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By means of resonance Raman spectroscopy we have investigated intersubband transitions of
quasi-two-dimensional (2D) hole gases in p-type modulation-doped GaAs/Ga;_.Al.As quantum-
well structures. The observed excitations have an essentially single-particle character due to Landau
damping of collective excitations and due to single-particle scattering by energy-density fluctuations
under conditions of extreme resonance. In samples with well widths of typically 100 — 200 A and
2D hole densities p ~ 10! cm™2, we observe a characteristic variation of intersubband-transition
energies with laser frequency in depolarized and in polarized scattering configurations. This vari-
ation is caused by the nonparabolic subband dispersion of the 2D single-particle hole subbands.
Experiments under variation of p, by illuminating the sample with photons that have energies above
the band gap of the Ga;_.Al:As barriers, allow an estimate of the relative strengths of direct and
exchange Coulomb interactions. From these experiments a greater relative strength of the exchange
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interaction, in comparison to that found for 2D electron gases, can be deduced.

INTRODUCTION

In inelastic light scattering experiments one can ob-
serve intersubband excitations of two-dimensional (2D)
carrier systems in semiconductor quantum-well struc-
tures. These excitations can be of collective type, so-
called spin-density (SDE’s) and charge-density excita-
tions (CDE’s), or they can be single-particle excitations
(SPE’s). CDE'’s are shifted with respect to the corre-
sponding SPE due to direct and exchange Coulomb inter-
actions. The total amount of the corresponding collective
shift depends on the relative and total strengths of direct
and exchange Coulomb interactions. SDE’s have shifts to
lower energies due to exchange interaction.'™” The dif-
ference in excitation energy between SDE’s and CDE’s
belonging to the same intersubband transition is called
depolarization shift. CDE’ s and SDE’s can be separated
experimentally by polarization selection rules. Excita-
tions of collective character only exist if energetically well
separated from the spectrum of SPE’s (single-particle
continuum), whose width depends on the transferred in-
plane wave vector and on the shape of the single-particle
subband dispersion. Within a single-particle continuum
the collective excitations (SDE’s and CDE’s) decay into
uncorrelated electron-hole pairs® ® (Landau damping).

Many-particle interactions in 2D electron gases in n-
doped quantum-well structures have been extensively in-
vestigated by Raman spectroscopy (see, e.g., Refs. 7,
11-14). These experiments demonstrated the importance
of both the direct and exchange Coulomb interaction for
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determination of intersubband-transition energies of 2D
electron gases in n-doped GaAs/Ga;_,Al;As quantum-
well systems. In contrast, only a little information is
available about 2D hole gases. By means of resonance
Raman spectroscopy we have investigated intersubband
transitions of the 2D hole gas of p-type modulation-doped
GaAs/Ga;_ Al As quantum-well structures. The most
important feature of such systems is the strongly non-
parabolic subband dispersion of the single-particle hole
subbands due to mixing of heavy- and light-hole bands
for k|| # 0 (k; means the in-plane wave vector).1® This
nonparabolicity is definitely not negligible in the case
of p-doped samples of any material with zinc-blende or
diamond structure®'772° and also has to be taken into
consideration for n-doped quantum-well structures with
narrow band gap.?! Magnetotunneling spectroscopy, and
hot-electron-acceptor luminescence,?2"2¢ were recently
described as techniques which are able to probe the
complicated dispersion curves of hole states in 2D sys-
tems, where these methods can even study the cubic
anisotropy.24"26 For intersubband-transition energies of
2D hole systems measured by resonance Raman spec-
troscopy the subband nonparabolicity results in a char-
acteristic variation of the observed transition energies
(in depolarized as well as in polarized geometry) with
laser energy as reported previously.'”'® We briefly dis-
cuss this consequence of subband nonparabolicity in this
publication. Special attention in the present work is
paid to the influence of the nonparabolic subband dis-
persion on the scattering mechanisms for resonant exci-

