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Dynamics of exciton formation for near band-gap excitations
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We present a microscopic density matrix description of the formation of excitons after optical excitation of
a semiconductor. Three types of dynamical processes taking place after the optical excitation are dapalyzed:
decoherenceb) incoherent redistributions of occupations among excitonic states or among unbound electron-
hole pairs, andc) formation of excitons. The competition of different scattering mechanisms under varying
excitation energies in the vicinity of the band gap is studied for a two band GaAs quantum-wire model. The
respective influences of piezoelectric and deformation potential coupling to acoustic phondiishFrou-
pling to optical phonons, interface roughness, and radiative decay are compared. A comprehensive picture of
the formation process is obtained by following the time evolution of thexciton population in dependence
of the center of mass momentum. For the times studied (ugreo 50 p$ we find no significant impact of
radiative decay. All other scattering mechanisms have noticeable influences on the dynamics. Piezoelectric
coupling is particularly important for the decoherence above the band gap, while emission of longitudinal
optical phonons turns out to be the most efficient process for exciton formation as soon as it is energetically
allowed. Exciting at the threshold for the emission of longitudinal optical phonons we find an exciton forma-
tion time of ~4 ps at a temperture of 80 K, which increases dramatically when the excitation energy is
lowered towards the band edge. The relative importance of the competing mechanisms varies significantly for
the different aspects of the dynami@®ecoherence, redistribution, formatjaand it also depends crucially on
the excitation energy. The effects of the different scattering mechanisms are in general not additive.
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l. INTRODUCTION occupations of electrons, holes, and excit8h$:8-2*How-
ever, the case of near band-gap excitations considered in the
It has been widely noticed that after optical excitation ofpresent paper requires a more advanced modeling for several
semiconductors above the band gap the relaxation of correeasons(i) Electron-hole pairs with energies slightly above
lated electron hole pairs and in particular the formation ofthe band gap are not well represented by plane waves, which
excitons may have a significant impact on manyis usually assumed in the three particle picture; instead, no-
experiments=*® Thus, e.g., the rise time of the excitonic ticeable Coulomb induced correlations between electrons
luminescence after ultrafast excitation at high energies in thand holes have to be expectéid) Since any exciton density
band exhibits an oscillatory behavior that has been shown tgecessarily contributes to the electron and the hole density
reflect changes in the efficiency of exciton formatfofiFur-  there is no strict distinction between the three particle types;
ther evidence for the importance of exciton formation hasyjthough this problem occurs quite generally, it is less severe
been found by measuring the spatial expansion rate in img, excitations far above the band gap, because electron and
and space resolved pump and probe experiments. Here, e gensities related to an exciton are restrictedkaspace
near band-gap excitation aowershootof the rates is 0b- oqi0n yp to a few reciprocal Bohr radii and thus there is no

served, which has been interpreted as an indication for thﬁoticeable overlap with high energetic particléa,) Within

formation of excitons W'thlf‘{‘%’h kinetic energies of their the Boltzmann description the laser induced generation of

center-of-masgc.m,) motion: the carriers is accounted for by a corresponding rate. How-
Recently, experimental studies of the exciton formation y P 9 '

and relaxation dynamics have also been performed Oﬁ]ver, closer inspection of the generation process reveals that
quantum-wire system$. From measurements of the time- the laser field is primarily coupled to interband coherences.

resolved photoluminescence from a GaAs/AlAs quantum—Th“S' in a first step only coherent electron-hole amplitudes
wire array an exciton formation time 0£30 ps has been 2'€ excited. For spatially homogeneous excitations the result-

extracted® The investigations in Ref. 13 also suggest thatid coherent electron-hole pairs have no center of mass mo-
exciton-acoustic-phonon scattering is enhanced in an one dilon. Only after a second step involving scattering events
mensional system, while exciton-carrier scattering is supWith finite momentum transfer incoherent pair occupations
pressed. with finite c.m. motion are obtained. Consequently, a micro-
Calculations related to exciton formation are mostly basedcopic description of the optical generation has to account
on a three particle picture where electrons, holes, and excfor coherences in addition to the occupation densities known
tons are treated as distinct types of partiét&s'618-24n the  from the Boltzmann theoryiv) For excitations several lon-
simplest case one deals with phenomenological rate equgitudinal optical LO phonon energies above the band gap
tions for the corresponding total particle densifiédore re-  and low excitation densities polar-optical scattering is usu-
fined implementations of this idea make use of a set oflly assumed to dominate the exciton formation protess
coupled semiclassical Boltzmann equations for tkepace  while near the band gap there is a variety of competing scat-

0163-1829/2001/68)/03530315)/$20.00 65 035303-1 ©2001 The American Physical Society



K. SIANTIDIS, V. M. AXT, AND T. KUHN PHYSICAL REVIEW B 65 035303

tering processes which have to be taken into account simulithin a microscopic formulation the relevant quasiparticles
taneously. are electrons and holes described by Fermi operators and
There have been a few recent studies of the conversiophonons represented by Bose operators. Starting from the
dynamics from coherent excitations into incoherent occuparespective standard Hamiltonians we account for the interac-
tions including the corresponding build-up of c.m. kinetic tions between these quasiparticles namely the Coulomb in-
energy using quantum well modeis?**'These studies have teractions between charged carrfér&® and the phonon-
all concentrated on excitations in resonance with teeef-  carrier interaction® ~33as well as the interaction of electrons
citon accounting exclusively for occupations on theda- and holes with a stochastic interface roughness
rabola. Here, we extend these investigations by consideringotential®*~3¢The system is driven by an external laser field
all pair states in the vicinity of the band edge. Thus in addi-which is treated classically and in addition the system is
tion to the Is parabola we account for higher excited boundcoupled to a quantized light field in order to model the ra-
excitons as well as for pairs in scattering states. This exterdiative decay’>'~%°With exception of the classical laser
sion is, of course, indispensable for studies of the redistribufield all of the above interactions lead to an infinite hierarchy
tion and exciton formation dynamics subsequent to laser exof corresponding higher order density matrices. Thus, the
citations above the band gap. But also for resonant excitatioGoulomb interaction results in a hierarchy of electronic den-
at the I exciton it gives new insights, because we are ablesity matrices®3?41~%4the phonon coupling gives rise to a
to analyze the dynamics of dissociation processes, which igierarchy of phonon assisted density matrite® 4’ while
the inverse process to exciton formation. Some authors speake quantized light field is a source for a hierarchy of photon
of exciton formatiorwhen they refer to the conversion from assisted density matric8§3%4%48 Finally, the interface
coherent into incoherent pairs subsequent to a selective exoughness builds up a hierarchy of correlation functions of
citation in resonance with theslexciton?’ although in this  the stochastic potentiaf:2®In order to truncate the electronic
case the pairs are generated in states on shgatabola from  hierarchy we use the dynamics controlled truncatib&T)
the start instead of being formed from quasifree electron-holechemée® While DCT was originally formulated for a pure
pairs. We shall follow here the more commonly used convenelectronic systeff it has been shown that this concept can
tion and denote asxciton formatiorprocesses where an ini- be extended to a system also interacting with phofbfs.
tially unbound electron-hole pair or a pair in a highly excited However, the full DCT treatment including phonons would
state is converted into a density on the darabola. require the evaluation of high-dimensional generating func-
In the present paper we introduce a theoretical frameworkions for phonon assisted density matrices and is not practical
that describes the dynamics of exciton formation for neafor a system with a macroscopic number of relevant phonon
band-gap excitation and low excitation densities taking intomodes. Therefore, in Ref. 41 a reduced treatment of the pho-
account the coherent generation process and the Couloniton branch of the hierarchy has been developed that can be
correlation of electron-hole pairs. Coherent and incoherentombined with the DCT truncation of the electronic branch.
electron-hole pairs are treated on the same microscopic lev@his scheme involves a correlation expansion for phonon
allowing for a consistent modeling of their combined dynam-asssisted variables in combination with t#arkov approxi-
ics which is needed to describe the conversion of coherenhation. In the present paper we adopt this strategy for the
excitations into incoherent pair occupations. We account fophonon interaction and apply analogous procedures to all
scattering with longitudinal acousticélA) phonons via the other scattering mechanisms. In the following sections we
deformation potentia(DP) and piezoelectri¢PE) coupling  discuss the resulting selection of dynamical variables and
to LA and to transverse acousti¢dA) phonons, interactions  their respective equations of motion and for each scattering
with LO phonons via the Fidich coupling, scattering due to  mechanism our specific implementation is explained.
interface roughnesdR) as well as for radiative decafRD).
Our goal is to study in detail the dynamics of exciton
formation starting with the coherent generation followed by . i ) ) o
the conversion into incoherent densities and the subsequent e are interested in the low density regime where it is
incoherent relaxation dynamics. The competition betweersufficient to keep only contributions up to second order in
different scattering mechanisms is analyzed for varying centhe laser field. For low excitation densities there are two
tral frequencies of the laser pulse in the vicinity of the bandtyPes of electronic Va,”atélff that are revelant for the discus-
gap. sion of exciton formatiori®*! the interband transition ampli-
The paper is organized as follows. In Sec. Il we give alude
brief outline of the theory, introducing the relevant dynami- 1 e
cal variables and their equations of motion. Furthermore it is Y2:=(Y3)=(d1Cy), 1)
described how the various scattering mechansisms are NCd the correlated part of the electron-hole pair density
porated into the theory. In Sec. Ill the numerical results are
presented and discussed and finally in Sec. IV we draw con-
clusions from our results.

