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The interaction of excitons with impurities in an intentionally doped GaAs/Al Gap As quantum
well has been studied using picosecond time-resolved photoluminescence employing resonant exci-
tation. The dominance of exciton recombination in a quantum structure aOows a detailed analysis
of the interaction kinetics, not previously possible in bulk GaAs. The recombination kinetics on
a picosecond time scale are found to be strongly dependent upon the doping level, temperature,
and well width. The contribution of these terms to the balance of the population between free
excitons and impurity-bound excitons is investigated. A numerical solution of the associated difFer-
ential equations allows a quantitative evaluation of the parameters describing this interaction (for a
100-A acceptor-doped QW at 5 K we obtain the exciton lifetime rpa ~ 180 ps, the bound exciton
lifetime 7ns 450 ps, and the capture rate for free excitons to neutral acceptors Cpa 2 cm s ).
A consistent picture of the capture and thermal emission processes for excitons at neutral acceptors
and their efFect on the observed quantum-well recombination transient emerges from this analysis.

I. INTRODUCTION

The predominance of exciton recombination within the
low temperature radiative emission of quantum wells is
well known. i The observed strength of this transition is
generally understood in terxns of the increased binding
energy and the associated shrinkage of the Bohr radius of
the exciton due to confinement. In addition to the overall
prominence of the free exciton (FE) recombination, it is
interesting to note the relatively weaker contribution of
the bound exciton (BE) spectra at low temperatures in
comparison to the bulk GaAs behavior. The bulk pho-
toluminescence (PL) signal is, in contrast, dominated by
the bound exciton component and the polaritonlike free
exciton is found to be extremely weak in all but the high-
est purity samples. 2 By way of comparison, the estimated
impurity concentration for which there remains a strong
free exciton coxnponent in bulk material is by conser-
vative estimate 10 cm . On the other hand, we
show in this work that the &ee exciton component in the
confined Al Gai As/ GaAs QW system is typically the
stronger emission up to levels of 10 cm and above.
The relative strength of the free exciton recombination as

compared to the bound exciton has been associated with
the absence of strong polariton character under quant~~
confinement. The contribution of the exciton-impurity
interaction kinetics to this problem has not been investi-
gated to date and has been the motivation for the study
presented here.

There are a n»mber of important factors which will
determine the interaction of free excitons and impurities.
In this work, we use picosecond time-resolved photolumi-
nescence to study the interaction of the Bee and bound
exciton states. In particular, the process of capture and
thermal emission for excitons at neutral ixnpurities are
studied and their role in determining the observed bimi-
nescence decay time discussed. The interdependence of
these mechanisms implies that an analysis can only be
made if one takes into account the proper coupled rate
equations. Using such a calculation, we are able to dis-
cuss the relative importance of the diKerent processes in
determining the overall temporal development.

The photoluminescence spectra observed at short
times following pulsed excitation can appear distinctly
diferent &om those observed under cw excitation. This
difference is due to the fact that we resolve the short tixne-
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scale interactions, while in a cw experiment the observed
signal is an ensemble of time averaged components. In
this paper, we discuss the relatively low excitation inten-
sity case for which we assume many-body related effects
to be negligible. Preliminary results from parts of this
work have been presented at recent conferences.

j7 -3:
Qx10 cm:

II. EXPERIMENTAL PROCEDURE

The interaction of excitons with impurities is, in gen-
eral, found to take place on a picosecond and longer time
scale. Photoluminescent transients in this range are ide-
ally suited to measurements using a streak camera. Such
a system has allowed us to achieve a temporal resolution
of approximately 20 ps over a period of 1.8 ns; in most
cases this is sufficient to trace the most relevant part
of the decay in the radiative transition at low tempera-
tures. The luminescence signal is excited using a tunable
dye laser synchroDously pumped with a mode-locked. ar-
gon laser to give a pulse length of approximately 5 ps.
Excitation resonant with the &ee or bound exciton has
been used throughout this work in an attempt to exclude
any luminescence or interaction due to &ee carriers. In
addition, the contribution of relaxation mechanisms to
the observed decay time is largely removed using such a
resonant excitation technique.

