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Many-body effects in highly p-type modulation-doped GaAs/AlxGa12xAs quantum wells
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Many-body effects have been optically investigated for modulation-doped quantum wells at high acceptor
densities. The observed band-gap shrinkage, up to'20 meV, is consistent with calculations based on the
Hartree and random-phase approximations including the finite well width effect. A recombination near the
Fermi edge with light-hole character is strikingly enhanced at high acceptor densities. An interpretation based
on carrier-carrier interaction is proposed. Finally, the exciton is found to be quenched for hole densities higher
than'231012 cm22.
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I. INTRODUCTION

In highly doped semiconductors, many-body interactio
caused by the presence of a large number of carriers give
to considerable modifications of the physical properties. T
resulting exchange and correlation interactions induc
shrinkage of the fundamental band gap as well as hig
subbands, the so-called band-gap renormalization~BGR!.1–4

The fundamental electron-hole interaction, such as the
mation of excitons, is also affected at higher carrier conc
trations. Due to the onset of many-body screening and
exclusion principle, the fundamental excitons become
stable at moderate densities and are quenched at higher
centrations. This is contrary to the Mahan-type exciton,
so-called Fermi-edge singularity5–12which has been reporte
to survive to high electron densities. So far, investigations
many-body effects inp-type modulation-doped quantum
wells ~MDQW’s! have only been reported for acceptor co
centrations up to moderate levels2,13 where the observed
many-body effects, e.g., the BGR, are comparable with
concentration dependence on the exciton energy. In
work, we report on many-body effects caused by high h
densities inp-type MDQW’s at which the exciton energ
variation is significantly smaller than the BGR, as observ
in our optical spectra and compared with theoretical pred
tions on the many-body effects.

II. SAMPLES AND EXPERIMENTAL SETUP

The samples used in our study are symmetrica
MDQW’s grown by molecular-beam epitaxy. On top of
semi-insulating GaAs substrate and a GaAs buffer layer
periods of 150-Å-wide undoped GaAs wells were san
wiched between 150-Å-thick Al0.7Ga0.3As barriers, and fi-
nally a GaAs capping layer. In the center of ea
Al xGa12xAs barrier, a 50-Å-thick Be-doped layer wa
grown. A series of samples was prepared with varying
ceptor concentration together with an undoped refere
PRB 610163-1829/2000/61~4!/2794~5!/$15.00
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sample. The hole sheet densities as derived from Hall-ef
measurements are presented in Table I. For the photolu
nescence~PL! and PL excitation~PLE! measurements, a tun
able titanium-doped sapphire solid-state laser was used a
excitation source. The emitted light from the samples w
detected by a 1-m double-grating monochromator and
cooled GaAs photomultiplier. For the polarization-depend
measurements we have employed the photoelastic mod
tion technique.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The profound impact of many-body effects is illustrat
by the development of the PL and PLE spectra with incre
ing hole concentration in Fig. 1. The PL spectra are do
nated by the fundamental recombination between phot
duced electrons from the lowest conduction band and h
from the highest occupied two-dimensional~2D! heavy-hole
~hh! subbands~labeledA). This peak exhibits a significan
redshift as the hole concentration increases. The shift m
sures up to 20 meV for the sample with the highest acce
doping ~sample No. 196! relative to the undoped referenc
sample. The observed redshift is attributed to the BGR du
the exchange and correlation effects on the free carri
However, this redshift is reduced with decreasing exci
binding energy, resulting in an increasing~exciton! recombi-
nation energy. As reported earlier, the oscillator strength

TABLE I. Acceptor concentrations and estimated hole sh
concentrations.

Sample No. Na (cm23) p (cm22)

Ref. undoped -
193 131018 0.731012

194 231018 1.331012

195 431018 2.231012

196 831018 3.131012
2794 ©2000 The American Physical Society



e
a
th

ib
it
-
s

a

fi
e
s
re
g
in
is

in
L

ents
s
toff
e
an

ain

toff
rgy
ct
b-
LE

ned
, the
ar at
.

to
of
nd
or
f

ady
ntra-
-

ple,

her-
se-

ur
in

ith
lf-

thin
the

. In
he
the

ith

ve-
of
and
is

we
ved
this
ns.
ity,
an
alid
nge-
en-
sed

P
P
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the exciton drops rapidly, as the hole concentration exce
231011 cm22.13 It is accordingly reasonable to assume th
the excitonic effects are already essentially bleached in
main PL recombination in the low doped sample~No. 194!.
Consequently, it is in essence the BGR which is respons
for the PL shift at higher doping levels. For the samples w
highest doping~Nos. 195 and 196!, an enhanced recombina
tion is observed on the very end of the high-energy tail a
separate, well-defined peak~labeledB in Fig. 1!. As the tem-
perature is raised, this peak is progressively smeared out
disappears completely at'25 K. From polarization-
dependent PL measurements, demonstrated in Fig. 1, we
that peakB has a light hole~lh! character as illustrated by th
negatively polarized (s2) spectra. The interpretation of thi
peak will be further expounded upon below. The featu
labeledC and D in Fig. 1, displaying an obvious dopin
dependence, are interpreted as impurity-related recomb
tions in the QW, which will not be further discussed in th
paper.

