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Origin of excitonic luminescence in quantum wells: Direct comparison of the exciton population
and Coulomb correlated plasma models

J. Szczytkd; L. Kappei, J. Berney, F. Morier-Genoud, M. T. Portella-Oberli, and B. Deveaud
Institut de Photonique et Electronique Quantiques, Ecole Polytechnique Fédérale de Lausanne (EPFL), CH1015 Lausanne, Switzerland
(Received 1 October 2004; revised manuscript received 18 January 2005; published 12 May 2005

We report on the origin of the excitonic luminescence in quantum wells. This study is carried out by
time-resolved photoluminescence experiments performed on a very high quality InGaAs quantum well sample
in which the photoluminescence contributions at the energy of the exciton and at the band edge can be clearly
separated and traced over a broad range of times and densities. This allows us to compare the two conflicting
theoretical approaches to the question of the origin of the excitonic luminescence in quantum well: the model
of the exciton population and the model of the Coulomb correlated plasma. We measure the exciton formation
time and we show the fast exciton formation and its dependence with carrier density. We demonstrate, by
comparing the temperature dependencesérid % excitonic transitions, that excitons provide the dominant
contribution to the luminescence signal. Furthermore, our analysis gives evidence that the Coulomb correlated
plasma contribution to the luminescence signal might be neglected for densities, temperatures, and time scales
actually used in time-resolved experiments.
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I. INTRODUCTION ical groups. For instance, the quoted exciton formation times
differ by orders of magnitude depending on the authors. A
The work of Weisbuclet al, more than 20 years ado, brief survey of the literature allows to find that experimen-
introduced for the first time the idea that free excitons domitalists have reported formation times ranging from less than
nate the photoluminescen@®L) spectra of quantum wells at 10 ps up to about 1 ngRefs. 7-12 and that theoretical
low temperatures. This appeared at the time to be in strongalues range from 100 p&Refs. 13-15 to over 20 ng®
contrast with the observations made in bulk semiconductoClearly, the origin of this spreading in the reported values
samples. The reason for this major difference was latelies in the poor sensitivity of the experiments used in general
traced back to the breakdown of the translational invariancéo probe the exciton formation process, except for the case of
of excitons in quantum wells allowing the nonradiative po-the recent terahertz absorption experiméhts.
laritons in bulk semiconductors to become radiative excitons A very interesting debate about the origin of the excitonic
in quantum wells, quantum wires or quantum dots. The firstuminescence has been introduced by the group from
observation of this major chanead been predicted by a Marburg!®® The long formation time of excitons, together
number of theoretical papers starting with the seminal workwith the observation of PL at the exciton energy at the short-
of Agranovitchet al2 Even before this paper, luminescence est timeé® led Kira, Kochet al® to introduce the idea that
in quantum wells was unanimously attributed to free exci-a free electron hole plasma, properly including Coulomb cor-
tons, and the number of papers on the subject is so large theglation effects, should give rise to PL at the exciton energy,
it is not possible to quote them in any reasonable way. Twavithout the need for bound exciton pairs.
questions however have aroused since the early papers on theQuite recently two papers were published dealing with the
subject: What is the influence of interface disorder on theexciton luminescence in QW showing very similar experi-
properties of excitons? How do excitons form from unboundmental results but with quite different interpretations. Our
electron hole pairs? group has shown evidence for the fast exciton formatfei.
The first question was initially raised by Weisbuehal,*  The groups from Marburg and Arizotfainterpret their re-
again, and they proposed that the unavoidable interfacsults using the model oc€oulomb correlated plasméevel-
roughness would give rise to an energy fluctuation of theoped by Kira and Koch® In the present work, we compare
confinement levels, translated into an inhomogeneous broadboth approaches and draw conclusions about the validity of
ening of the exciton lines. Good samples were showing dhe two conflicting models. In addition, we give some insight
linewidth corresponding to fluctuations by approximatelyinto the exciton relaxation time. We will focus on two argu-
one monolayer only. Further on, even better samples didnents: one is the fast exciton formation, already discussed in
show a splitting of the exciton lines corresponding toour previous lettéf and second is the analysis of and &
changes of the well width by exactly one monolay&tore  excitonic transitions intensities.
guestions have been raised since then, in particular with the We use a properly designed sample with a particularly
importance of disorder on the early secondary emission byigh quality, together with a time-resolved photolumines-
quantum wells, attributed by Haacket al. to Rayleigh cence set-up with improved sensitivity, to study the exciton
scattering® but the main picture has not really changed. formation and to give clues on the origin of luminescence in
On the second question, how do excitons form? The deQW. The paper is organized as follows: in Sec. Il we present
bate has been attempted by several experimental and theoretdr experimental results; in Sec. Ill we analyze the spectral
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0.7 ; ; ; ; sample with a difference of about 4% over a distance of 25
mm. We chose certain position of the excitation in order to
have an excitonic resonance in the middle of thdayer

