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Exciton interaction with hot electrons in GaAs
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The dynamics of exciton interaction with charge carriers in GaAs, excited by a cw light source and subjected
to collisions with free carriers, which are independently created by a picosecond light pulse, is studied by a
time-resolved dual-channel modulated luminescence correlation technique. The dynamics reveals a decreased
exciton generation rate at a higher temperature of charge carriers and a strong exciton scattering on hot free
carriers that heats the excitons and effectively quenches luminescence due to smaller exciton-photon coupling
at an elevated temperature of excitons.

In spite of intense interest in excitons, some aspects afesponding to the phase of cw laser modulatiby a time-
exciton dynamics are, due to their complexity, not yet wellcorrelated photon-counting system. The temporal and spec-
known. The dynamics of the formation of bound states, andral resolution of the registering system was about 100 ps and
more generally, exciton interaction with charge carriers, i9.2 meV, respectively.
one of these aspects. In recent years, several Worksve The chosen parameters of the modulation scheme of pho-
been published on exciton formation and relaxation in quanton counting allow us to eliminate the effects of dead-time
tum wells (QW'’s), which have greater exciton oscillator difference for each channel of photon countitige modula-
strength and binding energy compared to bulk material. Irtion frequency is higher than the photon-count frequéncy
bulk, experiments are made with materials having a largend slow time-scale laser drifts. Thus we can directly and
exciton—LO-phonon couplin’ Only a few experimental quantitatively compare the luminescence intensities, depend-
works address exciton creation in bulk GaA<? From ing on whether the diode laser is illuminating or not.
theory, we know no comprehensive model with quantitative To the best of our knowledge, no one has ever reported
agreement. Therefore, every additional experimental featurgsing such an experimental setup for investigating exciton
could contribute to the overall understanding. luminescence. Modulation schemes have been used for reg-

The current work presents some experimental results oistering luminescence in the spectral donfafrOur experi-
exciton luminescence kinetics dependent on simultaneouslyental setup uses an idea similar to that in Ref. 4 irtithe
generated charge-carrier properties. This work was initiatedomain and gives us a new dimension for registering the
by a luminescence-quenching effect, we investigated earlierocesses. On the other hand, such an experiment is comple-
due to the interaction between hot electrons and free excitorigentary to the four-wave mixing experiments with a prein-
in bulk undoped GaA&! Excitons generated by previous la- jection of excitations;*> but it registers inherently incoher-
ser excitations were destroyed or heated by the next ongoingnt luminescence.
laser pulse, causing luminescence quenching. The effect had
a strong dependence on the excitation energy and power. RESULTS
In Fig. 1, luminescence kinetics curves have been shown

EXPERIMENT for three different pulse intensities. The pulse photon energy
is Eqt+15 meV, well below the optical phononE(q

The sample was an ultrapure vapor-phase-epitaxy-grows-36 meV) replica of the band(E, is the electron
GaAs sample with a residual donor concentration of aboutonduction-band ener@yThe solid line marks the temporal
10 2cm 3.2 Luminescence was excited by two light dependence of luminescence when bdthe diode and
sources: a synchronously pumped mode-locked cavitypulsed lasers are exciting the crystal. The dashed line marks
dumped Styryl-8 dye laser and a semiconduc¢thode cw  luminescence for the case in which the crystal is excited only
laser. The optical pulse duration was about 5 ps with a repby the pulsed laser.
etition rate of 4 MHz and spectral linewidth of 0.7 meV At the lowest pulse intensitjFig. 1(a)] of 10 mWi/cnf
tunable at exciton energies and above. The semiconductdabout 18* excited electrons per cubic centimeter per pulse
laser had a fixed wavelength of 815 nm with a linewidth ofa stationary luminescence is emitted by the crystal until the
0.1 nm (corresponding to an electron excess energy of Julse fires. In response to the pulse, the luminescence mo-
meV). The excitation power intensity was about 0.01-1mentarily (below the temporal resolution of the experiment
W/cn? for the pulsed laseftime-averaged powgrand 6 decreases and afterwards slowly relaxes to the stationary
Wi/cn? for the diode laser. Photoluminescence was measurestate. The integral of the “hole” in the luminescence is ap-
at the temperature of 2 K. The semiconductor laser had proximately 80% compared to the integral of luminescence
steplike modulation of 50 kHz, thus being a quasi-cw lightwhen exciting only with the pulsed laser. In other words, the
source for our time scales. All the luminescence kineticexcited amount of electrons being able to create one regis-
curves were recorded simultaneously into two chanf@s  tered exciton is able to eliminate 1.8 otherwise registered
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8000 FIG. 2. Solid lines: temporal behavior of the photoluminescence
difference at a low pulse intensit{.01 Wi/cn?, upper pait and
4000 4 intermediate intensitf0.2 Wi/cnt, lower par}. Dotted line repre-
sents the contribution of smaller exciton coupling with photons due
0 to the exciton-temperature change; dashed line represents the con-
—r——r—Tr—7—T7T7 tribution of the changed exciton-generation rate due to the electron-

