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We measure picosecond time resolved luminescence spectra in GaAs quantum wells using frequency up-
conversion luminescence spectroscopy. A careful line-shape analysis of the spectra is performed to separate the
free exciton and free carrier related luminescence. From the time evolution of the free carrier luminescence, we
deduce the characteristic time constant~tf ! for the bimolecular process of exciton formation by free electron-
hole pairs. For an estimated initial carrier density of 431010 cm22, tf is found to be 50 ps.
@S0163-1829~96!08031-9#

I. INTRODUCTION

The dynamics of exciton formation in GaAs quantum
wells ~QWs! has been a subject of considerable interest in
recent years.1–4 Since the excitons formed by the electrons
and holes near their band edges are expected to have a large
wave vector (KW ), they do not couple to photons.1 The exci-
tons have to relax to sufficiently smallKW values at low tem-
peratures before they can undergo radiative decay. Thus, de-
termination of the exciton formation time from the time
evolution of the exciton photoluminescence~PL! is generally
not possible. A direct measurement of the exciton formation
dynamics, however, can be made for those material systems
for which the exciton-LO phonon coupling leads to excitonic
transitions from largeKW vectors to the photonlike polariton
branch via emission of one or more numbers of LO phonons.
If the time evolution of the luminescence due to such LO
phonon assisted Stokes sidebands can be measured, it can
provide direct information on the free exciton formation and
exciton energy relaxation dynamics. These sidebands can be
easily seen in materials like CdS and CdSe. The exciton
formation time in CdSe was recently deduced to be about
7–10 ps using the time evolution of the luminescence due to
2LO phonon Stokes side band of the free exciton.5

Since such sidebands are not very prominent in GaAs or
GaAs QWs, the exciton formation time in GaAs QWs has
been deduced indirectly by various ways. Damenet al.1 ob-
served that the homogeneous linewidthGL of the exciton PL
initially decays rapidly in less than 20 ps for an excitation
densityn0 of 231010 cm22. A time constant of,20 ps for
the decay of thee-h pair density due to exciton formation
was then deduced on the basis of the expected linear depen-
dence ofGL on the carrier density.

6 Blom et al.2 studied very
narrow QWs in which the time for exciton relaxation from
largeKW to KW '0 states was expected to be small. The exciton
formation time then was believed to be approximately given

by the exciton luminescence rise time, measured to be about
25–40 ps forn05531010 cm22. Deveaudet al.3 deduced an
exciton formation time of the order of 200 ps forn0;1011

cm22 by relating it to the time of survival of the high energy
exponential tail of the time resolved exciton luminescence.
Recently, Robartet al.4 argued that the rapid initial decay of
the exciton homogeneous linewidth, observed by them to
take place in less than 10 ps forn05731010 cm22, in fact is
related to the fast approach towards thermodynamical equi-
librium between the free carriers and the excitons. It was
suggested that the above time of about 10 ps should be taken
as the free exciton formation time, although the free carrier
luminescence was found to survive for a few hundred psecs.
On the theoretical side, Thilagam and Singh7 calculated the
transition rate for a freee-h pair at the band edge to an
excitonic state by acoustic phonon emission via deformation
potential coupling. They obtained a time constant of a few
100s of psecs for this exciton formation process, the exact
value of the time constant depending upon the QW width,
taken to be in the range of 2.5–20 nm.

Since many aspects of the exciton formation dynamics in
GaAs QWs are still not fully clarified, it should be of interest
to study the time resolved PL in GaAs QWs in more detail.
A detailed modeling of the PL spectral line shapes to isolate
the exciton and free carrier related PL energy distributions as
a function of time has not been reported so far. In this paper,
we report our measurements of picosecond time resolved PL
spectra in high quality GaAs QWs using the frequency up-
conversion~UC! technique. To separate the exciton and free
carrier related luminescence spectra, we carry out a line-
shape analysis of the spectra, corrected for the instrument
spectral response. Relating the time evolution of the energy
integrated intensity of the PL due to freee-h pairs to the
time dependence of the free carrier density, we deduce the
time constanttf , which determines the effective rate of bi-
molecular formation of excitons from freee-h pairs. For an
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excited carrier density of 431010 cm22, tf is found to be 50
ps. The change in the rise time of the free carrier lumines-
cence for the initial excitation above and below the
Al0.3Ga0.7As barriers is found to be less than 10 ps in our
samples.