E, ko=ao/2 ’ resonance, as discussed in Ref. 21. The sample is kept in a
helium bath cryostat and can be cooled down to 4.5 K. The
position of the focal point of the optical excitation is con-
trolled with precision of Lum. In the cw mode the sample is
excited by a cw Ti:sapphire laser. For time-resolved lumi-
nescence spectroscopy we use spectrally filtered 100 fs
pulses from the same Ti:sapphire laser working in the mode-
locked regime. The interference spectral filter used as a
pulse-shaper allows a spectral resolution of about 0.8-1.0
nm, and a temporal duration of about 1.2 ps. We used a 50
cm monochromator with a 600 lines per mm grating. The
spectrum was recorded with a charge-coupled de(\@¢&D)
camera in cw and with a streak camera in the time-resolved
experiment(resolution of 3 ps, photon-counting mgd&he
temporal resolution of the whole setup is limited to about
10-20 ps, due to the dispersion of the grating, allowing a 0.1

reflectivity

Reflectivity (%); Luminescence (arb. units)

‘ Eis . . | cw-luminescence meV spectral resolution. The high quality of the sample is
P75 148 1485 149 1495 15  1s05  €videnced through optical measurements. We do not observe
Energy (eV) any Stokes shift between the absorption and PEjat Eyg

andEpjasma(Fig. 1) as it was shown in our previous letéer.

FIG. 1. Simulation of the sample reflectivity using transfer ma-  All results presented here are collected with the excitation
trix method. Points, experimental data; thick line, calculations withenergy athw=1.5174 eV in the power range 1.0-3Q0V
No=ay; thin line, with \o=ay/2. The corresponding energy transi- (photon density N,=9x 10°-3x 10! photons/crd per
tions for Eys, Ezs, Ey, By are markedD-A is the donor-acceptor pulse; excitation spot diameter of §6n). We chose this
transition in GaAs. The results of cw-luminescence are shown bewavelength for the following reasons: in order to character-
low for comparision. ize our sample, we continuously changed the excitation en-

ergy from 1.47 eV to over 1.62 eV using a Ti:sapphire tun-

origin of observed optical transitions; in Sec. IV we presentable laser. We observe some changes in the spectrum, caused
two competitive approaches: in Sec. IV A we recall the re-by the appearance of trion transition following the accumu-
sults of the analysis based on the model of exciton formatiofation of electrons in the QWL The characteristic features of
proposed by Piermarocckt all®>' presented in our previ- our luminescence spectféike enhanced intensity of exci-
ous lettef® and then in Sec. IV B we present some predic-tonic luminescence or strong trion transitioare repeated
tions of the model from Marburtf Finally we compare both every 43.5 meV, which suggest hot electron or hot exciton
approaches with experimental data in Sec. IV C and draw outlaxation. The value 43.5 meV is close to the energy spac-
our conclusions in Sec. V. ing AE for hot electron relaxation in GaAE=fiw o X (1
+m./my)=41.4 meV fiw o is the LO-phonon energym,
and m, are the electron and hole effective masses in
semiconduct@?]. This energy scale shows that these features