18 387 ©1994 The American Physical Society



18 388

tation and hence on the character (collective or single-
particle) of the observed excitations. The first investi-
gations of intersubband excitations of 2D hole gases in
GaAs/Ga;_ Al As quantum-well structures by Raman
spectroscopy were made by Pinczuk and co-workers.?%27
These authors found that collective effects are of minor
importance in these samples. Their experiments showed
that for quite high hole densities (p = 5.8 x 10! cin~2)
the depolarization shift is smaller than for lower densi-
ties (p = 2 x 10! ¢cm™2) in contrast to theory.?® Theo-
retical calculations of Ando2?° predict that the depolar-
ization shift should increase with increasing carrier con-
centration p, as is the case in the 2D electron gas in n-
doped samples. We assume that the decreasing depolar-
ization shift in these experiments may be due to stronger
Landau damping of collective excitations at high dop-
ing concentrations.® For p = 5.8 x 10'! cm~2 the single-
particle continua of intersubband excitations are quite
broad, even for in-plane wave vector transfers q = 0
(vertical excitations in k|| space), so that the collective
excitations partly overlap the continuum of SPE’s and
hence are strongly Landau damped. In samples of lower
hoie density (p < 2 x 10! cm™2), as investigated in
this work, we assume that the single-particle character
of the hole excitations also dominates, again due to Lan-
dau damping of collective excitations and due to strong
single-particle scattering by energy-density fluctuations
under conditions of extreme resonance. The scattering by
energy-density fluctuations is caused by the nonparabolic
subband dispersion of the 2D hole subbands.

For a detailed discussion of this we provide some gen-
eral theoretical considerations in the following section
about scattering mechanisms (Sec. IA) and especially
about resonant single-particle scattering (Sec. IB) in p-
doped GaAs/Ga;_,Al,As quantum-well structures, tak-
ing into account the strong nonparabolicity of 2D single-
particle hole subbands. In Sec. II our experimental re-
sults are described. The effects of subband nonparabol-
icity on intersubband-transition energies are briefly dis-
cussed (Sec. ITA). Furthermore, the effects of many-
particle interactions on intersubband-transition energies
have been investigated. An estimation of the relative
strengths of direct and exchange Coulomb interaction is
given (Sec. JIB). Finally the results are summarized in
Sec. 1L

I. THEORETICAL CONSIDERATIONS

In this section some theoretical considerations are
given to explain the dominant single-particle character
of the observed intersubband excitations. In Sec. T A the
scattering mechanisms which may contribute to resonant
inelastic light scattering by intersubband excitations in
p-doped GaAs/Ga;. Al As quantum-well structures are
discussed. The inelastic scattering of light in 2D car-
rier systems is due to various density fluctuations of the
carrier system.?® The strong nonparabolicity of single-
particle hole subbands may be responsible for relatively
strong single-particle scattering by unscreened energy-
density fluctuations (see below). In Sec. IB the con-
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sequence of nonparabolicity for intersubband-transition
energies for resonant single-particle scattering is inves-
tigated theoretically. These investigations confirm the
interpretation of the experimentally detected, character-
istic variation of intersubband-transition energies with
laser energy reported previously!”!® as an effect of the
nonparabolic dispersion of the single-particle hole sub-
bands (see also Sec. II).

A. Scattering mechanisms

(a) Spin-density and charge-density fluctuations. In
Fig. 1 the transitions, which contribute to the resonant
single-particle scattering by charge-density fluctuations
(CDF’s) and spin-density fluctuations (SDF’s) in the
two-step (a) and three-step (b) carrier-density scattering
mechanism,?® are sketched. In the two-step mechanism a
hole is excited from the i = 0 subband to the ¢ = 1 sub-
band (a). In the third step of the three-step mechanism
(b) the excitation energy of the SPE is transferred to an-
other SPE due to direct Coulomb interaction (Coulomb
screening) or exchange interaction (exchange screening).
This process represents the screening of the SPE by other
SPE’s.?® In systems with parabolic subband dispersion
the screening of SPE’s is nearly complete.

In the scattering by collective exzcitations (SDE’s and
CDE?’s), the photoexcited hole couples in the third step
of the three-step mechanism to the SDF’s and CDF’s
of the system.® Scattering due to SDF’s is observed in
depolarized scattering geometry (e; L e,) and scattering
due to CDF’s in the polarized scattering configuration?®
(e; || es), where e; (e,) means the polarization direction
of the incident (scattered) beam.

(b) FEnergy-density fluctuations. In strongly non-
parabolic systems another scattering mechanism, due to
so-called energy-density fluctuations (EDF’s), becomes
important.3%3! The scattering efficiency for resonant
scattering by density fluctuations is proportional to3%33