The samples used in this study have been prepared us-

ing molecular beam epitaxy on a semi-insulating GaAs
substrate at a growth temperature of 680'C. The layer
sequence has included an undoped GaAs buffer layer and
a short period superlattice to reduce the background. im-

purity level in the doped MQW sequence. The structure
in each case consists of a 50 period GaAs-Alp 34Gap 66As
multiple quantum well with 150-A. barriers, a well width
of either 50 A, 100 A. , or 150 A. and doped in the central
20% of the well with either Si or Be. The measurement
temperature has been varied in the range 5 K to 50 K.

III. RESULTS AND DISCUSSION

A. Photoluminescence spectra

Figure 1 shows PL spectra taken for a series of 150-
A samples doped with Be acceptors at various bulk con-
centrations from 3 x 10ts to 5 x 10tr cm s [correspond-
ing to a two-d. imensional (2D) density of approximately
6 x 10 to 1 x 10tt cm 2]. The spectra are for resonant
excitation in the FE and show a time window approxi-
mately 36 ps after the center of the laser pulse. In all
cases, the luminescence peaks are relatively broad, in-
dicating the importance of localization effects and also
the impurity interaction. The FE line is only slightly
broadened with increasing impurity concentration, indi-
cating that the linewidth is probably dominated by inter-
face roughness. The neutral acceptor BE (A ), on the
other hand, demonstrates a more dramatic dependence
on doping concentration and appears as a narrow peak
comparable to the FE only at low dopant concentrations.
The peak intensity of the BE increases strongly in ratio
to the FE with increasing concentration. At higher con-

Photon Energy (eV)

FIG. 1. Dependence of PI spectra on doping density; the
illustrated spectra are for a time window 36 ps after the center
of the laser pulse.

centrations the acceptors strongly interact, and the BE
recombination becomes extremely broad. This same be-
havior has been observed in bulk material and has been
discussed in terms of localization of the exciton in envi-
ronments of different impurity concentration, where the
interaction of impurities determines the local potential.

The low doping concentration data also show the pres-
ence of a third peak between the free and bound acceptor
exciton transitions. A possible explanation of this peak
would be an exciton bound to residual ionized donors in
the system; however, this is inconsistent with why the
peak should be lost at higher acceptor concentrations.
The presence of a third peak has not been observed in any
of the samples with narrower well widths, irrespective of
dopant concentration, this further indicates a nonextrin-
sic origin. The binding energy of this component relative
to the free exciton is also relatively small (1.4 meV); we,
therefore, believe the most likely identity of this transi-
tion is the formation of a biexciton. P' ~ The occurrence
and dynamics of biexcitons in doped QW's is discussed
in Ref. 12.

B. Capture and thermal emission of
excitons at acceptor sites

The importance of exciton capture at impurities has
already been illustrated in Fig. 1. Despite this impor-
tance, capture processes for excitons have, in general,
received relatively little attention in bulk material, most
of which has largely been concentrated on Si. The pro-
cess of capture of a &ee exciton by an impurity site to
form a bound exciton can be characterized by a capture
cross section. In Inodeling the capture mechanism the
simplest approach is to consider a single-level system,
i.e., the particle is either bound or &ee. The analysis of
the decay transient then requires a single rate equation
for the bound state. The predominant capture process
is assumed to occur via a cascade capture mechanism
as the particle relaxes through the bound excited states
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by successive phonon emission. A series of shallow ex-
cited states are known to exist in the case of an exciton
bound at a neutral impurity. We ass»~e that the re-
laxation from excited states following capture is rapid
in comparison to the decay time and hence the bound
exciton population resides predominantly in the ground
state. The occupancy of excited states is important in
determining the thermal emission or release &om bound
to &ee states, which in turn will define the temperature
dependence of the overall capture mechanism.

