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Many-body effects in highly acceptor-doped GaAs/AlGa; _,As quantum wells

P. O. Holtz, A. C. Ferreira, B. E. Sernelius, A. Buyanov, and B. Monemar
Department of Physics and Measurements Technology, hingdJniversity, S-581 83 Linking, Sweden

O. Mauritz and U. Ekenberg
Department of Physics, Royal Institute of Technology, S-100 44 Stockholm, Sweden

M. Sundaram, K. Campman, J. L. Merz, and A. C. Gossard
Center for Quantized Electronic Structures (QUEST), University of California at Santa Barbara,
Santa Barbara, California 93016
(Received 12 November 1997

The optical properties of quantum wells, which are center-doped with acceptors up to the high doping
regime, 1x 10'° cm~3, 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 effef80163-18208)07432-3

[. INTRODUCTION to be formed by electrons and holes with the same momen-
tum. Accordingly, in the case of excitation of tleehh exci-

The free-exciton(FE) states in a semiconductor are tons at low temperature in highly acceptor doped QW's, ex-
formed from the free-particle states of the conduction ancitons are formed by electrons and holes with the momentum
valence bands. In a heavily doped semiconductor the pregharacterizing the heavy-hole states at the Fermi edge. The
ence of a large number of carriers strongly affects the excitoR@nd-filling effect consequently gives rise to a blueshift in
propertiest In bulk semiconductors the screening may bePLE compared to the peaks in PL, in addition to the usual
strong enough to inhibit the exciton formation. Thus there isStoke’s shift due to interface roughness. The light Heie
an upper limit of free-carrier density, above which the exci-States, on the other hand, are unoccugiedhave a small
tons do not survive. In bulk GaAs, excitons are quenched@Cccupancyalso at the band extremum under our conditions,
already at doping levels around #@m~3, which is well which in turn results in formatlon of light-hole excitons from
below the metallic limif In n-type GaAs/AlGa, _,As quan- electrc_ms and hole_s only with momentum close to zero. Thus
tum well (QW) structures, on the other hand, excitons aref[here iS no blues_hlft of the electrqn—hght-hole exciton peaks
found to survive all the way up to the degenerate limit, dugn the PLE relative to the Pl(besides the Stoke’s shifin
to the inefficiency of screening in a two-dimensiogaD) ~ Our case. We calculate the energy of all these states in two
systent In this work, we have highlighted the topic of sur- Steps. In the first step, a self-consistent Hartree calcuPion
vival of excitons at and above the degenerate limipitype  Performed, neglecting many-body effects. In the second step,
GaAs/ALGa,_,As QW's. There is an additional effect from We add the many-body effects.
the presence of the free carriers to take into account, viz., the
shifts of the electron and hole states induced by many-body Il. THEORY
interactions. We make the basic assumption that the many- . . .
body shifts characterizing the free carrieFr)s survive when th}é we haye determmeq the_ hole supb_and dlspersu_)ns by a
excitons are formed, i.e., we assume that the exciton ener If—c9n3|stent calc.ula_non with the Sctjmge_r an_d Poisson
attains a many-body shift equal to the sum of the energ%éuat'ons' The kinetic-energy operator is given by the

shifts of the free-electron and -hole states from which theD::\tllvnegeir'tﬁghhnegamr:g?enslaaﬁgm%h"'nﬁtll?%elessthlf i??ﬁragagrr]al a
exciton is formed. The screening and the many-body shift vy 9 : 9

have opposing effects on the exciton enetdy. our treat- 454 matrix but can be decoupled into two<2 matrices|

ment we neglect the effect of screening of the electron-hole
interaction.

