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A detailed experimental study of the real-space I -X transfer in type-II GaAs/A1As short-period
superlattices and in type-II Al, Ga&, As/A1As multiple-quantum-well structures is presented.
Transfer times on a subpicosecond and picosecond time scale are observed. The time constants crit-
ically depend on the thickness of the (Al, Ga)As layers, but not on the AlAs-layer thickness in the
samples studied. The I -X transfer rate is determined by the spatial overlap of the I and X wave
functions confined in the different layers. Intensity- and temperature-dependent measurements pro-
vide insight into the scattering mechanism. We conclude that electron —LO-phonon scattering is the

0
dominant scattering process for samples with thick (Al, Ga)As layers ( & 100 A). In contrast, inter-
face scattering due to the interface mixing potential (1 -X, mixing) and/or due to potential Auctua-
tions caused by interface roughness (I -X, ~ mixing) probably dominates for samples with thin
(Al, Ga) As layers ( (35 A ).

I. INTRODUCTION

The electrical and optical properties of semiconductor
materials are strongly influenced by carrier-scattering
processes. The relative importance of different scattering
mechanisms, e.g. , carrier-carrier, carrier-phonon,
carrier-defect, or carrier-impurity interaction, as well as
their respective scattering rates, depends on band struc-
ture, excess energy of the excited carriers, carrier density,
and the interaction potential of the relevant mechanism.

The recent progress in high-speed electronic semicon-
ductor devices' and very large-scale integration has
stimulated intensive research on intervalley-scattering
phenomena. Under the inhuence of high electric
fields applied in ultrafast electronic devices, electrons in
the lowest conduction-band minimum (e.g. , at the I
point for CxaAs) can be efFectively scattered to higher val-
leys, e.g. , to the X and L points of the Brillouin zone for
GaAs. These scattering processes are of fundamental im-
portance for high-speed electronic devices, since the
transfer of carriers from I to, e.g., the X valleys results in
a drastic reduction of the carrier mobility, owing to the
large effective mass of carriers in the satellite valleys.

Several groups have investigated I -X intervalley
scattering of electrons in bulk semiconductors GaAs and
Al„Ga, „As (Refs. 4 and 6—8) and measured scattering
times as short as 30—80 fs. ' ' It is evident that the I -X
scattering rate will vary as a function of the excess energy
of the electron in the I valley with respect to the energy
of the X minimum, and thus critically depends upon the
band structure. The recent progress in growing
quantum-well and superlattice (SL) structures provides
great potential for tailoring these scattering rates.

Variation of the GaAs well width in a
(GaAs) /(A1As)„SL (m, n give the number of mono-
layers with thickness ao =2.83 A) results in an increased
confinement energy of the I conduction-band states in
the GaAs layer with decreasing well width, if coupling
between adjacent wells is not significant. This allows us
to tune the lowest I conduction-band state in the GaAs
to lie above the X minima of the A1As layers and generate
a type-II SL configuration for m +12. In these type-II
SL's, the highest valence-band state is contained in the
GaAs layers, whereas the lowest conduction-band state
occurs in the A1As layers. In ternary- on binary-
compound (AI„Ga&,As) /(A1As)„SL's, type-II behav-
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ior can be maintained for any thickness, provided that
the composition x is chosen properly. The optical prop-
erties of type-II (Al, Ga)As/AlAs SL's have been exten-
sively studied by several groups.

A unique process occurs in these type-II SL's; interval-
ley electron scattering additionally involves a real-space
transfer of the carriers from the Al„Ga, As layer
across the interface to the AlAs layer. It was shown re-
cently that the I -X scattering rate in all binary
(GaAs) /(A1As)„ type-II short-period superlattices
(SPS's) can be extremely high and comparable to the I -X
scattering rate in a GaAs bulk crystal, ' ' in spite of the
spatial charge transfer. (Al„Ga, „As) /(A1As) „
multiple-quantum-well (MQW) structures which show
type-II behavior for much larger values of m permit ex-
tension of such studies to a much broader range of well
thickness.

In this paper we present a systematic study of the I -X
intervalley scattering in (Al„Gai „As) /(AlAs)„ type-II
SL's and MQW's grown by molecular-beam epitaxy
(MBE) with various values for x, m, and n using pi-
cosecond and femtosecond excite and probe spectrosco-
py. We demonstrate that the scattering rate can sys-
tematically be varied within a broad range (100 fs to 22
ps) by changing the geometrical dimensions of the sample
structure and the composition of the well material. Our
results reveal that the scattering rate depends on the spa-
tial overlap of the electron wave functions of the I
minimum of the Al„Ga& „As layer and of the X minima
of the A1As layer.

Comprehensive studies of the scattering times with
varying excitation intensity and sample temperature pro-
vide information about the nature of the scattering mech-
anism. Our experimental data indicate that interface
scattering due to I'-X, and/or I -X„mixing is dominant
for thin GaAs layers (m ~ 12). This mechanism is expect-
ed to decrease with increasing well width, in accordance
with the decrease of the probability amplitude of the elec-
tron wave function at the interface. Consistently,
the temperature-dependent measurements show that
electron-phonon scattering becomes the dominant
scattering mechanism for thick Al„Ga

&
„As layers

(m & 35).
The paper is organized as follows. In Sec. II we will

briefly summarize the electronic features of type-II SPS's
and discuss their optical properties. Nonresonant and
resonant transient pump and probe experiments have
been used to study the fast scattering of electrons from
I -related to X-related states for nine GaAs/A1As and
three Al„Ga, „As/A1As samples; in Sec. III the experi-
mental results at low temperature are presented. In Sec.
III A we demonstrate that the experimentally determined
I -X transfer times for the type-II GaAs/A1As SPS's
drastica11y increase with increasing GaAs layer thickness,
but are almost independent of the AlAs layer thicknesses.
Results from the type-II Al Ga& As/A1As multiple
quantum wells are presented in Sec. III B. In Sec. IV we
show that the overlap of the I and X envelope wave func-
tions determines the I -X transfer rate. Finally, in Sec. V
the underlying scattering mechanisms responsible for the
I -X real-space transfer are discussed. We conclude that

electron —LO-phonon interaction is the dominant scatter-
0

ing mechanism for samples with thick layers (& 100 A),
whereas for those with thin layers ( (35 A) interface
scattering becomes dominant.

