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Many-body effects in highly p-type modulation-doped GaAs/A|Ga; _,As 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, up20 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~2x 102 cm 2.

[. INTRODUCTION sample. The hole sheet densities as derived from Hall-effect
measurements are presented in Table |. For the photolumi-
In highly doped semiconductors, many-body interactionsnescencéPL) and PL excitatiorfPLE) measurements, a tun-

caused by the presence of a large number of carriers give risgble titanium-doped sapphire solid-state laser was used as an
to considerable modifications of the physical properties. Thexcitation source. The emitted light from the samples was
resulting exchange and correlation interactions induce detected by a 1-m double-grating monochromator and a
shrinkage of the fundamental band gap as well as highezooled GaAs photomultiplier. For the polarization-dependent
subbands, the so-called band-gap renormaliza@@®R).:1~*  measurements we have employed the photoelastic modula-
The fundamental electron-hole interaction, such as the fortion technique.
mation of excitons, is also affected at higher carrier concen-
trations. Due to the onset of many-body screening and the . EXPERIMENTAL RESULTS AND DISCUSSION
exclusion principle, the fundamental excitons become un- _ o
stable at moderate densities and are quenched at higher con-The profound impact of many-body effects is illustrated
centrations. This is contrary to the Mahan-type exciton, thdy the development of the PL and PLE spectra with increas-
so-called Fermi-edge singularity>which has been reported ing hole concentration in Fig. 1. The PL spectra are domi-
to survive to high electron densities. So far, investigations oated by the fundamental recombination between photoin-
many-body effects inp-type modulation-doped quantum duced electrons from the lowest conduction band and holes
wells (MDQW’s) have only been reported for acceptor con-from the highest occupied two-dimensioriaD) heavy-hole
centrations up to moderate levels where the observed (hh) subbandslabeledA). This peak exhibits a significant
many-body effects, e.g., the BGR, are comparable with th&éedshift as the hole concentration increases. The shift mea-
concentration dependence on the exciton energy. In thigures up to 20 meV for the sample with the highest acceptor
work, we report on many-body effects caused by high holeloping (sample No. 196relative to the undoped reference
densities inp-type MDQW's at which the exciton energy Sample. The observed redshift is attributed to the BGR due to
variation is significantly smaller than the BGR, as observedhe exchange and correlation effects on the free carriers.
in our optical spectra and compared with theoretical predicHOWGVGF, this redshift is reduced with decreasing exciton

tions on the many-body effects. binding energy, resulting in an increasifexcitorn) recombi-
nation energy. As reported earlier, the oscillator strength of

Il. SAMPLES AND EXPERIMENTAL SETUP TABLE |. Acceptor concentrations and estimated hole sheet
The samples used in our study are symmetricalchoncemrat'ons'

MDQW'’s grown by molecular-beam epitaxy. On top of a 3 2

<. . Sample No. N, (cm cm
semi-insulating GaAs substrate and a GaAs buffer layer, 50 P a ( ) P )
periods of 150-A-wide undoped GaAs wells were sand- Ref. undoped -
wiched between 150-A-thick ALGa, sAs barriers, and fi- 193 1x 108 0.7x 10%?
nally a GaAs capping layer. In the center of each 194 2x 108 1.3x10%2
Al,Ga,_,As barrier, a 50-A-thick Be-doped layer was 195 4x10'8 2.2x10%
grown. A series of samples was prepared with varying ac- 196 8x 1018 3.1X 102

ceptor concentration together with an undoped reference
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#Ref
I Undoped

—hhl-el

| N,=2x10"

¥194

A

Photoluminescence intensity (arb. units)

1480 1500 1.520 1.540 1560 1.580 1.600 1.620 1.640

Photon energy (eV)

2795

spectra, derived from polarization-dependent measurements
(oc+ and o—, respectively, exhibit a steplike feature as
expected from a quasi-2D system. The low-energy cutoff
edge for thes+ (hh) PLE component, associated with the
phase-space filling of the hh subbands is observed with an
increasing energy separation, up to 30 meV, from the main
PL peak. However, this behavior is not seen for dghe (lh)
component, where instead a redshift of the low-energy cutoff
edge due to the BGR is observed with a constant energy
separation of 8—10 meV from the main PL peak. This fact
indicates that the filling effect applies only to the hh sub-
bands. The excitonic enhancement is evident in the PLE
spectrum of the undoped reference sample with well-defined
exciton peaks. As the acceptor concentration increases, the
sharp excitonic peaks are smeared out, to finally disappear at
high hole densities at which only steplike features remain.
Excitons related to unoccupied bands, such asth’nd
hh2-e2, remain observable for acceptor concentrations up to
4x10"® cm 2 (corresponding to a sheet density of
2.2x10% cm ?) as can be seen for sample Nos. 193 and
194. This is similar to what was previously reported for
n-type well-doped QW structur&sbut about one order of
magnitude lower than for correspondipgype structures®
For the occupied hhl band, the related exciton is already
quenched in the low-doped sample at an acceptor concentra-
tion below 1x 10*® cm™3. However, from our temperature-
dependent measuremerit®t shown, this exciton is found
to recover again at higher temperatures for every sample,
e.g., above 40 K for sample No. 193. Huaetgal 1® observed
a similar temperature dependence, and interpreted this ther-
mal behavior for the exciton as a confirmation for the phase-
space filling to be the important quenching mechanism.

