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Many-body effects in highly acceptor-doped GaAs/AlxGa12xAs quantum wells
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The optical properties of quantum wells, which are center-doped with acceptors up to the high doping
regime, 131019 cm23, have been studied by means of photoluminescence and photoluminescence excitation
spectroscopy. The experimental results derived from the optical measurements are compared with theoretical
predictions on the self-energy shifts of the subbands at high doping levels performed with self-consistent
Hartree calculations with the inclusion of many-body effects.@S0163-1829~98!07432-3#
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I. INTRODUCTION

The free-exciton ~FE! states in a semiconductor a
formed from the free-particle states of the conduction a
valence bands. In a heavily doped semiconductor the p
ence of a large number of carriers strongly affects the exc
properties.1 In bulk semiconductors the screening may
strong enough to inhibit the exciton formation. Thus there
an upper limit of free-carrier density, above which the ex
tons do not survive. In bulk GaAs, excitons are quench
already at doping levels around 1016 cm23, which is well
below the metallic limit.2 In n-type GaAs/AlxGa12xAs quan-
tum well ~QW! structures, on the other hand, excitons a
found to survive all the way up to the degenerate limit, d
to the inefficiency of screening in a two-dimensional~2D!
system.3 In this work, we have highlighted the topic of su
vival of excitons at and above the degenerate limit inp-type
GaAs/AlxGa12xAs QW’s. There is an additional effect from
the presence of the free carriers to take into account, viz.
shifts of the electron and hole states induced by many-b
interactions. We make the basic assumption that the ma
body shifts characterizing the free carriers survive when
excitons are formed, i.e., we assume that the exciton en
attains a many-body shift equal to the sum of the ene
shifts of the free-electron and -hole states from which
exciton is formed. The screening and the many-body sh
have opposing effects on the exciton energy.4 In our treat-
ment we neglect the effect of screening of the electron-h
interaction.

In the photoluminescence~PL! experiment, the electron
are excited across the band gap. Exciton states can be fo
from the free-particle states at the band extrema. At low
moderate doping levels, only excitons originating from ele
trons (e) at the bottom of the conduction band and hea
holes~hh’s! at the top of the valence band are formed at l
temperatures. In the PL excitation~PLE! experiment, there
must be unoccupied free-hole and free-electron states a
able for the formation of excitons. The excitons are assum
PRB 580163-1829/98/58~8!/4624~5!/$15.00
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to be formed by electrons and holes with the same mom
tum. Accordingly, in the case of excitation of thee-hh exci-
tons at low temperature in highly acceptor doped QW’s,
citons are formed by electrons and holes with the momen
characterizing the heavy-hole states at the Fermi edge.
band-filling effect consequently gives rise to a blueshift
PLE compared to the peaks in PL, in addition to the us
Stoke’s shift due to interface roughness. The light hole~lh!
states, on the other hand, are unoccupied~or have a small
occupancy! also at the band extremum under our conditio
which in turn results in formation of light-hole excitons from
electrons and holes only with momentum close to zero. T
there is no blueshift of the electron–light-hole exciton pea
in the PLE relative to the PL~besides the Stoke’s shift! in
our case. We calculate the energy of all these states in
steps. In the first step, a self-consistent Hartree calculation5 is
performed, neglecting many-body effects. In the second s
we add the many-body effects.

II. THEORY

We have determined the hole subband dispersions b
self-consistent calculation with the Schro¨dinger and Poisson
equations. The kinetic-energy operator is given by
Luttinger-Kohn Hamiltonian,6 which includes the interaction
between the heavy holes and the light holes. It is in gener
434 matrix but can be decoupled into two 232 matrices,7

F A1 C7 iB

C* 6 iB A2
G , ~1a!

where

A652
\2

2m0
F ~g16g2!~kx

21ky
2!1S g17

2g2

g1
D kz

2G ,
B5

\2

2m0
@2)g3~kxkz2 ikykz!#,
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C5
\2

2m0
@2)g2~kz

22ky
2!22)g3ikxky#. ~1b!