(b) i=1

FIG. 1. Schematic representation of single-particle transi-
tions, which contribute to the two-step (a) and three-step (b)
carrier-density scattering mechanism (Ref. 28) of the reso-
nant inelastic light scattering process in 2D hole gases. In (a)
a hole is excited from the ¢ = 0 subband to the i = 1 sub-
band. The third step in (b) represents the screening of the
single-particle transition by other single-particle transitions.
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where N(t) means the time-dependent operator in the
Heisenberg picture corresponding to N, which is the gen-
eralized density-fluctuation operator. w; (w,) is the fre-
quency of the incident (scattered) light and C; (Cy) are
creation (annihilation) operators of the single-electron
states (Bloch states). If the scattering amplitude v,g
is independent of k|| (e.g., far away from resonance) the
effective interaction Hamiltonian which is responsible for
the scattering of light by the carrier system can be split
into a part which corresponds to the coupling of the elec-
tromagnetic field to SDF’s and a part which describes the
coupling to CDF’s.3® Under conditions of extreme reso-
nance, however, this means the energy of the incoming
laser photons is nearly equal to the effective energy band

gap between valence and conduction band, v, takes the
32
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where the sum, in principle, runs over all intermediate
states 3’ with energy es. m means the free electron
mass. Due to the resonance denominator in Eq. (3), con-
tributions from transitions o — B, with e, — eg = hw;,
dominate the scattering amplitude v,g. In the case dis-
cussed in this paper, the resonant intermediate state |3')
belongs to the c¢; conduction band subband. 7,5 =
Yap (k) since the dispersion relations (k) [see Fig. 2(a)]
as well as the wave functions, which determine the ma-
trix elements in Fig. 2(b), of the 2D hole system depend
on k. This is responsible for a scattering mechanism
which causes scattering by unscreened SPE’s and which
is called scattering due to energy-density fluctuations.

The curves displayed in Fig. 2(a) for the subband dis-
persion and in Fig. 2(b) for the square of momentum
matrix elements between valence- and conduction-band
states are calculated within k - p formalism for a single
quantum well with GaAs well width L, = 106 A and 2D
hole density p = 2.1 x10'! cm~2. The Al content z of the
Ga;_,Al;As barriers was chosen as z = 0.32. Heavy-hole
states are labeled as h; corresponding to their character
at k|| = 0, where 7 gives the subband quantum number.
Correspondingly light-hole states are labeled [;.

Thus the nonparabolicity of the 2D hole subbands in
GaAs/Ga;_.Al,As quantum-well structures has mainly
two important effects concerning resonant inelastic light
scattering by density fluctuations.

(i) Due to resonant scattering by energy-density fluc-
tuations SPE’s may contribute considerably to the light
scattering spectra of intersubband excitations in addition
to collective SDE’s and CDE’s, which occur due to scat-
tering by spin-density and charge-density fluctuations.
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FIG. 2. Dispersion of the ho, lo, and h; subband of
a single quantum-well structure with L, = 106 A and
p = 2.1 x 10" cm™? calculated for the flat band case (a).
The arrows mark single-particle transitions with minimal (at
k|, = 0) and maximal possible energy (at k; = kr). In
(b) the dependence of momentum matrix elements of sin-
gle-particle transitions, which contribute to the scattering by
(ho — h1) single-particle excitations [see also Fig. 1(a)], from
the in-plane wave vector k| is shown.

(ii) SDE’s and CDE’s are Landau damped because
they, at least partly, lie within the continuum of SPE’s
(see also Fig. 7 below). For the nonparabolic single-
particle hole subbands, the continuum of SPE’s has even
for vertical transitions, i.e., q = 0, a finite width and
so the collective SDE’s and CDE’s overlap the single-
particle continuum and are hence Landau damped, even
for q = 0.

B. Resonant single-particle scattering

The scattering efficiency for scattering by noninteract-
ing particles can be written in the form32

& 2 by B — fa
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where in the scattering process at a wave vector k|,
with |kj|| < |kp| (Fermi wave vector), a single parti-
cle is excited from a state with subband energy eq (k)
to a state with energy eg(k)) with a probability |yas|?.
In this picture we consider only vertical transitions in
k| space. This means we are dealing with quasiexact
backscattering geometry and neglect any mechanism of
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wave vector nonconservation. f; in Eq. (4) means the
Fermi-distribution function of the ¢th subband. Because
of the k|| dependence of v, [see also Fig. 2(b)] and ¢;(k||)
[see Fig. 2(a)] the shape and maximum position of single-
particle intersubband excitations, which were described
by Eq. (4), depend on the laser energy hw;.

