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We have studied the effect of increasing acceptor concentration~between 1016 and 1018 cm23) on bound
excitons~BE’s! using steady-state photoluminescence~PL! and PL excitation spectroscopy. With increasing
doping concentration, an additional peak is observed on the low-energy side of the principal neutral acceptor
BE. This peak is associated with BE’s formed by excitons bound at interacting acceptors, similar to the
undulation spectra observed at high acceptor doping in different bulk materials, such as ZnTe, InP, and GaP.
The exciton-impurity complexes are formed as the average distance between the acceptor impurities decreases
with increasing doping concentration. The dependence of the optical properties of this exciton on temperature,
excitation intensity, and magnetic field is presented.
@S0163-1829~96!07348-1#

I. INTRODUCTION

The so-called undulation spectrum, a broadband in the
excitonic energy range with a regular periodic undulation,
attracted great interest in the beginning of the 1970s. Such a
peculiar undulation behavior was observed in luminescence
spectrum of, e.g., GaP:N containing acceptors.1 Street and
Wiesner2 showed that the undulatory structure has its origin
in the fluctuations of the number of the available impurity
pair sites. The undulations were merely the result of averag-
ing the numbers of equivalent sites perN-to-acceptor pair-
separation shell.

We studied the effect of various acceptor concentrations
on the excitonic states, in particular the acceptor-bound ex-
citon ~BE!, in quantum wells~QW’s! using steady-state pho-
toluminescence~PL! and PL excitation~PLE! measurements.
The major recombination channel near the band gap for an
undoped GaAs/AlxGa12xAs QW at low temperatures is the
free exciton~FE!. For a doped structure, part of the FE’s is
captured by the available impurities to form BE’s. The pro-
portion of BE’s relative to the FE’s depends mainly on the
doping concentration, but also on the well widthLz . The BE
recombination channel turns out to be the major process
at doping concentrations above 331016 cm23 for a
150-Å-wide QW.

An increase in the doping concentration corresponds to a
decrease in the average distance between the impurities
(dI). If the spatial separation between neighboring acceptors
becomes comparable with the extension of the exciton wave
function, there will be a further contribution to the potential
binding the exciton due to the neighboring acceptor~s!. A
distribution of binding energies due to the varying spatial
separation between the acceptors and possibly also the num-
ber of interacting acceptor is expected. There should accord-
ingly be a possibility for excitons to transfer from one site to
another site in the neighborhood with a larger binding en-
ergy, i.e., at lower transition energy. The interaction between
two or more acceptors should increase the binding energy of
the exciton compared to an isolated acceptor.

II. EXPERIMENTAL TECHNIQUES

The samples used in this study were grown by molecular
beam epitaxy~MBE! at a temperature of nominally 680 °C
without interruptions at the QW interfaces. The layers were
grown on top of a semi-insulating GaAs~100! substrate with
a 0.35-mm undoped GaAs buffer layer. Each structure con-
tains multiple QW structures with 50 periods of alternating
layers of GaAs and AlxGa12xAs. The AlxGa12xAs barriers
were 150 Å wide with a nominal Al composition of
x50.3. The wells had a width of 150 Å and were doped with
Be in the central 20% of the well at a concentration varying
from 1016 up to 1018 cm23.

For the PL and PLE measurements, an Ar1-ion laser was
used to pump a tunable titanium-doped sapphire solid-state
laser. The emitted light from the samples was focused on the
slits of a 1-m double-grating monochromator and detected
with a dry-ice-cooled GaAs photomultiplier. The picosecond
time-resolved data were obtained at 2 K with excitation from
a mode-locked Ar laser and a synchronously pumped dye
laser. On the detection side, a synchroscan streak camera in
combination with a 0.32-m spectrometer was employed. The
time resolution for the combined system is of the order of 10
ps.

Post-growth hydrogen passivation was accomplished at
around 190 °C, inside a quartz reactor with a remote dc H
plasma at a pressure of 2.0 mTorr. The samples were placed
at;15 cm away from the H discharge region to avoid dam-
age due to ionic impact.