The PLE spectra are also significantly affected by an
creasing carrier concentration. The hh- and lh-related P

FIG. 1. The evolution of the PL and PLE spectra~thick lines!
measured at 2 K with different acceptor concentrations@Na#. The
detections for the PLE were at the low-energy tail of the main
emissions. The corresponding lh and hh contributions for the
and PLE spectra are also displayed ass2-polarized~thin lines! and
s1-polarized~broken lines! spectra, respectively.
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spectra, derived from polarization-dependent measurem
(s1 and s2, respectively!, exhibit a steplike feature a
expected from a quasi-2D system. The low-energy cu
edge for thes1 ~hh! PLE component, associated with th
phase-space filling of the hh subbands is observed with
increasing energy separation, up to 30 meV, from the m
PL peak. However, this behavior is not seen for thes2 ~lh!
component, where instead a redshift of the low-energy cu
edge due to the BGR is observed with a constant ene
separation of 8–10 meV from the main PL peak. This fa
indicates that the filling effect applies only to the hh su
bands. The excitonic enhancement is evident in the P
spectrum of the undoped reference sample with well-defi
exciton peaks. As the acceptor concentration increases
sharp excitonic peaks are smeared out, to finally disappe
high hole densities at which only steplike features remain

Excitons related to unoccupied bands, such as lh1-e1 and
hh2-e2, remain observable for acceptor concentrations up
431018 cm23 ~corresponding to a sheet density
2.231012 cm22) as can be seen for sample Nos. 193 a
194. This is similar to what was previously reported f
n-type well-doped QW structures14 but about one order o
magnitude lower than for correspondingp-type structures.15

For the occupied hh1 band, the related exciton is alre
quenched in the low-doped sample at an acceptor conce
tion below 131018 cm23. However, from our temperature
dependent measurements~not shown!, this exciton is found
to recover again at higher temperatures for every sam
e.g., above 40 K for sample No. 193. Huanget al.13 observed
a similar temperature dependence, and interpreted this t
mal behavior for the exciton as a confirmation for the pha
space filling to be the important quenching mechanism.

To describe the many-body effects taking place in o
structures quantitatively, we have performed calculations
order to theoretically predict the BGR for a comparison w
our optical results. The computing was initialized by a se
consistent calculation on the valence-band structure wi
the multiband envelope-function approximation by using
Luttinger-Kohn 434 Hamiltonian16 including the coupling
between hh’s and lh’s together with the Poisson equation
addition, the axial approximation was included, in which t
Hamiltonian becomes invariant under rotation around
growth direction ~along thez axis!. The results achieved
from the band dispersion relation for two of the samples w
extremal doping conditions~Nos. 193 and 196! are depicted
in Fig. 2. The subbands are labeled according to their wa
function properties at zero wave vector. Note the ordering
the subbands with hh character for the second subband
those with lh character for the next higher subband, which
a typical characteristic for wide wells. Subsequently,
make use of the valence-band structure previously deri
together with the proper effective masses evaluated from
valence-band structure as an input for the BGR calculatio3

In this way, the valence-band mixing and nonparabolic
which otherwise give rise to a more narrow Fermi width th
expected from a parabolic band with the effective mass v
at the band edge, are automatically included. The excha
correlation energy leading to the BGR and lifetime broad
ing effects in the random-phase approximation are expres
as1

L
L
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k
x~q,v!
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2

Nl ṽq

ik J , ~1!

where N, k, and x(q,v) are the number of carriers, th
background dielectric constant, the coupling constant,
the carrier susceptibility, respectively. Since we are dea
with QW of finite width and fairly high carrier concentra
tions, the matrix element for intralevel processes is not w
represented by a strict 2D matrix element in which the fin
extension of the wave function perpendicular to the wel
neglected. Also, the validity of this approximation deter
rates as the momentum transfers for the important proce
increase. In our earlier work17 on QW with p-type doping
inside the well, we found that the calculations based o
strict 2D approximation break down at high hole concent
tions. Thus finite confinement is assumed in our case, and
tilde over the Coulomb interaction indicates that the strict
matrix elements have been modified to take this effect i
account, according to4

ṽq5C~q!vq5C~q!
2pe2

q

C~q!5E
2W2

W2

dzE
2W2

W2

dz8uw~z8!u2e2quz82zuuw~z!u2, ~2!

FIG. 2. A comparative plot of the dispersion curves for the h
band at two different hole densities calculated within the axial
proximation. The broken and solid lines denote the results for
hole densities corresponding to the lowest~No. 193! and highest
~No. 196! doping. The inset shows the results for the self-consis
potential of the valence band~thin line! and the hh1~thick line! and
the hh2~dashed line! envelope functions for sample No. 196.
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whereW is the width of the well. The self-energy shifts hav
been derived within the Rayleigh-Schro¨dinger perturbation
theory, where the shift of a statek is obtained as a variationa
derivative of the total interaction energy with respect to t
occupation number for that state:

Sk5
d~NExc!

dnk
. ~3!