We have applied the axial approximation5 in which an aver-
age dispersion in thexy plane is assumed. This correspon
to replacingg2 and g3 in term C in the matrix above by
(g21g3)/2. For the symmetric potential in this problem
both matrices give the same subband structure correspon
to a twofold spin degeneracy. Current-conserving bound
conditions are fulfilled with the use of a modified variation
method described elsewhere.8 The calculations are per
formed for a series of hole concentrations. In all cases c
sidered here, only the uppermost (n51) heavy-hole subband
~hh1! is found to have an equilibrium population of hole
The effect of nonparabolicity is included.9

The many-body effects in a QW can be incorporated
different ways. One way is to add an effective exchan
correlation potential to the Hartree potential used in the s
consistent solution of the Schro¨dinger-Poisson equations
This many-body potential depends on the local thr
dimensional density of carriers and is the same for the
ferent sublevels. Inclusion of this potential leads to a v
small change in the dispersion of the bands and the suble
are shifted more or less rigidly. In the present work, t
change in dispersion with increasing carrier concentratio
important and therefore this approach is not so useful.
sides, the local exchange-correlation potential is obtained
neutral systems and the QW is locally not neutral, since th
is a space separation in thez direction between the dopan
charges and the neutralizing carriers. This leads to an un
tainty as to whether the use of a local exchange-correla
potential can be applied in the QW calculations.10 Another
way to incorporate the many-body shifts is to treat the H
tree contribution and the contribution from carrier-carr
scattering on an equal footing and calculate the energy s
in perturbation theory, as was done in Ref. 10.

We follow a third path. We first solve the Hartree pro
lem and then use this solution as basis for a perturba
expansion where the electron-electron interaction is the
turbation. One important difference between center-do
QW’s andd-doped bulk structures is that the separation
tween the sublevels is much larger in the QW case. T
system is here closer to a strict 2D system. The interb
transitions are less important. If one neglects these interb
transitions the system behaves, in principle, like a 2D s
tem. The only difference is the matrix elements for the sc
tering processes, which are modified due to the finite ex
sion of the carrier wave functions in thez direction. This
modification is negligible for processes with small mome
tum transfers. The important contributions to the many-bo
effects originate from scattering processes with momen
transfers smaller than two times the Fermi momentum. Th
for a fixed well width, there is an upper limit in the carrie
concentration for the validity of a strict 2D treatment of t
problem. A more narrow well pushes this limit toward
higher concentrations. In our case the estimated upper l
of the carrier concentration for a strict 2D treatment is a
proximately 631011 cm22, which corresponds to an acce
tor concentration of 231018 cm23 in the doping sheet. Fo
higher concentrations, the strict 2D treatment overestim
the many-body shifts.
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In the calculations of the self-energy shifts, we negle
interband transitions. With these approximations we can t
the carriers as three different particles, electrons, he
holes, and light holes, respectively. These particles move
gas of heavy holes. In this part of the calculation, we a
neglect nonparabolicities in the dispersion of the bands. T
means that the electrons, heavy holes, and light holes
characterized by the effective masses,me , mhh, and mlh ,
respectively. Due to the Fermion statistics and the repuls
between each pair of heavy holes, a heavy hole is surroun
by an exchange-correlation hole. This exchange-correla
hole is negatively charged while the heavy hole is positiv
charged. The interaction between these charged species
to a negative energy contribution for the heavy hole—a s
energy shift. The exchange-correlation hole always conta
one unit of charge but its shape, and hence the size of
self-energy shift, depends on the state of the heavy hole
light hole is surrounded by a correlation hole due to t
repulsion between light holes and heavy holes. There is
exchange contribution in this case. The interaction betw
the correlation hole and the light hole also leads to a nega
energy shift for the light hole. An electron is surrounded
an enhancement of the heavy-hole concentration due to
electron–heavy-hole attraction, which results in a nega
shift of the electron energy. Thus all three types of partic
attain negative energy shifts due to the interaction with
gas of heavy holes.

A similar energy shift is obtained from the interactio
with the acceptors. Both types of holes are attracted by
ions and stay close to them. The electrons, on the other h
are repelled by the ions and tend to avoid them. This lead
a reduction of the energy for all types of carriers. We negl
the effects from these carrier-impurity interactions on t
exciton energy. Since the exciton is neutral, this interact
is of short-range character and should have only a mi
effect on the FE. The major difference, in this respect,
tween the particle interaction with the heavy hole and the
is that the latter is fixed in position.

