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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 dependence of 1s and 2s 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

The work of Weisbuchet al., more than 20 years ago,1

introduced for the first time the idea that free excitons domi-
nate the photoluminescencesPLd spectra of quantum wells at
low temperatures. This appeared at the time to be in strong
contrast with the observations made in bulk semiconductor
samples. The reason for this major difference was later
traced back to the breakdown of the translational invariance
of excitons in quantum wells allowing the nonradiative po-
laritons in bulk semiconductors to become radiative excitons
in quantum wells, quantum wires or quantum dots. The first
observation of this major change2 had been predicted by a
number of theoretical papers starting with the seminal work
of Agranovitchet al.3 Even before this paper, luminescence
in quantum wells was unanimously attributed to free exci-
tons, and the number of papers on the subject is so large that
it is not possible to quote them in any reasonable way. Two
questions however have aroused since the early papers on the
subject: What is the influence of interface disorder on the
properties of excitons? How do excitons form from unbound
electron hole pairs?

The first question was initially raised by Weisbuchet al.,4

again, and they proposed that the unavoidable interface
roughness would give rise to an energy fluctuation of the
confinement levels, translated into an inhomogeneous broad-
ening of the exciton lines. Good samples were showing a
linewidth corresponding to fluctuations by approximately
one monolayer only. Further on, even better samples did
show a splitting of the exciton lines corresponding to
changes of the well width by exactly one monolayer.5 More
questions have been raised since then, in particular with the
importance of disorder on the early secondary emission by
quantum wells, attributed by Haackeet al. to Rayleigh
scattering,6 but the main picture has not really changed.

On the second question, how do excitons form? The de-
bate has been attempted by several experimental and theoret-

ical groups. For instance, the quoted exciton formation times
differ by orders of magnitude depending on the authors. A
brief survey of the literature allows to find that experimen-
talists have reported formation times ranging from less than
10 ps up to about 1 nssRefs. 7–12d and that theoretical
values range from 100 pssRefs. 13–16d to over 20 ns.15

Clearly, the origin of this spreading in the reported values
lies in the poor sensitivity of the experiments used in general
to probe the exciton formation process, except for the case of
the recent terahertz absorption experiments.11

A very interesting debate about the origin of the excitonic
luminescence has been introduced by the group from
Marburg.18,19 The long formation time of excitons, together
with the observation of PL at the exciton energy at the short-
est times7,8 led Kira, Kochet al.18 to introduce the idea that
a free electron hole plasma, properly including Coulomb cor-
relation effects, should give rise to PL at the exciton energy,
without the need for bound exciton pairs.

Quite recently two papers were published dealing with the
exciton luminescence in QW showing very similar experi-
mental results but with quite different interpretations. Our
group has shown evidence for the fast exciton formation.20,21

The groups from Marburg and Arizona19 interpret their re-
sults using the model ofCoulomb correlated plasmadevel-
oped by Kira and Koch.18 In the present work, we compare
both approaches and draw conclusions about the validity of
the two conflicting models. In addition, we give some insight
into the exciton relaxation time. We will focus on two argu-
ments: one is the fast exciton formation, already discussed in
our previous letter20 and second is the analysis of 1s and 2s
excitonic transitions intensities.

We use a properly designed sample with a particularly
high quality, together with a time-resolved photolumines-
cence set-up with improved sensitivity, to study the exciton
formation and to give clues on the origin of luminescence in
QW. The paper is organized as follows: in Sec. II we present
our experimental results; in Sec. III we analyze the spectral
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origin of observed optical transitions; in Sec. IV we present
two competitive approaches: in Sec. IV A we recall the re-
sults of the analysis based on the model of exciton formation
proposed by Piermarocchiet al.15,16 presented in our previ-
ous letter20 and then in Sec. IV B we present some predic-
tions of the model from Marburg.18 Finally we compare both
approaches with experimental data in Sec. IV C and draw out
our conclusions in Sec. V.