FIG. 1. The evolution of the PL and PLE specfthick lines To describe the many-body effects taking place in our
measured a2 K with different acceptor concentratiofbl,]. The  structures quantitatively, we have performed calculations in
detections for the PLE were at the low-energy tail of the main PLorder to theoretically predict the BGR for a comparison with
emissions. The corresponding Ih and hh contributions for the Plour optical results. The computing was initialized by a self-
and PLE spectra are also displayedras-polarized(thin lineg and  consistent calculation on the valence-band structure within
o+ -polarized(broken lineg spectra, respectively. the multiband envelope-function approximation by using the

Luttinger-Kohn 4x4 Hamiltoniart® including the coupling
the exciton drops rapidly, as the hole concentration exceedsetween hh’s and Ih’s together with the Poisson equation. In
2x 10" cm™ 2.3t is accordingly reasonable to assume thataddition, the axial approximation was included, in which the
the excitonic effects are already essentially bleached in thelamiltonian becomes invariant under rotation around the
main PL recombination in the low doped samfido. 194.  growth direction(along thez axis). The results achieved
Consequently, it is in essence the BGR which is responsiblérom the band dispersion relation for two of the samples with
for the PL shift at higher doping levels. For the samples withextremal doping condition@Nos. 193 and 196are depicted
highest dopingNos. 195 and 196 an enhanced recombina- in Fig. 2. The subbands are labeled according to their wave-
tion is observed on the very end of the high-energy tail as dunction properties at zero wave vector. Note the ordering of
separate, well-defined peélebeledB in Fig. 1). As the tem-  the subbands with hh character for the second subband and
perature is raised, this peak is progressively smeared out anlbose with Ih character for the next higher subband, which is
disappears completely at=25 K. From polarization- a typical characteristic for wide wells. Subsequently, we
dependent PL measurements, demonstrated in Fig. 1, we fintdlake use of the valence-band structure previously derived
that peakB has a light holélh) character as illustrated by the together with the proper effective masses evaluated from this
negatively polarizedd—) spectra. The interpretation of this valence-band structure as an input for the BGR calculafions.
peak will be further expounded upon below. The featuredn this way, the valence-band mixing and nonparabolicity,
labeledC and D in Fig. 1, displaying an obvious doping which otherwise give rise to a more narrow Fermi width than
dependence, are interpreted as impurity-related recombinaxpected from a parabolic band with the effective mass valid
tions in the QW, which will not be further discussed in this at the band edge, are automatically included. The exchange-
paper. correlation energy leading to the BGR and lifetime broaden-

The PLE spectra are also significantly affected by an ining effects in the random-phase approximation are expressed
creasing carrier concentration. The hh- and Ih-related PLERS
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FIG. 3. The experimental results for the BGR shift of the
FIG. 2. A comparative plot of the dispersion curves for the holeel-hh1,_, (squarey el—hhlk:kF (circles, andel-lh1 (triangles
band at two different hole densities calculated within the axial aprelated transitions as a function of hole concentration. The thick
proximation. The broken and solid lines denote the results for theines, thin lines, and broken lines show the results of the calcula-
hole densities corresponding to the lowélb. 193 and highest tions for theel-hhl_,, el-hhl._,_, andel-lhl transitions with
(No. 196 doping. The inset shows the results for the self-consistenjitferent theoretical approaches. “Zero energy” refers to the effec-
potential of the valence barithin line) and the hhithick line) and  {jve band gap obtained from the reference sample.
the hh2(dashed ling envelope functions for sample No. 196.
whereW is the width of the well. The self-energy shifts have
CfldN 1 been derived within the Rayleigh-Schiinger perturbation

Exc=— theory, where the shift of a stakds obtained as a variational

'Jox 2N
° derivative of the total interaction energy with respect to the
« de 1 occupation number for that state:
X E ' J z—ﬁ ——1
! e 1- ﬁ (q,w) S —5(N—EXC) (3
o X K™ sn,
N)\T/q In Fig. 3, the numerical results on the BGR shifts for
T Tk o @) different approaches of the BGR are presented and compared

with the experimental results in Fig. 1. It is clearly seen that
the simple Hartree interaction has only a minor effect on the

where N, «, and x(q,w) are the number of carriers, the observed shift of the main PL band. The predominant con-

background dielectric constant, the coupling constant, angiPution to the shift instead originates from the many-body
the carrier susceptibility, respectively. Since we are dealing®!-eneray shiftsee Fig. 3 However, the strict 2D approxi-
with QW of finite width and fairly high carrier concentra- /mation overestimates the shitty a factor of~3), while the
tions, the matrix element for intralevel processes is not wel@PProach based on the finite well width provides a closer

