of dominant carrier-
to e-h scattering is considerably higher than the rate due tearrier scatteringphase relaxation time-10 fs (Ref. 14]
LO-phonon emissiof. allows a direct description of the luminescence spectra

In p-type GaAs at low and moderate doping levels it hasthrough carrier distribution functions. The luminescence in-
also been shown that the energy transferedy scattering tensity corresponding to the optical transition enengy at
increases  monotonically  with  increasing  dopingtime t is given by a sum over the heavy- and light-hole
concentratiort® In the high doping regime, to our knowl- contributions'®
edge, the dependence of the energy loss on doping concen-
tration has not been investigated until now. The behavior of

2 (h)|2
the electron mobility and momentum relaxation is known hum(hw, t) o (hv) h:hh’|h|HODt| p(hw)
from transport measuremefits! and theoretical
calculations:>*3 However, no direct observation of the fem- X f(EM O f(EM 1), 1)

tosecond energy relaxation of minority electrons has
been reported for doping concentrations abpue2x 101  where fo(E{" t) and f,(E{" t) are the electron and hole
cm 3. distribution functions at the corresponding transition ener-
The effect of a high concentration of majority holes on thegies, Hg;,)t|2 is the transition matrix element, anghv) is
energy relaxation of minority electrons raises a very interestthe joint density of states. Since in our experiments we work
ing fundamental question. How does the increase in the nunmwith low excitation densities and high doping concentrations,
ber of holes and subsequent increase of hole degeneradye hole distribution function remains practically at equilib-
hole plasma frequency, and screening influence the electraium and therefore constant over time. As a consequence, the
energy-loss rate? In particular, how does the electron energgmporal evolution of the luminescence is exclusively deter-
loss behave when the electron energy is comparable to thained by the time evolution of the electron distribution func-
hole plasma energysw,? To our knowledge, the energy tion.
transfer in this parameter range has never been experimen- In the experiments we used a series of six different
tally investigated in a plasma. p-type GaAs samples with doping concentrations of
This paper presents experimental evidence fazdaiction  1.0x 10" cm™2 (sample A), 1.0x10cm 3 (sample B),
in the energy relaxation rate of minority electronspistype ~ 1.8x10*cm™2 (sample C), 1.9x10*cm 3 (sample D),
GaAs at very high doping densities. We have performe®.7x10*°cm 2 (sampleE), and 4.0<10*°cm 2 (sample
time-resolved luminescence measurementpdype GaAs F). All the samples were grown by molecular-beam epitaxy
samples with different doping concentrations. The experi-on a semi-insulatingl00) GaAs substrate; the GaAs layers
mentally determined rise time of the band-edge luminesare C or Be doped. The sampled, B, D, and F are

0163-1829/97/58.2)/7311(4)/$10.00 55 R7311 © 1997 The American Physical Society



R7312 R. RODRIGUES-HERZOGet al. 55

’(-‘.2\ L} L} T T T 1

= p=2x10" cm® ; 2 1000 o o~
2 100} = | g
> 2 8oof % 2
2 laser p > " Py
C 0.75} 8 5 §/,— \~,.: _.é,
2 ; 8 600 @
£ cm 2 / & Jo1 g
® 0.50 g >
o T=77K § 400f 3. § 5
[$] _ @ I RN g
8 0.25 Eexc_ 1.67 eV -g’ 200 } % %
£ N =2x10"cm® P J
£ ; e 2
2 0.00p 3 0 (') : 1 2 3 "1 0.01

[N 1

500 0 500 1000 1500 2000 2500 3000
time (fs)

doping concentration (10" cm™)

FIG. 2. Band-edge luminescence rise tiffedt axis) and corre-

FIG. 1. Time evolution of the luminescence intensity at 13 meVsponding average of the total energy loss rate of electrons as de-
above the renormalized band edge for samplB fined in the text(right axi9 vs doping concentration. The dashed
(p=1.9x10°cm 3 and sampleF (p=4.0x10cm %). The lines are only to guide the eye.
solid lines show the results of the ensemble—Monte Carlo simula-
tions.

p—Al,Ga _,Aslp—Al,Ga _,As double heterostructures with

a mole fraction ofx=0.5. The thickness of the doped GaAs 100 (@) t=0.0ps ][ (b) t=0.1ps ]
region was 1000 nm for sampl&; E, andF; 500 nm for - 1t .
samplesA andC; and 125 nm for the sample. 0.75 - 1F ]
Our time-resolved luminescence experiments were per- 050 1L o ]
formed using a Kerr-lens mode-locked Ti-sapphire laser at a L 4t ¥ °<>o J
repetition rate of 76 MHz. The pulse duration was approxi- 0.25 |~ -4 2 —
mately 80 fs and the peak of the excitation wavelength was M i 1
varied between 738 and 800 nm to keep the electron excita- 000 =™ R NV |
tion energy below the GaAs satellite valleys and the total
excitation energy below the band gap of the @& _,As 100 (©) t=03 ps (d) t=0.5ps
cladding layers. The samples were mounted in a liquid-
nitrogen-cooled cryostatT( =77 K). In order to obtain a 0.75 o

time resolution below 100 fs, we used the upconversion
techniqué® with a dispersionless parabolic mirror system to
collect and focus the sample luminescence. The lumines-
cence signal was upconverted using a 1-mm beta barium
borate(BBO) crystal and type | phase matching. The sum-
frequency signal was dispersed by a monochromator and de-
tected by a cooled GaAs photomultiplier coupled to a photon