II. EXPERIMENTAL RESULTS

Our experiments are performed using a pulsed Nd-YAG
~where YAG denotes yttrium aluminum garnet! pumped dye
laser, using either Rhodamine-6G dye~at 612 nm! or DCM
dye ~at 665 nm!. The pulse width, as given by an autocorr-
elator, is about 2 ps. The sample, maintained at 8 K in a
cryostat, consists of high quality GaAs QWs, 8 nm wide and
20 in number. The QWs are separated by Al0.3Ga0.7As bar-
riers, 15 nm wide. The carrier density excited in a single QW
per pulse at 612 nm is estimated to be about 431010 cm22

for an average excitation intensity of 1 mW. The time re-
solved PL spectra are measured using frequency upconver-
sion ~UC! in a standard photon counting setup. The continu-
ous wave~CW! PL spectrum obtained at 8 K using a HeNe
laser excitation with an intensity of 300mW ~Fig. 1! shows
the free exciton peak at 1.564 eV with a narrow linewidth of
about 1.7 meV, indicating the high quality of the samples.
Insignificant Stokes shift in the PL excitation spectrum was
reported previously for these QWs.8 A semilogarithmic plot
of the spectrum~not shown! reveals a small peak~400 times
smaller in height than the exciton peak! at\v51.573 eV and
is presumably due to free carriers, from the known heavy
hole exciton binding energy of about 9 meV for 8 nm QWs.9

A small asymmetry on the lower energy side of the main
exciton peak may be due to excitons localized at the inter-
faces. At the temperature of these measurements~8 K!, the
light-hole exciton expected at 1.579 eV cannot be seen.

Figure 2 shows typical UC PL spectra, obtained at a delay
of 10, 20, 40, 100, and 300 ps with an initial carrier density
of 431010 cm22 for excitation above the Al0.3Ga0.7As barri-
ers ~excitation wavelength5612 nm!. Since the light hole

exciton is resonant with the heavy hole subband in 8 nm
QWs, the light hole exciton is not expected to be seen in the
PL spectra of Fig. 2 due to its rapid transfer to the heavy hole
subband.10 It is interesting to note in Fig. 2 that at small
delays~e.g., 10 and 20 ps!, a small dip is seen approximately
at about 1.573 eV, then51 subband edge~E1!, separating
the excitonic and free carrier PL. The free carrier PL is
peaked slightly on the higher energy side ofE1 ~by about 2
meV!, presumably as a result of the carrier temperature and
broadening. At longer delays, a shoulder with a high energy
tail is seen. A clear change of slope is seen in the UC PL
spectra near the band edge, showing the contribution to the
total PL of the free carrier recombination, above the subband
edge, and the exciton recombination, below the subband
edge. As the delay increases beyond 250 ps, the free carrier
related luminescence becomes vanishingly small. At 300 ps,
the free carrier contribution to the PL can be seen to be quite
small in Fig. 2. This rapid decrease of the free carrier lumi-
nescence can be studied in further detail by carrying out a
theoretical analysis of the data to isolate the free carrier and
exciton related PL at different delays.

III. THEORETICAL ANALYSIS

In order to obtain the free carrier contribution to the total
PL, the exciton contribution can be separated by performing
a line shape fit to the exciton PL. The spectra recorded in the
experiments in fact are convolutions over the actual line
shapes and the system spectral response. In order to obtain
the actual PL spectra, the measured line shape has to be
deconvoluted with the instrument response function~R!,
whereR is well approximated by a Gaussian of widthGR .