III. RESULTS

Figure 1 displays the development of the PL spectra, mea-
sured at low excitation intensity, with increasing acceptor
concentration. As can be seen, the excitonic peaks, the ac-
ceptor BE, and the heavy-hole~hh! state of the FE are red-
shifted as the acceptor concentration increases. The observed
redshift with increasing acceptor concentration is explained
in terms of band-gap renormalization due to the interaction
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between the carriers: the exchange-correlation effect.3 Figure
1 also depicts a peculiar feature on the low-energy side of the
principal BE~BE#1!. This new component~denoted BE#2 in
Fig. 1! visible already at a doping concentration of 531016

cm23, gains intensity with increasing doping concentration
and becomes dominant at'331017 cm23. At high doping
concentration (>231018 cm23), the double peaks are not
resolved owing to broadening effects of the lines. It is no-
ticeable that the double structure for the BE is not observed
in PLE ~Fig. 2!. Instead, the PLE spectrum only reveals the
BE#1 blueshifted with respect to PL ('123 meV! accord-

ing to Fig. 2. Such a shift reflects the effect of exciton trans-
fer mechanisms.

It is well known that a hydrogen treatment of bulk
samples passivates both shallow dopants and deep centers
due to the formation of hydrogen-impurity complexes and a
saturation of the dangling bonds.4 In QW’s, hydrogen inter-
acts both with the impurities and interfaces. Accordingly, an
increasing passivation level provided by, e.g., a prolonged
hydrogenation time (tH), has an effect that is similar to an
efficient reduction of the acceptor concentration.5 Figure 3
shows the PL spectrum for a sample with a doping concen-
tration of 131017 cm23 exposed to hydrogenation during
1.5 h. When compared to an as-grown sample, it is notice-
able that the BE#2 component decreases with increasing pas-
sivation time. The observed blueshift of the PL spectrum for
the passivated sample~b! compared to the ‘‘as-grown’’
sample~a! is due to an efficient reduction of the many-body
effects and, consequently, an effect opposite to the increase
in the doping concentration.3,5

The binding energies of both features, BE#1 and BE#2,
defined as the energy separation from the FE@plotted in Figs.
4~a! and 4~b!# are found to increase with increasing doping

FIG. 1. PL spectra, at low excitation intensity, with increasing
doping concentration. The figure shows the development of BE#2
~solid arrows!, at the low-energy tail of the principal BE, BE#1
~open arrows!. A heavy hole~hh! state of the free exciton~FE! is
also indicated.

FIG. 2. PL spectra for the sample with an acceptor concentration
of 331017 cm23 for two excitation intensities~300 and 60 W/
cm2). A PLE spectrum is also shown. Arrows indicate excitonic
positions and bars@~a!, ~b!, and ~c!# the energy position for the
decay time measurements.

FIG. 3. PL spectra for a sample with doping concentration of
131017 cm23 ~a! ‘‘as grown’’ and ~b! exposed to 1.5 h hydrogen
passivation.

FIG. 4. Dependence of the BE binding energies on the doping
concentration@~a!, ~b!#. The energy separation between BE#1 and
BE#2 is shown in~c!.
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concentration. The more localized, the BE#2~with larger
binding energy! has a significantly stronger dependence on
the doping level. The BE#2 binding energy increases by up
to '3 meV, when the acceptor concentration is increased
from 1017 up to 1018 cm23, while the BE#1 increases sig-
nificantly less, by'1 meV, for the same acceptor concen-
tration increase. Figure 4~c! shows the energy separation be-
tween BE#1 and BE#2 plotted against the doping
concentration.

The relative intensity of BE#1 versus BE#2 is strongly
dependent on the excitation intensity level. This is reflected
in the PL spectra shown in Fig. 2 for the sample with an
acceptor concentration of 331017 cm23 for two excitation
intensities. Low-intensity levels~below 60 W/cm2) favor
BE#2, while the BE#1 intensity increases continuously with
increasing excitation intensity. The PL decay time was mea-
sured at 2 K for different detection energies as indicated by
bars @~a!, ~b!, and ~c!# in Fig. 2. It is found that the decay
time is slightly longer for BE#2@~a! t5660 ps# in compari-
son with BE#1@~b! t5560 ps#, while the corresponding de-
cay time for the FE is approximately 200 ps~c!.