The binding energy of a bound exciton state in a QW
is enhanced by confinement. For the neutral acceptor
this varies from approximately 6.5 meV at L,=50 A to
approximately 3.5 meV at L,=150 A.~s These values are
large in comparison to k~T at 5 K, and we, therefore,
expect the thermal emission to be a relatively weak effect.
The exciton to donor binding energy in comparison is
smaller, and the effect of thermal emission is expected,
therefore, to be correspondingly larger at 5 K. Figure 2
illustrates the time dependence of the FE emission for
the same set of acceptor samples as Fig. 1. Excitation is
again resonant with the FE. The use of crossed polarizers
allows us to remove the majority of the scattered laser
light &om the measured signal. Due to the difFerence
in scattered laser light between samples, the inital rise
should, however, not be compared. The initial rate of
decay of the FE peak is found to increase with doping
density, in addition, the total loss in FE population is
also increased.

The initial decay of the FE is clearly associated with
the capture of free excitons at the acceptor state, the
rate of capture being proportional to the concentration
of available sites:

dNgE
dt

= CFE && NFE x (Ao —NBE) )

where CFE is the capture rate, Ao the neutral accep-
tor concentration, and NFE, NBE the concentrations of
&ee and bound excitons, respectively. The relatively low
denisty of excitons excited ( 10s cm, estimated from
a detailed calibration of the spot size and an ass»~ed ab-
sorption strength) allows us to exclude saturation effects
in interpreting the observed exciton decay data.

Figure 3 shows the equivalent dependence on doping
for excitation resonant with the bound exciton. In con-
trast to the FE, the decay is not significantly changed by
increasing doping level. The onset shows a rapid pop-
ulation of the BE during the laser pulse. It should be
again noted that the rise time inevitably contains a con-
tribution &om scattered laser light, hence we make no
attempt to distinguish a difference in rise time with dop-
ing density. The bound exciton decay is a well defined
exponential, as expected for a system where the rate of
decay is simply proportional to the remaining popula-
tion, this indicates that the BE system is decoupled &om
the &ee exciton, i.e., no significant thermalization oc-
curs. The highest doped sample shows a slightly faster
rate of decay than the more lightly doped; this is, how-
ever, probably an artifact of the way the transient is ex-
tracted &om the experimental data. In deducing these
transients the signal is integrated over a spectral width
typically slightly larger than the full width at half max-
imum. Providing there is no spectral dependence to the
decay, as is true for the lower doped samples, the chosen
width is not important. For the high doping densities
there is, however, some diffusion of excitons to lower en-
ergy sites. As a result of this diffusion, the decay of the
high energy components is significantly faster than the
low energy transitions, which are fed by diffusion. Pro-
vided the transient is integrated over su8icient spectral
width, the cumulative efFect of diffusion will average out,
the faster and slower components balancing, as confirmed
by the absence of any difference in decay for all but the
highest doped sample.
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FIG. 2. Dependence of radiative decay of FE on acceptor-
doping density. Both the initial rapid decay and the subse-
quent slower radiative emission rate are seen to be strongly
dependent on doping density.
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FIG. 3. Doping dependence of BE decay following reso-
nant excitation in BE. In contrast to the FE, the BE decay is
found to be essentially independent of doping density
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C. Temperature dependence

The temperature dependence of the exciton decay is
illustrated in Fig. 4(a)—(c), again results for excitation
resonant in both the free (a),(c) and bound (b) excitons
are shown. The sample in this case is a 100-A. MQW
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FIG. 4. Comparison of the temperature dependence of the
radiative decay of excitons for s 100-A acceptor doped QW.
'&ansients for both FE (a) and BE (b), (c) are shown with
resonant excitation in the FE (a), (c) and BE (b).