II. EXPERIMENT

We have selected a particular sample, because of its high
quality. The sample used for this study is a single InxGa1−xAs
80 Å quantum wellsQWd, with an indium content of about
x=5% grown by molecular-beam epitaxy. This QW is em-
bedded in the middle of a GaAs layer of total mean thickness
l swherel corresponds to the wavelength of the excitonic
resonance in the QWd, which was grown over a 10 period
distributed Bragg reflectorsDBRd. This DBR allows us to
first measure the absorption of the sample in the reflection
configuration without any preparation of the samplesFig. 1d.
It also increases the optical coupling of the QW, but does not
disturb appreciably the shape of the observed PL spectrum,
because the resonance mode has a spectral width of about 40
nm, which is at least one order of magnitude larger than the
width of any of the structures observed in luminescence.
Such a DBR changes slightly the radiative properties of free
carriers, but does not affect their relaxation properties which
we are studying here. Through the specific growth process
the thickness of all quantum structures changed along the

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 thel layer
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 1mm. 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 devicesCCDd
camera in cw and with a streak camera in the time-resolved
experimentsresolution of 3 ps, photon-counting moded. The
temporal resolution of the whole setup is limited to about
10–20 ps, due to the dispersion of the grating, allowing a 0.1
meV spectral resolution. The high quality of the sample is
evidenced through optical measurements. We do not observe
any Stokes shift between the absorption and PL atE1s, E2s
andEplasmasFig. 1d as it was shown in our previous letter.20

All results presented here are collected with the excitation
energy at"v=1.5174 eV in the power range 1.0–300mW
sphoton density Nn=93108–331011 photons/cm2 per
pulse; excitation spot diameter of 85mmd. We chose this
wavelength for the following reasons: in order to character-
ize our sample, we continuously changed the excitation en-
ergy from 1.47 eV to over 1.62 eV using a Ti:sapphire tun-
able laser. We observe some changes in the spectrum, caused
by the appearance of trion transition following the accumu-
lation of electrons in the QW.21 The characteristic features of
our luminescence spectraslike enhanced intensity of exci-
tonic luminescence or strong trion transitiond are repeated
every 43.5 meV, which suggest hot electron or hot exciton
relaxation. The value 43.5 meV is close to the energy spac-
ing DE for hot electron relaxation in GaAsfDE="vLO3 s1
+me/mhd=41.4 meV,"vLO is the LO-phonon energy,me

and mh are the electron and hole effective masses in
semiconductor22g. This energy scale shows that these features
are not related to hot excitons relaxation via LO-phonon
emission. We did not observe any resonance around 36 meV,
that could only be linked with the direct process of exciton
plus phonon creation. The direct process of creation of one
exciton and one LO phonon is in all cases much weaker than
electron-hole absorption. At first order it is even forbidden
due to symmetry reasons, as it has been shown by Richard
Planel.23 The stronger probability involves at least two LO
phonons, as it was shown by Clérot, Deveaudet al.24 This
process is only observed when very strong nonradiative re-
combination processes annihilate the free carrier contribu-
tion. Therefore by the selection of the excitation energy"v
=1.5174 eV we get rid of the carrier accumulation in our
QW and we exclude the resonant LO phonon creation of
excitons.

III. DETERMINATION OF EXCITON BINDING ENERGY

Proper identification of the structures observed in our ab-
sorption and photoluminescence experiments is very crucial

FIG. 1. Simulation of the sample reflectivity using transfer ma-
trix method. Points, experimental data; thick line, calculations with
l0=a0; thin line, with l0=a0/2. The corresponding energy transi-
tions for E1s, E2s, Eg, Elh are marked.D-A is the donor-acceptor
transition in GaAs. The results of cw-luminescence are shown be-
low for comparision.
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for our reasoning.20,21 Our recognition differs from the iden-
tification proposed by Chatterjeeet al.19 The main difference
lies in the attribution of the heavy-hole excited state 2s and
plasma transition to the measured spectrumsFig. 1d. The
peak in the luminescence around 1.4888 eV in Fig. 1 origi-
nates from the plasma transition and not from the 2s excited
heavy-hole exciton state. This excited 2s peak is clearly seen
at 1.4882 eV at low temperatures in cw-experiments21 sFig.
1d and when the temperature of carriers is largersabove 15
Kd the ionization process is efficient enough to dissociate this
state.