We have selected a particular sample, because of its higare not related to hot excitons relaxation via LO-phonon
quality. The sample used for this study is a singlg&a_,As  emission. We did not observe any resonance around 36 meV,
80 A quantum well(QW), with an indium content of about that could only be linked with the direct process of exciton
x=5% grown by molecular-beam epitaxy. This QW is em-plus phonon creation. The direct process of creation of one
bedded in the middle of a GaAs layer of total mean thicknesgxciton and one LO phonon is in all cases much weaker than
\ (where\ corresponds to the wavelength of the excitonicelectron-hole absorption. At first order it is even forbidden
resonance in the QyVwhich was grown over a 10 period due to symmetry reasons, as it has been shown by Richard
distributed Bragg reflectofDBR). This DBR allows us to Planel?® The stronger probability involves at least two LO
first measure the absorption of the sample in the reflectiophonons, as it was shown by Clérot, Deveaidl 2* This
configuration without any preparation of the sam(#a. 1).  process is only observed when very strong nonradiative re-
It also increases the optical coupling of the QW, but does notombination processes annihilate the free carrier contribu-
disturb appreciably the shape of the observed PL spectruntion. Therefore by the selection of the excitation enetay
because the resonance mode has a spectral width of about 240.5174 eV we get rid of the carrier accumulation in our
nm, which is at least one order of magnitude larger than th@W and we exclude the resonant LO phonon creation of
width of any of the structures observed in luminescenceexcitons.
Such a DBR changes slightly the radiative properties of free
carriers, but does not affect their relaxation properties which'!!- DETERMINATION OF EXCITON BINDING ENERGY
we are studying here. Through the specific growth process Proper identification of the structures observed in our ab-
the thickness of all quantum structures changed along thsorption and photoluminescence experiments is very crucial

Il. EXPERIMENT
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for our reasoning®2! Our recognition differs from the iden- Sommerfeld enhancement factor in two dimensiSgsare,
tification proposed by Chatterjat al® The main difference respectively,
lies in the attribution of the heavy-hole excited stateaPd

. : h? [ Amege m,e*
plasma transition to the measured spectr{ffig. 1). The a0=—<ﬂ> YL L —
peak in the luminescence around 1.4888 eV in Fig. 1 origi- m e C Y 2h%(Amegeqn)?
nates from the plasma transition and not from tkeeZcited
heavy-hole exciton state. This exciteslfak is clearly seen 2
at 1.4882 eV at low temperatures in cw-experim&ntBig. Sple) = m

1) and when the temperature of carriers is largdrove 15
K) the ionization process is efficient enough to dissociate this The final results of our calculations are shown in Fig. 1 by
state. a thick line. As a fitting parameter we u€®/a, (oscillator

The next confirmation of our identification comes from strength of % light hole exciton was taken three times
the calculation of the reflectivity spectrum of our sample. Wesmaller than heavy-hole opethe following values of
use a transfer-matrix approach in which we included thehe broadening:I'y;s=0.38 meV Iy »53s=0.50 meV and
structure of our sample, i.e., the thickness ofxHayer, QW  T;,=0.08 meV and the energies of the transitioBjs
in the middle, and 10 periods of DBR. The thickness of=1.48242 eV ,E,=1.48822 eV ,E3,=1.48840 eV, Ejy,
subsequent layers were taken from the technological data1.49880 eV,E;=1.48860 eV. One can notice a very good
Due to the wedge we had to introduce a multiplicative factoragreement between the transfer matrix method and experi-
(the same for all layejsto include the change in the thick- ment. The small deviation at lower energies is probably
ness across our sample. caused by the use of a constant value for GaA&G#1,As,

To calculate the oscillator strengths,2s and continuum  and AlAs refractive indexes. The result for the ideal two-
states we applied the model of Atanasetval?>3! In this  dimensional cask,=a,/2 is also shown in Fig. {thin line).
approach, the exciton Bohr radius in,Gs,_,As quantum However it is impossible to fit our experimental data with the
well N\ is calculated by means of variational method and isperfect 2D exciton. Even a change of the computed energy of
different from the three dimensional Bohr radiag We did  2s transition to 1.4888 eV does not yield a good fit. This is
not calculate \,. Since we use a sample of 8.0 nm an important remark in which our interpretation of the ex-
In,Ga,_,As quantum well with relatively low In content  perimental data differs from the paper of Chattergeal 1°
~5%, we set\g=a,. In an ideal two-dimensional casg  and we will discuss it further in Sec. IV B. It is worth men-
should be equal tay/2. tioning that also the exciton binding energy in our QW has a

We corrected some obvious errors in the formulas in thesmaller value and is more reasonable than one predicted
paper of Atanasoet al,?®> and we use the folowing equations from paper of Chatterjeet al1°
for the excitonicay(w) and free carriery(w) absorptiort?