11

FIG. 1. The CW PL spectra at 8 K.

FIG. 2. The measured UC PL spectra at 10, 20, 40, 100, and 300
ps are shown for an excitation densityn0 of 431010 cm22. The
horizontal lines represents a count of 1 per sec, whereas the maxi-
mum absolute number of counts per sec have been indicated for
each delay.
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Equivalently, an appropriate model for the actual exciton line
shape can be convoluted with an experimentally determined
response function and the result can be compared with the
measured spectra. The difference between the two can then
be used to obtain the actual PL spectra due to freee-h pair
recombination using a similar procedure.

For a predominantly inhomogeneous broadening, the~ac-
tual! exciton line shape is usually given as a Gaussian:12

G(E)5(1/A2pGG)exp„2(E02E)2/2GG
2
…, where GG ,

which is (2A2 ln 2)21 times the Gaussian full width at half
maximum ~FWHM!, represents inhomogeneous broadening
and is referred to here as the Gaussian width andE0 is the
peak position of the exciton PL. On the other hand, a Lorent-
zian formL(E)5(2/pGL)[114(E02E)2/G L

2]21 is used in
the literature for a homogeneously broadened exciton line,
with GL , the Lorentzian FWHM, representing the homoge-
neous linewidth. For the general case, the exciton line shape
is usually described in the literature12 to be a convolution of
the Gaussian and Lorentzian~G*L!. In our analysis de-
scribed below, it is understood that a convolution of such
line shapes withR is implied whenever the measured data
are compared with a theoretical calculation.

We first consider a Gaussian-Lorentzian convolution line
shape for the exciton PL. In order to extract the homoge-
neous and inhomogeneous linewidths, we employ the fol-
lowing procedure: At long delays, it is expected that the free
carrier density vanishes and the excitons cool towards small
KW . The contribution of the homogeneous linewidth to the
total linewidth then will be small, being determined mainly
by exciton collisions with carriers and phonons. The largest
delay used in our experiments is 1 ns. The exciton peak, as
measured in our UC PL spectra at a delay of 1 ns, is there-
fore fitted using a Gaussian-Lorentzian convolution line
shape, keeping the Gaussian linewidth as large and the
Lorentzian linewidth as small as needed for getting a satis-
factory fit to the data.~A somewhat similar procedure was
used by Robartet al.4 to calculate the homogeneous FWHM
of the exciton peak.! For smaller delays, the Gaussian width
is now kept approximately constant, close to its value at 1 ns,
and the Lorentzian width is adjusted so as to get a good fit to
the main exciton peak.

The Gaussian-Lorentzian convolution line shape, how-
ever, has a long tail which extends well into the free carrier
region, thus reducing the apparent free carrier contribution to
the total PL. A purely Lorentzian line shape for the exciton
PL also has the same difficulty. In the past, an artificial cut-
off has been used sometimes to remove this extension.13 As
an alternative, a Gaussian line shape for fitting the exciton
PL peak may be considered. This has a high and low energy
tail decaying faster than the Gaussian-Lorentzian convolu-
tion or pure Lorentzian line shape. Since a theory giving a
more satisfactory description of the exciton line shape re-
mains to be developed, we deduce the free carrier related PL
intensity for a Gaussian-Lorentzian convolution as well as
for a pure Gaussian line shape, as both can fit the main
exciton peak reasonably well. It turns out, as shown pres-
ently, that the rise and decay time constants for energy inte-
grated free carrier PL do not appear to depend upon the
choice of the fit functions used.