10 -5 0 5 10 15 20 25 30 temperature change.
Time (ns) . . .
source, respectivelR(1) is the number of lost excitons de-
FIG. 1. Experiment: temporal behavior of the photolumines-pending on the pulse intensity and §(t) is the delta func-
cence of the sample for excitation by the pulsed laser ygdtid  tion. For the sake of simplicity we use stationary value of
line) and without(dashed lingcw laser illumination in the case of N,, considering the number of lost excitons.

three pulsed-laser intensitie@ 0.01 W/cn?, (b) 0.2 W/en?, and The solution gives us the number of excitons, propor-
(c) 1 Wicn?. The incident pulse is depicted by dots(@. tional to our measured luminescence for either case:
excitons. The difference kinetics is shown in the upper part t t
of Fig. 2. N,=exp — —| | Gp(t)exp —|dt,

X X

It is remarkable that no maximum appears in the kinetics,
although additional excitations were injected by pulse. t
Where do the excitons disappear? We can analyze whether Ny= N2,statL1_H(t)R(| )GX% -
the excitons were permanently destroyed or moved only tem- X
porarily out of sight—thrown into their evolution track Subsequently the difference of the two measured lumines-
(heated or ionized to charge carriersand will later also  cence kinetics should give us a pure exponential curve. Con-
take part in luminescence. sequently, we get exciton lifetime extracted from all other
If the excitons were destroyed, we can calculate the exciprocessesH(t) is the Heaviside function.
ton decay time in the following way. The stationary number This idea holds in the zeroth-order approximation, assum-
of excitons is determined by the balance between the generaig that the exciton generation function from the pulse-
tion rate(due to the diode lasgrand lifetimer, of excitons.  excited charge carrier&p(t) does not differ for different
At the moment of the pulse an unknown process quicklyexperimentgwhich means that the additional charge-carrier
changes the number of excitons. Then the system approachesncentration, caused by pulse, is small compared to the sta-
the balance again, and, additionally, new excitons, generatdénary ong. For testing of the applicability of the idea we
by pulse, will play a role in the luminescence: subtracted the luminescence curves, correspondingy to
from N,. In the pulse intensity range of 0.01 to 0.05 mW the

+N;.

Ny —Gu(t)— Ny character of the difference kinetics does not change essen-
Tt - Ge e tially, indicating that using this idea at our lowest intensities
is reasonable. The decay time fitted from the difference ki-
N, N, netics(assuming excitons were destroyesl r=2 ns.
ot~ CstGr(t) —R(1) ()N stars En If the excitons were not permanently destroyadart of