1

s A(fiw)Ty En(2n-1)7° } IV. DISCUSSION

The12 (E2- (hw)?)? + 4(%(;))21“;n In the next two paragraphs we are going to present both
competitive approaches and compare them with our experi-

ax(@) = %[

Ao

(13 mental results.
ai(w) = Col 1 Al So(EJR,) dE, A. Model of the formation of excitons
¢ ai| m) (E'?-(hw)®?+ 4(ho)TE
fc . .
(1b) The analysis of our experimental data allowed us to draw

some conclusions about the formation of excitons. This prob-

(E' =E, +E,) whereE, is the gap energyg,=#2k2/2m is the lem was developed in details in our previous leftéhere-
kineticgenergy of fre?e carriers with momentukn mr is the forein this chapter we will briefly summarize our results and
\

reduced mass of electron and hol,, and I';, are the give some more insight about the fitting procedure.

broadening of the exciton and free carrier transitions, respec- OUr large dynamical range allows us to measure the free
tively, n=1s, 2s indicates excitonic state®, is the exciton carrier temperature directly from the spectrum for all delays
Rydberg energy, the paramet&s is Y longer than 100 p& The PL of free carriers above the band

edge provides a direct measure of the relative variations of
e?lép,, | the population of free electrons and holes and in QWs fol-
lows the relation:

o 2n,ceomgw(Ly, + Lg)

N
e is the electron chargéép,,| is the dipole matrix element, ne\lp T, 2
C

the refractive indemr:v’s—s, whereeg(gqy) is the dielectric whereIfF,L is the intensity of free carriers luminescence dnd
constant of the barriefguantum well semiconductorgy is  is the temperaturé’

the vacuum dielectric constart,is the light velocity,m, is Knowing the temporal evolution of the concentration of
the free electron mask,, andLg are the length of a quantum free carriers in QW deduced from E(R) one can relate it
well and a barrier, respectively. The three-dimensional exciwith the exciton dynamic. Indeed, we get two rate equations
ton Bohr radiusay, the exciton Rydberg enerdy,, and the  for the population of free carriers and of excitons,
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dn n is the energy gap in the semiconductor quantum struckyre;
a yCr’ + yCKX - P Br?, (38 s the energy corresponding to stategiven by the solution
n of the generalized Wannier equation, apdis the broaden-
ing.
ax = yCr? — yCKX - 5_ (3b) The termA(XIX,,} corresponds to all off-diagonal transi-
dt o) tion correlations attributed to the number of excitdhs.
The temporal evolution of the free carrier concentration! herefore this is the source term for the excitonic lumines-

[Eq. (38)] is governed by the electron-hole bimolecular re-ce€nce. The other important term in this approach is the sin-

combination rateB, the nonradiative carrier decay timg,  9let Hartree-Fock term
and the formation and ionization of excitons. In our calcula- N _ f s 2eech
tions we use the approach proposed by Piermaraetchil® (X X)s= % |, (K [*ff, (5

in which population of excitons is built up due to the bimo-
lecular formation. This bimolecular formation rate de- Wherefﬁ ande denotes electron and hole d|str|but|oﬁ$(k)
pends upon both carrier and lattice temperature through thg the right-hand generalized Wannier exciton wave function.
interaction with optical and acoustic phonons. We introducedrjs term originates from Coulomb correlated electron-hole
a multiplication factory by which the measured formation pjasma. Thus the conclusion from the presented theoretical
rate in our InGaAs QW is changed compared to the theoretypproach is that, even with vanishing exciton correlations
ical value obtained for GaAs. Our rate equations completg<x’rxv>’ the pure plasma singlet term E€) results in a
the microscopic theory of Carrie{ﬁg‘d exciton dynamic instro;g peak at all exciton resonancgs, 2s, etc) and there-
QW proposed by Piermarocoét al.>"*andK(T) is an equi-  ¢4re the standard photoluminescence experiment cannot dis-
librium coefficient given by mass action lai8aha equation  ingyish between contributions from exciton correlations and
for excitons. _ ) , Coulomb correlated plasma. The origin of the possible emis-
In our previous rate equatiofithe termCN;, determined  sjon of Jight in the excitonic energy by unbound pairs lies in
by Saha equation was used. This term corresponded 10 €qyhe Coulomb mediated collisions allowing the remaining
librium carrier and exciton concentrauons. In_stead of |t_, NOWpairs to carry away the excess energy.
we use in Eq(3) the total exciton concentratio@KX. This The interest of such a closed format equation is that it
approximation gives the same limit in case of equilibrium gj\vs experimentalist to get an approximate line shape
conditions but is more general and more realistic for low,yithout heavy computations. We would like to discuss the
exciton concentrations. With the ter@KX we got practi-  oyireme case—the QW luminescence of the Coulomb corre-

cally the same results as in our previous pafer. lated plasma without any excitons. We neglect the term
A<X1XV> and we calculate only Eq5). We found that the
B. Model of the Coulomb correlated plasma temperature dependence of 4nd 2 plasma transitions is