A. Dynamical variables

Nig=(VEYD-Yi* vi, @

where ¢; (d;) are Fermi operators annihilating electrons
(holes in Wannier states located at sitgswith spin o . It

We use a microscopical density matrix description of ashould be noted that it is not necessary to consider the den-
two-band quantum wire with a parabolic band structuresities(clc,) and(d}d,) of electrons and holes as dynamical

II. MICROSCOPIC THEORY
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variables in their own right, because these quantities can bidere, L is a normalization lengthR,, andr, are, respec-
eliminated in favor ofY and N by using identities that are tively, the c.m. and the relative real space coordinates in wire
exact within a second order treatméhf’“® Furthermore, direction, whiler,, andry, are the coordinates of the elec-
due to the use of the Markov approximation also all assistefon and the hole perpendicular to the wikg,(r1o) is the
variables are eliminated and thus do not show up explicitelyvave function for the relative motion of the pair in state

as dynamical variables in the equations of motiorivadnd ~ and ue(r,) are the confinement functions for electrons/
N. Their influence is approximately taken into account via©l€s corresponding to the lowest wire sublevel.
corresponding self-energies. The pair amplitiieontains Applying the DCT scheme combined with the Markov
the information about coherent electron-hole pairs that ar@PProximation for the scattering processes as discussed
either bound(excitons or in scattering states. Since the in- 2P0Ve we obtain the following equations of motion:

terband polarization is directly related to the interband tran-

sition amplitudeY, the latter determines coherently emitted 7 5y —f 0.y, —EM,+ >, ﬁQYi/yx, ,+if oYyl ro,

optical signals such as linear transmission, four-wave mixing X'

or pump and probe signaﬁ describes incoherent occupa- (6)
tions of bound and unbound electron-hole pair states as well
as intraband coherences. The latter are, e.g., the driving, )\~ _ — * X!
’ ’ N =h(wy— wy) Ny — hQ) ,
sources for the THz emissiGA>! The pair occupations, in o= (0~ w3y % [ (Allv Yr)
contrast, are direct sources for secondary emission such as

luminescence signat§:?’3%4°While standard luminescence B Oy )E X x! = *

. . . . . . - ’ + hQ N Nyryr + " ’
monitors pair occupations with nearly vanishirg~0) c.m. ViAo )] ;EX N x (M YY)
momentum'® it has been demonstrated that it is possible to R
measure the exciton occupation density as a functioK of +ihonglro, %

over a broaK region by using LO phonon-assisted photo- e is th f interband . h
luminescence. Corresponding measurements have been p4ii€reéfiw, is the energy for an interband transition to the

formed in bulk CyO (Refs. 52,53as well as in ZnSe quan- Palr statex, My is the dipol-matrix element in the pair rep-
tum wells25:54 resentation, and is the external laser fieldd,y,|rp and

atF;X|RD account for the radiative decay which is the only
scattering process that does not conserve the total number of

electron-hole pairs. All other scattering processes enter via
We performed all calculations in the electron-hole pairself-energy matrices () of the form

basis. The transformation between the real space representa-
tions Y andN of the relevant dynamical variables and their

B. Equations of motion

— T 10 =2 Tooo » 8
counterparty andn in pair reprensentation is given by x ; oox ®
1_ X N
Y2=2 Vi, (3 RO = 650> Tz — S o T 4T,
X X
N2 =S Xk X o T X0 s ©)
NTa= 2 V51 Vo, 4 . i » .
B @ where each scattering mechanism adds a specific contribu-

tion to I'y 50 - i« ro @nd diNiy|rp are detailed below as
well as the coupling matrice¥',, ., for each scattering
. ) "mechanism. It should be noted that the Markov approxima-
electron-hole scattering state. In this paper we treat g, jepends crucially on the basis and therefore a choice is

quantum-wire m0d6| with infinitely high barriers and con- needed that is well adapted to the physics under consider-
centrate exclusively on the lowest sublevel. Thus we dea.(li

ttactively with di ional bl here th tion. In the Appendix we discuss in detail the physical im-
eftectively with an one dimensional problem wheré the Mo~ iations of the Markov approximation in particular with
tion of the electron-hole pairs is restricted to a motion alon

. ) ) : espect to a proper description of exciton formation pro-
the wire axis. It is well known that for a quasi-one- b prop P b

di ional R for the fin cesses and explain why the electron-hole pair basis is a suit-
imensional system it is important to account for the finite _p\ " 1 ica in our case.

extznswnrmdt'helco'nfln?c?_ (:{|rect!8nhs.|Tr;;]J§ we ha\r:e corrs_;ld— Equation (6) describes the generation of coherent
ered a cylindrical wire of finite width. In this case the multi- o0 5n_pole pairs and their decay. Note thais the coher-

mdoﬁ(hxz(K’lf[) standsbfor :chtﬁ cenltetr of me;ss m;)trnentlsim ent amplitude which is related to the corresponding pair den-
andthe quantum numberot the relative motion ot the pairs - g, N, by NX..=|y,/? and thus the total coherent pair den-

. B
and thus the pair wave-functio#i;, reads sity N is given by

whereW* is the wave function of an electron-hole pair in the
statex corresponding either to a bound exciton state or to a

oiKR1
)iz‘:‘ylfz’v‘:T@Dy(rlz)uh(ru)ue(rzl)- ) Neor= 2 [Yxl2. (10
X
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The first term in Eq(6) represents the free oscillation of the tributions to the self-energies()y and A that are gov-
interband transition with frequenay, that is driven by the erned by corresponding coupling matridég, . [Ssee Egs.
external laser field in the second term. The third term is8) and (9)]. The contributionl“f::,;, resulting from the
responsible for the dephasing due to phonons and interfacgrier-phonon interaction has been derived in Ref. 41 and
roughness while the last term accounts for the radiative d&yas the following form:

cay. The off-diagonal elements of; describe coherences

between different pair states while the diagonal elements N —ir .

stand for the incoherent pair occupations. Thus the total in-  T'h = >, T[fofrﬂr;n,uﬁ( Wy~ Wyt w,)

coherent pair densiti;,con iS given by ’

+T (N, + 1) 8w — o= w,)], (13)

X' X" xx!

