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We have investigated the consequences of photoinduced changes of the spatial distribution of charge carriers
in p-type modulation-doped GaAs/AlxGa12xAs–multiple-quantum-well structures on the Raman spectra of
hole intersubband excitations as well as of electronic excitations with energies below the smallest quantum-
well subband spacings, called low-energy excitations~LEEX!. The dynamical process of the hole redistribution
after pulsed illumination became obvious in variations of the position, intensity, and line shape of the Raman
signals as a function of the delay time between sample illumination and signal detection. The observed
modifications of the hole intersubband transitions are due to changes of the width of the single-particle
spectrum and of the strength of many-particle interaction effects as well as due to a reduced Coulomb scat-
tering by ionized impurity atoms in the barriers. Referring to the LEEX signals a scattering process is proposed
which involves transitions between quantized states in the center regions of the barriers.
@S0163-1829~96!00548-6#

I. INTRODUCTION

Superlattices and heterojunctions of alternating semicon-
ducting layers have been attracting considerable attention
over the past years because of their unique possibilities for
optical and electrical devices. The fabrication of those high-
quality semiconductor systems with nearly perfect two-
dimensional characteristics has been made possible by the
development of crystal-growth techniques such as
molecular-beam epitaxy or metal-organic chemical vapor
deposition.

In view of a scientific investigation and characterization
of both the electronic and phonon states of those structures
inelastic light scattering~Raman scattering! experiments
have been proven to be a powerful tool with high spatial and
spectral resolution. Due to its sensitivity electronic Raman
scattering on two-dimensional systems, stimulated by a pro-
posal of Burstein, Pinczuk, and Buchner1 and successfully
performed on an inversion layer of a GaAs/AlxGa12xAs in-
terface by Abstreiter and Ploog,2 provides rich information
about the electronic energy levels and band structures. Tak-
ing advantage of polarization selection rules the investigation
of intersubband transitions by inelastic light scattering on a
two-dimensional carrier gas also represents a suitable
method of separating the different many-particle interaction
mechanisms of charge-density excitations~CDE, polarized
spectrum! and spin-density excitations~SDE, depolarized
spectrum!.3–9 Both types of excitations are subject to the
exchange terms of the Coulomb interaction while the CDE’s
are additionally affected by the direct term of the Coulomb
interaction. The resulting energy shift between the intersub-
band signals of polarized and depolarized Raman spectra is
referred to as depolarization shift and is direct evidence of
the macroscopic electric field~depolarization field! associ-
ated with the induced charge-density fluctuations.10,11 As a

consequence of the many-particle interactions the collective
CDE’s and SDE’s are shifted to energies different from the
bare quantum-well subband spacings which correspond to
the spectra of single-particle excitations~SPE’s!.

Because of the strong nonparabolicities of the valence
subbands the spectrum of SPE’s inp-type modulation-doped
quantum-well structures is represented by a continuum with
finite width and the collective intersubband excitations are
strongly Landau damped.12,13Therefore the collective effects
are efficiently suppressed and the hole intersubband excita-
tions observed in the polarized and depolarized spectra have
a dominating single-particle character. This is quite in con-
trast to the much simpler case of electronic transitions be-
tween the parabolic conduction subbands which are charac-
terized by energy spacings independent from the in-plane
wave vectorki . The dependence of the position and line
shape of the intersubband signals of the quantum-well hole
gas from the charge-carrier concentration14,15originates both
from the changes of the continuum of the SPE and the
changes of the strength of collective effects.

In the present work we have concentrated on nonequilib-
rium effects of CDE and SDE after the production of addi-
tional charge carriers by pulsed radiation. In our experimen-
tal setup we took advantage of the possibility to reduce the
two-dimensional carrier gas density in the wells of
modulation-doped heterostructures by illuminating~pump la-
ser! the sample with photons having energies above the bar-
rier band gap.16,17Depending on the sample geometry~espe-
cially on the spacer thickness! relaxation times of effects due
to the pulsed illumination of some milliseconds could be
observed at low temperatures.18 To perform a Raman spec-
troscopic investigation of the consequences, and the dynam-
ics of the photoinduced changes of the spatial carrier distri-
bution we used a tunable dye laser~probe laser! with photon
energies below the barrier band gap and in resonance with
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transitions between valence- and conduction-subband states
in the quantum wells. In these experiments the sample illu-
mination with the pump laser alternated in time with the
detection of the Raman signal. This was realized by a con-
ventional chopper technique with millisecond time resolution
described in detail in Ref. 18. Since the actual carrier density
in the wells changes with the mean delay timeDt between
the pulsed illumination and the detection of the Raman
signal,18 measurements of the Raman excitations depending
on the hole gas density could simply be done by changing
the chopper frequency. To control the variations of the two-
dimensional charge-carrier density we measured the energy
of the fundamental quantum-well luminescence,18 which is
conditioned by the many-particle effect of band-gap renor-
malization~BGR!.16–23