Figure 3 displays calculated spectra of (k¢ — hi)
single-particle intersubband excitations as schematically
shown in Fig. 1(a) (heavy-hole transitions) for differ-
ent laser energies fw; for the same system as in Fig.
2. The vertical dashed lines mark the borders of the
(ho — hi) single-particle continuum for vertical transi-
tions [see also vertical arrows in Fig. 2(a)]. All calculated
spectra, which are shown in Fig. 3, are normalized to
unity for better comparison of the maximum positions.
The calculations displayed in Fig. 3 clearly show that the
(ho — h1) single-particle excitation energy, which can be
observed by resonance Raman spectroscopy, depends on
the energy Aw; of the incoming laser photons. Before res-
onance (negative AAw; in Fig. 3) the excitation energy of
the (ho — h;) single-particle excitation is higher than in
resonance (AAw; = 0). After resonance (Akhw; > 0) the
observable (ho — h1) energy again increases with increas-
ing laser energy. Afw; means the detuning of the laser
energy Aw,; with respect to the subband spacing between
the h; and the c; subbands at kj; = 0. The observa-
tion of the characteristic variation of the intersubband-
transition energies with laser energy in experiment (see
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FIG. 3. Calculated and normalized (ho — hi) sin-

gle-particle excitations of the same system as discussed in
Fig. 2. The solid curves represent spectra, which are calcu-
lated with Eq. (4) and the results of Sec. II B for resonant
excitation. Ahw; gives the detuning of the laser energy Aw;
relative to the energy of the subband spacing between the h;
valence subband and the ¢; conduction subband. One recog-
nizes the dependence of the line shape and maximum position
of the (ho — h1) excitation from laser energy fiw;. The dashed
curve is calculated for nonresonant excitation for comparison.

SCHULLER, KRAUS, SCHAACK, WEIMANN, AND PANZLAFF 50

below and Refs. 17 and 18) confirms the assumption that
there is a strong single-particle scattering due to EDF's.

The 2D subband dispersion and wave functions used
for the calculations presented in this publication were
determined by solving Luttinger’s 4 x 4 Hamiltonian.**
The four coupled differential equations forming the
Schrodinger equation were solved for the flat band
case, which gives a good approximation for low dop-
ing concentrations.3® For well thicknesses of the square-
well potential around 100 A and carrier concentrations
p ~ 10! cm ™2 the effects of band bending on the calcu-
lated intersubband-transition energies are less than the
experimental error (< 0.1 meV). Thus for the sample pa-
rameters we used (see below), the effects of band bending
can be neglected.

II. EXPERIMENTAL RESULTS

The experiments were performed in backscattering
configuration at T' = 2 K under resonant excitation using
a tunable cw dye laser. The samples were immersed in
liquid superfluid helium in a bath cryostat. The scattered
light was analyzed with a triple spectrograph (DILOR
XY) and a multichannel detector. The experimental re-
sults presented in this publication were derived from two
samples. In Table I the essential parameters of the inves-
tigated p-type modulation-doped samples are listed. The
samples were grown by molecular-beam epitaxy. Sample
S is a one-side modulation-doped single quantum well.
The undoped spacer of this structure is 200 A thick and
the doping area has a thickness of 60 A. Sample M is
a Be-doped multiple quantum-well structure containing
10 periods. The Ga;_, Al As barriers are 525 A thick,
with Be-doped center layers 35 A thick. On sample M
a 100 pm X 100 um mesa structure was etched for the
experiments presented in Sec. II B.

A. Effects of subband nonparabolicity

Figure 4 shows a 3D plot of Raman spectra of the
(ho — h1) intersubband excitation of sample S, the single
quantum-well structure, in polarized scattering configu-
ration for different laser energies. The dashed line marks
the positions of the maxima of the (ho — h1) excitations.
One can recognize the resonance behavior of the excita-
tion. If the energy of the laser photons is in the vicinity
of the band gap between the h; valence subband and the
c1 conduction subband, the observed Raman signal of the

TABLE 1. Most important parameters of the samples in-
vestigated. The well widths L. and 2D hole densities p were
determined from our optical measurements (Sec. II A). This
means p is the value of the carrier density under illumination.
The Al contents = were taken from the growth parameters.

Type L. (&) T p(2 K) (10 /cm?)
Sample S SQW 105 032 21£02
Sample M MQW 110 0.43 1.6 +0.2
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(ho — h,) transition shows a strong resonance enhance-
ment. The sharp line at 36.6 meV is the LO phonon of
GaAs. The strong line which crosses the picture comes
from a luminescence transition from the c¢; conduction
subband to the hg valence subband.