Nincor= 2 Nyx - 11

neen 2 “ ) wherel'),, are matrix elements in the electron-hole pair ba-
sis describing the coupling to the phonon mqdaevith fre-

uencyw, andn, is the corresponding thermal occupation

p= U expfio, /kgT)—1]. A phonon modeu is character-
ized by specifying the corresponding three-dimensional
wave vectorg and the phonon branghwhich can be either
acoustic or optical. Therefore, the sum (b3) involves a
summation over the branches as well as ayer

As in they equation, the first term on the right hand side of _BY Projecting the standard three dimensional phonon
Eq. (7) is responsible for a free oscillation. The second termCOUPIing onto the lowest wire sublevel and denoting

— . . the Fourier transform of ,(r15) by ¢,(k) one obtains ex-
acts as a source far,, and describes the transformation of _,.”. vhoe L T . .
coherent excitations into incoherent pair densities. The thir(ﬁ)IICIter for the phonon coupling in the pair basis
term results from the interaction with phonons and interface

By choosingy andn as dynamical variables a natural sepa-
ration between coherent and incoherent densities witho
overlap is achieved, such that the total pair denblfy is
simply the sum of the two components

Niot= Neont Nincoh- (12

roughness. Due to the forii®) of the self-energy matrices iq 5qH K=K * .
o v _ e, =TI (K,K)=———=1f(q,) | dke*(k)
hQy it is easy to see that,n )y x =0. Therefore, this XX vy 2mL —w
term does not change the total number of incoherent pairs . .
Nicon @S expected for interactions that provide only cou- X[Yp@u (K= pnQ)) = v, @0 (K+peqp)]. (14

plings either within the conduction or within the valence .
band. Consequentlj, ) leads to a redistribution of the pair Here,qj andq, are, respectively, the phonon wave-vector
densities. Furthermore, from Eg@) and (7) it follows im- components in the wire direction qnd perpendicular to it and
mediately that the total number of pag, is only changed ~“en=Men/(Me+my) are the fractions of the electron/hole
either by the laser field coupling, which drives the pair gen-Nassesme, with respect to the total Masse+ My . The
eration, or by radiative decay. Of course, this reflects the fachassesng, refer to the motion in wire d|rect|onyi is the
that the laser induced generation and the radiative decay af@upling of an electron/hole to the phonon madeof the
the only processes in our model that provide for interbandhree-dimensional system. The form fact¢q,) stems from
couplings. However, it also follows from this considerationthe projection onto the lowest subband of the wire and is
that the second term on the right-hand side of Egj.is  defined as
indeed a source for incoherent densities that equals the loss
of the corresponding coherent densities induced by the intra- -
band scatterings proportional #X)y, in accordance with f(ql)::rE Un(r ) Ug(r el (15
our interpretation that this term represents the conversion of .
coherent excitations into incoherent occupations. It should b&he representatiofi4) is valid for the interaction with both
noted that although in this paper we present numerical resultgcoustical and optical phonons as well as for different
for an effectively one dimensional system the form of Egs.carrier-phonon coupling mechanisms, which are distin-
(6)—(12) applies also for higher dimensional systems such aguished only by different; dependencies of the functions
quantum wells or bulk materials. y¢/" that may be specified for each of the mechanisms dis-
cussed in this paper as follows.
C. Phonon scattering

We account for carrier-phonon interactions with acousti- 1. Acoustic phonon scattering

cal and optical phonons. In both cases the phonon modes will Acoustical phonons are coupled to the carriers via the
be identified with the modes of a three dimensional systendeformation potential as well as via the piezoelectric cou-
assuming that the wire and the barrier material do not diffeipling. While the deformation potential exclusively couples to
significantly in their lattice and dielectric properties. For aLA phonons, the piezoelectric scattering with both LA and
band gap that is of the order of optical frequencies phonoMA phonons is appreciable; usually the piezoelectric scatter-
scattering can be considered as a pure intraband processg with TA phonons is significantly stronger than with LA
Thus, application of the Markov approximation yields con- phonons due to the smaller sound velocitpccounting to-
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gether for piezoelectric and deformation potential interac- D. Interface roughness scattering

. . /h .

tions the %%uplmgyic to acoustic phonons can be repre-  As mentioned above also the dynamical impact of inter-
sented &t face roughness may be represented as an open hierarchy of

correlation functions of the stochastic potential. This ap-

eh ] fi DN iM (& 16 proach has been worked out in Refs. 35,56,57. In combina-
Yacia~ N 20 wj(q)(q i M), 18 fion with the Markov approximation the following contribu-
tion to the coupling matrice¥,,/,; in Egs.(8) and (9) is
whereqzz\/qf‘ +qf is the modulus ofg and q is the unit  obtained:
vector in the direction ofj. w;(q) represents the dispersion .
for the acoustical phononsg, is the de'nsny of thg semicon- |R,_’:£<Vxx’vxx’>5(w;_ W), (19
ductor, Df’h stands for the deformation potential constants X h
for electrons or holes, anll; provides for the piezoelectric o . . .
coupling. The branch indeijrSns over the Iongitudinal and v.vher.e<VX?< V) s the 'dlsggd;r potential correlation func-
the two transverse modes and the constaft§ are nonva-  tion in pair representatioft:°>*’ The casex=x' has to be
nishing only for the LA mode. As only phonons near the echL_lded because this would co_rrespond toa self-scattermg.
center of the Brillouin zone are efficiently coupled to the !N this paper we assume a deltalike correlation for the spatial
electron-hole pairs it is justified to assume a linear dispersioffuctuations of the potential. This assumption yields for the
w;(q)=v;q, wherev; is the sound velocity in the material correlation function in pair representation
that, depending on the mode, has to be identified with either
the velocity of longitudinal or shear waves. It should be XX\ pxx’ :ﬁ -,
y 9 . <V \% > OIRO xx’ xx' 1 (20)
noted that although it is the square module )tifgq that 2m
finally enters the dynamics via EGL3), there is no mixing  \yhere o is a parameter that determines the strength of the
between deformation potential and piezoelectric scatteringnterface induced scattering and
because the former gives a real and the latter provides for a
purely imaginary contribution to Eq16). As discussed in O i=8(K —K+K' —K)or,, (K —K)  (21)
Refs. 33,55, the piezoelectric coupling would in principle oo ey
introduce an anisotropy that is, however, usually ignoredaccounts for the overlap of the pair states involved with
Instead, an effective isotropic model is considered that may

be obtained by averaging over the angles. More specifically, O'VV'V_Vr(Q):/.LgFVV/(/.LeQ)FV_V,(—,(,LeQ)
because it is the square M(E}) that introduces the anisot- ) —
ropy in Eq. (13) an angle average over this quantity is +,uﬁF"” (—phQ)F” (unQ)
needed. Fsor a crystal with zinc-blende structure the averag- o
ing yields + el F (1eQ)F ™ (1nQ)
1 2m ™ ~ 2ee 2 vv' v’
— d@f dosin( O)M?(q) =A, Y an +E (—unQF" (—reQ)], (22
41 )9 0 ! N e q
an

where ey, is the piezoelectric coeficieng, stands for the L
vacuum susceptibilitye denotes the elementary chargeg,is = _ _f” dk o* (k K+ 23
the static dielectric constant, andl are mode dependent Q) 27 )~ ¢ (e ktuQ). 23

geometrical factors that can be found, e.g., in Ref. 55.
It should be noted that in the above treatment in addition

2. Optical phonon scattering to the quantum mechanical averaging an ensemble averaging
. . R .With respect to different realizations of the interface rough-
We treat LO phonons as dispersionless quasiparticles wit AR . .
a constant frequency LO phonons interact with the ness is implied. Here we are mterestgd in the average gffect
; ) L Lo- S e . of interface roughness on the dynamics of pair relaxations.
carriers dominantly via the polar-optical Filch coupling . . . ! .
, The averaging aspect is also important for discussions of the
which has the well known form ot . A
secondary emission, especially in view of the non-self-

averaging character of specle spectroscopy. A further conse-
eh 1 L o .
YEQ = Yi0,g= 47 / - (18) quence of. the double averaging is that it is now possible to
d ’ 2a w09 discuss different degrees of coherence, because after per-
_ forming the quantum mechanical average on a single realiza-
with tion there is in general a certain phase coherence with the
) excitation present that will be reduced in ensemble averaged
., ®io ( 1 1) results. This reduction of phase coherence is reflected by a
go(4m)?\ex & corresponding contribution to the incoherent pair deniity

which is easily separated from other contributions that result
wheree,, is the high frequency dielectric constant. from inelastic scattering processes. This separation is
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achieved by making the following decompositi@mere we TABLE I. Material parameters taken from Ref. 16 except for
suppress the obvious indiges Y1, Y2, Us, andey, which are taken from Ref. 64 ard, from
_ - . R Ref. 27.my is the free electron mass aedhe elementary charge.
N= (YY) - (¥')(Y)