II. ELECTRONIC AND OPTICAI. PROPERTIES

The band alignment of a so-called type-I GaAs/A1As
superlattice is characterized by the fact that the lowest
conduction-band states and the highest valence-band
states are in the same material (GaAs). Consequently,
electrons in the conduction band and holes in the valence
band both find their lowest-energy states in the GaAs lay-
er. In contrast, in type-II superlattices the lowest-energy
states for photoexcited electrons and holes are located in
different layers. For type-II (Al, Ga)As/A1As superlat-
tices, the lowest-lying electronic states of the conduction
band are confined in the A1As layers, whereas the
highest-lying states of the valence band are confined in
the (Al, Ga)As layers, as shown in Fig. 1. This staggered
band alignment is achieved if the confinement energy of
the lowest I level in the (Al, Ga)As becomes sufficiently
high, which in (GaAs) /(A1As)„SPS's is fulfilled for
m smaller than 12.' Type-II behavior can be main-
tained in the ternary- on binary-compound
(Al„Gai „As)~(AIAs)„superlattice for any thickness,
provided the composition x is chosen properly. '

The I - and X-band alignments along the growth axis
[001] (the z axis) of the superlattice are treated indepen-
dently in the simplest theoretical approach. In the
envelope-function approximation, the I and X energy ei-
genvalues and wave functions are calculated on the basis
of the Kronig-Penney model using the respective effective
masses in z direction. Due to the anisotropy of the X
minimum in A1As (m& =1.Imo, m, =0.2mo), two

AlxGG~ „As AlAs
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FIG. 1. Band scheme of a type-II (Al, Ga)As/AlAs superlat-
tice in growth direction z. The direct type-I and indirect type-II
optical transtions between the quantized valence-band and
conduction-band states are also drawn.
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FIG. 2. Low-temperature absorption spectrum of the
( m, n ) = ( 11,24) SPS together with the corresponding PL spec-
trum (for details see text).

different subbands are obtained for the lowest A1As
conduction-band states. In structures grown in the [001]
direction, the heavy longitudinal mass mi is the quantiza-
tion mass for the minima aligned along this growth direc-
tion (X,), whereas the light transversal mass m, is the
quantization mass for the X„and X minima aligned
along the [100] and [010] directions, respectively. Thus
the lowest confined X sublevel located in the A1As layer
should always be an X, state.

The lowest-energy band gap of these type-II superlat-
tices is determined by transitions involving the spatially
separated I valence-band states of the GaAs and the
confined X conduction-band states of the A1As, as
schematically depicted in Fig. 1. The respective oscilla-
tor strengths of these I"-Xor type-II transitions, however,
are very small compared to the direct I -I or type-I tran-
sitions at higher energy because they are indirect in real
and in k space.

With this basic description of the electronic band
structure, as derived from the simple Kronig-Penney
model, the low-temperature absorption spectra and the
main features of the photoluminescence spectra of type-II
superlattices can be explained. As an example, Fig. 2 de-
picts the absorption and photoluminescence (PL) spectra
of an (11,24) GaAs/AlAs type-II SPS (with m =11 and
n =24) at low temperature. The absorption spectrum
shows the direct transitions involving I electrons and
holes and reveals the n =1 heavy- and light-hole excitons
at 1.87 and 1.93 eV, respectively, as well as the n = 1 spli-
toff band exciton at 2.21 eV. The absorption coefficient is
smaller by orders of magnitude at lower energies, as ex-
pected for the indirect type-II transitions. ' ' After pho-
toexcitation of electrons and holes in the I -related
conduction- and valence-band states, some electrons relax
down to the lowest confined I state of the GaAs layer.
Recombination with heavy holes leads to the broad type-
I photoluminescence peak in Fig. 2. Peter et al. ' have
determined the lifetime of this luminescence to be less
than 20 ps. This fast decay is attributed to the real-space

transfer of electrons from the lowest I conduction-band
state ~1, ) to the energetically lower X-states confined in
the adjacent AlAs layers. However, some of the photo-
created hot I electrons may also scatter to the X-related
states before they relax down to the lowest confined I
state. This competing relaxation channel becomes impor-
tant if the I -X transfer rate and the intravalley relaxation
rate are comparable. In Fig. 2, the luminescence features
at lower energy correspond to recombination of localized
X-point excitons due to the indirect type-II transi-
tion. ' ' Typical radiative lifetimes of the type-II PL
are of the order of 10 sec. ' ' ' '

However, the simple Kronig-Penney model is unable to
explain the detailed spectral structure of the type-II
luminescence and its variation with the superlattice pa-
rameters' ' or with pressure. In the envelope-function
approximation, it is assumed that the Bloch functions of
the different materials are the same, which is not exactly
true for the GaAs/A1As material system. As a conse-
quence, the translational crystal symmetry is destroyed in
the superlattice direction z. This leads to mixing of the
X, states in the A1As with I states in the GaAs, induced
by an interface potential. ' ' ' I -X, mixing can be in-

cluded in the transfer-matrix approach to the envelope-
function approximation, as was recently demonstrated
by Pulsford et al. In addition, more sophisticated calcu-
lations, such as the tight-binding method, the one-
band Wannier-function method, ' as well as the pseudo-
potential method, ' take into account all symmetry
properties of the superlattice potential. The periodicity
of the superlat tice potential implies that the three-
dimensional Brillouin zone is back folded into the re-
duced superlattice or mini Brillouin zone. As a further
result of these calculations, it turns out that mixing not
only takes place between I and X, states but also be-
tween X, and X states.

The question which of the A1As X states are lowest in

energy has been discussed in the literature for quite a
while. ' ' The situation becomes even more complicat-
ed because energy shifts due to the built-in strain of the
A1As layers must be included. However, recent optically
detected magnetic resonance (ODMR) studies by van
Kesteren et al. have definitely shown that in type-II
GaAs/AlAs SPS's, the X, states with the heavier longitu-
dinal mass are lowest, as long as the A1As thickness is

0

smaller than =55 A, corresponding to about 20 mono-
layers. For A1As thicknesses exceeding 20 monolayers,
however, the X„states become lowest, due to the
strain-induced lowering of the X valleys with respect to
the X, valley. According to these results, the lowest X„
states should lie just slightly below the lowest X, state for
the (11,24) type-II GaAs/A1As SPS.