In the following, we present our results of the illumination
effect on hole-intersubband excitations and on low-energy
excitations24,25 ~LEEX’s! of hitherto unknown origin carried
out on p-modulation-doped multiple-quantum-well struc-
tures. TheDt-dependent variations of the peak positions,
linewidths and intensities of the hole intersubband transitions
are discussed in terms of the width of single-particle spec-
trum, the influence of Coulomb scattering by the normally
ionized impurity atoms in the barriers as well as in terms of
the strength of many-particle interaction effects. Referring to
the LEEX signals our experimental results give good argu-
ments for an interpretation as intersubband excitations of
photoinduced holes in the potential minima in the centers of
the barriers. The variations of their peak positions and inten-
sities with the density of the photoinduced holes in the bar-
riers are discussed and a Raman-scattering process is pro-
posed.

II. EXPERIMENTAL DETAILS

Our experiments were performed onp-type modulation-
doped GaAs/AlxGa12xAs multiple-quantum-well structures
grown by molecular-beam epitaxy. The sample that will be
discussed in detail in the following consists of 10 periods of
11-nm-wide GaAs wells, separated by 24.5-nm-wide spacers
from the 15-nm-wide Be-doped layers~doping concentration
nBe5331017 cm23! in the centers of the Al0.32Ga0.68As bar-
riers. From Raman spectroscopic measurements performed
on a similar sample under nearly the same experimental con-
ditions ~temperature, laser power density! as realized in our
present measurements we derived a hole density of
p51.731011 cm22 ~T52 K, sample in the dark!.13 Due to
this quasi-two-dimensional hole concentration in our sample
only the lowest heavy-hole quantum-well subbandh0 is oc-
cupied with holes in the region 0<ki<kF of thek space and
therefore may serve as an initial state for hole transitions to
higher valence subbands.

The samples were immersed in superfluid liquid helium
~T52 K! in a bath cryostat or in a split coil superconducting
magnet system. The Raman measurements were carried out
in backscattering configuration with vanishing in-plane
wave-vector transfer. The scattering geometry is described in
the standard notationz(ei ,es)2z, whereei andes mean the
polarization of the incident and scattered light, respectively,
andz (2z) is the wave-vector direction of the incident~scat-
tered! radiation parallel to the sample growth direction. An

Ar1 laser-pumped cw dye laser~Pyridine, probe laser! emit-
ting photons with energies below the barrier band gap was
used to study hole intersubband excitations under resonance
conditions. The scattered light was dispersed with a triple
spectrograph~Dilor XY ! and analyzed by an optical multi-
channel detector. The photoinduced reduction of the carrier
concentrations in the quantum wells by sample illumination
with photons of energies far above the barrier band gap was
achieved by using the 514-nm line of an Ar1 laser ~pump
laser!. A chopper separated the sample illumination by the
pump laser from the detection of the inelastically scattered
probe-laser photons.18 The mean delay timeDt defined as
the period between the end of the sample illuminationtpump
and the middle of the detection timetdetection ~see Fig. 1 in
Ref. 18! could be varied by changing the rotation frequency
of the chopper wheel. Since the actual carrier density in the
wells depends onDt our experimental setup enabled us to
study quantitatively the effects of a variation of the hole gas
density on Raman excitations under conditions of a fixed
experimental geometry. Delay timesDt between approxi-
mately 0.3 and 200 ms could be attained. Spectra measured
at Dt50 ms show a very strong luminescence background.
Spectra of this type are not considered in our discussion.
Because of the weakness of Raman signalstdetectionhad to be
chosen large enough for a reasonable signal-to-noise ratio at
the expense of losing gradually the clear definition ofDt.
The duty cycle~tdetection or tpump divided by the repetition
time! was'50% for the Raman detection and'20% for the
pump laser. The typical power density of the probe laser is
15 mW/cm2 and of the pump laser below 200 mW/cm2 in
order to avoid sample heating.

