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Observation and modeling of the time-dependent descreening of internal electric field in a wurtzite
GaNÕAl0.15Ga0.85N quantum well after high photoexcitation

P. Lefebvre, S. Kalliakos, T. Bretagnon, P. Valvin, T. Taliercio, and B. Gil
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We use the intense, 5-ns-long, excitation pulses provided by the fourth harmonic of a neodymium-doped
yttrium aluminum garnet~Nd:YAG! laser to induce a strong high-energy shift of the photoluminescence of a
7.8-nm-wide GaN/Al0.15Ga0.85N single quantum well. We follow the complex relaxation dynamics of the
energy and of the intensity of this emission, by using a time-resolved photoluminescence setup. We obtain
excellent agreement between our experimental results and those of our finite-element modeling of the time-
dependent energy and oscillator strength. The model, based on a self-consistent solution of the Schro¨dinger and
Poisson equations, accounts for the three important sources of energy shifts:~1! the screening of the electric
field present along the growth axis of the well, by accumulation of electron-hole dipoles,~2! the band-gap
renormalization induced by many-body interactions, and~3! the filling of the conduction and valence bands.

DOI: 10.1103/PhysRevB.69.035307 PACS number~s!: 78.47.1p, 78.67.De, 78.55.Cr, 73.21.Fg
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I. INTRODUCTION

Quantum wells~QWs! and quantum dots~QDs! based on
hexagonal~wurtzite! group-III nitride semiconductors ex
hibit an original property: the existence of huge internal el
tric fields along the~0001! growth axis.1–11 Such fields are
induced by the difference in spontaneous and piezoele
polarization between the well and barrier materials.3,4 The
reported values of electric fields in GaN/~Al,Ga!N,5,6

~Ga,In!N/GaN,7–10 or GaN/AlN ~Ref. 11! nanostructures are
larger by one order of magnitude than those obtained ea
for QWs made of zinc blende crystals, grown along the~111!
direction, like ~Ga,In!As/GaAs ~Refs. 12–14! or CdTe/
~Cd,Zn!Te QWs.15 As for linear optical properties of nitride
QWs and QDs, the electric field is so strong that it cannot
considered as a small perturbation of the quantum confi
ment, slightly redshifting the ground-state optical transiti
and reducing its oscillator strength~the ‘‘quantum-confined
Stark effect’’!. Instead, we may rather state that the confi
ment induced by the presence of potential barriers come
a perturbation of a giant electric field effect, a situation th
some authors16 proposed to call the ‘‘quantum-confine
Franz-Keldysh effect.’’ As a matter of fact, the field is ofte
so strong that the energy of the fundamental excitonic tr
sition falls below the excitonic gap of the well material, f
QW widths larger than 10–12 atomic monolayers~MLs!,
typically17 (1 ML50.259 nm, for unstrained GaN!.

Another important consequence of electric fields in QW
regardless of whether these fields are internal or extern
applied, is the possibility to induce a specific, often nonl
ear, optical response, by using high-intensity laser excitat
Such effects have been predicted to result from the crea
of a dense population of real18–20 or even virtual21–24

electron-hole~e-h! pairs. The case of high densities of re
e-h pairs, created by absorption of photons above the b
gap of the system, has been investigated in detail
continuous-wave~cw! optical experiments on~111!-grown
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~Ga,In!As/GaAs QWs,14,25 and, more recently, by cw an
time-resolved spectroscopy on wurtzite nitride QWs.26–35 In
practice, intricate physical mechanisms contribute to the
served changes in emission spectra.

First, for exciton densities larger than the Mott densi
the e-h Coulomb attraction is screened, yielding a bluesh
of the photoluminescence~PL! line equivalent to the binding
energy of the confined exciton.36,37This blueshift is thus lim-
ited to the range of 15–25 meV for~Ga,In!As/GaAs QWs.
For group-III nitrides, variational calculations reveal that t
binding energy may reach 45–50 meV, for very narrow QW
~below;2 nm!,36,37but that the electric fields usually reduc
this energy well below 35 meV, for QW widths larger tha
10 ML, typically.