The next confirmation of our identification comes from
the calculation of the reflectivity spectrum of our sample. We
use a transfer-matrix approach in which we included the
structure of our sample, i.e., the thickness of thel layer, QW
in the middle, and 10 periods of DBR. The thickness of
subsequent layers were taken from the technological data.
Due to the wedge we had to introduce a multiplicative factor
sthe same for all layersd to include the change in the thick-
ness across our sample.

To calculate the oscillator strengths 1s, 2s and continuum
states we applied the model of Atanasovet al.25,31 In this
approach, the exciton Bohr radius in InxGa1−xAs quantum
well l0 is calculated by means of variational method and is
different from the three dimensional Bohr radiusa0. We did
not calculate l0. Since we use a sample of 8.0 nm
InxGa1−xAs quantum well with relatively low In contentx
<5%, we setl0=a0. In an ideal two-dimensional casel0
should be equal toa0/2.

We corrected some obvious errors in the formulas in the
paper of Atanasovet al.,25 and we use the folowing equations
for the excitonicaXsvd and free carrierafcsvd absorption,32

aXsvd =
8C0

l0
2 F 1

p
o

n=1,2

4s"vdGX,nEns2n − 1d−3

sEn
2 − s"vd2d2 + 4s"vd2GX,n

2 G ,

s1ad

afcsvd =
C0

a0
2F 1

p
E 4s"vdGfcE8S2DsEk/Ryd

sE82 − s"vd2d2 + 4s"vd2Gfc
2 dEkG

s1bd

sE8=Eg+Ekd whereEg is the gap energy,Ek="2k2/2mr is the
kinetic energy of free carriers with momentumk, mr is the
reduced mass of electron and hole,GX,n and Gfc are the
broadening of the exciton and free carrier transitions, respec-
tively, n=1s,2s indicates excitonic states,Ry is the exciton
Rydberg energy, the parameterC0 is

C0 =
e2uêpcvu2

2nrc«0m0
2vsLw + LBd

.

e is the electron charge,uêpcvu is the dipole matrix element,
the refractive indexnr =Î«B, where«Bs«QWd is the dielectric
constant of the barriersquantum welld semiconductor,«0 is
the vacuum dielectric constant,c is the light velocity,m0 is
the free electron mass,Lw andLB are the length of a quantum
well and a barrier, respectively. The three-dimensional exci-
ton Bohr radiusa0, the exciton Rydberg energyRy, and the

Sommerfeld enhancement factor in two dimensionsS2D are,
respectively,

a0 =
"2

mr
S4p«0«QW

e2 D , Ry =
mre

4

2"2s4p«0«QWd2 ,

S2Ds«d =
2

1 + exps− 2p/Î«d
.

The final results of our calculations are shown in Fig. 1 by
a thick line. As a fitting parameter we useC0/a0 soscillator
strength of 1s light hole exciton was taken three times
smaller than heavy-hole oned, the following values of
the broadening:GX,1s=0.38 meV,GX,2s,3s=0.50 meV and
Gfc=0.08 meV and the energies of the transition:E1s
=1.48242 eV,E2s=1.48822 eV,E3s=1.48840 eV, E1s,lh
=1.49880 eV,Eg=1.48860 eV. One can notice a very good
agreement between the transfer matrix method and experi-
ment. The small deviation at lower energies is probably
caused by the use of a constant value for GaAs, InxGa1−xAs,
and AlAs refractive indexes. The result for the ideal two-
dimensional casel0=a0/2 is also shown in Fig. 1sthin lined.
However it is impossible to fit our experimental data with the
perfect 2D exciton. Even a change of the computed energy of
2s transition to 1.4888 eV does not yield a good fit. This is
an important remark in which our interpretation of the ex-
perimental data differs from the paper of Chatterjeeet al.19

and we will discuss it further in Sec. IV B. It is worth men-
tioning that also the exciton binding energy in our QW has a
smaller value and is more reasonable than one predicted
from paper of Chatterjeeet al.19

IV. DISCUSSION

In the next two paragraphs we are going to present both
competitive approaches and compare them with our experi-
mental results.