In the photoluminescenc@Ll) experiment, the electrons
are excited across the band gap. Exciton states can be form
from the free-particle states at the band extrema. At low or
moderate doping levels, only excitons originating from elec- 52
trons ) at the bottom of the conduction band and heavy A=

A, CTiB

C*+iB A_ [ (13

ere

2
mrn><k§+k§)+(n:%) ki},

holes(hh’s) at the top of the valence band are formed at low 2mo

temperatures. In the PL excitatiqRLE) experiment, there 52

must be unoccupied free-hole and free-electron states avail- B=—— [2V3 y3(kek,— ikyk)],
able for the formation of excitons. The excitons are assumed 2mq
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K2 s o _ In the calculations of the self-energy shifts, we neglect
C= 2m, [—V3vya(k;—kj) —2V3ysikeky]. (1D interband transitions. With these approximations we can treat
the carriers as three different particles, electrons, heavy

We have applied the axial approximatidn which an aver- holes, and light holes, respectively. These partictes move in a
age dispersion in they plane is assumed. This correspondsdas of heavy holes. In this part of the calculation, we also
to replacingy, and ys in term C in the matrix above by neglect nonparabolicities in the dispersion of the bands. This
(y,+ v3)/2. For the symmetric potential in this problem, Meéans th.at the electrons, heavy holes, and light holes are
both matrices give the same subband structure correspondifgaracterized by the effective masses,, my,, andmy,,
to a twofold spin degeneracy. Current-conserving boundar spectively. Due to the Fermion statistics and the repulsion
conditions are fulfilled with the use of a modified variational Petween each pair of heavy holes, a heavy hole is surrounded
method described elsewhéreThe calculations are per- by an exchange-correlation hole. This exchange-correlation
formed for a series of hole concentrations. In all cases conP0le is negatively charged while the heavy hole is positively
sidered here, only the uppermost=1) heavy-hole subband charged. The interaction between these charged species leads
(hh1) is found to have an equilibrium population of holes. {0 @ negative energy contribution for the heavy hole—a self-
The effect of nonparabolicity is includéd. energy_shlft. The excha_nge-correlanon hole always_ contains
The many-body effects in a QW can be incorporated in®"€ unit of cherge but its shape, and hence the size of the
different ways. One way is to add an effective exchange§e|f'ener9¥ shift, depends on the state_of the heavy hole. A
correlation potential to the Hartree potential used in the selflight hole is surrounded by a correlation hole due to the
consistent solution of the Schdimger-Poisson equations. reépulsion between light holes and heavy holes. There is no
This many-body potential depends on the local three£Xchange eontrlbutlon in thl_s case. The interaction between
dimensional density of carriers and is the same for the diffhe correlation hole and the light hole also leads to a negative
ferent sublevels. Inclusion of this potential leads to a veryenergy shift for the light hole. An electron is surrounded by
small change in the dispersion of the bands and the sublevef enhancement of the heavy-hole concentration due to the
are shifted more or less rigidly. In the present work, theelectron—heavy—hole attraction, which results in a negative
change in dispersion with increasing carrier concentration i§hift of the electron energy. Thus all three types of particles
important and therefore this approach is not so useful. peattain negative energy shifts due to the interaction with the
sides, the local exchange-correlation potential is obtained fo#@s of heavy holes. _ . _
neutral systems and the QW is locally not neutral, since there A Similar energy shift is obtained from the interaction
is a space separation in tizedirection between the dopant yvlth the acceptors. Both types of holes are attracted by the
charges and the neutralizing carriers. This leads to an uncel@ns and stay close to them. The electrons, on the other hand,
tainty as to whether the use of a local exchange-correlatiod'® repelled by the ions and tend to avoid them. This leads to
potential can be applied in the QW calculatidAsinother @ reduction of the energy for.all .types.of carriers. We neglect
way to incorporate the many-body shifts is to treat the Har_the_effects from these carrier-impurity interactions on the
tree contribution and the contribution from carrier-carrier 8citon energy. Since the exciton is neutral, this interaction
scattering on an equal footing and calculate the energy shift§ Of short-range character and should have only a minor
in perturbation theory, as was done in Ref. 10. effect on the FE. The major dl_fference, in this respect, l_)e-
We follow a third path. We first solve the Hartree prob- tween the parUcI_e interaction vv_lt_h the heavy hole and the ion
lem and then use this solution as basis for a perturbatioff that the latter is fixed in position. o
expansion where the electron-electron interaction is the per- |he many-body shifts are derived in a 2D approximation,
turbation. One important difference between center-dope@€rformed in a pure random-phase approximati@PA)
QW’s and s-doped bulk structures is that the separation bej_NI'[h I—_|ubbard’s Iocel field correction. It turns out that the
tween the sublevels is much larger in the QW case. Théclusion of a local field correction has only minor effect_s on
system is here closer to a strict 2D system. The interbanf€ results. The results we present here are those with the
transitions are less important. If one neglects these interbarl@c@l-field correction included. The many-body effects are
transitions the system behaves, in principle, like a 2D sysderived within the Rayleigh-Schdinger perturbation theory,
tem. The only difference is the matrix elements for the scat®F On-the-mass-shell perturbation theét'yt_t this theory, the
tering processes, which are modified due to the finite extensingle-particle energy for a statk,() is defined as the varia-
sion of the carrier wave functions in thedirection. This  tional derivative of the total energy with respect to the occu-
modification is negligible for processes with small momen-Pation number for statek(i), i.e.,
tum transfers. The important contributions to the many-body
effects originate from scattering processes with momentum
transfers smaller than two times the Fermi momentum. Thus, =
for a fixed well width, there is an upper limit in the carrier Bki™ oni.
concentration for the validity of a strict 2D treatment of the
problem. A more narrow well pushes this limit towards
higher concentrations. In our case the estimated upper limivhereE,y is the total energy. The first term on the right-hand
of the carrier concentration for a strict 2D treatment is ap-side is the unperturbed single-particle enefiipe kinetic en-
proximately 6< 10'* cm™2, which corresponds to an accep- ergy) and the second term is the self-energy from the inter-
tor concentration of X 10'® cm 2 in the doping sheet. For actions. The index runs over the electrons, light holes, and
higher concentrations, the strict 2D treatment overestimateseavy holes.
the many-body shifts. The total interaction energy can be written as