Second, the filling of conduction and valence subban
by electrons and holes, shifts the PL line toward higher
ergies. For comparable densities ofe-hpairs, this blueshift is
larger for materials with small effective masses, since
two-dimensional densities of states are proportional to th
masses.38 For group-III nitride QWs, the densities of state
are thus larger by a factor of 3–4 than those of~Ga,In!As/
GaAs QWs. Consequently, the band-filling contribution
smaller by the same factor.

Third, it has been realized in previous work that highe-h
pair densities necessarily induce complex many-body in
actions, which result in the so-called ‘‘band-gap renormali
tion’’ ~BGR! process, i.e., essentially a lowering of the ove
all band gap of the system. The modeling of these effect
complicated, but some theoretical attempts exist that prov
quantitative estimations of this redshift, for nitride QWs.39,40

Fourth, and most important, the electric field separates
electron and hole wave functions toward either side of
QW. In the case of high densities ofe-hpairs, this separation
leads to an accumulation of dipoles that counteract the in
nal electric field: this is the so-called screening of the elec
field. This effect has been investigated both theoretically a
experimentally on a variety of systems, including group-
©2004 The American Physical Society07-1
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nitrides.27,32–35,41–43The resulting blueshift of the emissio
line has already been observed in GaN/AlGaN,26,28,29,31,33,35

and ~Ga,In!N- ~Refs. 27,32,34! or ~Al,Ga,In!N-based QWs.
The screening of the electric field also decreases thee-hspa-
tial separation along the well axis, which enhances thee-h
overlap integral, thus decreasing the radiative lifetime. T
effect has already been predicted by theoretical models41–43

and experimentally observed.26,27,34,35

However, what is still lacking today is a detailed expe
mental and theoretical study of the dynamical properties
nitride-based QW where the electric field screening is clea
unraveled from other effects, i.e., where the time decay
blueshifts larger than a few tens of meV is observed a
modeled. Up to now, such large blueshifts have been m
sured only by continuous-wave experiments.28–33Only a few
papers have reported time-resolved studies, limited to ra
small blueshifts.26,27,34,35Detailed theoretical studies of th
overall dynamics~neglecting the BGR! were proposed in
such cases,35 but the amplitude of the fitted time-depende
energy shift~7 meV! was much too small to be solely a
signed to the electric field screening.

In this paper, we present time-resolved photolumin
cence studies of high photo-excitation effects on a purpo
designed GaN/Al0.15Ga0.85N QW. We observe a time
decaying blueshift starting from 0.2 eV. We obtain excelle
agreement between the measured time-dependent emi
energy and intensity with the results of our envelope funct
calculations.

II. EXPERIMENTAL DETAILS

The main features of our GaN/Al0.15Ga0.85N QW are simi-
lar to those described in previous studies:5,6 the sample was
grown by molecular beam epitaxy on a sapphire substr
followed by a ;2-mm-thick GaN buffer layer. Then the
quantum structure itself was deposited, consisting of a
nm-thick Al0.15Ga0.85N barrier, a 30-ML-wide~;8 nm! QW,
and a 30-nm-thick Al0.15Ga0.85N cap layer. Compared to
samples studied in previous papers, this QW should be
garded as very wide, i.e., we should expect the recomb
tion energy to be much lower than the band gap of Ga
Moreover, the PL decay time should be much larger than
5 ns obtained for a 16-ML-wide GaN/Al0.17Ga0.83N QW,
nearly isolated by 50-nm-wide barriers~this decay time was
proved to be very close to the radiative lifetime of exciton
in this case, due to the minimization of the nonradiative
cape of excitons out of the QW!. In fact, scaling the latter
radiative decay time by the calculated ratio of electron-h
envelope function overlap integrals in these two cases~the
16 ML QW of Ref. 44 and our 30 ML QW!, we end up with
an estimated radiative lifetime, in our sample, of;1.64 ms.
This slow recombination time was one of the reasons for
choice of a wide QW, since it allows us to accumulate la
densities ofe-hpairs using reasonably small laser intensiti
Also, the quantum confined Stark effect is more importan
wide quantum wells and its cancellation will provoke
higher blueshift of the transition energies.