A. Model of the formation of excitons

The analysis of our experimental data allowed us to draw
some conclusions about the formation of excitons. This prob-
lem was developed in details in our previous letter20 there-
fore in this chapter we will briefly summarize our results and
give some more insight about the fitting procedure.

Our large dynamical range allows us to measure the free
carrier temperature directly from the spectrum for all delays
longer than 100 ps.20 The PL of free carriers above the band
edge provides a direct measure of the relative variations of
the population of free electrons and holes and in QWs fol-
lows the relation:

n ~ ÎIPL
fc T, s2d

whereIPL
fc is the intensity of free carriers luminescence andT

is the temperature.20

Knowing the temporal evolution of the concentration of
free carriers in QW deduced from Eq.s2d one can relate it
with the exciton dynamic. Indeed, we get two rate equations
for the population of free carriersn and of excitonsX,
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dn

dt
= − gCn2 + gCKX−

n

tnr
− Bn2, s3ad

dX

dt
= gCn2 − gCKX−

X

tD
. s3bd

The temporal evolution of the free carrier concentration
fEq. s3adg is governed by the electron-hole bimolecular re-
combination rateB, the nonradiative carrier decay timetnr,
and the formation and ionization of excitons. In our calcula-
tions we use the approach proposed by Piermarocchiet al.16

in which population of excitons is built up due to the bimo-
lecular formation. This bimolecular formation rateC de-
pends upon both carrier and lattice temperature through the
interaction with optical and acoustic phonons. We introduced
a multiplication factorg by which the measured formation
rate in our InGaAs QW is changed compared to the theoret-
ical value obtained for GaAs. Our rate equations complete
the microscopic theory of carrier and exciton dynamic in
QW proposed by Piermarocchiet al.15,16andKsTd is an equi-
librium coefficient given by mass action lawsSaha equationd
for excitons.

In our previous rate equations20 the termCNeq
2 determined

by Saha equation was used. This term corresponded to equi-
librium carrier and exciton concentrations. Instead of it, now
we use in Eq.s3d the total exciton concentrationCKX. This
approximation gives the same limit in case of equilibrium
conditions but is more general and more realistic for low
exciton concentrations. With the termCKX we got practi-
cally the same results as in our previous paper.20

B. Model of the Coulomb correlated plasma

The above model, using simple rate equations, may seem
too simplistic. However it contains all components of what
should be a full model, and the values ofC introduced in our
approach have been taken from a full computation,15,16 as it
was already mentioned before. There exists an alternative
approach proposed by Kira, Kochet al.18 According to this
theoretical description excitonic transition observed in non-
resonant PL experiments does not necessarily originate from
a macroscopic population of excitons. This excitonic like
transition could be due to free carrier luminescence, without
the need for bound pairs. In the following paragraph we will
shortly present this model for those who are not very familiar
with it, before comparing the model with our experimental
results.

In this density-matrix many-body theory, the dynamic
Hartree-Fock approximation leads to the luminescence con-
sisting in two source terms: excitonic and free carriers.28 The
quantum well luminescence intensity is finally expressed us-
ing Elliott-type formula,15,16

IPL = −
2

"
ImFuFqu2o

n

ufn,q
r s0du2

kXn,q
† Xn,qlS+ DkXn,q

† Xn,ql
"vq − EG − En,q + ign

G .

s4d

Xn
†sXnd means the creationsannihilationd operator of excitons

with the quantum numbern; v is the photon wavelength;EG

is the energy gap in the semiconductor quantum structure;En

is the energy corresponding to staten, given by the solution
of the generalized Wannier equation, andgn is the broaden-
ing.