=&y TH3y;, (2
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wherev,=2me?/q is the 2D Fourier transform of the Cou- $ IM
lomb potential \ is the coupling constant for the interaction, i
¢ is the dielectric constant for GaAs, ands the volume of g GM
the system, respectively. The total number of carriers of type ~ %
i is represented biN;. The dielectric function in Eq(3) is n |3X107 cm
the test-particle function, i.e., g ZM
eN(g,0)=1+Nage(q,0) + N ag (g, ) 2§ 1x10" e’
Nag (0, ) 5x10" cm?® ‘ \
T fa(Aaom @) 4 149 150 151 152 153 154 1.55

Energy (eV)

The polarizabilitiese for the light holes and electrons are , : )
FIG. 1. PL spectra at different doping concentrations. All spec-

included in such a way that the variational derivative with . . .
tlra are normalized. The acceptor bound excitons dominate even at

respect to the occupation numbers for these particles wil ; . X . .

. . low doping concentrations. The FEintensity decreases continu-

produce the corresponding self-energy shifts. When the deri- LS . .

. . L ously with increasing doping.
vation has been performed, these polarizabilities can be se

equal to zero. The polarizabilities are the 2D RPA functions

X X o [ f he “ ional” BE at high
We have used Hubbard’s local-field correction, which in 2Dcomponent emerges from the “conventiona at higher

doping levels. This second component has been interpreted

is given by as an exciton bound at interacting acceptors instead of the
1 exciton bound at the single acceptor as is the case for the
fr(q)== . (5y  “conventional” BE.'” This occurs when the average dis-
H 2 2+ k2 .
q F.hh tance between the acceptors becomes comparable to or

smaller than the extension of the exciton wave function. At

higher acceptor concentratiofebove~2x 10 cm™3), the

BE peak start to overlap with the GaAs emissions. For the

same acceptor concentration, also a weak feature originating

Iil. SAMPLES AND EXPERIMENTAL TECHNIQUES from the light-hole related exciton, E can be seen in PL