As a matter of fact, for a really comprehensive study
electric field screening effects, we need to produce ene
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shifts that are larger than all other possible sources of b
shift. In practice, the shifts that we observe and comment
below are larger by one order of magnitude than the exc
binding energy of 13 meV that we estimate by using a va
tional calculation.45 This small value is another consequen
of the strong electric field and of the large well width. Pr
vious work46–48 also teaches us that strong exciton localiz
tion occurs in regions where the well is wider by 1 or 2 M
than its average width. The average PL maximum is situa
between the two localized-exciton energies, at a position
depends strongly on small variations of the temperature
of the overall transfer dynamics between the different zo
of localization. In our case, we should expect a localizatio
induced Stokes shift~redshift! of the average PL maximum
comprised between 21 and 42 meV.46,47Again, our interest is
in producing screening effects that will be convincing
larger than these energies.

For this purpose, we used the fourth harmonicl
5260 nm) of a pulsed neodymium-doped yttrium aluminu
garnet~Nd:YAG! laser. The pulse duration was of 5 ns, wi
a repetition rate of 10 Hz. In practice, we produce typic
average optical power densities of 231024 W/cm2 in the
sample, i.e., a typical density of incident photons
2.731013 cm22 per pulse. The sample was placed in
closed-cycle helium refrigerator yielding a minimum tem
perature of 8 K. The emitted PL light was then dispers
through a monochromator and detected by a streak cam
synchronized with the 10 Hz pulse train.

III. EXPERIMENTAL RESULTS

In Fig. 1 we present the streak-camera image for the tim
dependent PL spectrum of our sample~N310!, taken atT
58 K. The excitation power density was 231024 W/cm2.
The horizontal axis is the wavelength axis~or energy, see the
top axis!. The y axis represents the time, with the full sca

FIG. 1. Time evolution of the PL spectrum from our 30-ML
wide GaN/Al0.15Ga0.85N quantum well, taken atT58 K. Levels of
gray indicate the PL intensity for a given wavelength~horizontal
scale! and a given time~vertical scale!. The maximum of laser
excitation corresponds to time;23 ns in this picture.
7-2
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OBSERVATION AND MODELING OF THE TIME- . . . PHYSICAL REVIEW B 69, 035307 ~2004!
corresponding to 200 ns. The ‘‘comma shape’’ of this
signal is a clearcut image of the large blueshift of the P
when the sample receives an intense laser excitation,
lowed by a time-dependent redshift, once the excitation
suppressed. This redshift and the intensity decay are
fast, just after the excitation, and they become slower
slower as time passes. This is obviously due to the increa
recombination probability, at short delays, induced by
enhanced overlap integral of electron and hole envel
functions. The decrease of carrier population, because o
ther radiative or nonradiative recombination~mostly radia-
tive, as well will see later!, progressively restores the intern
electric field and, as a consequence, the overlap integr
strongly decreased, which renders the overall dynamics
the system much slower. In addition, the first two phon
replicas can be clearly observed~the two secondary lines
separated from the main line by;91 and;182 meV, respec-
tively! and we see that they follow the evolution of the ma
PL peak. Possible changes, with time delay, of the pho
energy and of the relative intensities of the replica are ra
difficult to follow with accuracy. These points will not b
discussed in this paper.

In Fig. 2 we present some intensity-normalized PL spec
extracted from the data of Fig. 1 at different time delays. F
their selection, at a certain delay, we used a rectangular
that covers the whole wavelength range~x axis! with a small
temporal width~y axis!. The latter had to be kept small t
avoid any artificial broadening and hence any distortion
the spectrum. This is specially critical at small delays, wh
the ‘‘sliding’’ of the overall spectrum is quite fast, becau
the recombination rate is much higher at smaller delays.
first two spectra in Fig. 2 were taken in conditions where
excitation pulse is still present. In these spectra, we obse
at 3.47 eV, the very short-lived PL from band-edge excito
in the GaN buffer layer.

We have fitted the time-dependent PL spectra recor
over small ‘‘slices’’ of time by using Gaussian functions th
were then exploited to produce the results gathered in Fig
The time-dependent redshift of the peak energy, in Fig. 3~a!