To control the variations of the carrier density in the
quantum wells we measured the energy of the luminescence
from the wells, which is conditioned by the many-particle
effect of band-gap renormalization~BGR!.16–23 Results of
theoretical investigations of the BGR~Ref. 19! @formula ~1!
of Ref. 18# provide us with an approximate value for the
variationDp of the quantum-well hole density. More details
about the method as well as its limitations are described in
Ref. 18.

III. HOLE INTERSUBBAND EXCITATIONS

The Raman spectra observed inz(x,x)2z geometry~po-
larized spectrum! for different delay timesDt with a dye
laser energy of 13144 cm21, i.e., close to but slightly below
the resonance energy of 13180 cm21, due to hole transitions
from the occupied subbandh0 to the first excited heavy-hole
subbandh1 are given in Fig. 1. The spectrum without using
the pump laser is equivalent to a delay timeDt5` in our
experiment.

Depending onDt, the shape of the Raman line is affected
by the pump illumination with respect to peak height, half
width, and energy. Short delay timesDt result in a more
pronounced signal of the transitionh0→h1 due to an in-
crease of the peak height and a decrease of the half width. In
addition the peak position weakly shifts to lower energies.

We attribute this delay-time-dependent effects onh0→h1
transitions to photoinduced changes of the spatial distribu-
tion of the holes within the sample. It is known that photons
with energies above the barrier band gaps of modulation-
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doped heterostructures efficiently reduce the free-charge-
carrier densities in the wells. According to the model de-
scribed in Refs. 16, 17~see also Ref. 18 and its Fig. 3!, the
electron-hole pairs created in the barriers by the Ar1 laser
light are separated by the built-in electric field: The electrons
move into the quantum wells reducing the density of the hole
gas by recombination, while the photoinduced holes are at-
tracted by the ionized acceptor atoms in the doped barrier
layers. To reachieve the equilibrium conditions the barrier
holes finally return to the wells by a tunneling process
through the spacer regions. This dynamical process of hole
tunneling is observable with our simple chopper technique
due to the finite lifetime of the photoexcited holes in the
potential minimum of the barrier center region.18 The varia-
tion of the position of the fundamental quantum-well lumi-
nescence as a function ofDt ~inset in Fig. 2 of Ref. 18! is
direct evidence of the reduction of the charge-carrier density
in the quantum wells and a consequence of the many-body
effect of BGR. Neglecting the charge-density dependence of
the strength of excitonic interactions, which is taken into
account in Ref. 18, and interpreting the shift of the funda-
mental quantum-well luminescence signal only as an effect
of the BGR, the determination of the shift of the peak posi-
tion enables us to estimate the variation of the hole densityp
in the quantum wells by using the expression of Kleinman
and Miller19 as described in Ref. 18. In Fig. 4 of Ref. 18 the
calculated variationDp of the hole concentration is dis-
played versus the mean delay timeDt.

In Figs. 2 and 3 the peak height, half width, and Raman
shift of the h0→h1 intersubband transition obtained by fit-
ting sums of Gaussian and Lorentzian curves are plotted ver-
susDt. With increasingDt the values for the peak height,
halfwidth, and peak position gradually approach the corre-
sponding values forDt5`. A comparison between the
delay-time-dependent change of the hole density~Fig. 4 of
Ref. 18! and the modifications of the line-shape parameters
of the hole intersubband transitionh0→h1 gives strong proof
of a charge-density-induced effect.

Because of the strong nonparabolicities of the valence
subbands and the resulting dependence of the hole subband
spacings on the in-plane wave vectorki , the single-particle
spectrum of hole intersubband excitations is a continuum of
transitions of different energies. This is in contrast to the
nearly parabolic conduction subbands with constant separa-
tions. Figure 4 shows the calculated valence-subband struc-
ture of the sample studied here including the position of the
Fermi wave vector @kF(p)5A2pp# assuming a hole
concentration13 of p51.731011 cm22. The vertical arrows
symbolize the dipole-allowed hole transitions in the region
0,ki<kF(p) which contribute to the spectrum of the inter-
subband excitationsh0→h1 . Their contributions to the mea-
sured Raman signals depend on the probe-laser energy, the

FIG. 1. Polarized Raman spectra of the hole intersubband tran-
sition h0→h1 observed for different delay timesDt. The dye laser
beam has an energy of 13 144 cm21 and a power density of
15~W/cm2!.