Using the above procedure to separate the exciton lumi-
nescence from the measured spectra, the~actual! PL due to

free e-h pairs can be obtained. In order to obtain the area
under the free carrier related PL spectra, we may fit a smooth
curve to the data in terms of the well known free carrier PL
line shape for band to band recombination in 2D systems,
including the Gaussian broadening of the density of states
and the Sommerfield factor, which is introduced because of
the modification in the density of states due to Coulomb
interaction between the electrons and the holes.14

IV. COMPARISON WITH EXPERIMENTS

The procedure outlined in Sec. III with the exciton line
shape given by G*L allows us to determine the actual values
of GG andGL . The instrument response function is found to
have a Gaussian width~GR! of 1.7 meV. We obtain the ex-
citon inhomogeneous linewidth~GG! to be 1.1 meV. The
homogeneous linewidthGL(t) is found to peak to 2.6 meV at
about 30 ps, and then to decrease, first rapidly to 1.0 meV at
about 200 ps and then slowly to'0.3 meV at 1 ns.

Figure 3~a! shows, as an illustration, a fit to the excitonic
part of the UC PL spectra at 50 ps, obtained using the
Gaussian-Lorentzian convolution, for an initial excitation
densityn0 of 431010 cm22. The homogeneous linewidthGL
is 2.5 meV. The fit indicates that there may be a small con-
tribution from the localized excitons on the lower energy
side of the exciton peak. The inset in Fig. 3~a! is the enlarged
view of the high energy tail side of the exciton peak, show-
ing in detail the measured data points~filled circles!, the fit
to the exciton peak~dash dotted curve!, and the free carrier
part ~open circles! obtained as the difference of the two.
Similar fits are also obtained for measurements performed at
other delays. The contribution of the localized excitons to the
measured PL spectra, not included in the fit to the delocal-
ized exciton line shape above, can be similarly obtained.
Having separated the three contributions to the total PL, we
can now obtain the time evolution of the total luminescence
due to free carriers, excitons, and the localized excitons by
calculating the time evolution of their respective energy in-
tegrated PL intensities.

The free carrier PL line shape fit is also shown in Fig. 3~a!
~dashed curve!, along with the sum of the exciton and free
carrier contribution~continuous curve!. The fit is seen to
match the experimental data quite well on the higher energy
side. The homogeneous exciton PL linewidth at 50 ps was
found to be 2.5 meV. Carrier temperature of 40 K and den-
sity of state broadening of 2.2 meV was used for the free
carrier PL fit in Fig. 3 for a delay of 50 ps. We should
mention here that if one is interested only in the area under
the free carrier PL spectra as a function of delay, the values
of the parameters used in these fits are not of any conse-
quence at this stage so long as the curves fit the data points
well.

Figure 3~b! shows the Gaussian fit to the exciton PL at 50
ps~GG52.2 meV! along with the fit for the free carrier PL on
the higher energy side. For the free carrier PL fit in Fig. 3~b!
the Gaussian broadening of density of states is 2.2 meV,
whereas all other parameters are the same as in the case of
the Gaussian-Lorentzian convolution fit. As has been pointed
out earlier, the difference between the total PL and the exci-
ton PL on the lower energy side is presumably caused by the
localized excitons. This can be fitted to a Gaussian in order
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to extract the localized exciton contribution. The sum of the
calculated exciton and free carrier PL has a small dip occur-
ring at an energy where then52 state of the exciton is ex-
pected. Taking a Gaussian line shape~GG52.0 meV! for

n52 exciton, the sum of the free exciton~n51 and 2!, free
carrier, and the localized exciton PL matches very well with
the measured spectra, as shown in Fig. 3~b!. @Such a fit in-
cluding the higher excited states of the exciton was earlier
shown to be satisfactory for the CW PL measured in the
temperature range of 2–50 K in bulk GaAs~Ref. 15!#. The
overall fits are as good as in the case of the Gaussian-
Lorentzian convolution fit, shown in Fig. 3~a!. The inset of
Fig. 3~b! shows the enlarged view of the high energy tail side
of the exciton peak, showing the measured data points~filled
circles!, and the fits to then51 ~dash dotted curve! andn52
~dotted curve! exciton peak and the free carrier part~dashed
curve! obtained as the difference between the sum of the fits
for n51 and 2 and the localized exciton PL and the total PL
~open circles!. Also shown is the sum total of the different
contributions to the total PL~continuous curve!.

