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Photoluminescence and reflectance studies of negatively charged excitons
in GaAsÕAl0.3Ga0.7As quantum-well structures
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We report the results of a systematic photoluminescence and reflectance study of negatively charged exci-
tons (X2) in several GaAs/AlxGa12xAs quantum well structures. Samples are either dopedn-type in the wells
or not intentionally doped, and thus the appearance ofX2 ~present in modulation doped samples! is not
expected. The combination of the two spectroscopies allowed us to explore the possible mechanisms respon-
sible for the formation of theX2 complex. In all cases theX2 signature is related to excess electrons in the
wells. These results provide positive evidence that the original identification of theX2 photoluminescence
feature is correct.
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I. INTRODUCTION

The electron-hole hydrogenlike system, the exciton, as
ciated with conduction and valence confinement subband
GaAs/AlxGa12xAs quantum wells has been extensively i
vestigated during the last twenty five years. As a matte
fact it was the observation of optical absorption connec
with the excitons that provided the first conclusive eviden
on the formation of quantum wells.1 The exciton is the solid-
state analog of the hydrogen atom and for this reason
same atomic spectroscopic labels for the various hydrog
states are also used to describe their solid-state counterp
Another atomic analog has been predicted in semicondu
systems, namely that of the negatively charged hydrogen
H2. This is formed when a second electron is added to
electron-hole pair, which forms the exciton.2,3 The nega-
tively charged entity is known as theX2 or the trion. The
first observation of theX2 was made inn-type modulation-
doped CdTe/ZnxCd12xTe quantum wells using absorptio
spectroscopy.4,5 An absorption feature 3.1 meV below th
e1h1 neutral exciton (X0) was identified as associated wi
the X2 singlet state on the basis of its circular polarizati
characteristics in the presence of a magnetic field. TheX2

was also observed and studied in detail in GaAs/AlxGa12xAs
quantum wells using photoluminescence~PL! and electrore-
flectance spectroscopies.6–10 In the presence of a magnet
field applied perpendicular to the structure’s layers, the
feature associated with the singlet ground state ofX2 splits
into two components, which correspond to the63/2 heavy-
hole states. The externally applied magnetic field increa
the binding energy of the second electron so that a PL fea
associated with theX2 triplet excited state can be observe
for B.2 tesla.7 The behavior of theX2 in a magnetic field
has been theoretically studied by Ste´bé and coworkers.11,12

In recent PL studies Volkovet al.13,14have suggested tha
the PL feature previously identified as associated withX2
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recombination is rather a barrier-neutral donor-bound ex
ton. In the present paper, we provide detailed evidence
favor of the prevailing interpretation. This evidence is pr
sented in the results and discussion section. Thus, throug
this paper we continue to refer to the spectroscopic featu
below the neutral exciton~and not otherwise associated wi
impurities! asX2 related.

In this work, we have systematically investigated the a
pearance in the PL and reflectance spectra of features a
ciated with theX2 from a number of GaAs/AlxGa12xAs
quantum-well structures in which the negatively charged
citon was not expected. These structures were dopedn type
in the GaAs wells or were not intentionally doped. A com
parison of the spectra with those from a GaAs/AlxGa12xAs
quantum well structure-dopedn type in the barriers~and in
which the X2 is expected! has allowed us to identify two
mechanisms that could be responsible for the formation
X2 in these structures. In the case of GaAs wells dopen
type at the well edge it was found that donors diffuse into
Al xGa12xAs barriers; these barrier donors ionize and th
electrons are confined in the GaAs wells, where they
bind with a photoexcited neutral exciton to form the neg
tively chargedX2 complex. These electrons can also bi
weakly to their parent positive donor ions leading to neut
barrier donors.15 This is the basis of the alternative interpr
tation by Volkovet al.13,14 In the case of the wells doped a
the center and the unintentionally doped structures the
posed mechanism is different. The excess electrons requ
for the formation of theX2 are generated from an unequ
distribution of electrons and holes among the GaAs we
These carriers are photogenerated in the barriers when
exciting photon energy is higher than the AlxGa12xAs band
gap. The basis of the present work is a comparison betw
PL and reflectance spectra on the same samples and the
that reflectance is not sensitive to impurity bou
excitons.16,17
4780 ©2000 The American Physical Society
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II. EXPERIMENT