BE#2 is also sensitive to an applied magnetic field. Figure
5 displays the dependence of the PL spectra on a magnetic
field applied parallel to the growth direction of the sample.
The energy dependence of the BE#1, BE#2, and FE lines on
the applied magnetic field exhibits a quadratic dependence
with a diamagnetic shift rate of 2.2531025, 2.5631025, and
2.8031025 eV/T2, respectively. In the inset~Fig. 5! we
show the dependence of the BE#2 intensity relative to BE#1.
With an applied magnetic field, the intensity of BE#2 de-
creases relative to BE#1.

Figure 6 shows the temperature dependence of the exci-
tonic intensities. For clarity we have labeled three ‘‘critical’’
temperaturesTa'3 K, Tb'9 K, andTc'30 K as indicated
by open arrows. BE#1 has an opposite temperature depen-
dence compared to the FE forT.Ta : an increase in inten-
sity up toTb followed by a reduction. The FE intensity be-
low Tb is approximately constant: After a steep increase, the
FE intensity starts to decrease for temperatures aboveTc .
BE#2, on the other hand, exhibits a steeper decrease, with a
quenching at'45 K, i.e., at a lower temperature than BE#1.

IV. DISCUSSION

BE#1 is associated with the single acceptor BE, i.e., an
exciton bound to a neutral isolated acceptor. BE#2, and its
low-energy tail, is interpreted as an exciton bound at inter-
acting acceptors. The complex acceptor BE’s have similari-
ties with the undulation spectra observed in some bulk ma-
terials such as ZnTe,6–8 InP,6 and GaP.1,2,8 We do not
observe distinct oscillations in our QW structures as has been
the case for well-resolved undulation spectra in bulk materi-
als. However, it should be pointed out that it is possible to
observe a few additional peaks at the low-energy side. We
analyze below the experimental results described in the
former section, based on the properties of three distinct ex-
citonic transitions: the FE, the single acceptor BE~BE#1!,
and the interacting acceptor BE~BE#2!.

In our samples, the dopants are not expected to be homo-
geneously distributed inside the 30-Å dopant channel in the
center of the well. Therefore, it is expected that acceptors at
different distancesdI , ranging from distant single noninter-
acting acceptors to close interacting acceptors, coexist. The
increase in the energy separation between BE#1 and BE#2
@Fig. 4~c!# implies that the interaction between the acceptors
increases with doping concentration. The interaction between
the acceptors increases as they become closer, enhancing the
attractive potential felt by the exciton. When comparing the
BE binding energy dependence on the acceptor doping con-
centration@Figs. 4~a! and 4~b!#, the more localized BE#2 is
found to have a strong dependence on the acceptor concen-
tration. The potential felt by BE#2 is due to the interacting
acceptors and is modified when the average distance between
the acceptors decreases due to the increase in doping concen-
tration. The binding energy for BE#1 is not expected to
change considerably. The small increase observed ('1
meV! is believed to be due a weak interaction with more
distant acceptors. It should be reminded that the Bohr radius
of the Be acceptor (aBe) and the FE (aFE) in GaAs is ap-
proximately 20 and 115 Å , respectively. At a doping con-
centration of 331017 cm23, it can be assumed that
d̄I.aFE. BE#2 can be described as a single BE perturbed by
the potential of close acceptors. BE#1, on the other hand, has

FIG. 5. Magnetic field dependence of the PL spectrum between
0 and 10 T. The inset depicts the intensity of the BE#2 relative to
BE#1.

FIG. 6. Temperature dependence of the BE intensity. For clarity
we have labeled three ‘‘critical’’ temperaturesTa'3 K, Tb'9 K,
andTc'60 K as indicated by opened arrows. In the inset, the FE
intensity dependence on the temperature is shown separately.

16 996 54A. C. FERREIRAet al.



basically the same origin, except that BE#1 is just slightly
perturbed by distant neighbors@Fig. 4~b!#.