Figure 4 shows the temporal evolution of the energy in-
tegrated PL for free carriers~i.e., the area under the ‘‘actual’’
free carrier PL curve! for n05431010 cm22, obtained as
above for the Gaussian-Lorentzian convolution~filled
circles! and the Gaussian~filled squares! fits to the exciton
peak. As expected, the integrated free carrier PL is smaller
for an assumed Gaussian line shape for the exciton PL as
compared to a Gaussian-Lorentzian convolution line shape.
It may be noted, however, that the rise and decay rates for
the free carrier PL do not seem to depend upon the choice of
the line shape, as is evident from the very similar time evo-
lutions for the two cases in Fig. 4. In the following section,
we discuss how this may be related to the effective exciton
formation time.

FIG. 3. The UC PL spectrum withn05431010 cm22 at 50 ps is
shown, along with the calculated line shapes for the excitons and
the free carrier PL. Two different line shapes have been considered
for free exciton PL:~a! Gaussian-Lorentzian convolution and~b! a
Gaussian. Both figures show the experimental data points~filled
circles!, n51 free exciton~dashed dotted curve! and the fit to the
free carrier PL~dashed curve!. For a Gaussian line shape for exci-
ton PL, contributions from then52 excitons~dotted curve! and
localized excitons~continuous curve on the low energy side! are
also shown. The solid line corresponds to the sum of the exciton
and free carrier PL in~a! and to the sum of the free exciton~n51
and 2!, free carrier, and localized exciton PL in~b!. The inset shows
the enlarged view of the free carrier region of the curve. The free
carrier contribution is shown as open circles.

FIG. 4. Energy integrated free carrier PL is shown as a function
of delay forn05431010 cm22 with a Gaussian-Lorentzian convo-
lution ~filled circles! and a Gaussian line shape~filled squares! for
exciton PL. Also shown are the fits obtained using Eq.~1!. The
inset shows the integrated free carrier PL for excitation above~filled
circles! and below~open circles! the Al0.3Ga0.7As barrier with a
Gaussian-Lorentzian convolution line shape for exciton PL.
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V. DISCUSSION

A. Exciton formation time

Having obtained the time evolution of the free carrier re-
lated luminescence, we now need to use this to deduce the
exciton formation time. One way to do this is to relate the
time dependent energy integrated free carrier PL to the time
evolution and decay of the free carrier density. For this, we
may note that the area under the free carrier related PL spec-
tra, such as the one in the insets of Figs. 3~a! and 3~b!, can in
fact be related to the free carrier density. The time dependent
carrier density thus deduced can then be compared with a
theory based on the reasonable assumption that the free car-
rier density decays mainly by forming excitons in good qual-
ity QWs.

The free carrier PL line shape fit to the data@as in Figs.
3~a! and 3~b!# has been obtained in Sec. III by appropriately
selecting the carrier density and temperature at each delay.
This gives us the experimentally determined time dependent
free carrier density. Alternatively, we may note that if a Bolt-
zmann energy distribution is assumed for a 2D free e-h
assembly, the energy integrated PL can be shown to be pro-
portional ton c

2(t)/Tc(t), wherenc(t) is the free carrier den-
sity nearE1. Tc is the effective carrier temperature at timet,
determined from the PL fit to the free carrier contribution to
the total PL.~Tc is found to decrease rapidly to about 40 K in
about 20 ps, beyond which the cooling is slow, withTc
reaching 25 K after about 150 ps!.