In Fig. 5 the depolarized and polarized spectra for a
laser energy Er, = 1614.8 meV are shown. The polarized
spectrum in Fig. 5 is an enlarged part of the spectrum,
which is marked with an arrow in Fig. 4. The dashed
line gives the calculated (ho — h;) SPE, which was cal-
culated with Eq. (4) and the help of the results of Sec.
IIB. The observed excitations essentially have single-
particle character due to Landau damping of the collec-
tive SDE’s in depolarized geometry and the CDE’s in the

sample S !
E; = 1614.8 meV

intensity (arb. units)

Raman shift (meV)

FIG. 5. Depolarized and polarized Raman spectra of the
(ho — h1) intersubband excitation in sample S (solid lines).
The vertical arrows mark the maximum positions respectively.
The dashed line gives the calculated (ho — hi) SPE which
was calculated with Eq. (4) and the help of the results of Sec.
IIB. Collective effects manifest themselves in the slight shift
of the line centers (=~ 1 meV) relative to each other. The
excitations mainly have single-particle character.
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FIG. 4. Polarized Raman spectra of the
(ho — h,) intersubband transition in sample
S for different laser energies at T ~ 1.8 K.
The dashed line marks the maximum posi-
5 tions of the (ho — h1) excitation. One can
recognize the strong resonance behavior of
this intersubband excitation. The sharp line
A at 36.6 meV is the GaAs LO phonon. The
o strong line, which crosses the plot, is the
¢1 — ho luminescence at constant absolute
energy. An enlarged part of the spectrum
which is marked with an arrow is displayed
in Fig. 5.

zZ(z') Tz

polarized scattering configuration and resonant scatter-
ing by energy-density fluctuations (see above). In spite
of the dominant single-particle character the excitations
in depolarized and polarized spectra are slightly shifted
against each other due to direct Coulomb interaction (de-
polarization shift). The vertical arrows in Fig. 5 give the
maximum positions of the (hg — hi) excitations in de-
polarized and polarized scattering geometry. A remain-
ing depolarization shift of roughly 1 meV can be deduced
from the spectra in Fig. 5. Figure 6 shows the experimen-
tally determined maximum positions of the (hg — h;) in-
tersubband excitations in sample S versus laser energy for
depolarized (open circles) and polarized (filled squares)
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FIG. 6. Experimental values for the positions of the
(ho — hi1) SDE’s (open circles) and the CDE’s (filled squares)
near resonance in sample S versus laser energy. Solid line:
Maximum positions of the calculated SPE, using Eq. (4) and
results of Sec. IIB.
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scattering configuration. The characteristic variation of
the intersubband transition energies in depolarized as
well as in polarized scattering configuration is caused by
the nonparabolic subband dispersion!”'!® [see Figs. 2(a)
and 2(b)]. The solid line gives the theoretically calcu-
lated variation of the (hg — h;) SPE with laser energy
which was calculated with Eq. (4) and the results of Sec.
ITB. It visualizes the variation of the maximum positions
of the calculated single-particle spectra displayed in Fig.
3 with laser energy.

This characteristic variation of the observed (ho — A1)
transition energies with laser energy can be understood
in the following way. The Raman scattering probability
is given by the product of the squares of the momentum
matrix elements of the intersubband transitions partic-
ipating in the scattering process, i.e., the (hy — c¢;)
transition and the (c; — ho) transition [see Fig. 2(b)].
With the theoretical results displayed in Fig. 2 it fol-
lows that single-particle transitions around kj; = 0 do
not significantly contribute to the observed Raman sig-
nal, whereas the contribution to the signal increases with
increasing k||. Off resonance, i.e., when the laser en-
ergy hw; is well below the energy of the hj-c; band gap
at k| = 0, the most probable single-particle transitions
around k|| = kp, with energies higher than those around
k|| = 0, dominate the observed spectrum. If the laser en-
ergy reaches the value of the hj-c; band gap, transitions
around k| = 0 are resonantly enhanced and the observed
(ho — hy) transition energy decreases accordingly. If the
laser energy is above the h;-c; band gap at k)| = 0, the
maximum position of the observed (ho — hy) transition
increases with increasing laser energy, because the hg-h;
subband spacing also increases with increasing k;, [see
Fig. 2(a)]. Above resonance, i.e., when the laser energy
is above the energy of the h;-c, band gap at k)| = kg, the
spectrum is again dominated by the most probable tran-
sitions around k|, = kr. The increasing branch of the
theoretical curve in Fig. 6 is mainly determined by the
Fermi wave vector kz. So from the fit of the theoretical
curve to the experimental data the carrier concentration
p = k%/2n under illumination can be determined with
quite good accuracy (see Table I).