The many-body shifts are derived in a 2D approximatio
performed in a pure random-phase approximation~RPA!
with Hubbard’s local field correction. It turns out that th
inclusion of a local field correction has only minor effects
the results. The results we present here are those with
local-field correction included. The many-body effects a
derived within the Rayleigh-Schro¨dinger perturbation theory
or on-the-mass-shell perturbation theory.11 In this theory, the
single-particle energy for a state (k,i ) is defined as the varia
tional derivative of the total energy with respect to the occ
pation number for state (k,i ), i.e.,

«k,i5
d~Etot!

dnk
i 5«k,i

0 1\Sk,i , ~2!

whereEtot is the total energy. The first term on the right-ha
side is the unperturbed single-particle energy~the kinetic en-
ergy! and the second term is the self-energy from the int
actions. The indexi runs over the electrons, light holes, an
heavy holes.

The total interaction energy can be written as



-
n,

yp

e
ith
w
e
s

ns
D

to

lar
ou
o

d
el

Q

ta
th
te
-

it
ex

Al
-

t
B

er
eted
the
the

s-
o or
At

the
ting

en-
the

op-

ec-
n at
-

e-

the

4626 PRB 58P. O. HOLTZet al.
Exc51 i E
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1 dl
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8 H E
2`

` dv

2p
\F 1

«l~q,v!
21G

2
~Ne1Nhh1Nlh!lvq

ink J , ~3!

wherevq52pe2/q is the 2D Fourier transform of the Cou
lomb potential,l is the coupling constant for the interactio
« is the dielectric constant for GaAs, andv is the volume of
the system, respectively. The total number of carriers of t
i is represented byNi . The dielectric function in Eq.~3! is
the test-particle function, i.e.,

«l~q,v!511la0,e~q,v!1la0,lh~q,v!

1
la0,th~q,v!

12 f H~q!la0,hh~q,v!
. ~4!

The polarizabilitiesa for the light holes and electrons ar
included in such a way that the variational derivative w
respect to the occupation numbers for these particles
produce the corresponding self-energy shifts. When the d
vation has been performed, these polarizabilities can be
equal to zero. The polarizabilities are the 2D RPA functio
We have used Hubbard’s local-field correction, which in 2
is given by

f H~q!5
1

2
A q2

q21kF,hh
2 . ~5!

A pure RPA is obtained when this function is set equal
zero.

III. SAMPLES AND EXPERIMENTAL TECHNIQUES

The samples used in this work were grown by molecu
beam epitaxy at a temperature of nominally 680 °C with
interruptions at the QW interfaces. The layers were grown
a semi-insulating GaAs~100! substrate with a 0.35-mm un-
doped GaAs buffer layer. The AlxGa12xAs barriers were 150
Å wide with x50.3. The wells had a width of 150 Å an
were doped with Be in the central 20% at doping lev
varying from 331016 up to 131019 cm23. The Stoke’s shift
caused by the interface roughness is small~'0.5 meV! in the
series of samples used. The hole concentrations in the
structures were obtained by Hall measurements.

For the PL and PLE measurements, an Ar1 ion laser was
used to pump a tuneable titanium-doped sapphire solid-s
laser. The emitted light from the samples was focused on
slits of a 1-m double-grating monochromator and detec
with a dry-ice cooled GaAs photomultiplier. All optical mea
surements presented here were performed at 2 K.

IV. RESULTS AND DISCUSSION

Figure 1 displays the development of the PL spectra w
increasing acceptor concentration. As can be seen, the
tonic peaks, the acceptor bound exciton~BE! and the FEhh
are redshifted as the acceptor concentration increases.
the BE gains intensity versus the FEhh with increasing accep
tor concentration due to the increasing probability for a FE
become trapped at an acceptor. In addition, a second
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component emerges from the ‘‘conventional’’ BE at high
doping levels. This second component has been interpr
as an exciton bound at interacting acceptors instead of
exciton bound at the single acceptor as is the case for
‘‘conventional’’ BE.12 This occurs when the average di
tance between the acceptors becomes comparable t
smaller than the extension of the exciton wave function.
higher acceptor concentrations~above'231018 cm23), the
BE peak start to overlap with the GaAs emissions. For
same acceptor concentration, also a weak feature origina
from the light-hole related exciton, FElh, can be seen in PL
already at lowest temperatures,13 reflecting the fact that the
Fermi level is approaching the light-hole subband. The
ergy spacing between the heavy-hole recombination at
Fermi energy and the FElh has decreased to'4 meV due to
filling of the hh subband.

Figure 2 shows PLE spectra for three samples with d

FIG. 1. PL spectra at different doping concentrations. All sp
tra are normalized. The acceptor bound excitons dominate eve
low doping concentrations. The FEhh intensity decreases continu
ously with increasing doping.