center doped at the 10» cm level with Be. For the 150-
A. quantum well, the effects of thermalization are found
to be already strong at 5 K such that the temperature
dependence is less well illustrated. At 5 K the FE decay
is dominated by capture at the bound site as shown in
Fig. 4(a). As the temperature is increased, the long-
time behavior is dramatically altered. The determining
infIuence of the capture on the decay is reduced, and
the PE population is sustained by the thermal release of
bound excitons. The processes of capture and emission,
therefore, begin to balance at higher temperatures and
the populations of free and bound excitons are coupled.
The relation between capture and emission rates can be
expressed using the principle of detailed balance, which
states that for a system in thermal equilibrium the rate
of a process and its inverse are equal. Assuming non-
degenerate statistics we obtain the result:

&BE +BE= 4~7/ //gal g gFEgBFp
CFE

where eBE and CFF are the rates corresponding to the
release and capture processes, respectively, gFE and gBF
are the degeneracy ratios of the &ee and bound exciton
(gFE=4, gnE=2), and EnE is the binding energy of the
exciton to the acceptor. This result is used later as a
guideline to estimate the parameters required to model
the temporal development of the population of free and
bound excitons in a series of coupled difFerential equa-
tions (see Sec. IIIE). The observed decay time at 15 K
and 25 K is larger than that measured at 5 K, as ex-
pected due to the increased scattering of excitons away
from K=O (K, K& ——0), whereby most of these excitons

are scattered to sufI»ciently large K so that they are no
longer radiative. The BE result clearly follows the be-
havior of that of the FE for resonant excitation in the
BE [Fig. 4(b)I. At higher temperatures the BE lifetime
couples with that of the FE and at 25 K they have a
common decay.

Figure 4(c) illustrates the same temperature series but
for detection in the BE while resonantly exciting in the
&ee exciton. The onset of the decay is determined by
the capture rate of the exciton at the impurity. The data
illustrate a surprising efFect, the capture rate is actually
increased with temperature, such behavior is contrary to
the model previously discussed where capture efI»ciency is
determined by the ratio of thermal ejection to relaxation
through excited states. We instead interpret the appar-
ent increase in capture of the BE at acceptor sites with
temperature as a higher mobility of the free exciton due
to the absence of weak localization at interface roughness
potentials. lf an exciton becomes localized at low tem-
perature further capture to an impurity can occur only to
those impurities within the localization volume. For a
given localization energy, a limited proportion of the im-

purity population is, therefore, open to capture. As a re-
sult, impurity capture is found to be extremely inef6cient
at low temperatures. This is an important mechanism for
the continuing domination of the "free" (in fact weakly
localized) exciton in narrow quantum wells even at rela-
tively high doping densities. At higher temperatures,
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and bound exciton (GABE), and exciton capture rate (CFF)
can be found. In order to have a manageable number of
terms, we make a number of basic assumptions regard-
ing the interaction mechanisms, in particular, we restrict
the terms to those describing simple capture and emis-
sion of excitons and the effective radiative recombination
lifetime for each channel (i.e. , free and bound exciton).
Within the temperature range of the experiment, we as-
sume the contribution of nonradiative recombination to
be negligible. This gives for the case of &ee exciton
resonant excitation:

dNpE
dt

= G(t) —NFETFE —CFENFE(Nio NBE)+eBENBE &

Free excite

bxpt.