We have observed similar variations of the (hg — A1)
transition energies with laser energy in various other sam-
ples with well widths around 100 A (not published here).
In a sample with L, ~ 200 A the (ho — h2) intersubband
excitation could be observed.!® These investigations are
interesting, because the curvature of the h, subband has
a sign opposite to that of the hA; subband. Correspond-
ingly the variation of the intersubband-transition energy
with laser energy is different for the (hg — h;) and the
(ho — h2) excitation.!® The fact that the variation of
the observed excitation energies with laser energy can be
explained quite well by the behavior of calculated single-
particle spectra demonstrates that the observed excita-
tions have essentially single-particle character. As stated
above in Sec. I this strong single-particle scattering can
be understood in terms of scattering by energy-density
fluctuations under conditions of extreme resonance. Fur-
thermore, the observed excitations lie within the contin-
uum of single-particle excitations and hence the collec-
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tive parts suffer Landau damping (see Fig. 7). The ver-
tical shift between the excitation energies in depolarized
and polarized configuration in Fig. 6 is the depolarization
shift. This shift is a consequence of the remaining col-
lective part of the observed excitations, e.g., SDE’s and
CDE’s. The collective effects are further investigated in
Sec. II B.

Figure 7 shows the variation of the (hy — k)
intersubband-transition energies of sample M versus laser
energy. The solid line gives the calculated variation of
the (ho — hi) SPE which was for the time being fit-
ted to the experimental points in depolarized scattering
configuration. The dashed lines mark the borders of the
single-particle continuum for vertical transitions. This
shows, as already mentioned, that the observed excita-
tions lie within the single-particle continuum and hence
suffer Landau damping.

B. Effects of many-particle interactions

To test the relative strengths of direct and exchange
Coulomb interaction in the 2D hole gas, we have per-
formed experiments under variation of the carrier density
p by illuminating a 100 ym x 100 gm mesa (sample M)
with an additional Ar laser (A = 514 nm). The energy
of the green Ar-laser line was well above the band gap
of the Gaj__,Al,As barriers, so that electron-hole pairs
have been generated in the barriers. The reduction of
the density of the 2D hole gas in the wells is very sim-
ilar to a mechanism which was reported by Jusserand
et al. for n-type modulation-doped quantum wells.3¢ In
our experiments the mesa structure was nearly homo-
geneously illuminated by an Ar-laser spot of about 200
um diameter. The Raman signals were recorded from
a dye-laser spot of about 50 um diameter in the center
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FIG. 7. Same as Fig. 6, but for sample M. The solid line
was fitted to the experimental values in depolarized geome-
try. The dashed lines give the upper and lower limits of the
(ho — h.) single-particle continuum for vertical transitions
[see also arrows in Fig. 2(a)].



of the mesa. The power density of the dye-laser beam
was about 200 W cm~2, whereas the power density in
the Ar-laser beam was varied between 0 and 2 W cm™2.
While the additional photogenerated holes remain in the
valence band of the barriers, their electron partners are
transferred into the wells, where they recombine radia-
tively with some carriers of the 2D hole gas. By the
additional illumination the 2D hole density p in the quan-
tum wells could be reduced to a value of about 60%
of the carrier density in the dark. The actual value of
p was estimated from the band-gap renormalization3”38
(BGR). The BGR was experimentally determined as the
difference of the calculated single-particle subband spac-
ing between the hy valence band and the ¢o conduction
band and the corresponding luminescence energy. More
recent investigations3®4® indicate, however, that exci-
tonic effects are not negligible at hole densities of about
2 x 10** cm~2. In p-doped samples they seem to play a
more dominant role than in n-doped samples, where at
densities of about 10! cm~2 excitonic interactions are
almost screened. Therefore the amount of the reduction
of the 2D hole density by additional illumination given
here, which was determined by the interpretation of a
corresponding shift of the quantum-well luminescence as
an effect of the BGR only without considering excitonic
effects, must be seen as a lower limit. One may find a
stronger decrease of the 2D hole density by additional il-
lumination (up to a factor of about 2) if excitonic effects
are considered in the calculations.