The termDkXn
†Xnl corresponds to all off-diagonal transi-

tion correlations attributed to the number of excitons.17

Therefore this is the source term for the excitonic lumines-
cence. The other important term in this approach is the sin-
glet Hartree-Fock term

kXn
†XnlS= o

k

ufn
r skdu2fk

efk
h, s5d

wherefk
e and fk

h denotes electron and hole distributions,fn
r skd

is the right-hand generalized Wannier exciton wave function.
This term originates from Coulomb correlated electron-hole
plasma. Thus the conclusion from the presented theoretical
approach is that, even with vanishing exciton correlations
DkXn

†Xnl, the pure plasma singlet term Eq.s5d results in a
strong peak at all exciton resonancess1s, 2s, etc.d and there-
fore the standard photoluminescence experiment cannot dis-
tinguish between contributions from exciton correlations and
Coulomb correlated plasma. The origin of the possible emis-
sion of light in the excitonic energy by unbound pairs lies in
the Coulomb mediated collisions allowing the remaining
pairs to carry away the excess energy.

The interest of such a closed format equation is that it
allows experimentalist to get an approximate line shape
without heavy computations. We would like to discuss the
extreme case—the QW luminescence of the Coulomb corre-
lated plasma without any excitons. We neglect the term
DkXn

†Xnl and we calculate only Eq.s5d. We found that the
temperature dependence of 1s and 2s plasma transitions is
different from that of the temperature dependence of 1s and
2s exciton transitions.

In a low density regime the generalized Wannier exciton
wave functionfn

r skd might be simplified by the simplest ex-
citon Wannier functioncnskd. Let us consider the two-
dimensionals2Dd excitonic wave functions 1s and 2s,29

c1ssrd =Î 8

pa0
2e−2r/a0, s6ad

c2ssrd =Î 8

27pa0
2S1 −

4

3a0
De−2r/3a0, s6bd

where a0 is the three-dimensionals3Dd Bohr radius of the
exciton introduced before. From Eq.s6d one can calculate the
Fourier-transform functionsc1sskd andc2sskd:

c1sskd =Î 8

pa0
2

2a0
2

s4 + a0
2k2d3/2, s7ad

c2sskd =Î 8

27pa0
2

54a0
2s− 4 + 9a0

2k2d
s4 + 9a0

2k2d5/2 . s7bd

The Maxwell-Boltzmann distribution of electronsfe and
holes fh is given by
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fnskd = e−bmne−b"2k2/2mn, s8d

wheren=e, h andb=1/kBT. The chemical potentialsme and
mh might be calculated from the total concentration of the
carriersn

mn = − kBT lnS2p"2n

mnkBT
D . s9d

Thus the Coulomb correlated plasma Hartree-Fock term is
given by the integral

kXn
†XnlS= 2pe−bmnE

0

`

ke−bk2
ucnskdu2dk, s10d

where b=bsTd="2/2mrkBT and mr is the reduced exciton
mass. Then the results of the integration of Eq.s10d for 1s
and 2s transitions are as follows:

kX1s
† X1slS=

"2n

mrkBT
f1 − s+ sesE1ssdg, s11ad

wheres=4b/a2, and

kX2s
† X2slS=

"2n

mrkBT
f1 − s− 3s2 − s3 + s3 + 4s+ s2ds2esE1ssdg,

s11bd

wheres=4b/9a2. The functionE1ssd means the exponential
integral.

Having Eq.s4d and Eqs.s11ad ands11bd one can calculate
the luminescence of the Coulomb correlated plasma

IPL
n ~

gnucns0du2kXn
†XnlS

s"v − EG − End2 + gn
2 , s12d

wheren=1s, 2s and the oscillator strengthucn
r s0du2=8/a2 for

1s and 8/27a2 for 2s.
The results are shown in Fig. 2 for GaAs parameters and

arbitrary chosen energy transitionsE1s andE2s; g=1.0 meV.
In our model calculations we neglected the continuum states,
so this plot is not valid for the energies aboveEg sabout
1.492 eVd. One can notice that the temperature dependence
of the 1s and 2s luminescence is counterintuitive, because
one expects that for the lowest temperatures the 1s line
dominates over the spectrum. According to our calculation,
at 1.0 K the 2s transition is almost as equally intense as 1s.