“lost excitons” will return to the stationary statethen
HereN,; andN, are the number of excitons created by pulsedfitted from difference kinetics is a function of the exciton
laser only and by both lasers, respectivéBs and Gg are  decay timer, and round-trip timer, . In the simplest case,
the exciton generation rates from a pulsed and stationarywhen losses during the round trip are equal to the stationary
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FIG. 3. A series of lumines-
cence kinetics for different inten-
sities of pulse excitation without
(left parh and with(right par) cw
background illumination(a) 0.01
W/cn?, (b) 0.03 Wiend, (c) 0.05
Wi/cn?, (d) 0.08 Wicn?, (e) 0.12
Wwicn?, (f) 0.15 Wienf, (g) 0.3
Wi/cn?, (h) 0.5 Wient, and(i) 0.8
Wlcn?. The excess energy of
pulse excitation was 15 meV.
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exciton losses, we will get *=7, 1+ 7 1. Butin any case earlier experiment; we, as well as the authors of Ref. 12,
7.=7. A qualitative analysis says that if losses during thehave not seen distinct evidence of the LO-phonon-mediated
round trip are smaller than those in the stationary case, theaxciton generation in bulk GaAs. This may be caused by the
the luminescence kinetics excited by both lasers will alwaygact that in the experiments of Refs. 11 and 12 the excitation
have a maximum. intensity is about an order of magnitude lower and the bimo-
On the other hand, we do have independent data for eXecular procesgdepending on the carrier concentration as
citon decay timgmeasured on the same sample, where exn?) had too small a probability. In our earlier unpublished
citons were created directly by a laser pulse at a low intenmeasurements, we often saw this spikelike behavior but at-
sity), 7v=4 ns. Due to an essential difference betweemd triputed it to scattered laser light.
7x, We can conclude that the excitons, disappearing from the The difference kinetics in the case of an intermediate
luminescence band at the moment of an additional laser ex;ise intensity is shown in the lower part of Fig. 2. A two-
citation, will be excited to a state with a higher enefgyhot o nnonent structure is clearly seen. At the moment of exci-

f:hquton ora fre(;,‘ ;:ha_lr%e-c%rrler: p)a&fnd mlll;frlrt]errr:eitnulmr;ci)n tation, similar luminescence quenching occurs as in the low-
EIr previous state. The absence of a maximu u es|'ntensity case. Later, another component, roughly

cence(at excitation of both Ial_se_)ﬂets us COUCIF'de that the proportional to the exciton luminescence signal, also reveals
averaged lossethoth nonradiative and radiativeat these . o
itself. We interpret the further component as a contribution

upper states are larger than those in the stationary case. . . ) .
At an intermediate intensity of 0.2 W/GFig. 1(b)] of a smaller exciton coupling with photons due to an exciton

when excited both by a diode and pulsed laser, at the md€Mperature chang@hotons can be emitted only le&0, at
ment of pulse excitation the stationary luminescence als@n €levated temperature the share of such excitons de-
decreases, but later the luminescence grows higher than ti§&8ases The other component may be due to a changed
stationary one. For the pulsed laser-only excitation, a stee@Xciton generation rate with an electron temperature in-
rise of luminescence takes place followed by a slower comcCrease.

ponent. In luminescence kinetics this steep steplike or even At a high pulse intensity of 1 W/cfifFig. 1(c)], no initial
spikelike behavior is often attributed to an experimental ardecrease takes place. Instead, at the first moment, a steplike
tifact (scattered exciting laser pulsébut in the current ex- rise in luminescence is found for both cases. A striking fact
periment we do not see the feature on other simultaneouslig that the maximum luminescence intensity, if exciting with
registered kinetics—indicating the real nature of the effectboth light sources, is lower than if exciting only with a
We think that the steplike behavior may be caused by a smafulsed laser. The character of difference kinetiwst shown
fraction of excitons created by a LO-phonon-mediated prodoes not change, compared with the intermediate pulse in-
cess(the initial high-energy distribution of the charge carri- tensity, except that the slower component reveals a different
ers generated by photons with an excess energy of 15 melglowep form than the corresponding pulsed-only lumines-
may have a sufficiently high-energy tailThe relative share cence. This seems to be natural, considering the bimolecular
of the steplike feature increases with the pulse intensity, as pprocess of exciton formation and the reduced exciton-
should be in a bimolecular process, thus confirming the ingeneration rate at a higher carrier temperature.

terpretation. The LO-mediated exciton generation is impor- In Fig. 3, a series of kinetics relations depending on the
tant in GaAs QW structure’s. The Monte Carlo calculations pulse intensities are shown. At higher excitation intensities
of Selbmanret al® predicted an essential share of the LO-another hole in the luminescence kinetics is pronour(e¢d
phonon process in exciton creation also in bulk GaAs. In outl2 ns delay. The second hole originates from the excitation
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by a replica of the laser puldelue to a imperfection of the change, not exciton dissociationFor y we used the

cavity dumpe), which has approximately 1.5% of the main hydrogen-electron collision efficiencyy,=20ay,(h/m,),

pulse intensity. taken from Ref. 19, multiplied by the mean energy exchange
For comparison, similar experiments were performed withfraction at collision, 2n./(mg+m,):

the photon energy of the pulsed laser tuned into the exciton

energy zone and below the exciton resonance energy. In the y=40ag )

case of exciting excitons directly by laser pulse, no signifi- Mg+ My

cant changes in the luminescence kinetics’ shape, dependirg is the Bohr radius of an exciton.