Figure 8 shows the variation of the (ho — hq)
intersubband-transition energies in depolarized and po-
larized scattering configuration with p. These energies
were determined as the average of all transition ener-
gies measured for a large number of laser energies in the
range of the resonance of the Raman process, as for ex-
ample displayed in Fig. 7. The dashed line represents the
variation of the average (ho — h;) single-particle energy
calculated with the help of Eq. (4) and a k - p subband
calculation as described above. The decrease of the aver-
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FIG. 8. Averaged energies of the (ho — hi) SDE’s (open
circles) and CDE’s (filled squares) for different 2D hole densi-
ties p in sample M around the h; — c; resonance. The dashed
line describes the calculated decrease of the (ho — h1) sin-
gle-particle energy with decreasing p. The dashed-dotted lines
are guides to the eye.
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age single-particle energy with decreasing hole density p
is caused by the nonparabolicity of the 2D valence sub-
bands and the decrease of the Fermi wave vector kg [see
Fig. 2(a)]. The dashed-dotted lines are guides to the eye.
The well width of the investigated structure was deter-
mined in the following way. For the spectra series with
minimal 2D hole density there is only an almost vanish-
ing depolarization shift between the excitation energies
in depolarized and polarized spectra observable (marks
at p = 1.15x10*! cm~2 in Fig. 8). The spectra are nearly
complete single-particle spectra. The well width was de-
termined to L, = 105 A by fitting a theoretical curve,
as for example displayed in Figs. 6 and 7, to the experi-
mental values (not displayed here). Figure 8 shows that
for p < 10'! cm~2 the spectra should be complete single-
particle spectra with vanishing depolarization shift. Fig-
ure 8 also shows that the excitations in polarized and
in depolarized configuration are shifted symmetrically
with respect to the calculated SPE (dashed line). For
an estimation of the relative strength of direct and ex-
change Coulomb interaction we use relations which were
derived theoretically for the energies of collective SDE’s
and CDE’s of the 2D electron gas of n-type modulation-
doped GaAs/Ga,Al;_,As quantum-well structures:8

hQspE = i1 — Bo1, (5)
hQcpe = A1 + ao1 — Po1 (6)

where A{)o; means the (constant) energy of a SPE and
o1 (Bo1) is the parameter of the direct (exchange)
Coulomb interaction.}? Using Egs. (5) and (6) the re-
sults displayed in Fig. 8 yield a ratio of 2:1 for ag;1:50:-
If we take the excitonic effects in the luminescence tran-
sitions into account, a ratio of almost 1:1 for ag1:801
may follow, because the reduction of the 2D hole den-
sity may have been underestimated. Therefore a ratio,
which lies between 2:1 and 1:1, can be deduced from
our experiments. The uncertainty comes from the error
in the determination of the 2D hole density. Neverthe-
less our experiments yield a stronger relative strength
of the exchange interaction in comparison to the di-
rect Coulomb interaction than was found for 2D electron
gases in mn-type modulation-doped GaAs/Ga;_ Al As
quantum-well structures by Pinczuk et al!l (2.5:1 for
a01:001)- This might be more understandable if we take
into consideration that the holes have a larger effective
mass than the electrons: From electrons in Si-inversion
layers a considerable influence of the exchange interac-
tion on the band structure is known.? The effective mass
of electrons in Si-inversion layers is large compared to the
effective mass of electrons in GaAs.

III. CONCLUSION

In conclusion we have investigated intersubband exci-
tations of the 2D hole gas in p-doped GaAs/Ga,Al;_As
quantum-well structures by means of resonance Raman
spectroscopy. The observed excitations have essentially
single-particle character due to Landau damping of col-
lective SDE’s and CDE’s and the resonant scattering by
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energy-density fluctuations. An estimate of the relative
strengths of direct and exchange Coulomb interaction
in the 2D hole gas in GaAs/Ga;_,Al,As quantum-well
structures with L, ~ 100 A and p ~ 10! cm™2 has been
given. It was found that exchange Coulomb interaction
is presumably more dominant than in 2D electron gases.

SCHULLER, KRAUS, SCHAACK, WEIMANN, AND PANZLAFF 50

ACKNOWLEDGMENTS

The authors are grateful for valuable discussions with
E. Bangert and V. Latussek and to M. Emmerling,
who has prepared the mesa structures. The Deutsche
Forschungsgemeinschaft has supported this work.

! D. A. Dahl and L. J. Sham, Phys. Rev. B 16, 651 (1977).

2T. Ando, A. B. Fowler, and F. Stern, Rev. Mod. Phys. 54,
437 (1982).

3T. Ando and S. Katayama, J. Phys. Soc. Jpn. 54, 1615
(1985).

4 G. Eliasson, P. Hawrylak, and J. J. Quinn, Phys. Rev. B
35, 5569 (1987).

5 A. C. Tselis and J. J. Quinn, Phys. Rev. B 29, 3318 (1984).

8 M. Y. Jiang, Solid State Commun. 84, 81 (1992).

"M. S-C. Luo, S. L. Chuang, S. Schmitt-Rink, and A.
Pinczuk, Phys. Rev. B 48, 11086 (1993).

8 L. D. Landau, J. Phys. (USSR) 10, 25 (1946).

9 C. Schiiller, J. Kraus, V. Latussek, and J. K. Ebeling, Solid
State Commun. 81, 3 (1992).

101,. Wendler, Solid State Commun. 65, 1197 (1988).