To obtain a simple estimate of the exciton formation time,
we make the reasonable assumption that the density of free
e-h pairs decays in good quality QWs mainly due to exciton
formation. ~That the density decay due to carrier diffusion
may not be important in our case may be verified by estimat-
ing the spread in the carrier density distribution due to lateral
diffusion.16 For this, we solve the time dependent carrier
diffusion differential equation in cylindrical coordinates for
an initial Gaussian radial density distribution.17 With a low
density ambipolar diffusion coefficient of 200 cm2/sec in
GaAs QWs,18 an initial Gaussian FWHM of 60mm, as in our
case, increases only by about 0.4mm in 200 ps due to carrier
diffusion,19 making the carrier density decay, associated with
carrier diffusion, insignificant in these experiments.! The
time evolution of free carrier densitync(t) therefore may be
taken to be determined mainly by the exciton formation pro-
cess and given as a solution to

dnc
dt

5g~ t !2Cnc
2, ~1!

whereg(t) is the rate of carrier density buildup near then51
subband edge andC gives the effective coefficient for the
bimolecular process of exciton formation. As a simplifica-
tion, g(t) may be written asn0 exp~2t/t0!/t0, wheret0 rep-
resents the rise time for free carrier density in the QWs near
E1. We now compare in Fig. 4 the time evolution of the
integrated free carrier PL withn c

2/Tc , wherenc is given by
Eq. ~1!.

The above procedure allows us to estimate the coefficient
C for exciton formation by freee-h pairs to be 5310213

cm2 ps21. By defining the effective time constanttf for free
e-h pair density decay due to exciton formation as 1/Cn0,
we find thattf is 50 ps forn05431010 cm22. We have also

performed time resolved luminescence measurements for a
larger initial excitation density of 231011 cm22. As with
n05431010 cm22, the UC PL forn05231011 cm22 shows a
shoulder with a high energy tail on the higher energy side of
the exciton peak. However, unlike the low density case, this
structure is found to exist for delays as high as 500 ps. A
simple theoretical analysis of the UC PL in this case, as
described in Sec. III~but not including the high density ef-
fects such as exciton screening, change in the Sommerfield
enhancement factor, etc.!, leads totf of about 250 ps in this
case. This seems to suggest that the higher the excited carrier
density is, the slower is the decay of the free carriers into
excitons, contrary to the expectation thatt f(51/Cn0) de-
creases asn0 increases. Presumably, as the excited carrier
density is increased, effects like band gap renormalization,
screening, and slower carrier cooling can make the decay of
the freee-h pair density slower. Such considerations may
help in explaining the wide range of values obtained in pre-
vious experiments in determining the exciton formation
time.1–4 The rise timet0 does not seem to depend onn0
~within experimental uncertainty! and is about 25 ps. As seen
in Fig. 4, the theoretical fits based on Eq.~1! show good
agreement with experiments.20

The question as to whether the above measurement oftf
gives the true, elementary rate of transition from an initial
freee-h pair state to an exciton in our GaAs QWs needs to
be examined here. Immediately after photoexcitation of car-
riers with excess kinetic energy, the carriers undergo differ-
ent processes overlapping on the time scale, such as capture
into QWs from barrier regions, thermalization among them-
selves via carrier-carrier interactions, intervalley scattering,
cooling due to LO phonon emission, exciton formation, etc.
Depending upon the relative strengths of LO phonon cou-
plings to free carriers and excitons, the hot carriers may ap-
proach the energy band edges first before forming excitons,
or they may form hot excitons, resonant with freee-h pair
energy band. These hot excitons may then relax to lower
energies by LO phonon emission. In GaAs QWs, the former
process is expected to occur with greater probability. The
excitons formed by thee-h pairs near the band edge may
attain thermalization among themselves via exciton-exciton
collisions within a few psecs, if the exciton density is suffi-
ciently large~.109 cm22!. Whether excitons attain thermo-
dynamic equilibrium also with free carriers via free carrier-
exciton collisions is not immediately clear. Previously,
Shah21 found that the hot carrier and exciton temperatures in
CdSe were not the same. On the other hand, Robartet al.4