FIG. 2. Fitting results of theh0→h1 intersubband excitations of
Fig. 1 as a function of the delay timeDt showing the strong impact
of the Ar1 laser illumination on the peak height~a! and the half
width ~b! of the Raman signals. The horizontal dashed lines repre-
sent the peak height, respectively, half width forDt5`; i.e., no Ar1

laser is used in this case. The time-dependent variations clearly
correspond to the degree of the reduction of the hole densityDp in
the quantum wells~Fig. 4 of Ref. 18!.

FIG. 3. Variation of the photoinduced shift of the intersubband
transition energy in the polarized~CDE! and depolarized~SDE!
Raman spectra with delay timeDt ~laser energyEL513 144 cm21!.
The horizontal dashed lines represent the excitation energies for
Dt5`, respectively.
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densities of states, and the transition probabilities.26,27Since
the finite width of the single-particle continuum is given by
the value ofkF(p), the above-barrier band-gap illumination
decreases the Fermi wave vectorkF(p) and hence the width
of the transition continuum resulting in a shrinkage of the
half width. The back transfer of the barrier holes into the
wells after the sample illumination brings an extension of the
region of possible hole transitionsh0→h1 in k space by
increasingkF(p) in accordance with our experimental results
@Fig. 2~b!#.

The delay-timeDt-related shift of the hole intersubband
transition ~Fig. 3! is also influenced by the change of the
width of the continuum of SPE’s. As it follows directly from
the subband structure of Fig. 4, a reduction of the quantum-
well carrier density, i.e., a decrease ofkF(p), cancels the
possible scattering paths with highest transition energies be-
tween the subbandsh0 andh1, i.e., the depopulation of the
wells causes a decrease of the peak position of the Raman
signal. The gradual back transfer of the holes reincreases
kF(p) and allows scattering events of growing excitation en-
ergies.

Besides the subband structure the line shape of intersub-
band excitations is also affected by wave-vector relaxation
processes due to the Coulomb potential of the ionized impu-
rities in the barrier regions.28 The efficiency of the impurity-
induced scattering can be suppressed either by an extension
of the widths of the spacer layers28 or by a photoinduced
compensation, respectively, screening of the ionized impu-
rity atoms.29,30 In our experiments the photocreated barrier
holes weaken the influence of the structural defects on the
light-scattering process and therefore enlarge the contribu-
tion of vertical intersubband transitions in thek space to the
Raman signal. With increasing delay timeDt the nonvertical
electronic transitions with violation of the momentum con-
servation reincreases due to the impurity-induced Coulomb
scattering. This also contributes to the observed variations of
the peak height and half width of the excitation lineh0→h1
~Fig. 2!. Our assumption of a pronounced influence of the
barrier ions on the signals of intersubband excitations in the
quantum wells is supported by the observation that the inte-
gral intensity of theh0→h1 transition ~'peak height3half

width! is almost unaffected by the sample illumination~Fig.
1! although the shrinkage of the single-particle continuum
reduces the filling of the initial subband stateh0.

So far we have interpreted the observed photoinduced ef-
fects on the shape and position of the intersubband excitation
h0→h1 in terms of variations of the single-particle con-
tinuum and of carrier scattering by ionized impurities, but
without considering the many-particle effects of collective
transitions which originate in the Coulomb coupling of
isoenergetic SPE’s. The energies of the collective transitions
are shifted from the positions of the single-particle modes
due to a coupling mechanism of the charge carriers by direct
and exchange Coulomb interaction.3–9 SDE’s observed in
depolarized spectra [z(xy)2z] are shifted to lower energies
compared to SPE’s due to the exchange term of the Coulomb
interaction. On the other hand, the polarized spectra [z(xx)
2z] of CDE’s are observed with shifts towards higher ener-
gies due to the consequences of the direct and indirect Cou-
lomb interaction. Because of the complex valence-band
structure the number of isoenergetic SPE’s is limited for
p-doped systems, i.e., many-particle effects are strongly sup-
pressed for two-dimensional hole gases.13 In addition the fi-
nite width of the single-particle continuum even for vanish-
ing momentum transferki50 enhances the occurrence of
Landau damping12 of the collective excitations.

The energies of CDE’s and SDE’s at zero wave vector
can be written as31

\VCDE~0!5~«12«0!1SVc~0!2
1

2
Ve~0! D ~p02p1!

5\V011a012b01, ~1!