We have used six GaAs/Al0.3Ga0.7As quantum well struc-
tures grown by molecular-beam epitaxy in this study. So
of their characteristics are summarized in Table I. Samp
is delta dopedn type in the AlxGa12xAs barriers and is used
as a reference sample in the sense that theX2 is expected to
form due to the presence of the confined electrons that re
from the ionization of the barrier donors. Samples 2, 3, an
are doped with Si donors inside the GaAs wells. Sample 2~3!
was doped in the ‘‘bottom’’~‘‘top’’ ! one third of the well.
‘‘Bottom’’ and ‘‘top’’ are defined as regions of the GaA
wells grown immediately after and immediately before t
Al xGa12xAs barrier, respectively. Samples 4 and 6 we
dopedn type in the central one third of the GaAs well layer
Sample 5 was not intentionally doped. The samples w
placed in a liquid helium cryostat with windows that allo
optical work in the 5-300 K temperature range. The PL sp
tra were excited with either the 632.8 nm line from a heliu
neon laser~photon energy51.96 eV, i.e., higher than the
band gap of the AlxGa12xAs barriers! or a diode laser oper
ating at 670 nm~photon energy51.85 eV, i.e., below the
band gap of the AlxGa12xAs barriers!. The 632.8 nm line
excites electron-hole pairs in the wells and in the bar
layers. The electrons and holes excited in the barriers t
drift and are captured by the wells. The presence of a w
electric field along the growth direction will result in carrie
drift in opposite directions~holes in the direction of the elec
tric field, and electrons in the direction opposite to the el
tric field!. Thus, the possibility exists that in some we
there is an excess of electrons. Excitation with the 670
laser on the other hand results in the creation of electron-
pairs inside the wells only, and thus insures that equal n
ber of electrons and holes are confined in each GaAs w
The PL spectra were analyzed by a double monochrom
equipped with a cooled photomultiplier tube and stand
photon counting electronics. For reflectance work a mo
chromatic beam created by the combination of a broad b
tungsten-halogen source and a grating spectrometer
used. The intensity of the reflected beam was synchrono
detected by a photomultiplier tube operating in current mo

TABLE I. Sample parameters.

Sample
Well

width Å
Barrier

width ~Å! Periods Doping

1 200 400 40 Sid-doped, 231010

cm22, barrier center
2 210 125 20 Si, 1016 cm23,

bottom 1
3 of the

well
3 210 125 20 Si, 1016 cm23,

top 1
3 of the well

4 210 125 6 Si, 1016 cm23, central
1
3 of the well

5 200 600 20 Not intentionally
doped

6 150 40 30 Si, 1016 cm23, central
1
3 of the well
e
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III. RESULTS AND DISCUSSION

As stated in the introduction spectral features associa
with the negatively charged excitonX2 have been observe
in the present work in GaAs/AlxGa12xAs structures doped in
the wells or unintentionally doped. In either case, the pr
ence of X2 was not anticipated and for this reason t
mechanisms involved were investigated in detail. Sample
on the other hand, is doped in the barriers and will be use
our reference. The rest of the presentation is organized
follows: We discuss the results from samples 2 and 3 an
mechanism responsible for the presence of theX2. Then the
results from samples 4, 5, and 6 are presented, and a pos
mechanism for the creation of theX2 complex in samples 4
and 5 is proposed.