band-gap energ g, 1519 meV
ef.(2) effective electron mass, 0.063 my
St ’ ¥ Luttinger parametety, 6.85
= (YY) - (Yo (Y ;
S Y) <(Y )a )Q>€ Luttinger parametety, 2.1
inelastic LO phonon energyiw o 36.4 meV
¥ ¥ ¥ Y ic dielectric constard, 12.9
+ YT Y _ YT Y static
S< )Q ( )QZE < ) < )/’ (24) high frequency dielectric constast, 10.92
elastic densityp 5.37 g/cni
logitudinal sound velocity 5330 m/s
shear sound velocity g 3343.60 m/s
where (- - .>Q denotes the quantum mechanical gnd- )¢ deformation potential for electrori3® 7000 meV
the ensemble average. Throughout this paper we will stick t@eformation potential for hole®" —3500 meV
the convention that an average- -) without further speci-  piezoelectric constarg;, 0.16 C/nt
fication refers to the double average with respect to quanturdipole matrix elemenM, 4 e A

mechanics and to the disorder ensemble. Obviously, our defi

nition of N implies that we have extracted those coherences i i . ) )
from the total pair density that survive both averaging pro-€led using the axial approximation of the Luttinger Hamil-
cedures. A separate treatment of elastic and inelastic contfonian such that the heavy hole masses in wire direction and
butions according to the decompositi®4) has been pre- perpendicular to it are connected to the Luttinger parameters
sented in Refs. 36, 58. However, this distinction is notbY Man|=My=Mo/(y1—27y2) andmyn, =mo/(7y1+ v2), re-

important for our present discussion and will not be pursuegPectively, wheren, is the free electron mass. The pair wave
here any further. functions ¢, (k) required for the evaluation of all scattering

matrix elements have been determined by a direct diagonal-
ization of the corresponding eigenvalue problenkigpace.
_ o _ The convergence of the results with respect to kiepace
To include radiative decay of electron-hole pairs we pro-gjscretization has been carefully tested. All calculations pre-
ceed along the lines as described in Refs. 27,39. In short, Weanted here have been performed for a temperatur& of
decouple the hierarchy of photon assisted density matrices go K. The temperature dependence of our results will be
by invoking the correlation expansion and then eliminate thejiscussed elsewhe?®.We have analyzed the dynamics of
assisted density matrices by means of the Markov approxicoherent and incoherent electron-hole pairs after excitation
mation in complete analogy to the treatment of the phonony the system with a Gaussian shaped laser pulse of 250 fs
interaction. In this way the following additional contribu- gyration corresponding to the full width at half maximum of
tions on the right-hand side of Eq$) and(7) are obtained:  the intensity. We have taken the pulse maximum as the zero
of the time axis. Four different scenarios are considered cor-
i50Yylro= —1 2 DEXD’X’yX, , (25)  responding to excitations with central frequendi@sn reso-
X! nance with the & exciton, (b) at the band edge(c) just
below the threshold for transitions to the parabola due to
LO phonon emission(d) slightly above the LO threshold.
The pulse spectra for these scenarios are plotted together
with the linear absorption spectrum in Fig. 1. Theexciton
o' X' s _ is clearly visible in the linear spectrum while the xciton
RD ==E AgAq " 8(hwy—Ey), (27) and higherbound states merge with the band gap. Also plot-
a ted is a schematic view of the processes that redistribute the
whereq andE, are, respectively, the momentum and energyelectron-hole pairs after their coherent excitation with van-
of the photon and&é is the carrier photon coupling matrix ishing c.m. motion. The scheme illustrates typical pathways
element in pair representation. Equati@@¥b) is responsible for an electron-hole pair scattered by one of the mechanisms
for the radiative polarization decay while E@6) accounts discussed in this paper.
for the decay of incoherent pair occupations.

E. Radiative decay

ih0Mxlro= —1 > [Die Muxt+Didnexl,  (26)
XI

A. Loss of coherence

I1l. NUMERICAL RESULTS L . . . .
The excitation with a coherent laser field leads, in a first

We applied our theory to a GaAs quantum-wire with astep, to coherent electron-hole pairs that are described in our
cylindrical cross section of 100 rfmWe have used the stan- formalism by the coherent pair amplitudgs. As a result of
dard literature values for the material parameters that arthe scattering processes that set in already during the genera-
listed in Table I. The valence band structure has been modion of the pairs, a decay of the coherent amplitudes is initi-
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energy

- electron-hole pair continuum

l / E \ FIG. 1. Left: pulse spectrédashed ling for
- === .

the four excitation scenarios discussed in the text

in comparison with the calculated linear absorp-

N ' . - .
k VAN 45- —==f-> : tion spectrum(solid line) of our quantum wire.

= = The central frequencies correspond to energies
L (= ==/ = A A R Awio relative to the band edge: 18, 0, 10, 20 meV.
SN : Right: schematic view of typical pathways of

[arb. units]

: electron-hole pairs scattered by one of the mecha-
LA&TA nisms discussed.

energy [meV] center of mass momentum K

ated. The corresponding decay of the coherent pair occupaespect to their decay properties we have scaled the resulting

tion densityN.y, defined in Eq(10) is a direct measure for densities such that the respective maxima have approxi-

this loss of coherence. Note, that the decay of the macromately the same heights.

scopic polarization We find a competition of a variety of comparable contri-
butions from different scattering mechanisms. The relative
weights of these contributions change significantly with

P= ; M3 @x(r=0)yy (28)  changing excitation conditions. The dependencies reveal that

the influence of Coulomb correlations in the vicinity of the

after short pulse excitation will usually take place on aband edge is not exausted by the well known modifications

shorter time scale because superimposed to the decohererg the absorption spectrurfoccurrence of the exciton line,

e . .
induced by scattering is the dephasing due to destructiv oulomb enhancementbut all scattering mechanisms are
interference of the pair oscillatoys, . In order to analyze the

strongly affected. Particularly striking is the impact on polar
influences of the various scattering mechanisms on the dec

interactions such as the piezoelectric coupling or théhFro
herence we have determinél,, from a numerical solution ich .in_t.eraction, WhiCh are.significantly reduced yvhen either
of Eq. (6). Figures 2a)—2(d) correspond to our four excita- the _|n|t|al or the final state is on thesarabola. This may be
tion scenarios and show for each central frequency separate sily understood by an intuitive argument, because the ex-
the contributions of different mechanisms to the decay. In

ton is a neutral entity and being a bound state it has a
order to facilitate the comparison between the curves Wiﬂfpatially localized wavefunction and therefore contributions

rom the scattering of an electron and scattering of a hole
lead to partial cancelations for polar interactiGAss a con-
sequence the loss of coherence due to piezoelectric scattering
____________ is negligible for resonant excitation of thes Exciton[see
] Fig. 2(@)], but it becomes the dominante dephasing mecha-
nism just above the band egfisee Figs. th)—2(d)]. As a
general trend piezoelectric scattering decreases with increas-
ing excitation energy for above band edge excitation because
the piezoelectric coupling is particularly strong for transi-
tions involving small momentum transfeisee Eq(16)] and
at the band edge there is an increased density of states with
small momenta.
The general reduction of polar interactions involving ex-
citons has also an important effect on thé ffich coupling.
Of course, the small contribution of the LO phonon scatter-
ing to the dephasing of theslexciton[see Fig. 2a)] is due
time [ps] time [ps] to the fa_\ct that only absorption processes are enf_ergetically
allowed in this case. The correlation induced reduction of the
FIG. 2. Time-evolution 0N, for excitation energies relative to Frohlich coupling manifests itself in rather long decay times
the band edge@) — 18, (b) 0, (¢) 10, (d) 20 meV(see Fig. 1L Each  Of the order of several pico seconidee Fig. 2d)] just above
curve accounts exclusively for a single scattering mechanism: DPRhe threshold for the emission of LO phonons, where the
deformation potential scattering, PE: piezoelectric coupling, LO:final states of the scattering are on the darabola. By cal-
Frohlich coupling, IR: interface roughness scattering withy ~ culating the phonon emission rates for a wider energy range
=0.02 meV/ps, RD: radiative decay. we have verified that decay times of the order-0150 fs,