We now turn to the spectral structure of the type-II
luminescence in Fig. 2. The optical matrix element for
the type-II I -X, transition involving I valence-band
states and "mixed" X, conduction-band states is nonzero
only because of the I admixture to the X, states. The
strength of the optical transition without participation of
a phonon thus is a measure for the I -X, mixing. Since
I -X, mixing can be strong in type-II GaAs/A1As SPS's,
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an intense zero-phonon line and much weaker phonon re-
plicas at lower energies are expected for the type-II I -X,
luminescence. Mixing of the X„and I conduction-band
states is only possible via potential fluctuations associated
with interface roughness, but it turns out to be much less
effective than I -X, mixing via the interface potential.
As a consequence, the PL spectrum due to type-II I -X„
transitions is dominated by phonon replicas. Keeping in
mind that the X, and X„states are almost degenerate
for the (11,24) sample, we interpret the main type-II PL
peak at higher energy in Fig. 2 as the zero-phonon line of
the I -X, transition. The three weaker type-II PL peaks
at lower energies are ascribed to the indirect I -X„ tran-
sitions with participation of Brillouin-zone boundary TA,
LA, and LO phonons of the A1As layer. '

We would like to point out that the indirect type-II
recombination can be described in a two-step process via
an intermediate I conduction-band state. Electrons of
the lowest-lying X conduction-band states are scattered
into virtual conduction-band states at the I point, and
then recombine with holes of the I valence-band states.
The scattering is caused by electron-phonon interaction,
by potential fluctuations due to interface roughness
(I -X, mixing), and the interface mixing potential (I -X,
mixing). Consequently, the type-II luminescence spec-
tra may give a hint for the scattering process between I-
and X-related conduction-band states. However, only the
lowest-lying X states contribute to the type-II lumines-
cence, which is different for the I -X scattering investigat-
ed in this paper. In addition, the type-II luminescence is
due to recombination of localized X excitons. We will
come back to this point in Sec. V, where we discuss the
scattering mechanisms for the real-space I -X transfer.

The strength of the indirect type-II luminescence in
comparison to the direct type-I luminescence provides
strong evidence for an efficient spatial transfer of elec-
trons from the I -related states in the GaAs layer to the
X-related states in the AlAs layers. In the following, we
focus on the experimental investigation of this real-space
charge transfer.

III. EXPERIMENTAL RESULTS

We have investigated nine type-II (GaAs) /(A1As)„
SPS's and three type-II (Al„Ga, „As) /(A1As) „
MQW's. All the samples were grown by molecular-beam
epitaxy (MBE) on (001)-oriented substrates. The parame-
ters of the superlattice structures, i.e., the (m, n;x) values,
which have been determined independently by double
crystal x-ray diffraction, are listed in Table I. The nonin-
teger m and n values are due to interface roughness. The
GaAs substrate of all samples was removed by selective
chemical etching in order to allow differential transmis-
sion spectroscopy.

A. Type-II GaAs/A1As short-period superlattices

In the case of the all binary GaAs/A1As SPS's we have
determined the I -X scattering-time constants by per-
forming nonresonant pump and probe experiments. Op-
tical pulses of 70 fs are generated at 622 nm in a

TABLE I. (m, n;x) values from double-crystal x-ray
diffraction together with the experimentally determined I -X
transfer times ~ at T =295 and 10 K.

Sample no.

1

2
3
4
5
6
7

9
10
11
12

(m, n)

(7.6, 7.9)
(8.0, 9.0)
(8.8, 8.8)
(8.8, 42.4)
(10.3, 17.1)
(10.1, 23.5)
(9.7, 37.3)

(11 24)
(12.1, 12.2)
(35.3,

'

17.7)
(39.0, 33.5)
(68.3, 36.3)

0
0
0
0
0
0
0
0
0
0.4
0.36
0.37

~ (ps)
T=295 K

0.12
0.20
0.30
0.36
0.39
0.43
0.50

0.62

1.9
2.3

~ (ps)
T=10 K

0.17
0.38
0.45
0.40
0.49
0.47
0.65
0.87
1.9
4.3

22

colliding-pulse mode-locked (CPM) laser using the stan-
dard four-prism configuration for intracavity dispersion
compensation. The output of this laser is amplified in a
six-pass dye flow cell amplifier pumped by a Cu-vapor
laser at a repetition rate of 7 kHz. The pulse duration
after chirp compensation is 80 fs. After splitting this
beam, one beam is used for excitation of the sample, and
the other creates the probe continuum in an ethylene-
glycol jet. In the first experiments (compare Fig. 3) the
continuum exhibited a pronounced chirp of the order of 8

fs/nm for the spectral range from 550 to 730 nm. This
chirp now is reduced to 1 fs/nm by removing all glass
components in the continuum-beam path. The continu-
um light transmitted through the sample is dispersed by a
grating spectrometer and recorded differentially by an
optical multichannel detector. Alternatively, a pho-
tomultiplier can be used to record the decay of the pho-
toinduced transmission at a fixed wavelength using lock-
in techniques with a chopper synchronized to the 7-kHz
pulse train of the pump beam. The latter method pro-
vides an improvement of the signal-to-noise ratio by a
factor of 10. The energy- and time-resolved differential
transmission spectrum (DTS) b, T/To at T = 10 K is plot-
ted in Fig. 3(a) for the (11,24) SPS (sample no. 8). We find

a pronounced bleaching of the type-I heavy- and light-
hole excitonic transitions for positive time delay between

pump and probe pulse, similar to the results for a type-I
quantum well obtained by Knox et al. The bleaching
arises from (i) state filling of the I -related conduction-
and valence-band single-particle states, which build up
the exciton state, (ii) screening of the Coulomb interac-
tion between electrons and holes by the photocreated car-
riers, and (iii) band-gap renormalization via exchange and
correlation interaction of the carriers. We also ob-
serve a bleaching of the splitoff excitonic transition. As
indicated in Fig. 3(b), holes cannot be excited in the spli-
toff band by the pump laser with 2-eV photon energy.
Thus the contribution to the bleaching signal at 2.21 eV
for the splitoff-band excitonic transition due to state
filling can only originate from electrons in the lowest I
state confined in the GaAs.
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The temporal evolution of the bleaching signals of the
respective excitonic transition is depicted in Fig. 4(a).
Each curve is characterized by an initial partial decay
down to a quasiconstant value, which is different for the
three excitonic transitions. No further appreciable
change of the DTS signals is observed up to 20 ps, which
is the upper limit for the I -X transfer time in
GaAs/A1As SPS.' This initial fast decay at the lowest
excitonic transition is not present in either bulk samples
of GaAs or A1, Ga& „As, ' or in type-I quantum wells.