0.50

0.25

0.00

luminescence intensity (arb. units)

. X ) . 1.00
counting unit. The experiments were performed with very
low injected carrier densitiedN,,~1X 10 cm™3) as com- 0.75
pared to the doping background. 0.50

We first measured the time evolution of the luminescence
intensity at various photon energies for the different samples. 0.25
Figure 1 shows the onset of the experimental luminescence

intensity at the luminescence maximum, i.es13 meV 000 - T L T
above the band edge, for sampl® with p=1.9x10'°

cm 2 and for sampleér with p=4.0x 10*° cm™3. The rise 0 100 200 0 100 200
time for sampleF, our highest doped sample, is clearly hv - Eg (meV) hv- Eg (meV)

slowerthan that for the sample with the lower doping con-

centration. Figure 2 shows the experimental band-edge lumi-

nescence rise timgeft axis) versus doping concentration, as  FIG. 3. Luminescence spectra at a delay timéayf0.0 ps,(b)
obtained for our six samples. Here the rise time is defined as.1 ps,(c) 0.3 ps,(d) 0.5 ps,(e) 1.2 ps,(f) 3.0 ps for samplé
the time it takes for the luminescence intensity to reachp=4.0x10*cm 3). The solid lines are the results of our
75% of its maximum value, with the time zero taken at theensemble—Monte Carlo simulations.
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center of the excitation pulse. A clear minimum is observed The underlying transport model had to account for the
for the doping concentration qf~2.0x 10*°cm™ 3. following specific features of our experiments) the elec-

In order to determine the relationship between the electron excitation energies were of the order of the plasmon
tronic energy relaxation and the rise time of the band-edgé&nergiesi w of the doping background, calling for a fully
luminescence in more detail, we analyzed the luminescenc@ynamical free-carrier screening of all long-range carrier in-
spectra at different delay times. The symbols in Fig. 3 showferactionsiii) becauseiwy, was of the order of the average
the measured luminescence spectra for safipitong with ~ €Nergy separation between the heavy-tiblg and light-hole
the theoretical Monte Carlo resultsolid lineg at six char- () valence band, we had to go beyond the simple parabolic
acteristic delay times. Nonthermal features are not present if2lénce-band model to provide an accurate description of
the observed spectra. Thus, thermalization occurs on the timfg@asmon-induced hk- Ih transfers in upper band regions;
scale of our experimental resolutigrr100 3. (i ) due to the high doplr)g Ievels_, hole degeneracy could be

This observed extremely fast thermalization is in agree£XPected to play a decisive role in the electron-hole dynam-
ment with earlier measuremeMist similar excitation den- icS; and (iv) in accordance with earlier work, impurity
sities and is also supported by our theoretical analysis dis?anding strongly dominates over any bound hole contribu-
cussed below. In order to obtain a quantitative measure dfons (with the possible exception of the moderately doped
the electron energy relaxation, we first interpret the bandSampleA). This is experimentally confirmed by Hall data for
edge luminescence dat&igs. 1 and 2, assuming a fully SamplesD andF which show a negligible temperature de-
thermalized electron distribution function. Since effects ofPéndence between 10 and 300 K.
electron degeneracy are of minor importance at these low Since the technical details of our ensgmble;Monte Carlo
excitation densitiesf, can be well approximated by an in- @Pproach have been described in a previous paperonly
ternally thermalized Maxwell distribution with a transient Note the novel implementation of a more detailed valence-
electron temperatur&,(t) and a corresponding mean elec- band structurétreated within an &8 k- p modet®) and of a
tron energy(Eq(t))=3kgT¢(t)/2, wherekg is Boltzmann's  full dynamical dielectric functioregpa(q, ) using the ran-
constant. From Eq(1) we see that the band-edge lumines-dom phase approximatiofiRPA) 20 Given the spectral laser
cence intensity is an extremely sensitive measure of the tratwidth and the experimental spectral resolution, a correspond-
sient electron mean energy. ing frequency convolutionAhv=~35 me\) of the calculated