FIG. 2. Time-dependent normalized spectra of the 30 ML Q
The luminescence from the GaN buffer layer is seen only for v
short delays, when we must consider that the excitation is
present, due to the relatively large duration of the laser pulse~5 ns!.
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gives an image of the time-dependente-h pair density, since
there is a one-to-one correspondence between the two q
tities, as we discuss and model below. The total amplitude
this shift is ;0.2 eV, whereas the asymptotic PL energy,
large delays is;3.23 eV. The various contributions to the P
energy shift are listed above, in the Introduction. As the sp
tra shift to higher energies, i.e., as we move to smaller
lays, the spectrum roughly keeps the same shape, but
spectral width increases due to the band filling@Fig. 3~b!#,
which adds some effective contribution to the overall blu
shift. Again, the linewidth decreases from;80 to ;20 meV
and this decrease is slower and slower as time passes
calculate that the additional blueshift induced by band-filli
effects becomes larger than a few meV fore-hpair densities
larger than;1011 cm22. Nevertheless, the low-energy sid
of the spectra shown in Fig. 2 clearly blueshifts for high p
densities: this means that the overall spectral shift canno
merely assigned to band filling or to some saturation of
calized states. It is mainly due to the screening of the fie

The large amplitude of the present spectral shift make
impossible to use the classical procedure for measuring
time-dependent PL intensity, which is usually taken at a fix
photon energy. Instead, we need to plot as a function of t
@Fig. 3~c!#, the integrated area of the Gaussian curves that
used to fit the time-dependent spectra. In this figure, we
not present the data points that correspond to times du
the excitation pulse, since we want to observe the relaxa
behavior of the system after the excitation. The decay of
intensity is clearly nonexponential and this can easily be
plained by a decrease of the radiative time due to the scr
ing effect at shorter delays. The electron and hole wave fu

.
y
ill

FIG. 3. Open circles show the experimental time dependenc
the PL energy~a!, linewidth ~b!, and intensity~c!, extracted from
spectra such as those in Fig. 2, by a fit using Gaussian functi
Solid curves show the result of our calculation.
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LEFEBVRE et al. PHYSICAL REVIEW B 69, 035307 ~2004!
tion overlap integral is enhanced at the beginning of
phenomenon due to the screening of the electric field
progressively decreases as the electron-hole pair density
creases.

IV. THEORETICAL MODEL

To try to describe our experimental data theoretically,
self-consistently solve the Schro¨dinger and Poisson equa
tions, within the envelope function approximation. By doi
so, we calculate the electron and hole wave functions
energy levels by taking into account the modifications on
well potential profile caused by the accumulation of carri
in the well. The basic equations and numerical parame
for the present strained materials are available in Ref.
where the changes of the entire absorption spectrum
GaN/~Al,Ga!N QW, under high excitation, are calculate
Here, we will restrict ourselves to the energy and oscilla
strength of the ground-state~so-calledE1-H1) optical tran-
sition. Using the two-dimensional densities of states, prop
tional to the appropriate in-plane effective masses, we ca
late the population of each subband and the quasi-Fe
levels, for electrons and holes. Given the population of e
subband, we calculate the modification of the potential
solving Poisson’s equation

d2V

dz2 52
r~z!

««0
, ~1!

wherer(z) is the charge density profile given by

r~z!5e(
i , j

@nhiu f hi~z!u22ne ju f e j~z!u2#. ~2!

Here, f e,h,i , j (z) are the envelope functions for the electro
and holes in the well, andne,h,i , j are the carrier population
for each subbandi and j. Moreover,

n5(
i

nhi5(
j

ne j , ~3!

wheren is the total density ofe-h pairs. In practice, for the
system and the densities considered here, we found that
the first subbands (i 5 j 51) were populated. By using Eqs
~2! and ~3!, we account for the charge distribution induc
by the population of the ground states. Energy levels
envelope functions are determined by using a finite-elem
technique. With this method, the details of the band cur
ture induced by the charge accumulation are obtained s
consistently, yielding a curved potential profile. This is mo
accurate, especially concerning the oscillator strengths,
calculating an effective screening field, thus keeping a tri
gular band profile.