The samples used in this work were grown by molecular&iréady at lowest tempe_ratur@sr(_aflecting the fact that the
beam epitaxy at a temperature of nominally 680 °C without"'™Mi level is approaching the light-hole subband. The en-
interruptions at the QW interfaces. The layers were grown or§'9Y Spacing between the heavy-hole recombination at the
a semi-insulating GaA%00 substrate with a 0.3%m un-  Fermi energy and the kEhas decreased ts4 meV due to
doped GaAs buffer layer. The Aba, As barriers were 150 filling of the hh subband. ,

A wide with x=0.3. The wells had a width of 150 A and  Figure 2 shows PLE spectra for three samples with dop-
were doped with Be in the central 20% at doping levels
varying from 3x 10'® up to 1x 10'° cm™3. The Stoke’s shift
caused by the interface roughness is srwa0.5 me\j in the
series of samples used. The hole concentrations in the QW
structures were obtained by Hall measurements.

For the PL and PLE measurements, ari Aon laser was
used to pump a tuneable 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. All optical mea-
surements presented here were performed at 2 K.

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

IV. RESULTS AND DISCUSSION

Photoluminescence Intensity (arb. units)

Figure 1 displays the development of the PL spectra with
increasing acceptor concentration. As can be seen, the exci-
tonic peaks, the acceptor bound excit®@E) and the F,
are redshifted as the acceptor concentration increases. Also, FIG. 2. PLE spectra for QW’s with doping level above the de-
the BE gains intensity versus the [fgRvith increasing accep- generate limit €1x10®cm™3): 1x10® 5x10'% and 1
tor concentration due to the increasing probability for a FE tox 10'° cm™3, respectively. Excitons are clearly seen even for the
become trapped at an acceptor. In addition, a second BEighest doping concentration shown.

1.52 1.53 1.54 1.55 1.56
Photon Energy (eV)



PRB 58

MANY-BODY EFFECTS IN HIGHLY ACCEPTOR-DOPE . ..

4627
y 1567
a) FE,, PL (k jk_,=0)
2 1.55
~
E‘g !?1.54 T e X x
‘?"s é T N B
FE 1.53 [ Excluding Many Body Effects \\
4 —— - Including Many Body Effects :
L gl Emperimental
2 10" 10° 10" 10" 10" 10"
. Hole Concentration (em™)
14 15 16 17 18 19
10 0 Holelcooncentratl‘i?m (em™) 1 10 1'56)‘ ‘ T ‘ / ‘ ‘("
b) FE,, PLE (k;k, =k ) / ‘
FIG. 3. Theoretically predicted renormalization of electron, ya /
heavy-hole, and light-hole subbands with the hole concentration at ~ 1-85| e )
the bottom of the bandkE0) together with the corresponding N < B /
dependencies of the electron and heavy-hole subbands at the Fermi < P T T /
wave vector kg) are shown in the figure. :,:31'54— ' \‘\; X\/ /”
‘,5 i RN X x/ x
ing concentrations above the degenerate limit1( 1.53 Excluding Many Body Effects  ~~
X 10" cm~3). The degenerate limit for these QW’s has been ) 'Z;;:’i:fnﬁal"y Body Effects
determined by using the classical Hall effect in the dark. gpglos i i i i L
According to a procedure described in an earlier wénke U0 10® 10 107 10® 107
concluded that the sample exhibited “metallic” character Hole Concentration (cm”)
and the hole gas was degenerate, if no dependence of the ;.. S —
Hall concentration on the temperature was exhibited in the i
interval from helium temperature up to room temperature. © FE,, PL (k jk,=0)
Three distinct peaks are observed: The acceptor BE,, FE 155 - . - _
and FE,, respectively. Even though the doping concentration N T e X
is well above the degenerate limit, the excitons are still ob- & )X s
served3 also at the highest doping level shown. Asifeype §1.54 " x k%
QW'’s,” the presence of excitons at such a high doping con- g .
centration is mainly due to the inefficiency of screening in a . . AN
2D systent? The light-hole band is normally empty at low d — f,ff,’;‘gf,'fﬁnﬂfgfi gggj sff;:.fttss N\
temperatures for moderately doped samples, but as described % Experimental N
above, for the degenerate sample, concentration of 2 .52 Lo
X 10" cm™3) the FE, is observable also in P13 which in 10 10” 10" 107 10 107

