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Exciton formation rates in GaAs/Al ,Ga;_,As quantum wells
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A theoretical investigation of the exciton formation process from free carriers in a single GaAs/
Al;_,GaAs quantum well is presented. The mechanism for the formation processes is provided by the
interaction of the electrons and holes with phonons. The contributions from both the acoustic and optical
phonons are considered. The relative importance of exciton creation from a thermalized electron-hole gas
(bimolecular formationversus a direct creation of excitons from the crystal ground state through the electro-
magnetic fieldgeminate formationis discussed. The formation process is analyzed for different densities and
temperature of the free carriers, and for different intensities of the exciting optical pump. The results compare
reasonably well with recent experimentS0163-18207)03303-]

In a nonresonant photoluminesceried) experiment, the formation. The rate of geminate formation is proportional to
optical pump excites free-carrier pairs, which eventually rethe created pairs density, and is therefore linear in the pulse
lax to form excitons. The investigation of exciton formation intensity. The bimolecular formation rate is proportional to
is therefore relevant for the understanding of some featureie probability that the thermalized electrons and holes inter-
of PL in the bulk as well as quantum well®W’s). During ~ act, and is therefore proportional to the product of electron
the last few years, several experiments have been carried o@fd hole densities. This is valid for a nondegenerate Fermi
in order to clarify the exciton formation process both in bulk 9as, as is the case in most experiments. The geminate and
and QW semiconductor systems. Most experiments ar@imolecular exciton formation rates in a Single GaAs/
based on time-resolved techniques, which include timeAl1-xGaAs QW with x=0.4 are presented here in a de-
resolved PL%?time resolved Raman spectroscoisnd non-  tailed calculation. We considered all the possible relaxation
linear cross-correlated Pt Zhu et al® have also considered Mechanisms in the system, and found that in the range of

the continuous-wave PL in QW's in the presence of a magcarrier densities of 0-10"* cm™2, the carrier-phonon in-
netic field. However, the results of time-resolved experi-teraction dominates in the exciton formation process. We

ments do not allow a clear identification of the exciton for-inCIUde in the calculation the contribution from the acoustic
mation rate, because in the dynamics it is difficult toPhonons due to the deformation potential interaction, and the

distinguish between this and other relaxation processes. Igontribution from the optical phonons through the tiich
this report we propose a theoretical approach to the probleffiteraction.
of exciton formation in PL. To the authors’ knowledge, only ~ The dynamics of the exciton formation is considered in
a partial theoretical investigation of these rates includinghe framework of the Boltzmann equation for a system con-
0n|y acoustic phonons is a\/a”am@ecenﬂy, a Monte Carlo taining free EIGCtronS, free hOles, and excitons. The residual
approach to the pr0b|em of relaxation of Coup|ed free Carri.coulomb interaction between the free carriers is negleCted,
ers and exciton in bulk Systems has been propased_ which is jUStlfled in the range of temperatures and densities
Here we provide an exhaustive discussion of all the posconsidered. In this paper we focus on the exciton formation
sible contributions to the rate of exciton formation, and cal-mechanism and do not discuss the relaxation of the three
culate the different characteristic rates of this process. Thes#ecies within their respective bands, the electron-hole scat-
results should help to better understand the role of the excfering, and radiative recombination. We denote the occupa-
ton formation rate in the dynamics of time-resolved PL ex-tion numbers for electrons, holes, and excitons by
periments. When a photon from the pump pulse is absorbett(Ke), fn(kpn), andfe,(Key), respectively, wheré,, ky,, and
by the sample, an electron hole pair is created. The electrofex are the in-plane wave vector for electrons, holes, and
and the hole in this pair are strongly correlated because thegxcitons. For the bimolecular formation, the scattering terms
have opposite momentum, but this correlation is rapidly losin the Boltzmann equation process read
through scattering with the other carriers and with phonons.
These scattering mechanisms provide also a fast thermaliza- (dfe(ke)
tion within the free carriers, and are responsible for the tran- dt
sitions from the free carriers to excitons. Consequently we N )
distinguish between two different cases: direct formation ofvhere theFy . ., represents the the probability per unit
the exciton from the initially created electron hole pair be-time for a free electron with wave vectkg to bind to a free
fore correlation is losgeminate formationand indirect for-  hole with wave vectok; giving rise to an exciton with a
mation from thermalized electron-hole paitsimolecular wave vectoke,=ke+Kk;,. An equation analogous to E€f)

== 2 Fi ik frknfeke), (D)

form Kex:Kn
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FIG. 1. The exciton formation coefficiet as a function of the
carrier temperaturd ., at a fixed lattice temperatur€ =10 K.
Other parameters are given in the text.