11 A. Pinczuk, S. Schmitt-Rink, G. Danan, J. P. Valladares,
L. N. Pfeiffer, and K. W. West, Phys. Rev. Lett. 63, 1633
(1989).

2D, Gammon, B. V. Shanabrook, J. C. Ryan, and D. S.
Katzer, Phys. Rev. B 41, 12311 (1990).

13 D. Gammon, B. V. Shanabrook, J. C. Ryan, G. Brozak,
and D. S. Katzer, Surf. Sci. 263, 471 (1991).

14 D. Gammon, B. V. Shanabrook, J. C. Ryan, D. S. Katzer,
and M. J. Yang, Phys. Rev. Lett. 68, 1884 (1992).

'* Hong Yu and J. C. Hermanson, Phys. Rev. B 43, 4340
(1991).

16 M. Altarelli, U. Ekenberg, and A. Fasolino, Phys. Rev. B
32, 5138 (1985).

7M. Kirchner, C. Schiiller, J. Kraus, G. Schaack, and G.
Weimann, in Proceedings of the 13th International Confer-
ence on Raman Spectroscopy, edited by W. Kiefer et al.
(Wiley, Chichester, 1992), p. 842.

18 M. Kirchner, C. Schiiller, J. Kraus, G. Schaack, K. Panz-
laff, and G. Weimann, Phys. Rev. B 47, 9706 (1993).

19 A. Pinczuk, H. L. Stérmer, A. C. Gossard, and W. Wieg-
mann, in Proceedings of the 17th International Conference
on the Physics of Semiconductors, edited by J. D. Chadi
and W. Harrison (Springer, Berlin, 1985), p. 329.

20 T. Ando, J. Phys. Soc. Jpn. 54, 1528 (1985).

21 G. Brozak, B. V. Shanabrook, D. Gammon, and D. S.

Katzer, Phys. Rev. B 47, 9981 (1993).

22 R. K. Hayden, G. K. Maude, L. Eaves, E. C. Valadares, M.
Henini, F. W. Sheard, O. G. Hughes, J. C. Portal, and L.
Cury, Phys. Rev. Lett. 66, 1749 (1991).

23 M. Zachau, J. A. Kash, and W. T. Masselink, Phys. Rev.
B 44, 4048 (1991).

24 M. Zachau, M. A. Tischler, and U. Ekenberg, Phys. Rev.
Lett. 69, 2260 (1992).

2 R. K. Hayden, L. Eaves, M. Henini, T. Takamasu, N.
Miura, and U. Ekenberg, Appl. Phys. Lett. 61, 84 (1992).

26 R. K. Hayden, E. C. Valadares, L. Eaves, M. Henini, D. K.
Maude, and J. C. Portal, Phys. Rev. B 46, 15586 (1992).

27 A. Pinczuk, D. Heiman, R. Sooryakumar, A. C. Gossard,
and W. Wiegmann, Surf. Sci. 170, 573 (1985).

28 E. Burstein, A. Pinczuk, and D. L. Mills, Surf. Sci. 98, 451
(1980).

2 D. Hamilton and A. L. McWhorter, in Light Scattering
Spectra of Solids, edited by G. B. Wright (Springer, New
York, 1969), p. 309.

30 P, A. Wolff, in Light Scattering Spectra of Solids (Rev. 29),
p- 309.

31 M. V. Klein, in Light Scattering in Solids, edited by M.
Cardona (Springer, Berlin, 1975), p. 147.

32F. A. Blum, Phys. Rev. B 1, 1125 (1970).

33 G. Abstreiter, M. Cardona, and A. Pinczuk, in Light
Scattering in Solids IV, edited by M. Cardona and G.
Giintherodt (Springer, Berlin, 1984), p. 5.

34 J. M. Luttinger and W. Kohn, Phys. Rev. 97, 869 (1955).

35 U. Ekenberg and M. Altarelli, Phys. Rev. B 32, 3712
(1985).

36 B. Jusserand, J. A. Brum, D. Gardin, H. W. Liu, G.
Weimann, and W. Schlapp, Phys. Rev. B 40, 4220 (1989).

37D. A. Kleinman and R. C. Miller, Phys. Rev. B 32, 2266
(1985).

38 C. Delalande, G. Bastard, J. Orgonasi, J. A. Brum, H. W.
Liu, and M. Voos, Phys. Rev. Lett. 59, 2690 (1987).

39 H. Akiyama, T. Matsusue, and H. Sakahi, Phys. Rev. B
49, 14523 (1994).

4 R. Hartmann and J. Kraus (unpublished).