In order to include the band-gap renormalization wh
results from carrier-carrier scattering~many-body! effects,
we use the results of previous work.40 The band-gap renor
malization redshifts the optical transition by a quantityDEG
that follows a kind of ‘‘universal’’ law, which can be fitted b
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R2D
521.67~r 2D!20.71, ~4!

whereR2D is the binding energy of two-dimensional exc
tons, i.e., four times the three-dimensional value for G
(R2D50.1 eV) andr 2D the so-called ‘‘dimensionless inter
particle distance,’’ which is deduced from the exciton tw
dimensional Bohr radius aB

2D50.5aB
3D , via r 2D

51/@pn(aB
2D)2#1/2, whereaB

2D51.5 nm, for GaN.
The band-filling effects are also included: we consider

‘‘basic’’ E1-H1 transition energy as resulting from th
screening and BGR, and the ‘‘uppermost’’ energy as the
ter augmented by the sum of the pdeudo-Fermi energies
electrons and holes. We estimate the energy position of
PL peak as being exactly in the middle of these two e
tremes. We neglect excitonic effects for the reasons
cussed above and because it has been established ea36

that the exciton binding energy goes to zero for carrier d
sities of a few 1011 cm22, lower by one order of magnitude
than those considered here.

The maximum value of the electric field in the well wa
estimated by using the following formula:6 Fmax(x)5bx,
wherex is the aluminum concentration andb55.5 MV/cm.
In practice, we need to account for the distribution of t
polarizations between the well~width LW) and the barrier
~width LB), so that the field in the QW,FW , is given by46

FW5FmaxLB /(LB1LW). We find a value of FW
5670 kV/cm. Using this value, we calculate anE1-H1 tran-
sition energy, for the ‘‘unscreened’’ case, of 3.21 eV, th
agrees well with the experimental transition energy that
find at large delays.

In practice, we have calculated the dependence of
transition energy~Fig. 4! and of the squared overlap integr
I ~Fig. 5! on the density ofe-h pairs, n. To produce the
energy variation of Fig. 3,n had to be varied up to a few
times 1012 cm22. Above 431012 cm22, the transition en-
ergy saturates near 3.50 eV because the system ne
reaches the flatband situation. The corresponding variatio
I is much more dramatic: whenn goes from zero to
5.531012 cm22, I is increased from;231024 to 0.85.

FIG. 4. Calculated PL energies as a function of the density
e-h pairs.
7-4
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Since the radiative recombination time is inversely prop
tional to I, we see that the recombination rate can be
creased over nearly four orders of magnitude during the
tire relaxation process, if we start from extremely highe-h
pair densities.

To reproduce the overall recombination dynamics,
used the finite-element method that allowed us to calcu
the change inn from

dn

dt
52

n

t~n!
, ~5!

wheret is the radiative time given by

t~n!5
I 0

I ~n!
t0 . ~6!

I 0 is the squared overlap integral in the unscreened c
~where the pair density is zero!, and I (n) is the squared
overlap integral for the pair densityn. In Eq. ~6!, t0 corre-
sponds to the radiative lifetime for the carriers in the well
the unscreened case. Given an initial pair densityn(t50),
which is easily determined from the experimental init
emission energy, the time evolution ofn is then evaluated for
a succession of elementary intervals of time. For each in
val, the elementary changedn is evaluated from Eq.~5! and
from the values ofn andt(n) @from Eq. ~6!# in the previous
time interval. This provides the overall time dependence
both theE1-H1 energy and the quantitydn/dt, which is
proportional to the emission intensity, if nonradiative reco
bination is neglected.

V. DISCUSSION

In order to model our experimental results with this a
proach, we had to restrict ourselves to the situation wh
there is no carrier generation, i.e., to times where the exc
tion pulse is not present. For this reason, we limit our ti
range to delays larger than;5 ns, from the time of maxi-
mum laser excitation. We wish to emphasize the fact that
asymptotic situation fort→` was calculatedwith no adjust-

FIG. 5. Calculated squared overlap integral of electron and h
envelope functions, as a function of the density of pairs.
03530
-
-

n-

e
te

se

r

l

r-

f

-

-
re
a-
e

e

able parameter: the electric field, and thus the asymptot
transition energy, and the asymptotic radiative lifetime
t051.65ms were all deduced from previous work,5,6,44 as
already mentioned. In these conditions and for the la
power density used in the experiment of Figs. 1–3, the o
parameter is the pair density left in the QW after the end
the laser pulse: as shown in Figs. 3~a! and 3~c!, we obtained
an excellent agreement between our calculation and exp
mental data withn(t50)52.931012 cm22.