Apparently, the initial recovery of the bleached absorp-
tion has to be attributed to reduction of state filling due
to scattering of electrons from the I conduction-band
states of the GaAs to the X-like states of the A1As. In
addition, a reduced contribution to screening is expected
for the scattered electrons, since they are confined in the
spatially separated A1As layers. Consequently, the I -X
transfer of electrons is directly monitored by the DTS sig-
nal of the splitoff-band exciton, whereas the temporal
evolution of the heavy- and light-hole exciton signal is
also influenced by relaxation of hot photogenerated holes
down to the heavy-hole valence-band edge. The remain-
ing signal is attributed to state filling of the still-occupied
hole states of the I valence band in GaAs and also to
screening of the excitonic enhancement by holes in the
GaAs and electrons in the A1As. We determine a I -X
transfer time of 0.65 ps for the (11,24) SPS, shown in
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o 1.927 eV
~ 2.210eV

(b)
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FIG. 4. Temporal courses of the DTS signal at the heavy-
hole, light-hole, and split-off-band excitonic transitions for the
(m, n) =(11,24) SPS in the upper part and at the heavy-hole ex-
citonic transition for the (m, n) =(8,9) SPS in the lower part.
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FIG. 3. Energy- and time-resolved differential transmission
spectrum (DTS) of the (m, n ) = (11,24) SPS at T = 10 K. In this
experiment a pronounced chirp of the continuum of 8 fs/nm is
observed. The time delay is chosen to be zero for the pump-
laser energy of 2 eV. In the lower part the induced hot carriers
are visualized, and the I -X transfer of electrons, as well as the
cooling of holes are indicated by the arrows.

Figs. 3 and 4(a).
The time dependence of the DTS signal at the heavy-

hole excitonic transition of an (8,9) SPS is depicted in Fig.
4(b). The 1 -X transfer is much faster in this SPS, with a
time constant of about 0.17 ps. Due to this fast partial
recovery of the bleached absorption, the subsequent cool-
ing of hot holes down to the heavy-hole band edge can be
observed for this sample: The DTS signal increases again
with a time constant of the order of 1 ps, reflecting the in-
crease of state filling of the lower-energy states due to
cooling of the holes.

We have investigated seven more (GaAs) /(A1As)„
SPS s with different (m, n) values, as listed in Table I, in
order to determine in more detail the dependence of the
I -X transfer time constants on the individual GaAs and
A1As layer thicknesses. The low-temperature experimen-
tal values for the I -X transfer time constants are listed in
Table I. The relative uncertainty of these data is estimat-
ed to be less than 15%.

The experimental values for the I -X scattering time
constants versus the number m of monolayers of GaAs
are platted in Fig. 5. We find a pronounced and continu-
ous increase of the I -X transfer times with increasing
GaAs layer thickness, whereas the I -X transfer times are
almost independent of the AlAs layer thickness. For in-
stance, the number I of monolayers of GaAs for sample
nos. 3 and 4 as well as for sample nos. 5, 6, and 7 is al-
most the same, whereas the A1As layer thickness varies
by more than a factor of 4 or 2, respectively. However,
in both cases, the I -X transfer times are comparable.

We thus conclude from our experimental results that
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the I -X transfer rate is mainly determined by the GaAs
and scarcely by the AlAs 1ayer thickness.

B. Type-II Al„Ga& „As/AlAs multiple quantum wells

FIG. 5. Experimentally determined time constants for the
I -X transfer at T=10 K vs the number m of monolayers of
GaAs (obtained by double crystal x-ray diffraction).

our experiment under the present conditions.
The important result of the data in Fig. 6 is that the

I -X transfer rates are now in the picosecond regime and
increase from 1.9 ps for m =35.5 (sample no. 10) up to 22
ps for m =68.3 (sample no. 12).

We can verify these results by applying an independent
time-resolved technique. Transient ps-luminescence ex-
periments using a synchroscan streak-camera system pro-
vide a time resolution of about 15 ps (for details of the ex-

perimental setup see Ref. 15). The luminescence spectra
of the type-II Al„Ga, „As/A1As samples only exhibit
one photoluminescence peak due to recombination of the
direct n =1 heavy-hole exciton. Luminescence due to
type-II transitions is absent probably because the spatial
separation of electrons in the X conduction-band states of
the AlAs and holes in the I valence-band states
of the Al Ga& „As is too large. The time-resolved PL
spectra of the type-I luminescence for the (m =39,
n =33.5;x =0.36) sample and the (m =68.3,n =36.3;
x =0.37) sample are depicted in Fig. 7. The decay of this
luminescence directly monitors the disappearance of elec-
trons from the lowest I state to the X states in the neigh-
boring A1As layers. As expected from Fig. 6(b), the fast
transfer time of 4.3 ps for the (m =39, n =33.5;x =0.36)
MQW cannot be resolved. However, the decay of the

An investigation of the dependence of the I -X transfer
time on the number m of monolayers of GaAs is restrict-
ed in the all binary system to m ~ 12, because for m ) 12
the character of the SPS changes to type I. However,
type-II behavior can be maintained for much thicker lay-
ers if the GaAs is replaced by Al, Ga& „As, provided x is
chosen properly. We therefore have investigated three
type-II A1, Ga, „As/A1As MQW's. At low temperature
these samples could not be excited with the CPM laser,
because the direct I -I band gap is larger than 2 eV. We
therefore have performed pump and probe experiments
using a cavity-dumped hybridly mode-locked dye laser
with the ability to tune the laser emission wavelength.
This experimental setup provides a time resolution of
about 1 ps. The laser wavelength was tuned to excite and
probe resonantly "direct" heavy-hole (hh) excitons for
each sample.