FIG. 2. The formed exciton distributioR(E), as a function of
the exciton energye, for optical and acoustic phonon processes.
The free carrier temperature is 50 K.

holds also for the hole and exciton distribution functions.optica| phonons are shown separately, the optical phonon
The formation rateF is evaluated using the Fermi golden gominates for temperatures larger than 40 K. The Arrhenius
rule. For the exciton we used a two-dimensional hydrogenicp|ot in Fig. 1 shows an activation energy of 25 meV for the
like wave function and plane waves for the free carriers. FObpt|Ca| phonon process. This energy Corresponds to the dif-
the parameters of the exciton wave function and the deforference between the optical phonon enerdyw(o= 36
mation potentials we refer to Ref. 10. During the evolutionmew and the exciton binding energfE{= 10 me\). We
of the system, the free electrons and holes are thermalized ghnclude that the formation process is therefore mainly gov-
the same temperatuie . This thermalization is produced by erned by optical phonon emissions. For the acoustic phonon
fast carrier-carrier scattering. Typical thermalization times inprocess, we do not find any activation energy. In fact, both
GaAs QW are found to be of the order 100 fs for carrier  the emission and absorption of acoustic phonons contribute
density above 1 cm~2'* which are faster than all the tg exciton formation. The difference between the two pro-
other scattering times, in particular when compared to theesses appears clearly in their dependence on the lattice tem-
exciton formation time. In the scattering term of Efj, we  peratureT,. The optical phonon contribution does not de-
use forfe(ke), andf,(ky) equilibrium Boltzmann distribu-  pend onT,, whereas the acoustic phonon one increases
tion function atT.. Consequently, by summing E(l) over |inearly with T,. The qualitative difference between exciton
ke, e obtain an adiabatic equation for the evolution of theformation by the optical and acoustic phonons is also clearly
electronic densityne=[Zy fe(ke)I/S: shown in Fig. 2, wher& (E) = F (kex= V2ME/#?) is plotted
as a function of the energl of the created exciton. The
_e:_E F (Ko NaNp=Cn @ thermalized_ cgrrier dis‘gribution relaxes to for_m excitons
dt o ex)llelth™ el 'h - through emission of 0pt|cal phqnons. Slnpe opt|cal phonons
are dispersionless, this transition is vertical in energy and

The coefficientC is the bimolecular formation coefficient, produces excitons at the free-carrier temperafliye The
which depends on botfi; and the lattice temperaturg energies exchanged by acoustic phonon emission and ab-
through the interaction with the phonons, aftk.,) is de-  sorption are of the order of 1 meV, and the excitons are

fined as created through quasielastic transitions. Therefore, excitons
from this process are formed close to the bandedge, at an

27h%\2 1 energyE close toE,, .
F(ked = ﬁ) m Comparison of these results with experiments is not

straightforward. Strobegt al* find C=6 + 2 cm?/s in an
experiment wherdE=112 meV andl,= 8 K. SinceAE is
much larger than the optical phonon emission threshold, we
expect thafl . will rapidly decrease in a few ps as assessed
The carrier temperatur€, immediatly after the pump pulse by experiment® The measure of is performed on a time
depends on the excess enetylf = E,m;— Egqp, and is de-  scale of ~10 ps, which is of the same order of the time
fined by kgT,=AE/2. However, in the dynamics[, ap- variation of T.. Therefore from the experiment one obtains a
proaches the lattice temperatuig through emission of time-averaged value fa€. We find the same formation rate
phonons showing two characteristic times: a short one ass@ at T,= 60 K, which can be considered as the average
ciated to the emission of optical phonons and a longer oneemperature during the formation process. However, in order
associated to acoustic phonons. The optical phonon domte perform a closer comparison, the carrier temperature evo-
nates forT . above 50 K. We do not consider the evolution of |ution also has to be measured. Robetral? find C larger

the temperature T, which may be experimentally than 14 cnt/s, usingAE= 25 meV, andT,= 1.7 K. In this
measured,and we evaluate the formation coefficiébtas a  last experiment, the carrier temperature has been measured,
function of T, andT, . In Fig. 1 we reporC as a function of and has been found to decrease from 60 K after 10 ps from
1/T, for a fixed lattice temperatur€, =10 K, for a GaAs the excitation, to 10 K after 100 ps. The dynamics at short
QW of 50 A. The two contributions from the acoustic and times is therefore also needed in order to make a quantitative