The reason for this is explained in Fig. 3. We plot the
relevant integralskucvskdu2 together with the Boltzmann oc-
cupation exps−bk2d at a relevantssmalld temperature. Obvi-
ously, the 2s state is much more concentrated at small mo-
mentum than 1s. This reflects the larger extension of 2s in
real spacefthe relevant radius isan=sn−1/2da0 for strict 2D
with a0 being the 3D exciton Bohr radiusg. Now, the reason-
ing goes as follows: at large temperatures, the occupations
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 the 2s occupation. The ratioN2s/N1s
is directly given byuc2ssk=0d /c1ssk=0du2=27. It equals the
sinversed oscillator strength ratiouc1ssr =0d /c2ssr =0du2 san

accidental coincidenced, and therefore the low-temperature
limit approaches unity in Fig. 4.

Similarly, Eqs. s11ad and s11bd increase monotonically
with temperature and finally saturate. The 2s function satu-
rates faster than the 1s, which has an influence on the relative

FIG. 2. The Coulomb correlated plasma luminescence calcu-
lated according to Eq.s12d for different temperatures. The energetic
positions of 1s and 2s transitions are chosen arbitrary to remind our
experimental results. The results for the energy greater thanEg

sabout 1.492 eVd are not valid, since the continuum states are not
included in the calculation.

FIG. 3. The relevant integralskucvskdu2 for 1s and 2s states
together with the Boltzmann occupation at 10.0 Ksshadowedd.
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temperature dependence. For very high temperatures the in-
tensity ratio reflects the difference in the oscillator strength.
The temperature dependence of the ratioR= IPL

1s / IPL
2s transi-

tions is shown in Fig. 4.
In order to be able to perform these calculations, we sim-

plified the problem by using a simple Wannier exciton wave
function cnskd instead of a right-hand generalized Wannier
exciton wave functionfn

r skd swhich is fully justified in a low
density regimed. However the observation shown in Fig. 3 is
very similar also forfn

r skd and therefore our arguments are
also valid in this case. The general tendency ofR shown in
Fig. 4 is thatR increases with the temperature. The full cal-
culations which take into account also the carrier density
influence on the wave functionfn

r skd and on the line broad-
ening gn give very similar results which differ only by the
factor of 2 for the densities of 108–109 cm2. With this factor
of 2, R does not depend on density, but only on temperature.

C. Comparison with experiment

1. Model of the formation of excitons

Increasing the carrier density leads to a faster formation
of excitons, because it gives rise to an increased probability
of binding one electron and one hole through interaction with
phonons. This important theoretical prediction is indeed con-
firmed in our experiment. The formation timet fª sgCnd−1,
measured over two orders of magnitude in density 100 ps
after the initial excitation, changes from less than 10 ps for
the highest density to 570 ps for the lowest one. Thist f
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
the spread of the experimental values oft f found in the

literature7,9–11 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. 4,20 one
can estimate two important parameters used in Eq.s3d: tD
and B. Indeed, the value oftD depends on the theoretical
approach. One of the possible calculations oftD is given by
Piermarocchi.15 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 Eq.s2d there is only one accessible quan-
tity: the density of carriersn and one gets very similar fit of
n for the parameters as different as:tD=303T, tD=300
+33T, tD=300+203T, tD=700, etc. stD is in ps, tem-
peratureT is in Kd. Therefore it is quite difficult to judge
which dependence is correct. However from the fit to the
excitonic luminescence presented in our letter20 one can es-
timate the value oftD more precisely. The thermalized exci-
ton decay timetD is not necessarily the same for all densities
and is not necessarily constantsit should depend on tempera-
tured. We decided arbitrarily not to play with too many fitting
parameters and we believe that one value oftD explains
sufficiently well our results. In fact, for the lowest densities
the decay of the excitonic luminescence is limited by the
long exciton formation time and not the exciton thermaliza-
tion! One can also estimate the value ofB. In our case we
use 15 K value given by MatsusuefB=10−3 cm2/s sRef. 26dg
shortened by a factor 10 due to the DBR, so ourBsTd
=0.013 s15/Td cm2/s, temperatureT is in K. This rate is
roughly two orders of magnitude smaller thantD for the free
carriers in the density range considered.