The temporal evolution of the bleaching at the hh exci-
tonic transition is depicted in Fig. 6 for all three samples
at T =10 K. We again observe in all cases an initial par-
tial recovery of the bleached absorption, with different
time constants for the three different samples. The initial
decrease of the bleaching signal now can be attributed
solely to the I -X transfer of electrons, because cooling of
hot carriers within the I states does not contribute in the
case of resonant excitation. Similar to the case of type-II
GaAs/A1As SPS's, no further appreciable change in the
bleaching signal occurs after the initial partial recovery
up to 300 ps due to the long lifetime of "indirect" X exci-
tons. We can exclude any coherent effects in these

pump and probe experiments with perpendicularly polar-
ized beams because the initial decay of the bleaching sig-
nal is resolved in each case. In addition, we have checked
using self-diffraction experiments that the dephasing
times Tz are always shorter than the time resolution of
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FIG. 6. Temporal courses of the heavy-hole exciton bleach-

ing for three different Al, Ga, „As/A1As MQW's at low tem-

perature, obtained by applying the resonant pump and probe
method.
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FIG. 7. Time-resolved spectra of the type-I photolumines-
cence for sample nos. 11 and 12 at T = 10 K.

IV. DISCUSSION

We now turn to a discussion of the experimental data
presented in the preceding sections. In order to explain
the relative importance of the (Al, Ga)As and AlAs layer
thicknesses and to calculate the respective I -X transition
rates we have to apply Fermi's "golden rule. " The
transfer rate r ' from the lowest confined I state

~ I, ) to
all final L states of the AlAs layer is proportional to the
sum over all squared matrix elements:

final

x states

type-I luminescence is clearly resolved in the case of the
(m =68.3, n =36.3;x =0.37) MQW, and a decay time of
about 36 ps is derived from a semilogarithmic plot. The
repetition rate of the laser pulses in the luminescence ex-
periment was 76 MHz, compared to 500 kHz in the
pump and probe experiment. Thus, in the luminescence
experiment, the electrons accumulate in the X states of
the A1As, since the lifetime of the X electrons typically is
in the order of 10 s. Consequently, fewer final unoccu-
pied X states are available for the I -X transfer of elec-
trons photocreated in the I states by each laser pulse.
This may explain the larger time constant of 36 ps ob-
tained in the luminescence experiment compared to 22 ps
determined by the pump and probe experiment with 500-
kHz repetition rate. In addition, the type-I luminescence
exhibits a Stokes shift of 6 meV in respect to the direct
heavy-hole absorption peak, which is due to localization
of heavy-hole excitons. The I -X transfer time, deter-
mined by time-resolved luminescence, may be longer due
to this localization.

From the experimental data, we conclude that the I -X
scattering times are strongly dependent on the GaAs and
Al„Ga& „As layer thickness, but the scattering times do
not show a significant dependence on the thickness of the
A1As layers. The scattering times increase with increas-
ing thickness from about 100 fs in a (GaAs) /(A1As)„
type-II SPS with m =7.6 up to 22 ps in an
(Al„Ga, ,As) /(AlAs)„ type-II MQW with m =68.3.

The quantitative evaluation of the matrix elements re-
quires knowledge of the orthogonal g", and P envelope
wave functions and, in addition, the scattering mecha-
nism that determines the perturbation Hamiltonian 0„.

Due to the staggered band alignment, the confined X
envelope wave functions ttr are mainly located in the
A1As layers, whereas the I envelope wave function g& is
mainly located in the (Al, Ga)As layers. It is evident that
this spatial separation of the I and X envelope wave
functions diminishes the matrix elements in Eq. (1),
which determine the I -X transfer rate.

The simple Kronig-Penney model, as described in Sec.
II, provides I' and X envelope wave functions g, (z) and

p; (z) (i indicates the number of the sublevel), which are
not orthogonal. Consequently, the overlap integral
(g, ~qP) is nonzero, and represents a measure of the spa-
tial separation of the I and X wave functions. This is il-
lustrated in Figs. 8(a) and 8(b) for a (28,8;x =0.28) type-
II superlattice. For this superlattice structure only one X
sublevel, namely the lowest X, sublevel, lies energetically
below the ll, ) state. In Fig. 8(a) the Kronig-Penney en-

X
velope wave functions y& and y&' are plotted versus A, ,
the spatial coordinate characterized by the number of the
respective monolayer in the z direction. q", and y&' are

A(0.28Gao.72As AlAs

VXXXXXXXXXXXXXXXXXXLXXXX(
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FIG. 8. Envelope wave functions for a type-II
(m =28, n =8;x =0.28) superlattice obtained (a) by simple
Kronig-Penney model calculations (Ref. 22) and (b) by one-band
Wannier-orbital calculations (taken from Ref. 31) for the bot-
tom (q =0) of the two lowest-lying minibands. The nonorthogo-

X
nal Kronig-Penney envelope wave functions y, ' and y, in (a)
correspond to the orthogonal envelope wave functions P' and g
in (b), respectively.
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FIG. 9. Plot of the experimentally determined I -X transfer
times vs the calculated sums over squared overlap integrals ac-
cording to Eq. (2} for all studied type-II samples. The line indi-
cates the expected relationship according to Eq. (2).

calculated for the botto~ of the respective minibands

(q =0). For comparison, the wave functions P'(A, } and

f (k) plotted in Fig. 8(b) represent orthogonal and more
realistic envelope wave functions obtained for the same
superlattice structure by the one-band %'annier-function
method (taken from Ref. 31). P'(A, ) and g (A, ) of Fig. 8(b)
are also calculated for q =0 (Ref. 31}and correspond to
the Kronig-Penney envelope wave functions y&'(A, ) and

yt (I, ) of Fig. 8(a), respectively. The strong oscillations of
g'(A, ) in Fig. 8(b) originate from the large k wave vector
of the X, state in bulk A1As and ensure that the envelope
wave functions P'(A, ) and f (A, ) are orthogonal. A com-
parison of Figs. 8(a} and 8(b) shows that the Kronig-
Penney envelope wave functions in fact account fairly
well for the spatial separation. In the following, we thus
take the overlap integrals (y, ~ qP ) as a quantity for the
spatial separation of the I and X wave functions.