\VSDE~0!5~«12«0!2
1

2
Ve~0!~p02p1!5\V012b01,

~2!

where Vc and Ve are Coulomb and exchange interaction,
respectively. Changing the hole concentration in the quan-
tum wells a shift of the peak position of the CDE’s and
SDE’s can occur due to variations of the single-particle con-
tinuum determined bykF(p0) as well as by variations of the
collective shifts depending on the difference in the popula-
tion densitiesp02p1 of the subbands taking part on the hole
transitions.

The effects of above-barrier band-gap illumination on the
spectra of CDE and SDE concerning the peak position of the
hole excitationh0→h1 are given in the plot of Fig. 3. The
depopulation of the quantum-wells results in an energy shift
of the CDE, which is about 4 times larger than the corre-
sponding energy shift of the SDE. This difference is caused
by the fact that the charge-density-dependent effects on the
variation of the single-particle continuum width and on the
exchange term of the many-particle interaction partly com-
pensate each other in the case of the depolarized spectra of
SDE, while the direct Coulomb interaction valid in the case
of CDE supports the shift of the peak position of the SPE
spectrum. The decrease of the Raman shift of SDE at addi-
tional illumination can be seen as an indication for a domi-
nating single-particle character of the intersubband excitation
and gives evidence for a weak exchange Coulomb interac-
tion of the holes in GaAs.

FIG. 4. Continuum of possible contributions to the single-
particle spectrum of intersubband excitationsh0→h1 in p-doped
quantum wells. The finite width of the continuum depends on the
carrier densityp in the well which determines the size of the Fermi
wave vectorkF(p). The given value ofkF corresponds to an as-
sumed hole concentrationp51.731011 cm22.
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Even though the collective effects are found to be weak
for p-type modulation-doped heterostructures because of the
nonparabolic valence subbands they can be observed clearly
due to the terma01 of Eq. ~1! by comparing the peak posi-
tions in the polarized and depolarized Raman spectra. Figure
5 reveals the time-dependent differences in the Raman shifts
of CDE and SDE as being measured in both scattering ge-
ometries under otherwise identical conditions. This energy
difference, in the literature usually referred to as depolariza-
tion shift, is small for short delay timesDt and steadily in-
creases with time, approaching the value for the maximum
hole densities in the wells. The refilling of the quantum wells
after illumination increases the energetic difference between
CDE and SDE, which is formally reflected by an increasing
value fora01 in Eq. ~1! and referred to as an increase of the
depolarization field.10,11Analogous experiments were carried
out for different probe-laser energies as well as on a one-
sided modulation-doped single-quantum-well structure with
results corresponding satisfyingly to those described above.

IV. LOW-ENERGY EXCITATIONS „LEEX’s …

The LEEX’s,24 excitations of hitherto unknown origin,
can be observed in the polarized spectra ofp-type
modulation-doped multiple quantum wells. Several peaks
can be resolved with Raman shifts smaller than 60 cm21, i.e.,
below the energies of hole intersubband excitations. Because
of their low energies these excitations cannot be explained
by conventional electronic transitions between the quantized
quantum-well states. Since they do not show a significant
dependence on the in-plane component of the scattering
wave-vector24,25 LEEX’s are not multilayer plasmons of the
type observed inn-type superlattices32 either. Raman-
scattering experiments with a magnetic field applied parallel
and perpendicular to the growth direction of the sample in-
dicate the quasi-two-dimensional character of the LEEX’s.24

Additional measurements by Pinczuket al.24,25 indicate a de-
pendence of the Raman shifts and half widths from the hole
gas concentration. Figure 6 shows that LEEX’s are visible in
the polarized spectrum only, but not in the depolarized spec-
trum under otherwise the same conditions. In the following
the complex spectrum of the LEEX’s will be interpreted as a
superposition of three components with excitation energies

of approximately 55, 30, and 20 cm21. The mode at 160
cm21 in Fig. 6 represents the hole intersubband excitation
h0→h1 discussed in Sec. III.

The effect of the above-barrier band-gap illumination on
the LEEX spectrum is shown in Fig. 7 for different delay
timesDt. With decreasingDt, i.e., with an increasing num-
ber of photoexcited holes in the potential minima in the cen-
ters of the AlxGa12xAs barriers the efficiency of the LEEX
scattering process increases. Simultaneously the observed
Raman shifts become smaller by the hole transfer into the
barriers.