It is worth mentioning that this enhancement of the exci-
ton radiative decay time does not influence stronglytD,
which is the thermalized decay time for the whole population
of excitons, i.e., dark and radiative ones.tD depends mostly
on the different processes of the exciton relaxation to the
radiative cone, which are not influenced by our weak cavity.
Therefore our analysis gives the order of magnitude of the
exciton recombination in QW for given temperatures and
densities. The value oftD=700 ps is not far from the theo-
retical prediction given by Andreaniet al.,27 who found that
in 100 Å GaAs/Al1−xGaxAs QW the radiative decay changes
with the temperature with a slope of about 34 ps/K. We do
not know the temperature of excitons, we even do not know
whether their distribution is thermal or not, however assum-
ing that the exciton temperature is around 20 Ksi.e., it is not
too far from the carrier temperatured one can find radiative
lifetime tD just around 700 ps. The important point is that we
use the temperature of the excitons, not of the lattice.

We think that the conflicting model of theCoulomb cor-
related plasmaof the group of Marburg18 cannot describe
this initial carriers concentration drop since the exciton for-
mation time that they compute is much longer in their ap-
proach.

2. Model of the Coulomb correlated plasma

In order to compare the above theoretical predictions of
R= IPL

1s / IPL
2s with our experimental results we tried to estimate

FIG. 4. Temperature dependence of the ratio of the maximaR
= IPL

1s / IPL
2s calculated with the results of Eq.s12d.
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the temperature dependence of the experimental intensities
IPL,exp
1s sTd and IPL,exp

2s sTd. For each time after the initial exci-
tation we know the temperature of the carriers.20 Therefore
we could deduce the relationship between the intensity and
the temperature. For each time the intensityIPL,exp

1s sTd 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
the total 2s fIPL,exp

2s sTdg and free carrier transitions
fIPL,exp

fc sTdg. Unfortunately, our analysis ofR might be influ-
enced by two major problems. The first one is related to the
separation of theIPL,exp

2s and IPL,exp
fc transitionsssince only

IPL,exp
2s + IPL,exp

fc can be accessedd and 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 ratioRexp:

Rexp=
IPL,exp
1s sTd

IPL,exp
2s sTd + IPL,exp

fc sTd

and the theoretical calculation ofIPL
fc sTd is given by bimo-

lecular recombinationIPL
fc sTd=Bnp. The validity of the latter

has already been discussed in Sec. IV A forexcitons plus
free carriersandCoulomb correlated plasma18 models. Thus
we assume that the intensityIPL,exp

fc sTd is proportional ton2/T
with a certain coefficientc.0 stheoreticallyc=BTd. We fi-
nally get for IPL

1s sTd and IPL
2s sTd:

IPL
1s sTd < IPL,exp

1s sTd, s13ad

IPL
2s sTd <

1

Rexp
SIPL,exp

1s sTd − cRexp
n2

T
D , s13bd

wheren might be calculated from Eq.s3d and the require-
ment IPL

2s sTdù0 gives the upper limit forc. Even if one dis-
agrees with our calculations ofn and assumes that the tran-
sition observed in 1.4888 eV comes mostly from the 2s
transitionsas it is done by Chatterjeeet al.19d one can setc
=0 or very close to zero. The ratioR is then calculated from
Eq. s13d.

The other open question is about the exciton and free-
carrier temperatures. From the experimental results we only
determined the plasma temperature. In theCoulomb corre-
lated plasmaapproach all optical transitions originate from
the plasma, therefore the temperature in the whole system is
the same. In the case of theexcitonic populationthe relative
excitons-plasma temperature might be different, because ex-
citons formed by the phonon emission have higher tempera-
ture. Thus one can assume an exciton temperature of the
form of T+Teff, whereT denotes a free carrier temperature
and Teffù0 is the difference between the exciton and free-
carriers temperature. MoreoverTeff depends on the carriers
and excitons concentration, because the exciton-carrier inter-
action is more efficient at high densities and thereforeTeff
should decrease with density. The exact description requires
theoretical models and yet more assumptions.