To get a first insight into the effect of the spatial sepa-
ration on the I -X scattering time constants, we replace
the matrix elements ~(tt, H ~P) ~

merely by the spatial
overlap integrals (y", ~qP). We additionally assume that
the scattering is elastic, which is true for the type-II
GaAs/AlAs SPS, as will be shown in Sec. V. The sum-
mation in Eq. (1) then simply must be taken over all X,
subbands lying energetically below the ~I, ) state, be-
cause the two-dimensional density of states is constant
for each X; subband. The I -X transfer rate then can sim-

ply be written
' o- S» «2+ ml /m, S» (2)

where mI and m, are, respectively, the longitudinal and
transverse effective masses of the X valley in the bulk
AlAs. S~ and Sz are sums over squared overlap in-

2 X

teg rais:

s» = g f (q' [q' ) f'
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FIG. 10. Plot of the experimentally determined I -X transfer
times vs Sz for all studied type-II samples. The line indicates

z

the expected linear relationship.

In bulk GaAs the I -X intervalley scattering is due to
electron —LO-phono n deformation-potential interac-

The factor 2+m&/m, =4.7 takes into consideration the
different densities of final states for scattering into the X,
states as compared to scattering into the X states. In
Fig. 9 the experimental time constants ~ are plotted
versus the right-hand expression of Eq. (2) calculated for
the respective samples. The envelope wave functions are
calculated as described in Ref. 22. The expected linear
relation according to Eq. (2) is indicated by the line,
representing a slope of 1 in this double logarithmic plot.

In Sec. V it will be discussed that the scattering of I
electrons may predominantly occur into the X, states, if
strong I'-X, mixing is present. For this reason, we have
also plotted in Fig. 10 the experimental time constants ~
versus the sum Sz of squared overlap integrals, taking

into account only the y;' envelope wave functions. The
solid line again indicates a linear dependence.

Figures 9 and 10 indicate that the experimental data
are already fairly well described, taking into account only
the envelope wave function overlap. This agrees with our
interpretation that the I -X transfer rate is mainly deter-
mined by the spatial overlap of the I and X wave func-
tions. However, even though Fig. 10 seems to provide a
better fit, the approximations made are too crude to
definitely conclude that scattering preferably involves X,
states.

An interesting consequence of our calculations is that
we are not only able to explain the pronounced depen-
dence of I -X transfer times on the (Al, Ga)As layer thick-
ness, but also that the I -X scattering times are almost in-
dependent of AlAs layer thickness. In fact, the overlap
of the I, and X; wave functions corresponding to a par-
ticular subband i decreases with increasing (Al, Ga)As or
A1As layer thickness. However, in the case of increasing
A1As layer thickness, the decreasing overlap is at least
partly compensated by the increasing number of X sub-
bands lying below the I, state.

V. THE SCATTERING MECHANISM(S)
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tion. Only longitudinal-optical phonons cause the
I -X intervalley scattering because of selection rules due
to the crystal symmetry. The contribution of LO-
phonon polar-optical scattering is unimportant for the
I -X scattering because of the strong decrease of the
Frohlich interaction with increasing phonon wave vector

qph.
However, the real-space I'-X transfer in a type-II su-

perlattice is different in several respects from I -X inter-
valley scattering in bulk material. Firstly, the I and X
states of a type-II superlattice are confined in different
layers; i.e., the respective wave functions are spatially
separated [Figs. 8(a) and 8(b)]. Secondly, the spatial
transfer of electrons induces an electric field between the
(Al, Ga)As and A1As layers, resulting in a shift of the I
and X eigenenergies. Finally, additional scattering due
to potential fluctuations caused by interface roughness
(I -X mixing) and due to the interface mixing potential
(I -X, mixing) is possible in type-II (Al, Ga)As/A1As su-

perlattices, in contrast to bulk semiconductors.
As already mentioned in Sec. II, the luminescence

spectra of type-II (GaAs) /(A1As)„SPS's may give a
hint for the strength of different scattering mechanisms
causing the real-space I -X transfer. If the X, state is

lowest, strong I -X, mixing via the interface mixing po-
tential leads to an intense zero-phonon line for type-II
(GaAs) /(A1As)„SPS's. Consequently, scattering of I
electrons into the X, states, caused by the interface
mixing potential, could dominate in type-II
(GaAs) /(A1As)„SPS's. This statement might not hold
for the type-II Al„Ga~ „As/A1As MQW samples, be-
cause type-II luminescence has not been observed for
these samples. In the remaining part of this paper we
present and discuss the dependence of the I -X transfer
times on carrier density and lattice temperature for all
the samples. This provides insight into the nature of the
underlying scattering process.

We have performed intensity- and temperature-
dependent measurements of the I -X time constants. The
initially induced carrier density X,„, was varied between
1X10' and 1X10' cm in the case of the nonresonant
pump and probe experiments for type-II GaAs/A1As
SPS's. In the resonant pump and probe experiments of
the type-II Al„Ga, „As/A1As MQW, the carrier density

X,„, was varied between 1X10' and 5X10' cm . In
both cases, however, the I -X transfer times derived from
the initial partial recovery of the bleached absorption do
not change within the limits of the experimental accura-
cy. This is illustrated in Fig. 11 for sample no. 12, where
the temporal evolution of the DTS at the heavy-hole exci-
ton is shown for %,„,=1X10' cm and%, „,=5X10"
cm ~ We can thus rule out electron-carrier scattering as
the underlying process for the I -X transfer.

We now consider the results of the temperature depen-
dence of the I -X scattering time constants obtained by
resonant pump and probe experiments. The temporal
evolution of the DTS signal for two type-II
Al„Gal „As/A1As MQW's at room temperature is
shown in Fig. 12. Qualitatively, the temporal traces are
comparable to the low-temperature results of Fig. 6.
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FIG. 11. Temporal courses of the heavy-hole exciton bleach-
ing for sample no. 12 for different initial carrier densities N,„„
obtained by applying the resonant pump and probe method.

O
V)
V)
X
tf)

lY

UJ
(ZC (

U
Cl

D
UJ
F4

IX0
0 5 10

TIME DELAY (psj
15

FIG. 12. Temporal courses of the heavy-hole exciton bleach-
ing for sample nos. 11 and 12 at room temperature, obtained by
applying the resonant pump and probe method.