Neon [arb. units]
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— r ¥ - T T T electric coupling compared to the resonant excitation at the
o mey 1s exciton overcompensates the corresponding reduction of
the deformation potential scattering. A further increase of the
central frequency above the band gap leads to a slowing
down of the decoherence. Changing the central frequency
from 10 to 20 meV above the band geee Fig. 1leads to
a loss of efficiency of the acoustic phonon scattering pro-
cesses which even overcompensates the onset of the LO pho-
' non emission.
As an interesting side aspect of our humerical analysis of
time [ps] time [ps] the time evolution oN.,, we have found that the results of

, , , , calculations where only the diagonal elements of the scatter-

FIG. 3. Time evolution ofN.y,: (&) calculations for different

. . X, - .
excitation energie o including all mechanisms except for inter- N9 Matricesi Oy in Eq. (6) are taken into account are not
face roughnessib) calculations including all mechanisms for an Significantly different from the full calculations where also

excitation 20 meV above the band-gap with varying interfacethe off-diagonal elements are kept. In order to simplify the
roughness strengthy . numerics we have made use of this diagonal dominance and

accounted only for the diagonal elements in the rest of our

which are usually associated with the emission of LOanalysis.
phonons, are indeed obtained above the threshold for transi- Finally, part(b) of Fig. 3 illustrates the impact of interface
tions within the pair continuurf® Thus, LO phonon emis- roughness on the loss of coherence for an excitation above
sion dominates only above this second threshold, whilghe LO threshold. The efficiency of interface roughness scat-
reaching the low energetic threshold raises the LO contributering is decisively determined by the parameigs in Eq.
tion to the dephasing merely to a level comparable with othef20) which depends on the quality of the individual sample.
competing mechanisms. Note that if performing the MarkovFigure 3b) shows the expected decrease of the decay times
approximation in thé-space basis only this second thresholdwith increasingog . The N, transients resulting only from
for LO scattering within the continuum is obtainéske the interface roughness corresponding to a value @k
AppendiX while the low-energetic threshold for LO phonon =0.02 meV/ps have been included in the Fig&)22(d).
induced transitions towards thes parabola is absent. Obvi- Because interface roughness is an elastic scattering process it
ously, the k-space version of the Markov approximation is only effective above the band ed¢gee Fig. 1L From the
misses important aspects of the relaxation dynamics near théigs. 2b)—2(d) it can also be seen that the contribution of
band edge. interface roughness to the decay increases with increasing

While polar interactions are reduced due to Coulombexcitation energy and farz=0.02 meV/ps it has a magni-
renormalizations almost the reverse tendencies are obtainedde roughly comparable with the effect of the deformation
for deformation potential scattering. For resonant excitatiorpotential. This value ofrjz has been chosen for the subse-
[part(a) of Fig. 2] the loss of coherence is clearly dominated quent investigations of the influence of interface roughness
by the deformation potential interaction such that all otheron the formation of excitons.
mechanisms can be regarded as small corrections. This situ-
ation changes when the central frequency is tuned above the
band edge, where the contribution from deformation poten-
tial coupling decreases. The strength of the deformation po- The loss of coherence is accompanied by a build up of
tential scattering on theslparabola is explained by favor- incoherent pair occupations. The most direct measure for
able excitonic form factors in Eq14). Here, contributions quantifying the formation of excitons is the total number
from the scattering of electrons or holes exhibit much weakeN;¢:=3n 5 «)(1s,k) Of pairs occupying states on the pa-
compensations than for polar interactions. rabola. It is therefore a natural decomposition to split the

Radiative decay turns out to be the only interactiontotal number of pairs into three parts according to
mechanisms which is negligible on the time scale of Fig. 2
for a]l scenarios studied. Wh|.le th.IS process is more impor- Nior=Neont N1+ Ney, (29
tant in quantum welfs**8for wires it evolves on a different
t!me'scale: In ac_:cc_)rdance Wit.h previous investigaﬁZ)m\ga WhereNex’zzKEy#lsﬁ(y,K)(y,K) measures the total incoher-
find intrinsic radiative decay times for the coherent pair 0C-gnt gccupation of excited pair states, i.e., all states not on the
cupations that depend on the pair state but are in any casg parabola. In order to obtain the relevant information on
larger than~150 ps. This effect has been attributed in Refs.iq jncoherent densities we have solved in addition to(€q.
13,37 to a reduced spatial excitonic coherence in one dimefy the amplitudey, also Eq.(7) for the incoherent densities
sional systems. using the same excitation conditions as discussed in the pre-

Figure 3a) compares the time evolution &y, for our 55 section. Here, we have concentrated on the dynamics
four excitation scenarios when all scattering mechanisms ex—f the occupation densitieaiagonal eIementEx)' the ef
xx/ -

cept for interface roughness are taken into account. The los¥ ) i —
of coherence is fastest when the central frequency is tuned f§ct of intraband coherencésff-diagonal elementsi, with
the band edge. Thus, the increase in efficiency of the piezo«#x) will not be analyzed in this paper.

—————— meV
0.02 =¥ |

—_———— meV
0.05 %

eV
0.1 meY

Neon [arb. units]

B. Conversion into incoherent pair occupations
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o R ] Ny takes place on the time scale of 50 ps. This means that
o T exciton formation is a very slow process for excitations at

081 — Nig/Nea ] the band edge. Nevertheless, a population on theatabola
06 k —— Ne/Nex | of about 5% ofN, is built up already on a very short time

I | N/, scale and results from absorption of the low energy tail of the
041 conf et pulse spectrum at theslexciton (see Fig. 1 Thus, these
sl ) ~° withRD pairs are generated from the start as excitons and are not
’ } formed from excited pairs in a scattering event.
0.0 SRR -mﬁ-wrwfwﬂ-@é— A further increase of the excitation energy towards 10

meV above the band gap again alters the formation dynamics
as can be seen from Fig(c}l. Now there is only very little
tail absorption at the 4 exciton and consequently almost all
pairs are in excited states after the coherences have been
converted into incoherent densities. However, the exciton
formation has become noticeably faster than directly at the
band edge such that after 50 ps an exciton population of
more than 10% of the total density has built up, resulting
mostly from exciton formation and not from tail absorption.

Finally, Fig. 4d) displays results for an excitation above
the threshold for LO phonon emission. Although crossing the
LO threshold has only little effect on the decohere(see

FIG. 4. Pair occupations normalized K, for excitation ener-  F19- 2)'_ it has a dramatic Impact on the exciton formatior}
gies relative to the band edg@) — 18, (b) 0, (¢) 10, (d) 20 mev.  dynamics. LO phonon emission turns out to be a very effi-

The curves are calculated without radiative decay. Diamonds aréi€nt exciton formation process. Already in the time regime
calculated including radiative decay. where coherent densities are still present a noticable occupa-

tion of exciton states has been built-up although tail absorp-

Figure 4 shows the ratios dfl.,, (dashed, N,¢ (thick  tion can be neglected under these excitation conditions. The
solid) and N, (thin solid) with respect to the total pair den- maximum of the excited state population is limited by the
sity Ny for our four excitation scenarios. In this calculation rapid formation of excitons and never rises noticeably above
all scattering mechanisms are included using a value,f 60% of Ny,. After about 7 ps the exciton population even
=0.02 meV/ps for the strength of the interface roughnesssurpasses the population of exited states and eventually satu-
The curves correspond to calculations where the radiativeates. After 50 ps more than 60% of the pairs occupy states
decay has been neglected. We have also performed calculan the Is parabola.
tions including the radiative decay shown as diamonds in At this point we would like to recall that for a given
Fig. 4. As can be seen from the figure there is no noticeabltéemperature there is a unique thermal pair distribution. In
effect on our results on the time scale studied here. We hawgew of the fact that all calculations have been performed for
therefore neglected the radiative decay in the rest of our studhe same temperature =80 K it is therefore interesting
ies. to note that there are obviously large differences in the dis-

At the pulse maximum(at timet=0 ps) the coherent tributions found after 50 ps for the four scenarios. Conse-
density comprises almost the total pair density. The converguently, it has to be concluded that on this time scale the
sion from coherent excitations towards incoherent occupadynamics is still far from being relaxed to a thermal equilib-
tions starts already during the optical generation and is conmdum. Calculations on a longer time scale up to times com-
pleted after a few picoseconds in all cases. The mosparable with the radiative decay times indicate that the ther-
remarkable finding is, however, that the relevant time scalénalization is not completed before the pair occupations start
for the formation of excitons changes by orders of magnitudéo decay in interband relaxation proces$es.
depending on the excitation conditions. The individual re-
sults for our four scenarios are as follows.