In Fig. 3, the numerical results on the BGR shifts f
different approaches of the BGR are presented and comp
with the experimental results in Fig. 1. It is clearly seen th
the simple Hartree interaction has only a minor effect on
observed shift of the main PL band. The predominant c
tribution to the shift instead originates from the many-bo
self-energy shift~see Fig. 3!. However, the strict 2D approxi
mation overestimates the shift~by a factor of'3!, while the
approach based on the finite well width provides a clo
agreement with the experimentally observed shift. Sub
quently, these calculated results also show that the lh s
band is not populated for all samples, as proposed above,
the lh subband experiences an exchange-correlation e
similar to the filled hh bands.

We turn our attention to the interpretation of peakB. The
enhanced emission in the vicinity of the Fermi level is us
ally described in view of the Fermi-edge singularity~FES!
with two possible conditions: The localization effect of fre
photogenerated carriers5 and the carrier scattering betwee
the Fermi edge and the next unoccupied lh subband.6,7 How-
ever, we are dealing with the well-controlle
GaAs/AlxGa12xAs system with limited interface roughnes
Accordingly, the first condition is rarely fulfilled. Also the
small effective electron mass in GaAs leads to a large re
of the scattered electron and hence the destruction of the
recombination.8–10 The FES associated with the latter cond
tion is unlikely to be observed, since the coupling of a F

-
e

t

FIG. 3. The experimental results for the BGR shift of th
e1-hh1k50 ~squares!, e1-hh1k5kF

~circles!, and e1-lh1 ~triangles!
related transitions as a function of hole concentration. The th
lines, thin lines, and broken lines show the results of the calc
tions for thee1-hh1k50 , e1-hh1k5kF

, ande1-lh1 transitions with
different theoretical approaches. ‘‘Zero energy’’ refers to the eff
tive band gap obtained from the reference sample.
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PRB 61 2797MANY-BODY EFFECTS IN HIGHLY p-TYPE . . .
with virtual transitions to other hole subbands cannot
achieved in a QW system with a symmetric confin
potential.9,10 The experimental verifications of FES existin
in similar systems are very rare; only weak features are
served in single QW,11,12 where the symmetry is easily bro
ken. Moreover, FES recombination is expected to main
its hh character. Combining the above facts together with
lh character of peakB observable in polarization- depende
PL, the interpretation of peakB as FES recombination can b
ruled out.

Our interpretation of peakB is based on an inspection o
the valence-band structure~see Fig. 2!. As the Fermi level
approaches the lh band at higher hole concentrations~e.g., in
sample Nos. 195 and 196!, there is an efficient level broad
ening of the subbands arising from the carrier-carrier in
action, the so-called band-tail effect. This allows the lh ba
tail below the Fermi level to be partially populated and co
tribute to an enhanced recombination, observed as peaB.
To confirm the interpretation, we introduce a theoreti
modeling of the PL line shape using the approximation1

I ~V!}E
2`

` dv

~2p!2E d2k

~2p!2 ne~v!Ak
e~v!

3nh~V2Eg2v!Ak
h~V2Eg2v!, ~4!

where A(v) and n(v) are the spectral function and th
Fermi-Dirac occupation number, respectively:

Ak
i ~v!

2p
5

1

p

2Im S i~k!

$v2@«k
i ,0\1ReS i~k!#%21@ Im S i~k!#2 ,

~5!

ni~v!5
1

expb@v2m i #11
, i 5e,h.

To calculate the PL line shape we need the self-ene
shifts as derived previously, and the assumption ofk conser-
vation. The PL line-shape functions as obtained from Eq.~4!
are compared with the experimental results in Fig. 4. As
be seen, the experimental data agree nicely with the theo
ical predictions, indicating that our model, based on
band-tail effect alone can explain the appearance and PL
shape of peakB. We address the small deviation from th
experimental results on the following facts: First we igno
effects of the valence-band anisotropy which is negligible
the BGR result but has to be taken into account for cal
lated line shape of peakB. Second, our line shape calcul
tions rely on the assumption ofk conservation. It has bee
k,
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theoretically demonstrated that the non-k-conserving pro-
cesses, e.g., scattering via ionized impurities embedde
the barrier,18 is also important for the PL line shapes. How
ever, such processes can be regarded as small for these
tures with thick spacers.

IV. CONCLUSIONS

We have investigated many-body effects inp-type
modulation-doped QW for the high doping regime~up to
831018 cm23). A significant redshift of the optical spectr
due to the band-gap renormalization has been observed
found to be in close agreement with our theoretical pred
tions. We also report on an observation of an enhanced
combination at the Fermi edge inp-type QW’s, exhibiting
light-hole character. Finally, the survival of excitons wi
increasing hole density has been studied. A striking diff
ence for the survival of excitons between heavy and lig
hole-related excitons is reported.
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FIG. 4. Comparison of the fully calculated line-shape functio
~thick lines! with the PL data~squares! as shown in Fig. 3. The
calculated lh~thin lines! and hh~broken lines! contributions are also
presented. The reference energyE50 corresponds to the renorma
ized band gap as given in Fig. 3.
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