on the background lightening, were found. In this case, how- For bimolecular coupling constamst we used a formula

ever, the rise of the luminescence is so fast that the quenclirom Ref. 20, which we modified for the case when the tem-

ing effect could be hidden under it. In the case of exciting theperature of the charge carriers differs from that of the lattice.

crystal below the exciton resonance, the stationary luminesfo our knowledge, this is the only model describing the ex-

cence was totally unaffected by the presence of the pulsegiton creation cross section depending (carrier effective

laser. This case rules out the possibility of a direct interactionemperature(in three dimensions In our calculations the

between the laser pulse and the excitons created by the dioéesential feature was the temperature behavior of the cross

laser. section o= T, >°, which follows from the acceptable as-
In Fig. 4, the number of lost excitation8lf,s) depending  sumption of the charge-carrier Boltzmann distribution. For
on Npuiseais shown, calculated by formula: two-dimensional case in QW, the dependenceT,?' is
used by Ref. 6.
Niost= Nstationaryt” Npuised™ Nboths In Fig. 5 the calculated kinetic curves are presented. The

where Ngaionary IS the integral of stationary luminescence model qualitatively explains the experimental features. At a
when excited only with a diode lasé¥, cqis the integral of 10w pulse intensity no maximum appears in the lumines-
luminescence when excited only with a pulsed laser, an@ence with a cw background excitation. At a high excitation
Npotn is the integral when both excitations are in use. We ddhne luminescence without a background cw excitation has a
not have an explanation to the dependence, but it is interesfgher intensity than the one with that. We could not find an

ing to note thaN,,; depends o, seq@S square root. The opportunity for the model to take intp account th.e proposed
dotted line in Fig. 4 marks the dependendd,e=a LO-phonon-mediated exciton creation mechanism, so the

+b(Npused 12 model does not reproduce the initial steep rise.
To model the interaction of charge carriers and excitons

including thermal exchange, we used the following set of COMPARISON WITH THE RESULTS

Boltzmann rate equations for particle concentrationand OF OTHER AUTHORS

mean energiek (subscriptseh andx denote charge carriers ) o

and excitons, respectivety The results of our experiment are related to excitation-

induced dephasingEID) experiments, made by four-wave
dn n mixing (FWM) techniques with a preinjection of incoherent
eh eh 2 ot 4,15 i
TR o Ngp, excitationst*'°The authors of Refs. 14 and 15 determine the
eh

exciton dephasing rate Ty depending on the concentration

dn n of the additionally injected excitations. They indicate that
X X

—=——+on§h, exciton—free-carrier scattering is 10 times as efficient as
dt Tx exciton-exciton scattering. As the FWM experiment mea-
sures the phase-coherence dephasing, it says nothing explicit

2 dEgp Neh dEen 5 about the energyhea) exchange, but the heat exchange in

= =GTy— — Ten— —ongpTen

3k dt Teh dt oh

o
T YNex(Tx— Ten), 10000 |- o
X a.

2 dE,  n, dE, X - o P

——=——"T,—-{——) + + I

3k dt =\ d oNer(Tent Te) [

ph % e
ke & ‘o
= YNepy(Tyx—Tep)- b4 @,-E"

Here T4 is the charge-carrier temperature at excitation and V‘.D"DE"
Tg is the temperature corresponding to the Rydberg energy o
of the exciton.(dE/dt), is the mean energy-loss rate of a ~ '90F o S
particle in all the scattering processes on phorémrscharge 1000 10000 100000
carriers we considered the deformation potential and Npulse g

piezoelectric-LA-phonon and polar-LO-phonon scattering;
for exciton deformation potential LA-phonon scattering, the  FIG. 4. Open squares: fraction of excitons “getting lost” when
corresponding rates were taken from the literatiré.y de-  an additional cw excitation is present, compared to the lumines-
notes the probability of an exciton to lose energy by collid-cence intensity for the pulsed excitation. With the dotted line a fit
ing with a charge carriefwe considered the thermal ex- goc\Npyseqis shown.
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reveal themselves in a less evident way, retarding the onset