For resonant excitatioffFig. 4(a)] about 90% of the pairs
are in states on theslparabola at the end of the conversion  Following the time evolution of the total numbél s of
process. The various scattering mechanisms lead to a partiekcitons on the 4 parabola gives a global estimate for the
dissociation of excitons into unbound electron-hole pairsefficiency of exciton formation. However, most measure-
such that after 50 ps the ocupation of the darabola has ments are not sensitive to this quantity. Instead, typical ob-
dropped to 80% ofN,,; while the remaining 20% occupy servables usually scan only small portions of the da-
excited pair states. rabola. The best known example is the conventional

The situation is very different when the central frequencyexcitonic luminescence which is determined by exciton den-
coincides with the band eddeee Fig. 4b)]. After the inital  sities in a small region nea=0. But, as mentioned earlier,
conversion of coherent excitations there are more than 90%ere are more refined experimental techniques that are able
of the pairs in excited states. Following the conversion onlyto deliver a direct picture of th& distribution on the %

a very small increase , and a corresponding decrease of parabol&>>*~>*|t is therefore important to know in whick

10 7 ,,:“_ T T T 1

normalized pair occupations

30
time [ps] time [ps]

40 50

C. Time-resolved exciton c.m. distribution
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3.10°

2.10°®

1.10° -

normalized 1s exciton distribution [ag]

kinetic energy of the COM motion [meV]

normalized 1s exciton distribution [ag]

FIG. 6. Time evolution of th&-space distribution of incoherent
1s excitons normalized tdN,, in units of ag neglectingys, i.€.,
without 1s absorption, for excitation energies relative to the band
edge:(a) 0, (b) 10 meV.

takes extra time, is needed to obtain an incoherent population
kinetic energy of the COM motion [meV] at K=0. With increasing time the population neér=0 de-

_ . o ) creases and broadens due to redistributions on theat
FIG. 5. Time evolution of th&-space distribution of incoherent rabola (exciton heatingl7'26'27and due to dissociation. The

1s exci_ton_s normali_zed ttNt(_,t in units of the bulk Bohr radiugg latter process was not discussed in previous stldid |t
‘;OOr ?g)c';%t';';snerg'es relative to the band edge:~18,(b) 0,(C)  roq,ces the exciton population by about 20% within 50 ps, as
’ : already noted in Fig. @).

Tuning the laser frequency to the band edge two distinct
regions the excitons are formed and how the resulthg maxima show up in the exciton distributi¢part (b) of Fig.
distribution evolves in time. To this end we have analyzed in5]. A broad structure around kinetic energies close to the
Fig. 5 theK-space distribution of incoherens Excitons nor-  exciton binding energy and a narrow peak nias0. The
malized toN,;. The normalization means that tkeintegral ~ broad structure is due to formation processes where electron-
over this quantity equal,s/N,,. As in the previous section hole pairs are scattered from the band edge almost horizon-
we have accounted for all scattering mechanisms and thilly in the scheme of Fig. 1 towards the parabola. Such
parts (a)—(d) of Fig. 5 refer to our four different excitation transitions can only result from scattering either with accous-
scenarios. tic phonons or with interface roughness. While the broad

Even with a coarse view on Fig. 5 it becomes clear thastructure in Fig. 5 takes of the order of 10 ps to rise the peak
the resultingK-space distributions on theslparabola dra- aroundK=0 is built-up almost instantaneously. This peak
matically change with changing excitation conditions. Theresults from absorption of the low energy tails of the pulse
different distributions reflect the competition between differ-spectrum directly at theslexciton and is therefore not con-
ent physical processes and their changing relative impomected to exciton formation. In order to separate the influ-
tances. Each scattering mechanism is distinguished by @nces of tail absorption and exciton formation we have per-
characteristic transfer of energy and momentum correspondermed a calculation where the amplituglg, was set to zero
ing to specific pathways in the diagram of Fig. 1. Thus aby hand. As this amplitude is directly responsible for the
noticeable contribution from one of the scattering mechaabsorption at the 4 exciton setting it to zero means that the
nisms leads to a correspondifiggerprint in the resulting  1s absorption has been switched off in this calculation. And
pair distribution. An analysis of the distributions for our four indeed, without $ absorption there is no peak ndar0 in
scenarios therefore yields a clear picture of the relevanthe incoherent § K space distribution as can be seen from
physical processes for the respective excitation conditiong=ig. 6(a). Instead, a population with smadl builds up slowly
For our four cases we find the following individual results. reflecting the relaxation of excitons formed initially with

An excitation in resonance with thesExciton[part(a) of  higher kinetic energies. It is interesting to note that for laser
Fig. 5] generates an incoherent exciton population which isxcitation at the band-gap the pulse spectrum of our 250 fs
concentrated in a smaK space region neaK=0 for all  pulse has already droped significantly at th& résonance
times. A closer inspection of the figure reveals that within the(see Fig. 1 But obvioulsy this effect is overcompensated by
first few picoseconds after the excitation the maximum is athe large oscillator strength of thes Exciton still leading to
a finite value ofK and then moves towardé=0. This is the  a considerable 4 population resulting from 4 absorption.
expected behavior because a conversion without momentum Figure 5c) displays results for an increased excitation
transfer is forbidden by energy and momentum conservatiorenergy which is still below the LO threshold. The distribu-
Consequently, the conversion process necessarily generatisn exhibits two components. A contribution ndé=0 and
in a first step incoherent exciton populations with a finitea rather flat and broad population initially centered at a ki-
c.m. kinetic energy. A subsequent scattering event, whiclmetic energy corresponding to the energy difference between
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the center of the excitation and the &xciton energy. Al- 10
though the overlap of the pulse spectrum with the exciton
line has further dropped the steep onset ofKhe0 compo-

nent is still due to tail absorption as demonstrated in Fig.
6(b) where the result of a corresponding calculation without
1s absortion is shown. The energetic position of the broad
component suggests that for early times most pairs are scat-
tered into states with energies close to the position of their
optical generation. Again exciton formation proceeds mostly
via horizontal transitions to theslparabola. With progress-

ing time the center of the broad distribution shifts towards
lower energies reflecting, on the one hand, the relaxation
towards lower energies within the continuum before the ex-
citon formation takes place and, on the other hand, the relax-
ation on the % parabola that follows the formation. The
relaxation on the & parabola provides for a continuous flow
towards states ned=0. However, the rise of the popula-
tion neark =0 is significantly faster than in Fig(B). Due to

the scattering within the continuum a certain portion of pairs
that have been generated below the LO threshold will now
be lifted above the threshold. Thus LO phonon emission be- FIG. 7. Normalized $ exciton density for different excitation
comes a feasible process for these pairs leading to an increasiergies relative to the band edda) — 18, (b) 0, (c) 10, (d) 20

ing exciton formation rate. Excitons formed in this way mustmeV. The curves account for different scattering mechanisms:
necessarily have c.m. momenta n&ar 0. It will be dem-  circles: all mechanisms are included, DP: deformation potential
onstrated below that LO phonon emission enabled by &cattering, PE: piezoelectric coupling, LO: Rlieh coupling, IR:
broadening of the distribution due to acoustic phonon scatinterface roughness scattering wittg=0.02 meV/ps, diamonds:
tering is the main reason for the increased exciton formatioll mechanisms except for Fitich coupling are included.
efficiency found for this excitation condition.