The above model, using simple rate equations, may seeffifferent from that of the temperature dependence érid
too simplistic. However it contains all components of what2S €xciton transitions.
should be a full model, and the values®@introduced in our In a low density regime the generalized Wannier exciton
approach have been taken from a full computatfoifas it ~ wave functiong, (k) might be simplified by the simplest ex-
was already mentioned before. There exists an alternativéiton Wannier functiony,(k). Let us consider the two-
approach proposed by Kira, Kodt al8 According to this ~ dimensional(2D) excitonic wave functionssand 2,2
theoretical description excitonic transition observed in non-
resonant PL experiments does not necessarily originate from Y (r) = /_2 ~2r/ag.

T

a macroscopic population of excitons. This excitonic like (63
transition could be due to free carrier luminescence, without

the need for bound pairs. In the following paragraph we will 8 4

shortly present this model for those who are not very familiar O ER / 2(1 - —)3-2”360, (6b)
with it, before comparing the model with our experimental 27may\ 34

results.

where a; is the three-dimensiondBD) Bohr radius of the
exciton introduced before. From E@) one can calculate the
"Eourier-transform functiong, (k) and ¢ns(k):

In this density-matrix many-body theory, the dynamic
Hartree-Fock approximation leads to the luminescence co
sisting in two source terms: excitonic and free carrférEhe

quantum well luminescence intensity is finally expressed us- 8 2a(2)
oK) = \| 2

ing Elliott-type formulat>16 — 7
2 Xy Xugs AX, X
lpL= = 2 Im| [ 7?2 | ()P emtte——omanndt |, , ,
, wg~Ec—Eyqtiy, 8 54a3(- 4+ %2k
Pas(K) = 2 2,252 (7b)
(4) 27ma; (4 + 9agk)
XI(XV) means the creatiof@annihilatior) operator of excitons The Maxwell-Boltzmann distribution of electrorfg and

with the quantum number; w is the photon wavelengttigg holesf,, is given by
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f,,(k) - e—ﬁuve—ﬁhzkzﬂmp, (8)
wherev=e, handB=1/kgT. The chemical potentialgcand " AN A  |== 50K
un Might be calculated from the total concentration of the o
carriersn — 100.0K
27-rﬁ2n)
=-kgTIn . 9
My B (mkaT ( ) :_g 100 I
Thus the Coulomb correlated plasma Hartree-Fock term is;-
given by the integral z
(XIXV)S: 2me P f ke‘bk2|<py(k)|2dk, (10 2
0 -1
10 b
where b=b(T)=#2%/2mkgT and m, is the reduced exciton
mass. Then the results of the integration of ELD) for 1s
and X transitions are as follows:
: hn
<X19(15>S: k [1 —-S+ SeSEl(S)]! (118) 10'2 1 1 ) !
mkgT 1.475 1.48 1.485 1.49 1.495 1.5
wheres=4b/a?, and Energy (eV)

2
(KXa)s= i l1 - 38 -5+ (3 + do+ AFEELD)],

(11b

wheres=4b/9a?. The functionE,(s) means the exponential
integral.

Having Eq.(4) and Egs(11a and(11b) one can calculate
the luminescence of the Coulomb correlated plasma

7V| ¢V(o)|2<x11;xv>s
(hw=-Eg~E,)?+ 9}’

wherev=1s, 2sand the oscillator strengti/,(0)|?=8/a? for
1s and 8/27&2 for 2s.

14

IpL

(12

The results are shown in Fig. 2 for GaAs parameters anc

arbitrary chosen energy transitioBg; andE,s; y=1.0 meV.