1500 | a
of luminescence until the hot charge carriers are cooled
1000 | / down. However, the Monte Carlo ensemble approach, used
by the authors of Refs. 12 and 16, after including the thermal
500 | exchange between excitons and carriers, is evidently a more
appropriate method for trying to quantitatively fit the experi-
ok T N e | men.tal results._ 622 . . _
* * Piermarocchiet al,®“~ calculating exciton creation dy-
10 -5 0 5 10 15 20 25 30 o .
namics in QW, also neglect the heat exchange effect while
2 15004 b operating with hot charge-carrier distributions with quite a
< ] high concentration up ta=10'? cm 2 (the corresponding
& 1000 bulk concentration would ba=10"® cm™3). We think that
T ] one should expect an essential influence of exciton dephas-
= 5004 ) ing on carriers.
® 1 S Aschkinadzeet al* have also investigated the exciton
E; 0 e heat exchange with charge carriers in GaAs QW's. A very
£ 4 5 o s 10 15 20 25 30 interesting result was obtained, revealing excitonling by
12000 - the carrierqalthough the carriers were initially generated at
c a high temperatuje We think that in their experiment, the
8000 excitons, created directly in the exciton band, had normally a
higher effective temperature, compared with the carriers’ ef-
4000 - fective temperature, Which_ was esta_blished dyn'amically in
the process of charge-carrier generation and their energy re-
laxation.
07 — : : : — Baars and Gdl,in their modulation experiment on exciton

10 ' 5 0 ' 5 ' 10 ' 15 ' 20 25 30 creation in GaAs QW'’s, detected a broadening and blueshift
Time (ns) of the exciton line depending on the excitation intensity of
_ the charge carriers. They have attributed the exciton broad-
FIG. 5. Model calculations based on the Boltzmann rate equagning to exciton-carrier scattering and the blueshift to a
tions (see text temporal behavior of the photoluminescence of thequantum-confined Stark effect. We think that if there is an
sample for excitation by the pulsed laser wigolid ling) and with-  affactive exciton-carrier scatteririgs they proposethen the
out (dashed ling cw laser illumination in the case of different 5 riers may heat excitons as well, with a blueshift of the
pulsed laser intensitiesa) low pulse intensity,(b) intermediate o, citon Jine. Certainly, a detailed analysis of the origin of the
pulse intensity, andc) high intensity. blueshift is needed to establish the contributions of each pro-

exciton—free-carrier scattering is evident. Our experiment?ess'

measuring the incoherent part of the secondary emission,
thus gives some complementary information to FWM EID

experiments. o o Exciton luminescence quenching in bulk GaAs was inves-
Robertet al™ have also seen a significant energy ex-igated using a different experimental technique. This tech-
change between the charge carriers anq 'ex.cr[ons.'They haH?que gives complementary information for the FWM ex-
even concluded a ther_modynam|_c equilibrium with equa|periments with  preinjection of excitations, studying
temperatures and chemical potentials of the subsystems. In&gitation-induced dephasing in semiconductors.
bulk crystal, we cannot apply the method of Ref. 21 to check  The quenching effect consists of two contributions: a de-
these ideas. , . creased exciton coupling with photons due to an exciton tem-
To the authors’ knowledge, the most comprehensive calperatyre change and a changed exciton-generation rate due to
cu!atlon of the involved processes was published in _Ref. 18, electron-temperature change. The effect can be explained
using the Monte Carlo ensemble method for solving theyygajitatively using the Boltzmann rate equations, if the exci-
Boltzmann rate equations for coupled free carriers and excigyp, heating by the charge carriers is taken into account. The
tons. The authors of Ref. 12 report a good accordance of thgeep, juminescence onset, often attributed to an experimental

experimental data with the calculatiofexcept for the cal-  gpitact, may be evidence of a LO-phonon-mediated exciton-
culation conclusion about the exciton creation through a LQyreation process.

phonon. In the theoretical consideration, however, no pro-
cess was involved for the charge-carrier—exciton heat ex-
change and for the exciton dissociation depending on the
charge-carrier distribution. Based on our experiment and on We gratefully thank V. V. Travnikov and V. V. Rossin for
the FWM results of Ref. 14, we note, however, that excitontheir contribution to the theoretical model and for providing
dephasing processes should play an important role in thaes with the sample. The present work has been supported by
experimental results of Ref. 12 as well. These processes déstonian Science Foundation Grant No. G2338.
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