When the excitation energy is further increased above thend the confinement form factors in E44). Thus in general
LO threshold, almost all of the excitons occupy states withdifferent widths inK space have to be expected for excitation
small K values[see Fig. &)]. A high energetic componen- at the Is exciton or above the LO threshold. For our specific
tent at the position of the optical generation is not resolvegarameters the latter turns out to be broader.
compared with the bulk of the population nd&+0. Obvi-
oulsly, this distribution mainly reflects the high efficiency of
the LO phonon emission process for the exciton formation.
Energy conservation relevant for this process forces the ex-
citons to be formed ned =0 because the excitation is lo- In order to analyze the relative importance of the various
cated only slightly above the LO threshold. It is interesting tointeractions we have performed calculations where exclu-
note that the initial width of th&-space distribution in Fig. sively a single mechanism has been included. The results are
5(d) may be changed by changing the spectral width of theplotted in Fig. 7. Apart from the dramatic dependence of the
excitation as can be understood from the following argu-exciton formation efficiency, which was already noted in Fig.
ment. For excitation above the LO threshold, at early times}, the most striking feature of Fig. 7 is that the exciton popu-
excitons are formed due to LO emission by a conversioration obtained by accounting simultaneously for all mecha-
from coherent densitiefy,|? of continuum states. Th&  nisms is typically very different from the sum of the contri-
space position of the formed exciton is fixed by energy conbutions resulting from calculations for each individual
servation and corresponds to an energy strikidy o below  mechanism. This nonadditivity indicates interesting combi-
the energy of the initial state. Thus the width of the result- nation effects between different scattering mechanisms
ing K space distribution reflects the width of the portion of which are characteristic for each of our four excitation sce-
the pulse spectrum that lies above the LO threshold. In conmrarios.
trast, for resonant excitatidrsee Fig. 5a)] the width is de- For resonant excitation of theslexciton[Fig. 7(a)] all
termined by a different mechanism which is essentially indesmechanisms would predict a monotonous riseNgt /N,
pendent of the pulse spectrum. Here, only a single coherenthen they were the only process present. Nevertheless, the
amplitude, namelyy;s, has apreciable values. The corre- combined action of these processes yields a nonmonotonous
sponding coherent density,|? is converted mainly by de- curve with a maximum at about 5 ps due to a fast initial rise
formation potential scattering with LA phonorisee Fig. produced by deformation potential scattering followed by a
2(a)] and redistributed over the states on the darabola. slower reduction of the exciton population as a consequence
Consequently, the width of the resulting distribution is deter-of dissociation processes which are induced by the absorp-
mined by the effectiveK space range of the deformation tion of LO phonons. This interpretation is confirmed by a
potential coupling which is limited primarily by the excitonic calculation where LO phonon scattering has been selectively

012 |

normalized 1s exciton occupations

0.08 |

0.04 |

0.00 |4 . . . . h h A .
0 10 20 30 40 5 0 10 20 30 40 50
time [ps] time [ps]

D. Impact of various interactions on the exciton formation
dynamics
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switched off [diamonds in Fig. ¥ The resulting curve is
almost indistinguishable from the calculation for deforma-
tion potential scattering alone, thus demonstrating that the
reduction in the full calculation is indeed due to LO phonon
absorption.

Figure 7b) shows the results for excitation at the band
edge. HereN;/N, exhibits an almost steplike onset fol-
lowed by a much flatter continuous rise at later times. The
calculations for different mechanisms reveal that the steep
onset is produced by deformation potential scattering with
LA phonons. As discussed earlier under these excitation con-
ditions direct excitonic absorption is still appreciable result-
ing in the peak structure ne&=0 in Fig. 5b). Therefore,

PL [a.u]

we attribute the rapid initial rise to this process. Scattering by 0 10 20 30 40 50
acoustic phonons either by deformation potential or piezo- .
electric coupling leads only to a small additional increase of time [ps]

the exciton population after this initial step. Interactions with ) . .
acoustic phonons favor scattering events accompanied b FIG. 8. Calculated photoluminescence signal emitted due to the
small momentum transfers. However. exciton formation b adiative decay of 4 exciton states. The signal is integrated over all

. . . . . ission angles. The calculations correspond to different excitation
acoustic phonon scattering necessarily requires a Slzabgér?ergieshw relative to the band edge. The curve for resonant ex-

t.ra”Sf‘?r of mqmentum due to energy conservation in CONNECsiiation at the & exciton at— 18 meV has been scaled by a factor
tion with the linear dependence of the phonon energy on th(3f 0.1

phonon momentum. Therefore, these mechanisms are rather
inefficient in forming excitons although piezoelectric scatter-py far the formation process over all other contributions. By
ing dominates the decoherence at the band ddge Fig. fitting an exponential rise proportional fd —exp(~t/7)] we
2(b)]. We thus conclude that the exciton formation from un-nave extracted a value ef~4 ps which may be identified
bound pairs at the band-edge is mainly due to interfacgith an exciton formation time. Corresponding fits for exci-
roughness. tations below the LO thresholgarts(b) and(c) of Fig. 7]
Figure 1c) refers to a pulse energy just below the LO yield values of the order of~230 ps[part (b)] and 7
threshold. Even for this rather large spectral separation of the. 150 ps[part (c)], respectively® In these cases the func-
excitation from the % exciton line there is still a noticeable tiona' form Of the curves is not strictly exponential; never-
steplike onset in the contribution from the deformation cou-theless the extracted numbers reflect roughly the duration of
pling which is related to tail absorptigsee Fig. 6)]. HOw-  the rises and confirm that the formation takes place on a

ever, the most interesting aspect of the figure is the strongnych longer time scale than for excitations above the LO
nonadditivity of the various contributions from individual threshold which is also obvious from the figures.

scattering mechanisms. The exciton population obtained by
accounting simultaneously for all mechanisms is much larger E. Excitonic luminescence
than the sum of the individual contributions. We attribute this
effect to LO phonon emission enabled by the broadening of !t has been noted above that &licomponents of the sl
the distribution due to other processes. LO phonon emissiofXciton distribution argzlr;4prln0|ple accessible in suitably
alone gives a rather small contribution to the exciton popudesigned experiments:®*~**However, standard photolumi-
lation because most of the pairs are generated by the lasBfScence measurments are only sensitive to the densities near
below the LO threshold. Exciton formation by one of the K=0. In order to make the connection between our theory
other processes is rather unlikely, too, because of the Iarg%nd standard measurments more explicit we have determmed
energy and momentum transfer needed in order to reach tibe emitted excitonic photoluminescence intensity. To this
1s parabola. But combining these processes results in a cog"d we have applied the theory presented in Ref. 27 and
siderably increased formation of excitons by first lifting the calculated the photon-assisted polarizatigigb! —(bf)))
pairs above the threshold and then emitting a LO phonon. Imbg are creation operators for photons with wave vecfpr
order to verify this interpretation we have plotted in Fi¢c)7  from which the luminescence signal can be derived
a curve where all mechanisms except for LO phonon scatteimmediately’®?’ It has been verified in Ref. 27 that it is
ing have been accounted fediamonds in Fig. ®)]. This  usually sufficient to determine the photon-assisted polariza-
curve demonstrates that the dramatic increase of the formaions in Markov approximation. Therefore, we have also ap-
tion efficiency found in the full calculation is indeed the plied this approximation in our present calculation.
result of the emission of LO phonons enabled by the broad- Figure 8 displays the resulting angle averaged excitonic
ening of the pair distribution due to acoustic phonon absorpphotoluminescence signals for our four excitation scenarios.
tion. Our main prediction is that in the low excitation regime the
Finally, plotted in Fig. 7d) are the exciton occupations rise time of the photoluminescence of a quantum wire should
that build up after excitation above the LO threshold. As isdramatically depend on the excitation frequency reflecting
clearly seen in the figure, LO phonon scattering dominateshe changes in the exciton formation efficiency.
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IV. CONCLUSIONS servables. But whenever use is made of a Markov approxi-
mation the result will in general depend on the basis because
y specifying the initial and the final states of a possible
&cattering process one determines the relevant quasiparticles

above the band-gap. We have applied our theary t0 a Gaag o2 YO EEh T FEURL T (00 P CEt EPR e B 2
guantum-wire model. The relative importance of a great va- q P 9

riety of scattering mechanisms relevant at low excitationScatterlng event. Thus, as a consequence of performing the

densities has been analyzed for varying excitation conditiong/Iarkov approximation in the pair basis the arguments of the