We interpret the LEEX’s as intersubband transitions of
photoinduced holes with a density2Dp ~Fig. 4 in Ref. 18! in
the potential minima in the centers of the barriers between
neighboring quantum wells@Fig. 12~b!#. Small subband
spacings of less than 60 cm21 which correspond well to the
peak positions found for the LEEX signals occur due to the
weak charge-carrier confinement realized in the flat potential
of a quasitriangular shape in the barrier center regions of
modulation-doped multiple quantum wells.

Our interpretation is supported by considering the inten-
sities of the LEEX components with Raman shifts of about
55 and 30 cm21 as a function of the mean delay timeDt
~Fig. 8!. The LEEX structure with an energy of about 20

FIG. 5. Depolarization shift between the CDE and SDE of the
h0→h1 transition measured with the laser energyEL513 144
cm21. The refilling of the quantum wells after the sample illumina-
tion can be observed by the increase of the energetic shift.

FIG. 6. Polarized and depolarized spectrum of thep-doped
GaAs/AlxGa12xAs multiple-quantum-well structure observed with
a laser energyEL513 164 cm21. In the polarized spectrum the Ra-
man signals of the low-energy excitations~LEEX! can be seen.

FIG. 7. Effect of the photoinduced change of the spatial distri-
bution of the hole gas on the LEEX structure. With decreasing time
delayDt the efficiency of the scattering by LEEX increases while
simultaneously the observed Raman shift becomes smaller.
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cm21 ~Fig. 6! is not displayed in this plot because of the
difficulties to fit this weak signal. With increasingDt the
intensities decrease. According to our model this is due to
the decrease of the hole density2Dp in the barriers, i.e., due
to the decreasing occupation of the lowest subband state in
the barrier potential.

The increase of the excitation energies of the LEEX’s
with Dt ~Fig. 9! is also well correlated to the variation of the
hole density2Dp in the barriers. The transfer of quantum-
well holes into the Be-doped barrier regions leads to a reduc-
tion of the depth of the triangular shape barrier potential,
approaching the flat band case, due to a compensation, re-
spectively, neutralization of the ionized acceptors. This re-
sults in a shrinkage of the barrier state spacings and thus in

the observed decrease of the LEEX energies. With the pro-
ceeding relaxation of the charge carriers the number of holes
in the barrier potential decreases, i.e., the depth of the con-
fining potential and therefore the subband distances become
larger. The consequent increase of the LEEX energies with
Dt is demonstrated in the plot of Fig. 9. The inset illustrates
the shape of the valence-band edge according to a self-
consistent calculation assuming quantum-well hole densities
p51.631011 and 1.431011 cm22. The charge-density-related
band bending is clearly reflected. By describing the center of
the barrier potentials by a parabolic shape, we have calcu-
lated the energies of the barrier subband states for different
numbers of barrier holes easily as eigenvalues of the har-
monic oscillator. In Fig. 10 the calculated energy spacings
betweenh0 and the barrier subbandsl 0, h1, and h2 are
shown as a function of the barrier hole density and compared
to our experimental data of LEEX energies which are also
displayed as a function of the density of photoinduced holes
in the barrier center regions deduced from Fig. 4 of Ref. 18.
With respect to our crude assumptions the agreement be-
tween the calculated and experimental values~especially the
slopes withDp! is acceptable.

Figure 11 gives the resonance enhancement of the Raman
intensities of two LEEX components in comparison with the
behavior of theh0→h1 quantum-well transition as a function
of the photon energyEL of the probe-laser beam. The
LEEX’s and theh0→h1 intersubband transition of the quan-
tum wells appear at laser energies very close to each other.
This means that the scattering intensities of the LEEX’s
show maxima at laser energies which correspond to subband
distances in the wells. The intermediate state in the Raman-
scattering process of a LEEX is a quantum-well electronic
subband state. On the other hand, the resonance maxima of
the LEEX components are found slightly shifted to lower
energies compared to the resonance peak of theh0→h1
quantum-well transition. With decreasing Raman shifts the
resonance maxima of the LEEX’s shift to lower energies.

Considering the resonance behavior of the LEEX compo-
nents, we assume a scattering mechanism in which the inter-
subband transition within the confining barrier potential is
induced by interaction with a quantum-well exciton. In Fig.
12 the proposed mechanism of the LEEX scattering process
is schematically shown both in the real and in the reciprocal

FIG. 8. Intensity of the LEEX components with Raman shifts of
approximately 30 and 55 cm21 as a function ofDt. The intensity
decreases with increasing relaxation of the photoinduced holes in
the barriers according to the decreasing occupation of the lowest
subband state in the barrier potential well.