The exciton decay timet5660, 560, and 200 ps for BE#2
~a!, BE#1 ~b!, and FE~c!, respectively, is a consequence of
the kinetic interplay between the three excitonic levels. At
low temperatures, a FE can either decay radiatively or be-
come trapped by the acceptor~s! to form a BE. This fact
results in a smaller measured decay time for the FE in com-
parison with an undoped QW without a competing BE chan-
nel. BE#1 can similarly either decay radiatively or be
trapped at interacting acceptors. BE#2, on the other hand,
can only decay radiatively at the lowest temperatures assum-
ing that nonradiative channels are negligible. Based on these
arguments, we conclude that the difference between the PL
and PLE spectra~the doublet structure is not observed in
PLE! reflects the fact that the optical absorption is propor-
tional to the density of state and is not influenced by excita-
tion transfer.

The intensity ratio BE#2 versus BE#1 in the PL spectra
depends strongly on the laser excitation power, also a con-
sequence of the kinetic interplay situation between the three
exciton levels. Low excitation power and temperature favor
BE#2, seen experimentally, as a relatively high PL intensity.
At these conditions, a large fraction of the excitons is trapped
by the interacting acceptors. An increase in the excitation
power is followed by an increase in the intensity of the single
acceptor BE~BE#1! relative to BE#2, since a saturation ef-
fect of excitons bound at interacting acceptors is achieved.

The magnetic field dependence of BE#2 can be explained
in terms of the shrinking of the wave functions~decrease in
the Bohr radius! of the exciton. For an exciton that interacts
with, e.g., a pair of acceptors separated by a certain distance
dI , the effect of a magnetic field is to shrink their wave
function until the exciton interacts only with one of the ac-
ceptors~resulting in a BE#1! or has just a weak interaction
with the second acceptor.

The temperature dependence of the FE and BE intensities
is well known in the literature.9 The regionTa,T,Tb , seen
in the inset of Fig. 6, corresponds to a temperature range
where the capture rate of excitons by the acceptors increases.
The increase of the capture rate is due to the thermal activa-
tion of the FE localized at interface roughness potentials,

resulting in an increase of the mean thermal velocity of the
FE.10

The temperature behavior of the BE’s atTa,T,Tb has
similarities with the laser intensity dependence, as discussed
above. We propose that the exponential decay of the BE#2
intensity followed by an increase in the BE#1 can be under-
stood as a continuous thermal activation of the BE#2 state
into the BE#1 state. The BE#2 is continuously delocalized
from the interacting acceptors potential to a higher state, i.e.,
BE#1, as they gain thermal energy (kBT). Following the
same arguments, BE#1 will dissociate into FE’s for tempera-
tures aboveTb . This is seen in Fig. 6 as a decrease of the
intensity of BE#1 parallel with an increase of the FE inten-
sity. Finally, atTc , the BE’s are quenched and also the FE
population starts to dissociate. The temperaturesTb andTc
are accordingly correlated to temperatures for the dissocia-
tion of BE#1’s and FE’s, respectively.

V. SUMMARY

In summary, we have studied the effect of an increasing
acceptor concentration~between 1016 and 1018 cm23) on
acceptor-bound excitons. Low excitation power and tempera-
ture favor an exciton bound at interacting acceptors. An in-
crease in the excitation power is followed by an increase in
the intensity of the ‘‘normal’’ single acceptor BE~BE#1!,
since more excitons are available due to saturation effects of
the interacting acceptor BE. The BE#2 intensity decreases
continuously with temeprature and quenches at approxi-
mately 45 K due to the small difference in binding energy
compared to BE#1. The BE#2’s are also very sensitive to the
applied magnetic field. The intensity decrease with increas-
ing magnetic field can be explained in terms of the shrinking
of the wave functions~decreasing of the Bohr radius! of the
BE#2’s. For an exciton interacting with, e.g., a pair of ac-
ceptors separated by a certain distance, the magnetic field
will give rise to a shrinkage of the wave function until the
exciton interacts only with one of the acceptors.
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