However, the initial decay of 1.9 ps for the
(m =39,n =33.5; x =0.36) MQW [Fig. 12(a)] is faster
than at low temperature [4.3 ps; cf. Fig. 6(b)]. This
difference between room temperature and low tempera-
ture is even more pronounced in case of the
(m =68.3, n =36.3; x =0.37) MQW [Fig. 12(b)] with
transfer times of 2.5 and 22 ps at 300 and 10 K, respec-
tively. The experimentally determined decay times (solid
points) of the bleaching signal are plotted for the
(m =39,n =33.5;x =0.36) and the (m =68.3,n =36.3;
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FIG. 13. Experimentally determined I -X transfer times vs

crystal temperature for the (m =39,n =33.5;x =0.36) MQW.
The solid curve represents the theoretically expected tempera-
ture dependence according to Eq. (4) for J,b, jJ, =3.3. The ar-
rows illustrate the I -X transfer of an electron by absorption or
emission of an LO phonon (h v~z= 39 meV), respectively.

x =0.37) MQW's for the entire range from T = 10 K up
to 295 K in Figs. 13 and 14, respectively.

For the interpretation of this data we must consider
that exciton ionization at higher temperatures may also
cause an initial recovery of the bleached absorption.
Knox et al. determined the time constant for ionization
of heavy-hole excitons in type-I quantum wells to be 300
fs at room temperature. We thus assume that thermaliza-
tion of resonantly excited cold electrons within the I
states of the type-II Al„Ga, ,As/AIAs MQW also
occurs on a subpicosecond time scale at room tempera-
ture. Consequently, the picosecond recovery of the
bleached absorption in Fig. 12 can be attributed to the
real-space I -X transfer of thermalized I electrons. We
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FIG. 14. Experimentally determined I -X transfer times vs
crystal temperature for the (m =68.3,n =36.3;x =0.37) MQW
obtained by resonant (circles) and nonresonant (crosses) pump
and probe experiments. The solid curve represents the theoreti-
cally expected temperature dependence according to Eq. (4) for
J,b, /J, =31. The dashed and dashed-dotted curves are ob-
tained for ionized impurity scattering assuming a carbon impur-
ity concentration of N, = 10' cm and N, = 10"cm, re-
spectively.

can experimentally verify that the initial decay of the
bleaching signal in the resonant pump and probe experi-
ments is due to the I -X transfer and not due to exciton
ionization for all temperatures. We have performed non-
resonant pump and probe experiments at higher tempera-
tures for the (m =68.3;n =36.3;x =0.37) type-II sam-
ple. We again find an initial partial decay of the heavy-
hole bleaching signal, which now can be unambiguously
attributed to the I -X transfer of I electrons, as already
discussed in Sec. III. The time constants obtained from
the initial recovery are plotted as crosses in Fig. 14. The
experimentally found I -X transfer time constants again
exhibit a pronounced decrease with increasing tempera-
ture, as in the case of the resonant pump and probe ex-
periments. The time constants obtained by the non-
resonant pump and probe experiments lie slightly below
the values determined in the resonant pump and probe
experiments. In the nonresonant case, electrons are pho-
toexcited in energetically higher I states. Since the spa-
tial overlap of I and X envelope wave functions increases
with increasing energy due to a greater delocalization,
the I -X transfer rate of hot I electrons is faster than for
resonantly excited I electrons.

In order to find an explanation for the observed de-
crease of the I -X transfer time constants with increasing
temperature, we discuss in the following different scatter-
ing mechanisms with regard to their temperature depen-
dence. However, it is important to keep in mind that a
change of the electron distribution function f (E, T) has
to be considered in the case of energy-dependent scatter-
ing rates ~ ', in addition to an explicit temperature
dependence of r ' in Eq. (1).

In two-dimensional systems, interface scattering and
also alloy scattering explicitly depend neither on the lat-
tice temperature T nor on electron energy E. ' We
thus rule out interface as well as alloy scattering to be the
most efficient I -X scattering mechanisms for the
Al„Gal „As/A1As type-II samples depicted in Figs. 13
and 14. Alternatively, a qualitatively similar trend,
namely an increase of the scattering rate ~ with in-
creasing temperature, is predicted for ionized impurity
scattering as well as electron phonon scattering.
The ionized impurity scattering rate ~;,„ is proportional
to the concentration N;,„ofionized impurities, ' which
implies an explicit temperature dependence. Recently,
Ferreira et al. have demonstrated that impurity-
induced intersubband scattering rates in type-I
GaAs/Al„Ga& As quantum wells with N;,„=10'
cm are about 2 orders of magnitude smaller than
phonon-assisted processes. Since in our intentionally un-
doped samples the impurity concentration N, „ is unlike-

ly to be more than 10' cm, we do not expect ionized
impurity scattering to be important. In addition, the ex-
perimentally found temperature dependence of the time
constants cannot be fitted with N;,„(T). This is demon-
strated in Fig. 14 by the dashed (N; = 10'o cm ) and
dashed-dotted (N; =10"cm ) curves, which represent
calculations of the ionized impurity scattering for an im-
purity with E„=37 meV [carbon acceptor for x =0.37
(Ref. 58)]. The calculated curves have been normalized
to the experimental room-temperature value. This
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1
' ~ J»,N»+J, ~(N»+ 1)

with the phonon occupation probability

N» = [exp(h v»/kT) —1]

(4)

(5)

The first and second terms of Eq. (4) account for absorp-
tion and emission of a phonon with energy A &ph respec-
tively. J,b, and J, represent sums over squared matrix
elements for phonon absorption and emission. An expli-
cit energy dependence does not occur in Eq. (4), contrary
to the case of bulk semiconductors, since the two-
dimensional density of states is constant. The tempera-
ture dependence of the mean I -X scattering time of
thermalized I electrons is only due to the phonon occu-
pation probability X h. The effective LO-phonon energy
for Ala 3$Gao 64As amounts to h v»=39 meV. ' Normal-
izing Eq. (4) to r=1.9 ps for T=295 K, and taking
J,b, /J, =3.3, we get the solid curve drawn in Fig. 13,
which is in good agreement with the experimental data.
We can also estimate the fitting parameter J,b, /J, by
replacing J,b, and J, by sums over envelope function
overlap integrals, as already discussed in Sec. IV:

J,b, , =(Sx, ) b, , +2% m, /m, (Sx ),b, , (6)

In order to obtain S~ and S~ for phonon absorption and
Z X

phonon emission, the summation in Eq. (3) runs over all
X sublevels to which scattering from

~
I

~
) by, respective-

ly, absorption or emission, of an LO phonon is possible.
This is illustrated in the inset of Fig. 13. The Kronig-
Penney band-structure calculations provide
J,b, /J, =4.3 for the (m =39,n =33.5;x =0.36) MQW,
in good agreement with the value J,b, /J, =3.3 obtained
from the fit in Fig. 13. This further supports our con-
clusion that the underlying I -X scattering mechanism is
electron —LO-phonon interaction for this type-II sample.