Since the parametersc andTeff might be chosen arbitrarily
we do not want to discuss their exact value. What we wanted
to show is the general experimental tendency, which can be
compared with the results of the model of thepopulation of

excitonsand theCoulomb correlated plasmaapproach.
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 nonthermal 1s and
2s intensity ratio derived from theCoulomb correlated
plasmaapproach. The two dashed lines in this figure come
from the simplest model of the thermal Boltzmann distribu-
tion of the populations of 1s and 2s excitons expfsE1s

−E2sd /kBTg, calculated with ideal 2D and 3D oscillator
strengths ratios33 and 32, respectivelyd. The energetic differ-
enceE1s−E2s was taken from the fit in Fig. 1. The points
represent experimental data—we calculated theR= IPL

1s / IPL
2s

according to Eq.s13d as a function of exciton temperature for
three different excitation densities. The effective tempera-
turesTeff=15 K were taken for the lowestsdiamondsd, Teff
=10 K for middle ssquaresd, and Teff=5 K for higheststri-
anglesd carrier density. These effective temperatures were
chosen arbitrarily, in order to superimpose experimental
points between both dashed lines. The experimental points
with c=0 are marked in black. This value ofc corresponds to
the limit whenIPL

2s < IPL,exp
2s + IPL,exp

fc . The open points are plot-
ted with an arbitrary smallc, which always increasesR. One
can see, that for any parametersTeff andc it is impossible to
get the nonthermal temperature dependence calculated with
the model of theCoulomb correlated plasmaand Eq.s12d.
What is important is not the actual value of the fitting pa-
rameters but the fact, that in the case of the model ofexcitons
and free carriersit is possible to find some reasonable pa-

FIG. 5. Intensity ratioR= IPL
1s / IPL

2s as a function of the inverse
temperature. The points represent experimental results. Black points
are withc=0, white points are with an arbitrary smallc. Errors are
not shown. The dashed lines correspond to the Boltzmann factor
expfsE1s−E2sd /kBTg with the oscillator strength ratio 27supper
oned and 9slower oned. The solid line is the ratio presented in Fig.
4 shown for comparison. The effective temperaturesTeff=15 K
were taken for the lowestsdiamondsd, Teff=10 K for middle
ssquaresd, andTeff=5 K for higheststrianglesd carrier density.
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rameters which give qualitative agreement to some simple
theoretical predictionsslike the thermal Boltzmann distribu-
tiond.

Therefore we think that our experimental data gives
strong support for all the theoretical models which take into
account the existence of the population of excitons in excited
quantum wells. In the paper of Chatterjeeet al.19 the authors
admit that one has to add the arbitrary population of excitons
to explain the luminescence spectrum of quantum wells. This
statement was not clear at all in the previous papers.18 Our
experiments even evidence that the dominant feature of the
luminescence of QW comes from the population of excitons
while the contribution of Coulomb correlated plasma may be
neglected within discussed temperature and density ranges.

V. SUMMARY

Our experimental data and analysis give strong support
for all the theoretical models which take into account the
formation of thepopulation of excitonsin excited quantum
wells. This conclusion is based on two major arguments: one
is the fast exciton formation and second is the analysis of
relative 1s and 2s excitonic transitions intensities.

We have described the results of the time-resolved photo-
luminescence study of a very high quality InGaAs QW

sample where the contributions at the energy of the exciton
and at the band edge can be clearly separated. We demon-
strated that a simple rate equation together with the exciton
formation theory of Piermarocchiet al.16 can describe the
experimental data of the evolution of carriers concentration.
Especially we demonstrated the fast exciton formation at
high densities. By the estimation of the time dependence of
the excitonic and free carriers luminescence we show that the
exciton luminescence dominates the spectrum at all times for
all realistic pumping intensities used in time-resolved
experiments.20

We drew out some conclusions about the relative lumines-
cence intensities of 1s and 2s transitions in QW and we show
that these transitions might be modeled by a simple thermal
occupation of both excitonic states. This is in clear contra-
diction with the Coulomb correlated plasmamodel which
predicts nonthermal behavior.
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