Theo'

Time (ps}

-----. ExpL
TheoTjj

l

0 200 400 600

Time (ps}

dip
dh,

NBErBE + CFENFE(N'0 NBE) eBENBE

where G(t) is the generation rate of free excitons dur-
ing the short laser pulse. NFF, NBE, are the number of
&ee and bound excitons, respectively, and ~FE, 7.BE are
the associated lifetimes. ¹0is the density of neutral
impurities. CFE is the capture rate for a &ee exciton
to a bound site, eBE is the reverse process of thermal
emission &om the bound site to become a &ee exciton.
For resonant excitation in the BE the relevant equations
are identical except that the generation term G(t) now
instead appears in the BE equation. As discussed ear-
lier, the capture and emission terms can be related when
in thermal equilibrium through the principle of detailed
balance [Eq. (3)]; this places some restriction on our
choice of parameters. In particular, at low temperatures
the exciton system is clearly not in thermal equilibrium
and the emission rate will, therefore, be relatively low in
comparison to a value calculated &om detailed balance.
As an initial estimate of the lifetimes for &ee and bound
excitons a value taken &om the long-time slope of the
decay is used. Given these starting conditions the fitting
procedure is a simple iterative process. For the simplest
model this involves the four parameters (vFE, &BE, eBE,
CFE ) that are to be determined. Note that since we
take no account of phonon interaction, the lifetimes de-
rived are those thermalized to the lattice temperature
(i.e., )5 K). As already pointed out, this analysis takes
no account of the distribution of states within the inho-
mogeneous linewidth for both &ee and bound excitons
but instead considers a two state model. The parame-
ters derived are naturally ildIuenced by this assumption
since they represent an average over possible states. The
model remains valid as long as low temperatures and low
excitation conditions are employed such that there is a
limited distribution of occupied states. Higher tempera-
tures and, in particular, high excitation densities can still
be approximated by including additional terms which de-
scribe the in6uence of states at higher energy.

Figure 7 illustrates the modeling of the observed tran-
sients for the decay of the &ee and bound excitons for
a 100-A QW doped with acceptors to a level of 5x10
cm . The solid line superimposed on each curve is the

FIG. 7. Fit to experimental data for 100-A. acceptor-
doped quantum well using simulation of decay based on series
of coupled differential equations. The quality of the fit is ex-
cellent except for the initial decay of the FE, which is not
reproduced by the simple model.

TABLE I. Parameters for simple 6t to low intensity data.

&BE

450
rFE (ps)

180
eas (ps)

~

CFE (cm' s ')
1x10 2

result of the discussed fitting procedure, the parameters
for which are given in Table I. For the BE, the fit achieved
is extremely good both in the rise time and the d.ecay.
The line fit to the initial behavior of the BE is particu-
larly sensitive to the choice of capture rate; we can, there-
fore, place a confidence interval of better than +/ —10'Fo

on the value of 2 cm s derived. The capture also de-
pends directly on the density of possible bound sites, any
uncertainty in this constant is, therefore, also reHected in
the accuracy of the capture rate value. There unfortu-
nately exists only a limited discussion in the literature
of exciton capture rates at impurities in bulk material,
and that almost exclusively in Si. The capture rate in
Si is found to depend. strongly on the type of impurity.
As a comparison, we take the In acceptor for which a
value of 5 x 10 cm s at 5 K can be calculated from
the literature. The value for the quantum well is renor-
malized &om the 2D case to give an equivalent 3D value
of 4 x 10 "cm s . The 2D system, therefore, results
in a significantly smaller value for the capture rate, as
suggested by our earlier discussion. The topic of exciton
capture in 2D is discussed in Ref. 21.

The long-time decay for both the FE and the BE is
mainly determined by the remaining three variables, the
respective lifetimes (rFE, ~BE) and the thermal emission
rate eBE. In making a fit to the experimental data a
balance between these terms is required which is made
difBcult by their interdependence. For example, we have
shown that the lifetime of the &ee exciton appears ar-
tificially long in the experimental decay curves due to
the eKect of thermal emission &om the bound exciton, as
a result we realistically assign significant error limits to
the parameters derived. The determined BE lifetime of
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FIG. 8. Excitation density dependence of free exciton de-

cay rate. The increased initial decay in population is due to
the excess phonon population created by capture at impuri-
ties.