—[Ea(ke) + ER(kp)/kgT
X Ek ervkh‘)kexe [Ee(ke) h(kn)/kg c]_
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comparison with the present calculations. Recent confirmawe obtain for a QW of 50 A a coefficient
tion of the order of magnitude & has been also established a=1.4X10"%W s) "1, for an excitation energy of 40 meV
by Colocci and Emiliant? above the band edge. We have found thdng/dt) is

The geminate formation process can be described as foslowly dependent on the excitation energy above the energy
lows: excitation of an electron hole pair by a photon, propathreshold. For a 1-ps pump pulse and 1-KWfcmower,
gation of the created pair through the crystal with total mo-about 1¢ cm™?2 excitons are formed by the geminate pro-
mentum close to zero, and finally conversion of thecess. In order to quantify the importance of the geminate
correlated pair into the exciton via interaction with phonons formation process, we compare it with the total formation
The rate of creation is therefore proportional to the density ofate of free carriers for the same excitation conditions, and
pump photons. We stress the fact that the electron-hole pagbtain
has total zero momentum, whereas in the bimolecular case
the total momentum of the electron and hole is not con- (dNex/dt)gem  Agenf @) P(f @)
strained. In fact we notice from E¢l) that a given electron (dn./d) = (ho)P(hio) =
interacts with all the populated hole states to form the exci- e~ /ear  Tear
ton. In the geminate process, two interactions coexist: the, . 1o total free-carrier raie
carrier-phonon interactiow, and the carrier-photon interac-
tion V,. The formation rate of an exciton with a given
center-of-mass wave vectay, produced by a photon with
energy fiw, is calculated by second-order perturbation

theory. The emission of optical phonons gives the domina hereas the bimolecular formation takes place also at later

contribution to this formation rate, and has a threshold a{imes, and depletes the carrier population during the exciton

hw=Ega;—hw o~ Ey. The contribution from the acoustic ¢ mation. Due to the quadratic dependence of the rate on the
phonons in the geminate formation is four orders of magnl-density of free carriers, the temporal evolutionmfis not

tude smaller, according to our evaluation. The formation rat%iven by a simple exponential. However, a characteristic for-
for optical phonons reads mation time forn,=n,, may be defined asqn,) . Typical
2 values for this time are in the range of 1-20 ps figrof
V(n,+ ; :
> {0V, lkr) (npz 1)2(kr|Vp'|q> 10%° cm~2. For later times, the dynamics becomes more
ho—Egap—h |ke|*/2p+iT complex because of exciton and carrier temperature relax-
ﬁ2|q|2) ation processes, and of the dissociation of the excitons. In

0.05. (5)

can(P @) P is related to the
free-carrier absorption, and is energy independent for excita-
tion above the band edge.
The characteristics of the two processes are different. The
eminate formation exists only during the pump pulse,

2w
qz

r

order to compare the geminate and bimolecular exciton for-
mation rates, a given experimental condition of pump power
&) P, pump durationAt, carrier temperaturd ., and lattice
temperaturd| has to be considered. As discussed above, the
Here|0) is ground statelk,) represents an electron-hole carrier temperaturd is not simply related to the excess
state with relative momenturk,, and |q) is the exciton e€xcitation energyAE. Here, the excess energy is always
state. All the intermediate states have zero center-of-magPove the geminate generation threshold. Therefore, we con-
momentum and we sum only on the relative momenkyrof ~ Sider a typical range of possible carrier temperatdieom
the electron-hole pair. Furthermore, the in-plane wave-vectop0 to 100 K, which may result after the excitatidh The
conservation implies that the created exciton and the emitteléminate formation rate is written in terms of the carrier
optical phonon have opposite momentum. The fadpis ~ density n. created by the pulse by approximating
the Bose occupation number for optical phonons, which igdne/dt)~ne/At and using Eq(5) to obtain
negligible in the range of lattice temperatufg considered.
The sum oveq, of the final phonon is due to the breaking of (dnex> @gem N
ge