FIG. 9. Illumination effect on the Raman shift of the LEEX’s.
With decreasing number of photoexcited holes in the barrier poten-
tial wells, i.e., with increasingDt the depth of the confining poten-
tial increases~inset! and the subband distances become larger. The
inset gives the barrier potential shape calculated for the quantum-
well hole densitiesp51.631011 cm22 andp51.431011 cm22.

FIG. 10. Experimental excitation energies of the LEEX’s and
calculated energy spacings between the barrier subbandsh02 l 0 ,
h02h1, andh02h2 as a function of barrier hole density.
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space. In this third-order process two optical transitions are
associated with intermediate exciton states. The exciton cre-
ated by the probe-laser beam with appropriate photon energy
is assumed to be scattered into a second real exciton state by
interaction with a free hole in the barrier center region before
it annihilates under emission of a photon. The energy trans-
fer to a hole in the barrier potential is assumed to be medi-
ated by the direct term, i.e., the long-range part of the Cou-
lomb interaction due to the large spatial separation between
the centers of the barriers and the quantum wells. This results
in the transition of a barrier hole. The strongest resonant
enhancements of the LEEX signals are expected if the en-
ergy spacing between the quantum-well exciton states in-
volved in the process coincides with the energy separation of
the subband states in the barriers. In compliance with the
subband structure calculations of Fig. 4 quantum-well sub-
band distances of the magnitude close to the measured LEEX
energies occur between the hole bandsl 0 andh1 for in-plane
wave vectors in the range of 0 cm21,ki&0.43106 cm21 and
betweenh0 and l 0 for ki'1.6 cm21. Our assumption of an
efficient coupling between holes of the wells and the barriers
by the direct term of the Coulomb interaction is supported by
the experimental result that LEEX’s are observed in the po-
larized spectra only.

Our experimental situation is similar to an experiment on
an asymmetric double-quantum-well structure proposed in
Ref. 31. According to these studies resonant excitations of
the charge carriers in one quantum well are supposed to
bring about CDE’s, but no SDE’s in the neighboring well. It
is argued that the direct term of the Coulomb interaction
couples charge carriers even in the case of vanishing overlap
of the corresponding wave functions, whereas the exchange
term of the Coulomb interaction lacks this ability. Since the
hole gases in the quantum wells and barrier regions of our
sample are spatially separated from each other there exists no
coupling due to the exchange Coulomb interaction, but only
due to the long-range direct term. Our suggestion of a cou-
pling mechanism between the well and barrier holes, i.e.,
over a distance more than the nominal spacer thickness
Lz5245 Å is reasonable by taking into account the weak
confinement of the holes in the barriers resulting from the

triangular shape of the barrier potential.
To calculate the efficiency of the inelastic light scattering

on LEEX’s, we assume a third-order scattering mechanism
similar to that developed by Dananet al.33 in order to de-
scribe the resonance behavior of intersubband excitations in
n-type one-sided modulation-doped quantum-well structures.
The intensity of the resonantly scattered light in this third-
order process is given by

I}U(
nn8

S M n8
* ~He!nn8M n

~En2\vL1 ih!~En82\vSL1 ih!
D

1S M n* ~He!n8nM n8
~En82\vL1 ih!~En2\vSL1 ih!

DU2, ~3!

whereM n describes the optical matrix element for the cre-
ation of an exciton in a stateun& with an energyEn and
(He)nn8 the transition of the exciton from a stateun& into a
stateun8&. \vL and\vSL are the energies of the incident and

FIG. 11. Resonance behavior of two LEEX components and of
the quantum-well hole excitationh0→h1 . The scattering intensities
of the LEEX’s show maxima at laser energies close to the energy of
resonant excitation of the intersubband transition.

FIG. 12. Illustration of a third-order LEEX scattering process in
the real ~a! and reciprocal space~b!: An exciton created by the
incoming probe-laser light~1! changes into another real quantum-
well state~2! by simultaneously exciting a barrier hole due to the
coupling by direct Coulomb interaction~2!. In the following step
the quantum-well exciton recombines~3! under emission of a pho-
ton. For reasons of clearness the scattering mechanism of the
quantum-well hole intersubband transitionh0→h1 is shown as well
in ~a!.