A. Reference sample

In this section we discuss the band-edge PL and refl
tance spectra from reference sample 1, shown in Figs.~a!
and 1~b!, respectively. Both spectra exhibit features
1526.6 and 1525.3 meV, which are identified as thee1h1
neutral excitonX0 and the singlet state of the negative
charged excitonXS

2 , respectively. The identification is mad
by comparing the spectra with those reported in previo
published work. The interpretation of Volkovet al. is dis-
cussed at the end of this section. In particular, the ene
difference between theX0 and theX2 features agrees with
the value reported by Shieldset al.7 and in magneto-PL stud
ies theXs

2 exhibits the characteristic initial small decrease
energy with increasing magnetic fields as discussed belo

The photoluminescence spectra from sample 1
sample 5 have been studied as function of magnetic fielB
applied perpendicular to the structure’s layers. The dep

FIG. 1. ~a! PL and ~b! reflectance spectrum from sample 1;T
55 K, PL excitation wavelength5632.8 nm.
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dence of the energies of theX0 and X2 components as a
function of B is very similar to that observed by Shield
et al.7 In Fig. 2, we plot the energies of the excitonic~X0 and
X2! features as function of magnetic field. In Fig. 2~a! @2~b!#
we present the low-field data from sample 5~sample 1!. The
magneto-PL from sample 5 shows the characteristic ini
small decrease in energy with magnetic field. The minimu
in energy occurs at 1.5 T and the overall energy redshif
0.1 meV. This behavior is the hallmark ofXS

2 and allows us
to distinguish the negatively charged exciton feature fro
features associated with bound excitons. The low-fie
magneto-PL data from sample 1 do not show the initial sm
energy decrease. This is attributed to the large electron d
sity (231010cm22) in this structure, which results in an in
crease of the line width of all excitonic PL features. The fu
width of half maximum is approximately 1 meV, which is 1
times the initial energy decrease of 0.1 meV observed in
undoped sample 5.

The high-field data from sample 1 are summarized in F
2~c!. Squares indicate the PL features associated withXS

2 ,
circles withX0, and triangles with theXT

2 . The lower~up-
per! component of theXS

2 is due to recombination with2 3
2

(1 3
2 ) heavy holes.7 TheXT

2 that is unbound atB50 T is not
observed at zero-magnetic field. The application of a m
netic field results in the binding ofXT

2 the lowest component
of which becomes observable at 5 T. The lowest compon
of XT

2 ~solid triangles! crosses the upper component ofXS
2

~open squares! at 12 T. Up to 25 T theXS
2 lowest component

~solid squares! is the ground state of the charged excito
complex.

FIG. 2. Energies of theX0, XS
2, andXT

2 components plotted as
function of magnetic field.~a! Low-field data from sample 5.~b!
low-field data from sample 1.~c! High-field data from sample 1.
Circles:X0; squares:XS

2 ; triangles:XT
2 .
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We emphasize the importance of the reflectance spect
distinguishing betweenX2 and D0 ~barrier!- X. In Fig. 1,
which shows a very strongX2 PL feature, there is an equall
strong reflectance feature at the same energy. In a prev
work it was shown that impurity bound excitons provide
signature in the reflectance spectra.16,17 Thus, the suggestion
by Volkov et al. that this feature conventionally attributed
X2 is due to a barrier donor-bound exciton is not suppor
by our data.

Finally, since the charged excitonic complex is formed
an excess electron and an electron-hole pair created by
incident photon, it follows that the absence of anX2 signa-
ture in the reflectance spectrum suggests that there ar
excess electrons confined in the wells. Thus, the compar
between the PL and reflectance spectra in the vicinity of
excitonic features becomes a powerful tool that allows us
explore the possible mechanisms involved in the creation
X2.

B. ‘‘Top’’- and ‘‘bottom’’-doped samples

The results from samples 2 and 3 are presented in
subsection. In Fig. 3, the PL spectra from these structures
shown; the reflectance spectrum from sample 2 is inclu
also @Fig. 3~a!# for comparison. The PL spectra contain fe
tures at 1524.6, 1523.3, and 1522.9 meV. These are at
uted to the neutral exciton (X0), negatively charged exciton
(X2), and donor-bound exciton (D0X), respectively. While
the first two of these features have a corresponding signa
in the reflectance spectrum, the donor-bound exciton d
not.16,17 The fact that theX2 feature appears in the reflec