450 ps has an estimated error of around +50 ps and is

consistent with previous studies. The &ee exciton life-
time is found to be significantly shorter, around 180 ps
+50 ps at 5 K. This is also shorter than a value found
by a simple exponential fit to the experimental data.
Much of the data previously reported in the literature
also suggests a longer decay time for the &ee exciton at
this temperature. ' The theoretical treatment of this
problem predicts lifetimes which are considerably shorter
than those measured, but suggest that the differences
observed are due to localization of the &ee exciton. A
good indication of this viewpoint is the work by Deveaud
et al. using samples grown by the interrupted growth
technique which is known to produce extremely smooth
interfaces and minimal localization. This work reports
a lifetime of 40 ps at 2 K, a value close to the theoreti-
cal value predicted. The model applied here assumes a
free (mobile) exciton, although to account for the tem-
perature dependence of the capture, this is clearly not
strictly the case. The lifetime parameter for the &ee ex-
citon, which would be expected to be short, is forced to
be longer in the fitting procedure to take account of the
exciton localization present in system.

The fit to the FE at longer times is good; however,
there is clearly a component in the initial decay that
is not reproduced in the simple model. This problem
has already been partially discussed, due to the reso-
nant excitation the exciton population is created "cold"
and, therefore, takes a certain time to thermalize to the
lattice temperature. As thermalization occurs there is
a decrease in the population able to recombine (due to
momentum conservation restrictions), corresponding to
the behavior observed. The scattering of part of the &ee
exciton population away from K=O requires the interac-
tion of the exciton with a phonon. In addition to those

phonons provided by the ambient lattice temperature,
there are also those phonons emitted during the capture
of an exciton at an impurity to form the bound exciton.
At high densities, this secondary phonon population can
make a significant contribution to the scattering away
&om K=O, in effect the initial temperature of the sys-
tem is hotter than the ambient lattice temperature. This
mechanism is well illustrated in Fig. 8, where we compare
the free exciton decay under nominally identical condi-
tions but an order of magnitude difference in excitation
densities. The initial decay of the &ee exciton is remark-
ably different in the two cases; at higher densities the
decay is, as suggested, considerably faster.

IV. CONCLUSIONS

The interaction of &ee excitons with impurities in
GaAs-Al Ga~ As quantum wells has been studied us-

ing a time-resolved photoluminescence technique. The
exchange between &ee and bound exciton populations
is found to determine the observed recombination rate.
Furthermore, this interaction is shown to be strongly de-
pendent on doping concentration, well width, and tem-
perature. The strong capture of excitons at impurities
dominates the initial decay of the &ee exciton popula-
tion with FE excitation. In addition, the thermal release
&om this same bound exciton state maintains the &ee ex-
citon population at longer times and hence also in8uences
the final decay rate. The processes of capture &om and
emission to the free exciton population is clearly strongly
dependent on the impurity-binding energy; this results
in significant differences in the recombination kinetics of
acceptor bound excitons in comparison to donor bound
excitons. The importance of the &ee exciton localization
due to well width Huctuations is well illustrated by the
increase in capture eKciency with increasing tempera-
ture observed up to 25 K. This is a clear indication of a
mechanism contributing to the dominance of the "&ee"
exciton in comparison to the bound exciton which is seen
in steady state photoluminescence spectra for quantum
wells but not in bulk GaAs.

In order to make a realistic estimate of the parameters
which describe the observed rate of decay of emission, it
is necessary to solve the associated differential equations
for excitation resonant in either the free or bound exciton,
respectively. An analysis of results for a 100-A. acceptor
doped quantum well indicates a radiative lifetime at 5 K
for the &ee exciton of 180 ps, while that of the bound
exciton is equal to 450 ps. Under low intensity resonant
excitation conditions, a simple fitting procedure using a
small number of terms thus provides an accurate deter-
mination of the physical parameters. In particular, the
qualitative dependence on the basic parameters of dop-
ing concentration, well width, and temperature are well
understood &om our model of the exciton interaction.
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