X 6 ﬁw—ﬁw,_o— Egap+ Ebin_

2M exc

the translational symmetry in the growth direction. The en- dt BN ©
ergyI’ gives the broadening of the intermediate states, and is

assumed to be energy independent. The broadening is prﬂl'hereFS is a form factor due to the shape of the laser pulse.
duced by the same process that thermalizes the carriers, e consider a Gaussian pulse of full width at half maximum

explained above. We have investigated the effect of thi qual toAt, and we average the geminate rate over the tem-
broadening on the total rate of the process. We have founsgOral width of the pulse. The correspondig is 1.426. In

T et o o o o o 8. 3 repor both (e geminat and bmlecar oma-
pialy. tion rates at short times as a functionmf, for At=1 ps and

mediate pair forl" larger than the exciton binding energy T.= 50 and 100 K, and, =10 K. Clearly, at large carrier

Ep. In the following, we assumé& to be smaller than 10 density, the bimolecular formation rate dominates over the

mev. The_ total rate of forma}t|on IS then obtained from Eq. 3eqeminate rate. The crossing of the two rates depends on both
by summing over all the final exciton states, and can b

written as a function of the pumo powdr and the pum At and the carrier temperatuie,. For the chosen param-
pump p pump eters, the crossover corresponds rig=10° cm 2. The
frequencyw as

crossover density decreases with increagiigas shown in
113 on the relative

dn Eqg. (6). Measurements by Amandt a
( dtex) — dgen{ ) P(h ). (4)  weight of the two processes confirm that for carrier density
gem n. above 10 cm™2, the geminate process is negligible.
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10 ’ . broadenings, we expect also that the disorder-assisted forma-
— C=20 emsec” - tion process becomes relevant, and comparable to the acous-
o [ e C=5 cm’sec” o tic phonon-assisted process.
10° b -~~~ Geminate Rl In conclusion, we have calculated the phonon-assisted ex-
ol citon formation rate for both the bimolecular and geminate

case. We have considered both the optical and acoustic
phonons. In the bimolecular formation, we have found a sub-
stantial difference between the two contributions. This dif-
ference is related to the large energy exchanged in optical
phonon scatterind36 me\), compared to the energy ex-
changed in acoustic phonon scatteriiad the order of~1
meV). Therefore, the distribution of excitons reflects the
FIG. 3. Geminate and bimolecular exciton formation rates asther_malized free-carrier distribution in the ﬁrst case, while
functions of the carrier density,. Other parameters are given in excitons close to the band edge are created in the second one.
the text. We have also found that for carrier temperatdre larger
than 40 K the optical phonon contribution to the bimolecular
_ ) _ ) formation dominates over the acoustic phonon one. In the
Other formation processes assisted by carrier-carrier scaiminate formation, the direct creation from the correlated
tering (Auger processgsand scattering by disorder and im- gjectron-hole pairs has been calculated. The process is linear
purities tak_e place in any available sample. The first procesg, ne pump intensity. It follows that for low pump intensi-
has a cubic dependence o, and shoulqzhave a small ties the geminate formation dominates over the bimolecular
influence for densities lower than 1]?Qcm , @s shown  ¢5rmation for short times. The role of carrier-carrier scatter-
experimentally* Both a direct contribution and a correction ing, interface roughness, and impurities in the formation pro-
to the calculated phonon-assisted rates exist due to the intéfass has also been discussed.
face disorder and impurities. Clearly, correction to the opti-
cal phonon-assisted rates is negligible, due to the large en- We thank B. Deveaud, M. Colocci, and P. Selbmann for
ergy exchanged in the process compared to the typicahany suggestions and discussions. We thank M. Brousseau
disorder broadenings. Acoustic phonon-assisted processasd V. Emiliani for providing us with experimental results
may be slightly modified by the presence of disorder, espeprior to publication. The present work has been supported by
cially when the broadenings are larger than the typical exthe Swiss National Science Foundati¢@.P) and by the
changed energies of 1 meV. For these large inhomogeneo®wiss National Priority Program for Opti¢E.T.).

dn_/dt (cm”ps™)

n,(em™)
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