FIG. 3. ~a! Reflectance spectrum from sample 2.~b! PL spec-
trum from sample 2.~c! PL spectrum from sample 3.T55 K; PL
excitation wavelength5632.8 nm. The insets are schematics of t
conduction band. The arrows indicate the growth direction.
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tance spectrum indicates that the requisite excess elec
for the formation ofX2 are present in the wells. The remai
ing electron-hole pair is generated by the incident phot
This observation provides an explanation for the appeara
of X2 in samples 2 and 3 which are doped at the ‘‘bottom
and ‘‘top’’ one third of the well, respectively. We attribut
the presence of excess electrons in the wells to donors
diffused from their original position in the well into th
Al xGa12xAs barriers during growth~bottom-doped sample!
or have propagated along with the growth front into the b
rier ~top-doped sample!. The energy states of such donors
just below the bottom of the conduction band in AlxGa12xAs
and release their electrons into the wells. One expects gro
front propagation to be more effective in sample 3 and d
fusion to be the mechanism in sample 2. This differen
should manifest itself in the relative intensity of the PL fe
tures associated withX2. Indeed the intensity of theX2 PL
feature in sample 3 is much stronger than the correspon
feature in sample 2~all other conditions such as temperatu
excitation wavelength, and power density being the sam!.
The alternative explanation13,14 in terms of neutral-barrier
donor-bound excitons is not supported by the presence
strong reflectance feature at 1523.3 meV in Fig. 3~a!.

C. Well-center-doped and not-intentionally doped samples

In this section, we present the results from samples 4
5 and propose a mechanism to explain the formation of
negatively charged exciton in these structures. This mec
nism is distinct from the mechanism at work in samples
and 3. The PL and reflectance spectra from sample 4 in
vicinity of the band gap are shown in Fig. 4. This sample
dopedn-type in the central one third of the 210 Å wel

FIG. 4. ~a! Reflectance spectrum from sample 4.~b! PL spec-
trum from sample 4, excitation wavelength5632.8 nm.
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(barrier thickness5125 Å). The PL spectrum has four fea
tures at 1525.1, 1523.8, 1523.3, and 1522.3 meV. The id
tification of these features is as follows: the neutral exci
X0, the negatively charged excitonX2, the well-center
donor-bound excitonD0X, and the donor-to-valence-ban
transitionD-h1 , respectively.18 In contrast to samples 2 an
3 the reflectance spectrum of sample 4 does not have a
nificant signature of theX2 complex thus indicating tha
there are few electrons in the absence of above gap illu
nation. This is not surprising, since the donors are place
the center13 of the GaAs wells from where it is unlikely tha
they reach in any significant numbers into the AlxGa12xAs
barriers by diffusion or growth-front propagation. A simila
situation is observed for the undoped sample 5, in which
PL spectrum contains theX0 andX2 features@see Fig. 6~a!#
while the reflectance spectrum~not shown! contains only one
feature associated with the neutral excitonX0. The results
from samples 4 and 5 can be summarized as follows: nei
structure contains any significant excess electron den
and thus theX2 feature is not present~or is very weak! in the
reflectance spectra. Under laser illumination with photon
ergy larger than the barrier band gap on the other hand,
negatively charged excitonX2 is formed as witnessed by th
corresponding feature in the PL spectra.

We propose a possible mechanism which can explain
presence ofX2 in samples 4 and 5 and discuss the suppo
ing evidence. Illumination with photons whose energy
above the AlxGa12xAs barrier gap results in the excitation o
equal number of electrons and holes. Under the influenc
an electric field with a nonvanishing component along
growth axis the electrons and holes will drift in oppos
directions. The presence of these electric fields is almost
avoidable due to surface states.19 Thus there are wells in

FIG. 5. PL spectra from sample 4.~a! Excitation wavelength
5632.8 nm.~b! Excitation wavelength5670 nm.
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4784 PRB 61G. KIOSEOGLOUet al.
which the number of electrons will exceed the number
holes and it is in these wells that negatively charged excit
X2 can form and have a signature in the PL spectrum. T
reflectance spectra are recorded in the absence of any ab
gap photons, and therefore in samples 4 and 5 no ex
electrons are generated in the wells. As a consequence
is no X2 feature in the reflectance spectra from the
samples as was the case in samples 1, 2, and 3.