FIG. 2. PLE spectra for QW’s with doping level above the d
generate limit ('131018 cm23): 131018, 531018, and 1
31019 cm23, respectively. Excitons are clearly seen even for
highest doping concentration shown.
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ing concentrations above the degenerate limit ('1
31018 cm23). The degenerate limit for these QW’s has be
determined by using the classical Hall effect in the da
According to a procedure described in an earlier work,14 we
concluded that the sample exhibited ‘‘metallic’’ charac
and the hole gas was degenerate, if no dependence o
Hall concentration on the temperature was exhibited in
interval from helium temperature up to room temperatu
Three distinct peaks are observed: The acceptor BE, Fhh,
and FElh, respectively. Even though the doping concentrat
is well above the degenerate limit, the excitons are still
served also at the highest doping level shown. As forn-type
QW’s,3 the presence of excitons at such a high doping c
centration is mainly due to the inefficiency of screening in
2D system.12 The light-hole band is normally empty at low
temperatures for moderately doped samples, but as desc
above, for the degenerate sample,~a concentration of 2
31018 cm23) the FElh is observable also in PL,13 which in
turn implies that the Fermi level is approaching the light-h
band.

The exciton binding energy is assumed to be const
According to our experimental data~PLE!, the binding en-
ergy is approximately constant for doping levels up to
least 531017 cm23. The band-gap renormalization depe
dence, however, is sensitive to the hole concentration
exhibits a strong dependence. This is clearly illustrated
Fig. 3, where the theoretically predicted dependencies of
electron, light-hole, and heavy-hole subbands shift with
hole concentration at the bottom of the band (k50) and at
the Fermi wave vector (kF) are shown. The renormalizatio
effects for the light-hole and heavy-hole bands are differe
with a stronger effect for the heavy-hole band. Furthermo
the subband shifts atk50 and at the Fermi level (k5kF) are
significantly different for the electrons, while the corr
sponding difference for the heavy-hole subband is qu
small. This effect contributes to a different band-gap sh
deduced from PL and PLE data, respectively.

In Fig. 4, the theoretically predicted energy position of t
FE’s is plotted as a function of the hole concentration. T

FIG. 3. Theoretically predicted renormalization of electro
heavy-hole, and light-hole subbands with the hole concentratio
the bottom of the band (k50) together with the correspondin
dependencies of the electron and heavy-hole subbands at the F
wave vector (kF) are shown in the figure.
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effect of many-body interaction is illustrated. In the fir
graph, only the phase-space filling is taken into account,
regarding any many-body effect, while both phase-space
ing and many-body effects are included in the second gra
as described above. Here, the FEhh and FElh at the bottom of
the band~i.e., ke5khh5klh50), have the same dependen
on the hole concentration. In Fig. 4, our theoretical pred
tions are compared with experimental results achieved
the dependence of the FE energy position on the hole c
centration. By comparing the effect excluding and includi
many-body interaction, respectively, we can conclude t
many-body effects are important already at low hole conc
trations, where a commencement of a deviation between
two graphs is observed.

It should be kept in mind that this theoretical model s
involves significant approximations, which might not be a

,
at

rmi

FIG. 4. Peak position dependencies of the FE’s on the h
concentration for~a! FEhh in PL, ~b! the FEhh in PLE, and~c! FElh

in PLE.
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equate in the high hole concentration regime. For the hea
hole band, the actual dispersion curve becomes flatter
higher momentum. The many-body effects become incre
ingly important with increasing effective mass. Thus the n
glect of nonparabolicity effects underestimates the ma
body effects for high hole concentrations. Also, the 2
approximation does not hold for hole concentrations exce
ing 231018 cm23. Another complication is that the chemic
potential approaches the light-hole band edge. This me
that intersubband transitions can no longer be neglec
It also implies that holes start to occupy the light-ho
band and that the increase inkF with density is reduced
This may explain the fact that the experimental results
Fig. 4~b! are not blueshifted for high densitie
s.
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V. SUMMARY

A combined experimental and theoretical study
acceptor-doped QW’s up to concentration levels well abo
the degenerate limit is presented. It is concluded that ma
body effects including exchange and correlation provide
first-order correction to the exciton energy already at mod
ate doping levels in the acceptor center-doped QW str
tures. Excitons are found up to a hole density of 1019 cm23.
The theoretical approximations used are estimated to
valid for densities up to around 231018 cm23.
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