In order to determine the energy-loss rate as a function ofuminescence spectra was performed.
the doping density, we analyzed the time interval in which Let us first discuss our findings regarding the transient
the band-edge luminescence increases to 75% of its maxidminescence. Quite generally one observes two relaxation
mum value. By use of a heated Maxwellignin Eq.(1) and  regimes:(i) an initial extremely fast thermalization and an
an appropriate frequency convolution to account for theenergy dissipation stage at times below typically 200 fs
spectral laser width and the experimental spectral resolutiodominated by very efficient plasmon-mediatedh scatter-
of 35 meV, one obtaing4(t) as a function of the measured ing, and(ii) an ensuing much slower cooling dynamics gov-
band-edge luminescence intensity. Thus, 75% of the maxierned by the “conventional'{i.e., quasistatically screened
mum band-gap luminescence corresponds to an average elé#ngle-particle collisions, with a pronounced retardation due
tron energy of approximately 17 meVI{=130 K) for all  to strong hole degeneracies.
investigated densities. The resulting total energy-loss rate of The initial stage with its high energy dissipation rates
electrons is given by the difference between their initial ex-(dE/dt) up to ~0.8 eV/ps is due to very pronounced inter-
cess energy of~117 meV and their average energy atVvalence-band contributions to both the direct scattering dy-
T.=130 K, divided by the luminescence rise time. The ob-namics and the dielectric resporfS8é* Typically 80% of
tained energy-loss rate as a function of doping concentratiofd E/dt) occurs via the hh- |h scattering channel, whereas
is shown in Fig. 2(right axi9. The energy loss exhibits a the hh« Ih contributions toerpa(q,w) lead to a strong
maximum at the majority hole concentration of broadening of the plasma resonance. The direct comparison
p=1.9x10" cm 3. At higher doping concentrations, the with our experimental data in Figs. 1 and 3 shows excellent
total energy-loss rate of electrons dramatically decreases. agreement for this initial regime. In particular, our theoreti-

It is well known from related earlier work that the cal findings confirm that the electron distributions are fully
electron-hole interaction is the dominant scattering mechathermalized after 200 fs and lead to the fast onset of the
nism in the energy loss of minority electrons at such highband-edge luminescence.
doping levels>® One expects that the electron-hole scatter- We now turn to the physical interpretation of the reduc-
ing rate would increase with increasing doping and hencéion in the electron energy relaxation rate at doping densities
result in an increase in the number of scattering partner?>2x 10" cm™2. We can distinguish two different tenden-
However, our observation of a decrease in the total energyeies depending on the mean ene{@) of the electron dis-
loss rate suggests that the electron-hole scattering becomtibution. For(E) well above the plasmon emission thresh-
less effective as an energy loss channel at higher dopingld, (dE/dt) increases wittp due to the increasing plasmon
levels, resulting in a decreased total energy-loss rate of mienergy and plasmon emission rate, while &) far below
nority electrons and a slower rise of the band-edge luminesk wp,, an opposite trend prevails because of the strong qua-
cence. sistatic screening of the-h interaction. The transition region

In order to determine the contributing effects responsibldbetween these two asymptotic tendencies displays a maxi-
for the decrease in the electron-hole scattering, the dynamigsum of (dE/dt) as a function op, which in our simulations
of the carriers was quantitatively analyzed using ensembleturns out to be roughly at wp(p)~(E)/2. We emphasize
Monte Carlo simulationgsolid lines in Figs. 1 and)3 that a similar behavior can be found in the theory of the
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free-electron ga%& which demonstrates that this is a general  In conclusion, we have observed a decrease in the energy-
property of free-carrier plasmas. loss rate of minority electrons ip-type GaAs for doping
Our simulations well reproduce the temporal evolution ofconcentrations above=2x 10 cm™3. This nonmonotonic
the luminescence intensity for photon energies above angehavior of the energy-loss rate as a function of doping
around the maximum of the luminescence spectra for alkoncentration is due to the transition from plasmon mediated
doping densitiesee Fig. 1 At the band edge, the calcu- ¢y scattering at lower densities to quasistatic screening
lated luminescence intensity shows a slower rise as cons¢ the e-h interaction by the degenerate hole plasma at
pared to the measured intensity for all samples. We attributgign gensities. This effect is observable when the excess en-
this systematic di'screpancyctb our negl'ect.of the int:%rplay ergy of hot carriers interacting with a cold plasma is
of scatterings with the cohe_r_ent excitation dynanfics, comparable to the plasmon enefgy, and is important for
which s__hould lead to faster initial the_zrmgllz_atlon of the elec-understanding systems of high Slasma density. To our
trons, (ii) our treatment of thequasistatistically screengd knowledge the present analysis constitutes the first direct

electron-electron interactions, afiil) possible effects of im- ) . .
) . . . .experimental evidence for the density dependence of
purity banding. Nevertheless in accordance with our experi: . . . S
- . . . _the energy-loss rate of energetic particles in an equilibrium
mental findings, all simulations revealed a pronounced in; ; .
: L : background plasma of very high density and low tempera-
crease of the luminescence rise time at doping levels above
_ 9 A3 tare
p=2x10"%cm 3,

We note that a minimum in the mobility of electrons in ~ We thank M. Sailer, T. Furuta, and S. Kuhn for helpful
p-type GaAs at a doping concentration @=1x10" discussions. This work has been supported by the Fonds zur
cm™ 2 has been reported in the literattftand was explained Forderung der Wissenschaftlichen ForschungWF),
by a reduction of thee-h scattering at higher doping Projects No. 10065 and No. 11238. Experimental work per-
concentration$® Thus, momentum relaxation and energy formed at Institut fu Experimentalphysik, Universitdnns-
loss of minority electrons at very high hole densities reveabruck,
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