The finite-element model agrees very well with the e
perimental time dependence of the PL energy: we thus
rectly calculate the complex time dependence of the p
densityn. The main part of the energy shift that is observ
takes place within a few tens of nanoseconds, even witht0

of a few microseconds. The reason for this is the la
change of the overlap integral withn that can be produced in
such a wide quantum well, and which we correctly calcula
The overlap integral forn5331012 cm22 is 0.05 whereas it
is 231024 for the unscreened case. This means that, in
experiment, the radiative time ‘‘constant’’ of the syste
starts with a small value~we calculatet;8 ns for t51 ns
after the endof the pulse! and progressively increases as t
e-h recombination takes place. In fact,t does not reach the
value of t0 , even after a delay of 200 ns, where it is on
0.42ms, since we calculate that there is still a pair density
;831011 cm22 left in the well at that time. By the way, the
latter value proves that we can still neglect the excito
interaction for this delay.36,37

Concerning the PL intensity, our model gives a satisf
tory description of the nonexponential time dependence
Fig. 3~c!. However, for delays larger than;100 ns, the ex-
perimental intensity is smaller than the calculated value. P
sible reasons for this small discrepancy are as follows.

~1! The loss of accuracy on the measurement of the are
the fitting Gaussian curve, at large delays, where
signal-to-noise ratio becomes very small; this problem
less crucial for the pointing of the maximum PL energ

~2! The presence of relatively slow nonradiative recombin
tion channels, which are not dominant when the radiat
lifetime is small ~shorter delays!, but may become im-
portant at larger delays, where it becomes difficult
measure a reliable PL signal. This interference of non
diative channels has already been discussed41–44 in the
analysis of the decay dynamics of similar GaN/AlGa
QWs. It was found to reduce significantly the exciton
lifetime for multiple QWs with narrow barriers,44 which
is not the case here. The overall agreement that we
tain proves that the nonradiative recombination mec
nisms are not of crucial importance for the beginning
the relaxation, when the radiative recombination is f
enough. After 100–150 ns, this situation may chan
considering the very large radiative lifetime.

~3! However, we should not forget the uncertainty of ba
numerical parameters~electric field, effective masses
band offsets, exact strain of the well and barrier laye
and so on! and some approximations made~see above!,
to which the calculation of the energy is obviously le

le
7-5
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sensitive than the calculation of the recombination ra
This is not surprising, since the latter depends on
calculation of the overlap integral of envelope function
which vary over several orders of magnitude, and wh
is known to be more ‘‘delicate’’ than the calculation o
the energy.

By adjusting some parameters, such as the asymp
time constant or the electric field, we would certainly refi
the agreement between our model and our results. But
believe that this kind of fitting procedure is pointless, es
cially when we consider the excellent result provided with
single adjustable parameter.

VI. CONCLUSION

By using the fourth harmonic of a high-power, puls
YAG laser, we succeeded in screening the internal elec
A.

P

o-
n

hi

. B

p

i, T
.

e,

03530
.
e
,
h

tic

e
-

ic

field of a GaN/Al0.15Ga0.85N QW. We did this with an ampli-
tude of induced blueshift that leaves no doubt about the
ture of the mechanism involved. In particular, other effec
like, e.g., the screening of the excitonic interaction, can
ignored in first approximation, since they are obvious
smaller by one order of magnitude than the 0.2 eV shifts t
we measured. An excellent fit to the time-dependent tra
tion energy is obtained by using as the only fitting parame
the initial density ofe-h pairs. The asymptotic time constan
of t051.65ms was fixed by a scaling procedure based
previous studies of narrower QWs. We can conclude that
overall dynamics, in the present experiments, is well
scribed by a finite-element treatment, including our se
consistent solution of the Poisson and Schro¨dinger equations.
In particular, the change of dynamics with time is well d
scribed by a change of thee-h envelope function overlap
integral that we calculate. The nonexponential intensity
cay is also well accounted for by our modeling.
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