. -3
turn implies that the Fermi level is approaching the light-hole Hole Concentration (cm™)

band. . o . FIG. 4. Peak position dependencies of the FE's on the hole
The exciton binding energy is assumed to be constankoncentration fofa) FE,, in PL, (b) the FE, in PLE, and(c) FEj,
According to our experimental dat®LE), the binding en- iy pLE.

ergy is approximately constant for doping levels up to at
least 510! cm 3. The band-gap renormalization depen- effect of many-body interaction is illustrated. In the first
dence, however, is sensitive to the hole concentration angraph, only the phase-space filling is taken into account, dis-
exhibits a strong dependence. This is clearly illustrated imegarding any many-body effect, while both phase-space fill-
Fig. 3, where the theoretically predicted dependencies of thang and many-body effects are included in the second graph,
electron, light-hole, and heavy-hole subbands shift with theas described above. Here, the,FEnd FE, at the bottom of
hole concentration at the bottom of the bakd=Q) and at the band(i.e., ke=k,,=k=0), have the same dependence
the Fermi wave vectorkg) are shown. The renormalization on the hole concentration. In Fig. 4, our theoretical predic-
effects for the light-hole and heavy-hole bands are differenttions are compared with experimental results achieved for
with a stronger effect for the heavy-hole band. Furthermorethe dependence of the FE energy position on the hole con-
the subband shifts &=0 and at the Fermi levekE=kg) are  centration. By comparing the effect excluding and including
significantly different for the electrons, while the corre- many-body interaction, respectively, we can conclude that
sponding difference for the heavy-hole subband is quitenany-body effects are important already at low hole concen-
small. This effect contributes to a different band-gap shifttrations, where a commencement of a deviation between the
deduced from PL and PLE data, respectively. two graphs is observed.

In Fig. 4, the theoretically predicted energy position of the It should be kept in mind that this theoretical model still
FE's is plotted as a function of the hole concentration. Thanvolves significant approximations, which might not be ad-
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equate in the high hole concentration regime. For the heavy- V. SUMMARY
hole band, the actual dispersion curve becomes flatter for A combined experimental and theoretical study on

higher momentum. The many-body effects become increasyceptor-doped QW's up to concentration levels well above
ingly important with increasing effective mass. Thus the nethe degenerate limit is presented. It is concluded that many-

glect of nonparabolicity effects underestimates the manypody effects including exchange and correlation provide a
body effects for high hole concentrations. Also, the 2Dfirst-order correction to the exciton energy already at moder-
approximation does not hold for hole concentrations exceedate doping levels in the acceptor center-doped QW struc-
ing 2x 10'® cm™3. Another complication is that the chemical tures. Excitons are found up to a hole density of°ign3,
potential approaches the light-hole band edge. This meankhe theoretical approximations used are estimated to be
that intersubband transitions can no longer be neglected@lid for densities up to around>210'® cm™>.

It also implies that holes start to occupy the light-hole
band and that the increase kg with density is reduced.
This may explain the fact that the experimental results in A.C.F. gratefully acknowledges financial support from
Fig. 4b) are not blueshifted for high densities. RHAE/CNPq, Brazil.
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