Additional supporting evidence is provided by a compa
son of the PL spectra of samples 4 and 5 that were exc
with photons above the barriers band gap~632.8 nm or 1.96
eV! with those excited with photons having energy below
Al xGa12xAs gap~670 nm or 1.85 eV!. The results are shown
in Fig. 5 for sample 4 and Fig. 6 for sample 5. In bo
samples the relative intensityI (X2)/I (X0) decreases signifi
cantly under excitation by the 670-nm laser. We note h
that no difference in the relative intensities of theX2 andX0

PL features from samples 1, 2, and 3 was observed w
excitation was switched from 632.8 to 670 nm. Furth
~negative! evidence is provided by sample 6, which lik
sample 4 is dopedn type over the central one third of th
wells, but its barriers have a width of only 40 Å. The th
barriers allow tunneling of electrons from wells into whic
there is an excess electron population towards wells in wh
there is electron deficit. As a result there are equal elec
and hole populations inside the wells and thus no negativ
charged excitons can form. This is clearly shown in Fig.
The PL spectrum contains two features at 1529.2 and 15
meV, which are attributed to theX0 andD0X recombination
channels, respectively. The vertical arrow in Fig. 7~a! indi-
cates where theX2 PL feature is expected.

FIG. 6. PL spectra from sample 5.~a! Excitation wavelength
5632.8 nm.~b! Excitation wavelength5670 nm.
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IV. CONCLUSION

We have carried out a systematic study of negativ
charged excitons,X2, in several GaAs/AlxGa12xAs quan-
tum well structures using photoluminescence and reflecta
spectroscopies. TheX2 was detected in samples dopedn
type in the wells as well as in undoped samples in which
charged excitons were expected. In all cases the creatio
X2 is attributed to the presence of excess electrons in
wells. We found that in samples doped at the edge, theX2

formation is due to donors that diffuse or are propaga
along the growth front into the AlxGa12xAs barriers. In
samples doped in the well center, as well as unintention
doped structures, anX2-associated feature appears in the
spectra under excitation with photons having energy hig
than the barrier gap. In this case, the excess electrons
provided by built-in electric fields associated with surfa
states. Excitation with photons having below-barrier energ
leads to greatly reduced intensity in theX2 PL features.
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FIG. 7. ~a! PL spectrum from sample 6.~b! Reflectance spec
trum from sample 6. T55 K, PL excitation wavelength
5632.8 nm. The vertical arrow indicates the expected position
the X2 PL feature.
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3B. Stébéand A. Ainane, Superlattices Microstruct.5, 545~1989!.
4K. Kheng, R. T. Cox, Y. Merle d’Aubigne´, F. Bassani, K. Sami-

nadayar, and S. Tatarenko, Phys. Rev. Lett.71, 1752~1993!.
5K. Kheng, R. T. Cox, Y. Merle d’Aubigne´, M. Mamor, N. Mag-

nea, H. Mariette, K. Saminadayar, and S. Tatarenko, Surf.
305, 225 ~1994!.

6A. J. Shields, M. Pepper, D. A. Ritchie, M. Y. Simmons, and
A. C. Jones, Phys. Rev. B51, 18 049~1995!.

7A. J. Shields, M. Pepper, D. A. Ritchie, and M. Y. Simmon
Adv. Phys.44, 47 ~1995!.

8G. Finkelstein, H. Shtrikman, and I. Bar-Joseph, Phys. Rev. L
74, 976 ~1995!.

9D. Gekhtman, E. Cohen, A. Ron, and L. N. Pfeiffer, Phys. Rev
54, 10 320~1996!.

10H. Okamura, D. Heiman, M. Sundaram, and A. C. Gossard, P
Rev. B58, 15 985~1998!.

11B. Stébé, E. Feddi, and G. Munschy, Phys. Rev. B35, 4331
~1987!.
i.

.

t.

s.
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