and in different dynamical regimes. The range of the inves ENeragy conserving delta functions in all our scattering matri-

tigated regimes covers the dynamics of coherently excite r?stclg gnggte ?/Ee":sg:g%ﬁsﬁee hl/fgrski)l\?)z;(lgr)(,)gg]étilgncgr?f;)rce
pairs as well as their conversion into incoherent occupation <SP PP

and eventually a regime of incoherent redistributions which € e.nerzgglg Ggonservatpn with respect to single particle
) ; : ) energies?>°%2 These different formulations of the energy
includes the formation of incoherent populations on tise 1

parabola. Our studies reveal that the decoherence in the thz_onservatlon indeed lead to significantly different predictions

cinity of the band edge at a temperature of 80 K is dominate S may be seen _by comparing the energetics .Of the emission
) X . .~ of a LO phonon in both approaches. By considering energy

by acoustic phonon scattering. Compared with deformation Lo . : 2
! . X L conservation in the pair basis the LO phonon emission be-
potential scattering all other mechanisms are negligible for

excitations in resonance with thes lexciton. Above the Comes possible for pair energies higher than one LO phonon

band-gap piezoelectric coupling gives the fastest contribus" €'Yy above the energy of the &xciton. The correspond-

tion to the conversion from coherent into incoherent pairsmg| threshold enforced by the conservation of single particle

X . L energies is found at pair energies which are at least one LO
but deformation potential scattering is also of comparable . . )
honon energy above the band edge. In view of this basis

magnitude. Crossing the threshold for transitions towards thgependence care should be taken to find a basis that is par-
;icg?er?abtgl?hzy dlé(c?oﬁg(r);r?cr:e elr:l](laf/sg:)t?]e?gs; rlioot Sﬁgr']fc')%agtrlzltiqularly adapted to the situation studied. In order to address
' ' b 5early the aspects most relevant for the choice of the basis in

sion turns out to be the most efficient process for formlngour case, we will discuss briefly the physical implications for

excitons whenever it is energetically allowed. For excitation%he formation of excitons that result from the steps involved

at the LO threshold we find an exciton formation time of the. oo . )
) in the Markov approximation. To this end we take the inter-
order of 4 ps. Tuning the laser frequency towards lower en-

ergies but still above the band gap the exciton formatio action with LO phonons as an example and start our analysis

process slows down significantly. This dramatic dependencerom a quantum kinetic formulation of the dynamics kn

oo ! . . “Space before the Markov approximation has been performed.
on the excitation energy is also reflected in the correspondmgor simplicity we will concentrate here on the coherent tran-
photoluminescence signals.

: S ition amplitudes, similar considerations apply to the inco-
The most important general insight implied by our presen " o o A

o : e - - _herent densities. Within a quantum kinetic description the
analysis is, however, that the dynamics of pairs in the vicin- . ; X
. . . : interaction with LO phonons provides for a source t&rfi
ity of the semiconductor band edge is not dominated by a
single scattering process. Instead, there is a competition of
many processes of similar magnitudes. In particular, scatter- \L(OEE [Y(kjr)q’k—Y(kf)(J’k—Y(k](),q+Y(k’+,()+q] (A1)
ing by TA and LA phonons via different coupling mecha- q
nisms is as important as LO phonon scattering or interfacg, the equation of motion for the interband transition density
roughness. The absolute values of the relative weights of th?kE<d—ka> in k-space representation. This source makes

mechnanisms depend crucially on the excitation conditionsie coupling to the phonon assisted transition density matri-
But it seems to be a general characteristic of a physical situseg

ation with many competing processes of comparable magni-

tudes that the combined effect of all contributions is quanti-

We have presented a microscopic theory allowing for
consistent treatment of the combined dynamics of cohere
and incoherent electron-hole pairs for excitations below an

i
tatively and in some cases even qualitatively different from Y(k,+k)+q::g Y10,q(d—KCk+ gD (A2)
the sum of the effects provoked by each of the mechanisms
individually. i
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APPENDIX: ON THE CHOICE OF THE BASIS

2
In principle, any quantum mechanical problem may be ;M

1 1)
Not=F=|(Ye—Yy. (A4)
formulated in any basis without affecting predictions for ob- h? ( ot 27 2]k “
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Here,n o is the thermal LO phonon occupation numbs;" The final states of the scattering are the eigenstates of the
. . . ~(+ 63 . .
are single particle energies for electrons and holes¥rig ~ homogeneous part of Eq&A4).> But, in order to obtain a
is defined as ‘ numerically feasible procedure it is common practice to keep
only those contributions to the homogeneous parts of the Eq.
(A4) that are diagonal in the basis used. In kkgpace basis
ijfg:—% VqYﬁqu,kJrq, (A5)  this amounts to dropping the Coulomb induced teﬁ‘r{)éf(
thus fixing also the final states to be plane waves. However,
these Coulomb terms are of high importance for the physics
scg exciton formation or dissociation. They account for the

has been made of the correlation expansion, the truncatigi@ct that when a phonon hits a carrier that is tied within a pair
procedure does not introduce a basis dependence of the &S not possible that the phonon energy is completely con-
sults, in contrast to the Markov approximation. Performingverted into kinetic energy of the carrier. Instead, a certain
the Markov approximation involves two stefgs: one has to amount of energy is needed to work against the Coulomb
formally invert the Eq(A4) and insert the result in EgA1)  forces represented by the potential in E45). For near
leading to a memory kernel that couples the transition amband-gap excitation this effect makes a great difference for
plitudesY to their values at all earlier time§ij) the essential ~ all scattering processes discussed in this paper, especially for
time dependence of has to be determined up to a slowly those interactions that typically transfer an energy that is
varying factor which is then taken out of the memory inte-small compared with the exciton binding energy. In contrast
gral. The evaluation of the remaining integral finally yields to thek-space version, the Markov approximation performed
the energy conserving delta functions. in the pair basis accounts for these Coulomb terms, because
The second step determines the initial states of the scain pair representation the complete homogeneous part of Eq.

tering. In k-space_representation it is usually assumedA4) including ?(kﬂ( is diagonal. Thus?(k,if( is taken into
that the functionsY,:=exdi(eg+ arlk,)t/h]Yk are slowly  account when the formal inversion is peh‘ormed in the pair
varying thus implying that before the scattering the pairs ardasis and the energies occuring in the delta functions of both
essentially made-up of free particles. As a result of identify-the initial and the final states are the energies of correlated
ing the factor exfi(sg+s" ,)t/4] with the essential time de- Pairs. These considerations strongly suggest that the pair rep-
pendence the energie5+s'lk, show up as arguments of the resentat!on is the basis of ch<_3|ce when exciton formation is
. . ) studied in Markov approximation.
energy conserving delta functions after the evaluation of the A further advantage of the pair representation in this con-

time integral over the memory kernel_. In contrast, when the[ext is that there is a clear distinction between carriers bound
Markov a.ppro?(llma_tlon IS performe.d in the pair repre.senta-within an exciton and carriers in scattering states. In some
tion one identifiesy,:=explwd)y, with the slowly varying  sense the electron and hole densities occuring in phenomeno-
part ofy, . Here, the factor expyt) is responsible for find- |ggical three particle models can be identified within our
ing fiwy, i.e., the energies of correlated pairs, as energies ofpproach with the corresponding particles in scattering states
the initial states in the delta fUnCtionS, thus aCCOUnting forwithout introducing any over|ap with partides bound in ex-
Coulomb induced correlations of the pairs before the scatteritons. However, this does not imply a microscopical justifi-
ing takes place. It should be noted that the possibility thatation of these models, because from the electron and hole
electron-hole pairs may in fact be uncorrelated is also ingensities alone it is not possible to reconstruct the pair den-
cluded as a limiting case in the treatment in the pair basis. IRjties needed to account for Coulomb correlations during the
this caseh w, simply reduces tey+ srlk, . But the reverse scattering process. Therefore, a closed set of equations based
is, of course, not possible, because there is no way to obtaion the densities of electrons, holes, and excitons is not ob-
correlated pair energies as a limiting case of free particléainable from our microscopic equations without neglecting

energies. Coulomb correlations.
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