54 16 931RAMAN-SPECTROSCOPY INVESTIGATIONS OF . . .



inelastically scattered light, respectively. The phenomeno-
logical broadening of the signal is covered by the parameter
h. Using this expression and assuming a constant transition-
matrix element (He)nn8, we calculated the resonance curves
of the different LEEX components involving transitions be-
tween the valence subbandsh0, l 0, andh1 and the first ex-
cited conduction subbandc1. The positions of the resonance
maxima are found to be mainly determined by optical tran-
sitions under participation ofl 0- andh1-subband states close
to the center of the Brillouin zone. The calculations further
reflect the experimental observation that LEEX components
with smaller Raman shifts have their resonance positions at
lower probe-laser photon energies.

Finally our interpretation of the LEEX’s is supported by
measurements on a one-sided modulation-doped single quan-
tum well. The potential shape of a one-sided modulation-
doped single quantum well does not provide an appropriate
charge-carrier confinement in the barrier regions along the
growth direction. Therefore quantized barrier states are ab-
sent, meaning that LEEX structures cannot occur in the po-
larized spectra of these samples in agreement with our ex-
perimental findings.

V. SUMMARY

In summary, the effects of a hole density reduction in the
quantum wells ofp-type modulation-doped heterostructures
by pulsed above-barrier band-gap illumination on hole inter-
subband excitations and LEEX’s of hitherto unknown origin
are presented. Using a simple experimental setup, which al-
lows the variation of the time delayDt between the
quantum-well depopulation and the detection of the Raman
signals, measurements of the hole gas density dependence
could be performed on one sample under fixed experimental
geometry and the dynamical process of the hole relaxation
could be investigated by the analysis of the shapes of the
Raman spectra. To control the photoinduced variations of the
hole distribution in the samples we determined the position
of the fundamental quantum-well luminescence.

Referring to the hole intersubband transitionsh0→h1
within the quantum wells the above-barrier band-gap illumi-
nation results in a decrease of the Raman shifts and half
widths and in an increase of the peak heights of the lines.
The time-dependent changes of the signal parameters are re-
lated to the actual hole distribution in the samples and were
explained by modifications in the single-particle continuum
width, variations of the influences of the ionized barrier im-
purities, and of the strengths of many-particle Coulomb in-
teractions. Although collective effects are only weakly pro-

nounced for hole intersubband excitations due to the
complex nonparabolic valence-band structure, they are well
present. They can be observed as depolarization shifts be-
tween the spectra measured in parallel and perpendicular
scattering geometries. The refilling of the wells with increas-
ing delay timeDt strengthens the many-particle effects and
gradually increases the depolarization shift.

The transfer of the quantum-well holes into the barrier
regions also modifies the Raman signals of the LEEX’s oc-
curing in the polarized spectra ofp-doped heterostructures at
energies close to the Rayleigh line. The time-dependent
variations of the energies and intensities of the LEEX’s
clearly correspond to the changing number of photoexcited
holes in the barriers. The small excitation energies as well as
the results of our two-laser experiments give evidence for
interpreting them as transitions of photoinduced barrier holes
between quantized states in the flat confining barrier poten-
tial. We assume a scattering mechanism in which the
quantum-well exciton created by the incoming probe-laser
beam changes into another excitonic state with a transfer of
the released energy onto a barrier hole by means of direct
Coulomb interaction. As a consequence a hole in the barrier
is excited to a higher subband state there and the quantum-
well exciton recombines emitting a photon with a Raman
shift corresponding to the transferred energy. The experi-
mental observation of LEEX signals with maximum intensi-
ties for probe-laser energies providing resonant pumping of
excitonic quantum-well states is thus accounted for by our
model. The efficiency of this charge-carrier coupling is reso-
nantly enhanced in the case of identical energy spacings be-
tween the subband states of the quantum wells and barrier
regions being involved in the third-order scattering process.
The selection rule for the occurrence of LEEX scattering,
i.e., the absence of LEEX’s signals in depolarized Raman-
spectra results from the disability of exchange interaction in
providing a coupling between charge carriers under condi-
tions of nonoverlapping wave functions. The proposed scat-
tering scheme is further supported by the absence of LEEX
structures in the spectra measured on asymmetricp-doped
single-quantum-well systems due to the missing appropriate
confinement of the barrier holes.
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