For the (m =68.3,n =36.3;x =0.37) MQW (Fig. 14)
the alloy composition is close to the direct-indirect cross-
over. ' Consequently, the highest-possible final X states
for I -X transfer by absorption of a phonon are close to
the X barrier, and are already strongly delocalized. This
leads to a much larger value of J,b, /J, , as compared to
the (m =39,n =33.5;x =0.36) MQW, and consequently
to a more pronounced temperature dependence of the

disagreement becomes even worse if the linear increase of
~;,„with increasing energy E as valid for two-dimensional
systems is taken into account.

We now discuss electron-phonon interaction 0, h as
the cause of the temperature dependence of the I -X
transfer times in the type-II Al„Ga, „As/A1As MQW.
The matrix elements (P, ~H, h~tjr") in Eq. (1) only con-
tribute for large phonon wave vectors q h. This is due to
the strong oscillations of the X envelope wave functions,
in contrast to the I envelope wave functions, as illustrat-
ed in Fig. 8(b) for an X, state. Thus the situation is com-
parable to bulk GaAs. We can thus assume LO-phonon
deformation-potential interaction to cause the I -X
scattering for this case. Similar to the calculations for
intersubband scattering in type-I quantum wells, we
write for the I -X transfer rate in the type-II superlattices
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FIG. 15. Timeresolved DTS signals for the
{m =8.8, n =42.4) and {m = 10.3,n = 17.1) SPS's at the respec-
tive split-off-band excitonic transitions for T=10 and 295 K,
obtained by applying nonresonant pump and probe experiments.

I -X transfer times for this type-II sample. In Fig. 14,
J,b, /J, =31 is needed as a fitting parameter to obtain
the solid curve for r( T), according to Eq. (4). A compar-
ison of the fitting parameter J,b, /J, with an estimate
according to Eq. (6) is not possible for this type-II sam-
ple, because the calculation of J,b, /J, is too critical in
the vicinity of the direct-indirect crossover. Neverthe-
less, the form of r( T) according to Eq. (4), which refiects
the freezing out of LO phonons due to the Bose-Einstein
distribution N h, describes the experimental data very
well. We therefore conclude that the I -X transfer of
electrons in these type-II Al„Ga, „As/A1As MQW's
with relatively thick layers of the Al, Ga, „As is due to
electron —LO-phonon interaction.

Room-temperature measurements of the I -X transfer
times for the all binary type-II GaAs/A1As SPS's have
also been performed. In Fig. 15 the respective temporal
traces of hT/To at the splitoff excitonic transitions for
an (m =8.8, n =42.4) and an (m = 10.3, n = 17.1) SPS
(sample nos. 4 and 5) are depicted for T =10 K (solid
curve) and T =295 K (dashed curve). Obviously, the ini-
tial partial recovery of the bleached absorption and hence
the transfer time constants are independent of tempera-
ture. The room-temperature data for the transfer times
are listed in Table I together with the low-temperature
values for seven type-II GaAs/A1As SPS's.

Contrary to the experimental results for the thick
Al„Ga& „As/A1As MQW, the freezing out of LO pho-
nons with decreasing temperature does not inhuence the
I -X transfer times in the case of the type-II GaAs/A1As
SPS with thin GaAs layers. Consequently, a different,
temperature-independent scattering mechanism is dom-
inant in the case of the type-II GaAs/A1As SPS. We as-



5820 J. FELDMANN et al.

sume that interface scattering caused by the interface
mixing potential (I -X, mixing) and/or caused by the po-
tential fluctuations due to interface roughness (I -X

~
mixing) dominates the 1 -X transfer in the type-II
GaAs/A1As SPS, consisting of thin GaAs layers (m ( 12).
These mechanisms are expected to decrease with increas-
ing well width in accordance with the decrease of the
probability amplitude of the electron wave function at the
interface. Consistently, electron-phonon scattering be-
comes the dominant scattering mechanism for thick
Al„Ga, „As layers (m ) 35).

VI. CONCLUSIONS

The real-space I -X transfer of electrons in type-II
GaAs/A1As SPS's and Al„Ga, „As/A1As MQW's has
been studied in detail. The associated time constants
have been determined by optical pump and probe experi-
ments. The I -X transfer time constants cover a wide
range from about 0.1 ps up to about 20 ps, depending on
the structural parameters of the SPS. We have demon-
strated that the I -X scattering rates are essentially deter-
mined by the spatial overlap of the initial- and final-state
wave functions. As a consequence, the I -X transfer time
constants show a pronounced increase with increasing
thickness of, respectively, the GaAs or Al Ga, ,As lay-

ers, which confine the I states. In contrast, the transfer
times are almost independent of AlAs layer thickness,
due to the fact that the reduction of wave function over-
lap for a particular X sublevel with increasing layer thick-
ness is compensated by an increase in the number of X
sublevels taking part in the scattering. We have also con-
sidered the scattering mechanisms for this real-space
charge transfer by measuring the time constants for
different induced carrier densities and at different temper-

atures. We have identified electron —LO-phonon interac-
tion as the dominant mechanism due to the decrease of
the transfer rate with decreasing temperature for the
type-I I (Al„Ga, „As) /(A1As) „MQW with thick
Al„Ga, „As layers (m ) 35). No temperature depen-
dence of the transfer time constants is found in the case
of the all binary type-II GaAs/A1As SPS's with thin
GaAs layers (m (12). This indicates that a different
scattering mechanism becomes important. Interface
scattering due to the interface mixing potential (I -X,
mixing) and/or due to potential fluctuations caused by in-
terface roughness (I -X, mixing) is suggested as a possi-
ble mechanism for the I -X transfer in the case of the
type-II SPS with very thin GaAs layers (m 12).

However, it should be pointed out that the present con-
clusions are based on simple estimates. Nevertheless, the
set of data reported here provide a solid and complete
base for a much more detailed analysis of this unique
scattering process. Such a future analysis possibly has
also to include the internal electric field effects neglected
completely in our study.
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