represented by a strict 2D matrix element in which the finite?9reément with the experimentally observed shift. Subse-
these calculated results also show that the |h sub-

extension of the wave function perpendicular to the well isquent!y,
neglected. Also, the validity of this approximation deterio- band is not populated for all samples, as proposed above, and

rates as the momentum transfers for the important processHi€ [h subband experiences an exchange-correlation effect

increase. In our earlier wotk on QW with p-type doping  SiMilar to the filled hh bands. _
inside the well, we found that the calculations based on a W& turn our attention to the interpretation of peakThe

strict 2D approximation break down at high hole concentra£nhanced emission in the vicinity of the Fermi level is usu-

tions. Thus finite confinement is assumed in our case, and tHly described in view of the Fermi-edge singularifES
tilde over the Coulomb interaction indicates that the strict 2DWith two possible conditions: The localization effect of free

matrix elements have been modified to take this effect intdnotogenerated carrierand the carrier scattering between
account, according fo the Fermi edge and the next unoccupied |h subBdrdow-

ever, we are dealing with the well-controlled

3 272 GaAs/ALGa ,As system with limited interface roughness.
vqa=C(q)vq=C(q) Accordingly, the first condition is rarely fulfilled. Also the
q small effective electron mass in GaAs leads to a large recoil

of the scattered electron and hence the destruction of the FES
recombinatior?~1° The FES associated with the latter condi-

w2 w2
C =f dzf dz' |e(z')|2e” 97 "4 o(2)|2, (2 At is : .
(@ w2 J-w2 le(2)] @)% @ tion is unlikely to be observed, since the coupling of a FES
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with virtual transitions to other hole subbands cannot be
achieved in a QW system with a symmetric confined
potential®*® The experimental verifications of FES existing

in similar systems are very rare; only weak features are ob’®
served in single QW**2where the symmetry is easily bro-
ken. Moreover, FES recombination is expected to maintain s
its hh character. Combining the above facts together with the
Ih character of peaB observable in polarization- dependent
PL, the interpretation of ped& as FES recombination can be
ruled out.

Our interpretation of peaB is based on an inspection of
the valence-band structufeee Fig. 2. As the Fermi level
approaches the lh band at higher hole concentratieuws, in
sample Nos. 195 and 186here is an efficient level broad-
ening of the subbands arising from the carrier-carrier inter-

#193

uni

arb

PL Intensity (

T

ac_tlon, the so-calleql band-tail effect_. This allows the Ih band 200 150 -100 50 00 50 100 150 200
tail below the Fermi level to be partially populated and con-
tribute to an enhanced recombination, observed as Beak
To confirm the interpretation, we introduce a theoretical
modeling of the PL line shape using the approximétion

Photon energy (meV)

FIG. 4. Comparison of the fully calculated line-shape functions
(thick lines with the PL data(squares as shown in Fig. 3. The

» do d%k calculated Inthin lines and hh(broken line$ contributions are also
1(Q)ex WJ 2—)2n9(w)A§(a)) presented. The reference enekgy 0 corresponds to the renormal-
—elem (2m ized band gap as given in Fig. 3.
hiO—E — hiO—E —

XN(Q=-Eyg— 0)A()—Ey—w), (4) theoretically demonstrated that the nlomwonserving pro-
where A(w) and n(w) are the spectral function and the cesses, e.g., scatte_ring via ionized impqrities embedded in
Fermi-Dirac occupation number, respectively: the barrier'® is also important for the PL line shapes. How-

, . ever, such processes can be regarded as small for these struc-
Alw) 1 —Im%'(k) tures with thick spacers.

27 mlo—[e%+Re3 (k) ]2+[ImS(k)]?’
©)
ni(w)= i=eh We have investigated many-body effects pmtype
expBlo—pu']+1’ ’ modulation-doped QW for the high doping reginep to
_ 8x 10 cm 3). A significant redshift of the optical spectra
To calculate the PL line shape we need the self-energy,e (g the band-gap renormalization has been observed and
shifts as derived previously, and the assumptiok 0bnser- ¢, nq to be in close agreement with our theoretical predic-
vation. The PL line-shape functions as obtained from@1. ions We also report on an observation of an enhanced re-
are compared with _the experimental res.ults in Fig. 4. As canompination at the Fermi edge imtype QW's, exhibiting
be seen, the experimental data agree nicely with the theorgiig hole character. Finally, the survival of excitons with
ical predictions, indicating that our model, based on th§ncreasing hole density has been studied. A striking differ-
band-tail effect alone can explain the appearance and PL ling,ce for the survival of excitons between heavy and light-
shape of pealB. We address the small deviation from the |, |a_related excitons is reported.
experimental results on the following facts: First we ignore
effects of the valence-band anisotropy which is negligible for ACKNOWLEDGMENTS
the BGR result but has to be taken into account for calcu-
lated line shape of peaR. Second, our line shape calcula- S.W. gratefully acknowledges financial support from the
tions rely on the assumption &f conservation. It has been Ministry of University Affairs, Thailand.
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