In our model calculations we neglected the continuum states

so this plot is not valid for the energies abokg (about
1.492 eVj. One can notice that the temperature dependenc
of the 1s and Z luminescence is counterintuitive, because
one expects that for the lowest temperatures tkelirie
dominates over the spectrum. According to our calculation
at 1.0 K the 2 transition is almost as equally intense as 1
The reason for this is explained in Fig. 3. We plot the
relevant integralk|y,(k)|? together with the Boltzmann oc-
cupation exp-bk?) at a relevan{smal) temperature. Obvi-

ously, the 2 state is much more concentrated at small mo-

mentum than & This reflects the larger extension of
real spacgthe relevant radius ig,=(n-1/2)a, for strict 2D
with ay being the 3D exciton Bohr radilisNow, the reason-

FIG. 2. The Coulomb correlated plasma luminescence calcu-
lated according to Eq12) for different temperatures. The energetic
positions of 5 and Z transitions are chosen arbitrary to remind our
experimental results. The results for the energy greater Ean
(about 1.492 eYare not valid, since the continuum states are not
included in the calculation.

accidental coincidenggand therefore the low-temperature
limit approaches unity in Fig. 4.

Similarly, Egs. (118 and (11b) increase monotonically
with temperature and finally saturate. The fAnction satu-
rates faster than thesiwhich has an influence on the relative

3

2.5

¢
2

nits)

(arb. u

1

ing goes as follows: at large temperatures, the occupation:
are nearly the same due to the proper normalization of the
wave function in momentum space. However, at low tem-
peratures, the Boltzmann factor gives much more weight to
smallk, which enhances thesdccupation. The ratidl,o/ N4g

is directly given by|yny(k=0)/yn4(k=0)|>=27. It equals the
(inverse oscillator strength ratidey,(r=0)/ 4(r=0)[?> (an
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25 ; literature”%-1* might simply be related to different experi-
mental conditions.
From the comparison of the calculated and measured lu-
minescence intensity presented in our letter in Fig? dne
can estimate two important parameters used in (Bg. 7p
and B. Indeed, the value of depends on the theoretical
approach. One of the possible calculationsrgfs given by
Piermaroccht® To be consistent with his theory we might
use his calculation presented in Fig. 5 therein. However the
simplest approximation of his results introduces other param-
eters like “offset” and “slope” of the carriers’ temperature
dependence. From E(R) there is only one accessible quan-
tity: the density of carriers and one gets very similar fit of
n for the parameters as different ag;=30X T, 1p,=300
+3XT, 15=300+20x T, 7p=700, etc.(7p is in ps, tem-
peratureT is in K). Therefore it is quite difficult to judge
which dependence is correct. However from the fit to the
excitonic luminescence presented in our léft@ne can es-
timate the value ofy more precisely. The thermalized exci-
10° 10" 102 10° ton decay timery is not necessarily the same for all densities
Temperature (K) and is not necessarily constdiitshould depend on tempera-
ture). We decided arbitrarily not to play with too many fitting
FIG. 4. Temperature dependence of the ratio of the ma@na parameters and we believe that one valuergfexplains
=15 /15 calculated with the results of EqL2). sufficiently well our results. In fact, for the lowest densities
the decay of the excitonic luminescence is limited by the

temperature dependence_ For Very h|gh temperatures the |K1ng eXCiton formation t|me and not the eXCiton thel’maliza-
tensity ratio reflects the difference in the oscillator strengthfion! One can also estimate the value®fIn our case we
The temperature dependence of the raiol /1% transi-  Use 15 K value given by Matsus{i#=10"° cm?/s (Ref. 28]
tions is shown in Fig. 4. shortened by a factor 10 due to the DBR, so @&{i)

In order to be able to perform these calculations, we sim=0.01X (15/T) cn?/s, temperaturdl is in K. This rate is
plified the problem by using a simple Wannier exciton waveroughly two orders of magnitude smaller thanfor the free
function ¢,(k) instead of a right-hand generalized Wanniercarriers in the density range considered.
exciton wave function' (k) (which is fully justified in a low It is worth mentioning that this enhancement of the exci-
density regimg However the observation shown in Fig. 3 is ton radiative decay time does not influence strongly
very similar also for¢/(k) and therefore our arguments are which is the thermalized decay time for the whole population
also valid in this case. The general tendencyRaghown in of excitons, i.e., dark and radiative ones.depends mostly