find that the similar time dependence observed for the exci-
ton homogeneous linewidth and the carrier temperature in
GaAs QWs is consistent with the assumption of thermody-
namic equilibrium for the free carrier and the exciton assem-
bly. This would then imply that the number ofe-h pairs
forming excitons per unit time is equal to the number of
excitons ionizing per unit time at any time, the time depen-
dence of the corresponding populations arising mainly due to
cooling by phonon emission. The assumption of a 2D mass
action law in the exciton formation and exciton thermal
ionization22 under steady state conditions was used in the
past in analyzing CW PL experiments.23 However, in view
of the long times~100s of psecs! expected for acoustic pho-
non assisted exciton formation,7 and the small phonon den-
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sity at low lattice temperatures, it seems unlikely that acous-
tic phonons can achieve thermodynamic quasiequilibrium
among the excitons and freee-h pairs in the transient case
on a psec time scale. In that case, carrier-exciton collisions
may play a greater role in the exciton formation and ioniza-
tion processes than the slow acoustic phonon interactions.
While the validity of a 2D mass action law in the exciton
formation and ionization processes on a psec time scale re-
mains to be fully investigated, it is possible thatC, as deter-
mined here, is influenced, to a certain extent, by the exciton
ionization process. Thus,C may be regarded only as an ef-
fective coefficient for exciton formation, giving a lower
bound for the ‘‘true’’ rate of the bimolecular process.

The above results raise the question: what is the main
mechanism of exciton formation by freee-h pairs which
leads to a formation time of a few 10s of psecs? A calcula-
tion based on acoustic phonon emission via deformation po-
tential interaction7 led to a time constant of 100s of psecs.
Emission of LO phonons with energy of 36.5 meV and an
exciton binding energy of a few meVs in GaAs QWs does
not seem to play a role in the exciton formation near then51
subband edge. It is possible, however, that exciton formation
via LO phonon emission occurs when the carriers are hot in
the early stages of carrier relaxation after their excitation. As
the carriers cool, the effective rate of exciton formation and
carrier density decay may slow down. Whether exciton (X)
formation can occur also due to carrier-carrier scattering@of
the typee1h1c→X1c8, with carrierc(c8) accounting for
energy-momentum conservation# is not clear at present. A
calculation of exciton formation rates via the above mecha-
nisms for different~time dependent! electron and hole en-
ergy distributions has not been performed so far. It should be
interesting to investigate this question further theoretically.

B. QW capture time

In Eq. ~1!, t0 represents the rise time for the density of
carriers near then51 subband edge, giving the luminescence

spectra such as that shown in Fig. 3~a! and 3~b!. To investi-
gate the contribution tot0 caused by the delay in the carrier
transition from the barrier to QW states, we obtain the time
evolution of the free carrier related total PL in the QWs for
initial carrier excitation energy both above and below the
band edge of the Al0.3Ga0.7As barriers~15 nm wide!. For
this, excitation at 612 nm using Rhodamine-6G and at 665
nm using DCM dye was used. The inset of Fig. 4 shows the
energy integrated free carrier PL forn05431010 cm22 for
the two different excitation wavelengths for the initial delays
of a few 10s of psecs. A comparison of the two curves shows
that the contribution to the rise time due to capture of carriers
in the Al0.3Ga0.7As barriers is less than 10 ps in our samples.
We may mention here that earlier such studies24 have often
relied on the difference between the rise time of the exciton
luminescence obtained under conditions of excitation above
and below barrier energy gap, rather than directly using a
detailed analysis of the free carrier PL, as performed here.

VI. CONCLUSION

In summary, we study the picosecond time resolved UC
PL spectra in GaAs MQWs. The free carrier contribution to
the total PL is isolated using a detailed line-shape analysis of
the exciton PL. Forn05431010 cm22, the effective time
constant for exciton formation is found to be 50 ps. A theo-
retical understanding of the mechanism of exciton formation
from freee-h pairs giving a time constant of a few 10s of
psecs, however, is still not available. The difference in the
rise time of the free carrier PL for the initial excitation above
and below the Al0.3Ga0.7As barriers is found to be less than
10 ps in our samples.
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