Fig. 4 is thatR increases with the temperature. The full cal-On the different processes of the exciton relaxation to the
culations which take into account also the carrier densitfadiative cone, which are not influenced by our weak cavity.

influence on the wave functiod'(k) and on the line broad- Therefore our analysis gives the order of magnitude of the
ening v, give very similar results which differ only by the exciton recombination in QW for given temperatures and

factor of 2 for the densities of $91(° cm?. With this factor ~ densities. The value ofp =700 ps is not2f7ar from the theo-
of 2, R does not depend on density, but only on temperaturd €tical prediction given by Andreagt al,*" who found that

in 100 A GaAs/Al_,GaAs QW the radiative decay changes
with the temperature with a slope of about 34 ps/K. We do

20

Is ;2s
lPL/IPL
o

ratio R:

C. Comparison with experiment not know the temperature of excitons, we even do not know
) ] whether their distribution is thermal or not, however assum-
1. Model of the formation of excitons ing that the exciton temperature is around 20i.K., it is not

Increasing the carrier density leads to a faster formatiorioo far from the carrier temperatyrene can find radiative
of excitons, because it gives rise to an increased probabilitlifetime = just around 700 ps. The important point is that we
of binding one electron and one hole through interaction withuse the temperature of the excitons, not of the lattice.
phonons. This important theoretical prediction is indeed con- We think that the conflicting model of th@oulomb cor-
firmed in our experiment. The formation time:=(yCn)™%, related plasmaof the group of Marburf cannot describe
measured over two orders of magnitude in density 100 pghis initial carriers concentration drop since the exciton for-
after the initial excitation, changes from less than 10 ps foimation time that they compute is much longer in their ap-
the highest density to 570 ps for the lowest one. This Proach.
evolves as the plasma concentration and temperature change
and, 1 ns after the excitation, binding of free carriers into
excitons is as long as 130 ps to 1100 ps, respectively. Thus In order to compare the above theoretical predictions of
the spread of the experimental values ®ffound in the  R=I5 /13 with our experimental results we tried to estimate

2. Model of the Coulomb correlated plasma
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the temperature dependence of the experimental intensitie
I e T) and I3} ., (T). For each time after the initial exci-
tation we know the temperature of the carriét3herefore

we could deduce the relationship between the intensity anc
the temperature. For each time the intensti];tyexp(T) was
taken as an integral of our spectrum over the energies 1.478-
1.486 eV. The similar integral 1.487-1.495 eV was taken for g
the total 2 [IE,SL’eXp(T)] and free carrier transitions
[If@,.CL‘eXp(T)]. Unfortunately, our analysis d® might be influ-
enced by two major problems. The first one is related to the

separation of thelﬁ,iexp and I _ transitions(since only

Intensity ratio (arb. un

PL,ex ”
120 IS exp CAN be accessgdnd the second is related to
the difference in the temperature of excitons and carriers.

One of the possible ways to solve the first problem is to
use both the known experimental raffg,;

1
Re — IP?_,exp(T)
Xp 2 f
15t exdT) + 5L exdT)
0 L 1 1 L 1
and the theoretical calculation &£ (T) is given by bimo- 105 001 002 003 004 005 006

lecular recombinatiot’s, (T)=Bnp. The validity of the latter
has already been discussed in Sec. IV A éxcitons plus
free carriersandCoulomb correlated plasm&models. Thus
we assume that the intensl@LveXp(T) is proportional tan?/T
with a certain coefficient> 0 (theoreticallyc=BT). We fi-
nally get forl %5 (T) and 12 (T):

Inverse Temperature (1/K)

FIG. 5. Intensity ratioR=1% /12 as a function of the inverse
temperature. The points represent experimental results. Black points
are withc=0, white points are with an arbitrary small Errors are
not shown. The dashed lines correspond to the Boltzmann factor

exd (E;s—Eyg) /kgT] with the oscillator strength ratio 2fupper

|1s (T) = |1s F{T) (133 ong and 9(lower ong. The solid line is the ratio presented in Fig.
PL PLexp. "/ 4 shown for comparison. The effective temperatufigg=15 K
5 were taken for the lowestdiamondg, T.4=10 K for middle
1 n squarel andTe=5 K for highest(triangleg carrier density.
123(T) ~ RT(I%’?"‘EXF{T) _CRexp?)v (13b) (squarel eff ghest(triangles y.
Xp

wheren might be calculated from Eq3) and the require-
mentI'éSL(T)BO gives the upper limit foc. Even if one dis-

agrees with our calculations of and assumes that the tran-

excitonsand theCoulomb correlated plasmapproach.

In Fig. 5 we present the results of the above analysis. The
solid line is the ratioR presented in Fig. 4 plotted in the
inverse temperature. This line represents nonthermant

sition observed in 1.4888 eV comes mostly from the 2 2s intensity ratio derived from theCoulomb correlated

transition(as it is done by Chatterjeet all% one can set
=0 or very close to zero. The ratRis then calculated from
Eqg. (13).

plasmaapproach. The two dashed lines in this figure come
from the simplest model of the thermal Boltzmann distribu-
tion of the populations of 4 and % excitons exp(E;g

The other open question is about the exciton and free=E,)/kgT], calculated with ideal 2D and 3D oscillator
carrier temperatures. From the experimental results we onlgtrengths rati¢3® and 3, respectively. The energetic differ-

determined the plasma temperature. In @aulomb corre-

enceEs—E,s was taken from the fit in Fig. 1. The points

lated plasmaapproach all optical transitions originate from represent experimental data—we calculated Fthvelﬁ/ IE,SL
the plasma, therefore the temperature in the whole system &ccording to Eq(13) as a function of exciton temperature for

the same. In the case of tle&citonic populatiorthe relative

three different excitation densities. The effective tempera-

excitons-plasma temperature might be different, because exdres T=15 K were taken for the lowegtliamonds, T
citons formed by the phonon emission have higher tempera=10 K for middle (squarel and T.z=5 K for highest(tri-

ture. Thus one can assume an exciton temperature of thengle$ carrier density. These effective temperatures were
form of T+T.y, WhereT denotes a free carrier temperature chosen arbitrarily, in order to superimpose experimental
and T¢=0 is the difference between the exciton and free-points between both dashed lines. The experimental points
carriers temperature. Moreovégy depends on the carriers with c=0 are marked in black. This value otorresponds to
and excitons concentration, because the exciton-carrier intethe limit whenl2 ~ 12 exp+IfF?L exp 1N€ Open points are plot-
action is more efficient at high densities and therefgg  ted with an arbitrary smatt, which always increase?. One
should decrease with density. The exact description requiresan see, that for any parametdig andc it is impossible to
theoretical models and yet more assumptions. get the nonthermal temperature dependence calculated with
Since the parametecsand T might be chosen arbitrarily the model of theCoulomb correlated plasmand Eq.(12).
we do not want to discuss their exact value. What we wante@Vhat is important is not the actual value of the fitting pa-
to show is the general experimental tendency, which can beameters but the fact, that in the case of the modekaftons
compared with the results of the model of thepulation of  and free carriersit is possible to find some reasonable pa-
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rameters which give qualitative agreement to some simplsample where the contributions at the energy of the exciton
theoretical predictionglike the thermal Boltzmann distribu- and at the band edge can be clearly separated. We demon-
tion). strated that a simple rate equation together with the exciton
Therefore we think that our experimental data givesformation theory of Piermarocchét all® can describe the
strong support for all the theoretical models which take intoexperimental data of the evolution of carriers concentration.
account the existence of the population of excitons in excitedEspecially we demonstrated the fast exciton formation at
quantum wells. In the paper of Chatterjeteal 1° the authors  high densities. By the estimation of the time dependence of
admit that one has to add the arbitrary population of excitonshe excitonic and free carriers luminescence we show that the
to explain the luminescence spectrum of quantum wells. Thigxciton luminescence dominates the spectrum at all times for
statement was not clear at all in the previous pafe®ur  all realistic pumping intensities used in time-resolved
experiments even evidence that the dominant feature of thexperimentg?°
luminescence of QW comes from the population of excitons We drew out some conclusions about the relative lumines-
while the contribution of Coulomb correlated plasma may becence intensities ofsland 2 transitions in QW and we show
neglected within discussed temperature and density rangeghat these transitions might be modeled by a simple thermal
occupation of both excitonic states. This is in clear contra-
V. SUMMARY diction with the Coulomb correlated plasmanodel which

Our experimental data and analysis give strong suppof"dicts nonthermal behavior.

for all the theoretical models which take into account the
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