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Experimental and theoretical investigations of the near-band-gap optical nonlinearities in type-II
GaAs/AlAs quantum wells are reported. The temporal evolution of the optical nonlinearities of
different samples grown at our two different laboratories is analyzed by comparing femtosecond results
at different pump-probe time delays with nanosecond measurements at different sample temperatures.
The quasi-cw measurements at low temperatures show exciton bleaching and a pronounced heavy-hole
exciton blueshift, which is absent at elevated plasma temperatures (~100 K). Femtosecond spectra
show a delayed onset of the exciton blueshift consistent with hole-plasma cooling in the absence of elec-
trons. The results are analyzed using many-body theory assuming complete electron-hole charge separa-
tion. We show that the presence of a one-component plasma modifies the nonlinear optical behavior of
the GaAs layer and results in dramatically different properties compared to type-I quantum-well struc-

tures.

I. INTRODUCTION

In the past few years much attention has been focused
on type-II GaAs/AlAs superlattices consisting of thin
GaAs and AlAs layers, where the lowest-energy
conduction-band state is confined to the indirect AlAs
layer.!™!3 Ihm' showed that type-II superlattices are
formed when the GaAs-layer thickness is less than = 35
A. For this case, the electron and hole plasmas become
separated in both real and reciprocal spaces, resulting in
a space-charge potential. The subsequent radiative
recombination is indirect and correspondingly slow, on
the order of microseconds.>® Long lifetimes result in
high-density electron and hole plasmas achievable with
relatively low excitation intensities. Photoluminescence
(PL) studies®’ ® provide direct evidence for electrons
confined to the AlAs layer. Low-temperature PL spectra
of indirect superlattices reveal two peaks, a high-energy
peak corresponding to an electron-hole recombination at
the GaAs I’ point, and a low-energy peak attributed to
interlayer recombination of AlAs X-like electrons with
GaAs T point holes. Danan et al.” investigated the be-
havior of the transition energies as a function of longitu-
dinal electric field and reported a decrease in the I'-X
splitting with increased field. Menaydier et al. 8 observed
evidence of an indirect-to-direct crossover through appli-
cation of a longitudinal electric field. Subpicosecond
transfer of electrons from the GaAs I' point to the AlAs
X point has been found.®”!! Previously a blueshift of the
indirect PL peak has been reported and explained in
terms of the domination of the space-charge potential
over other many-body effects.® Additionally an absorp-
tion blueshift of the heavy-hole exciton in type-II super-
lattices was observed. %13
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In this paper we present the complete temporal evolu-
tion of the optical nonlinearities in the absorption spectra
of highly optically excited type-II GaAs/AlAs quantum

_ wells using quasi-cw and femtosecond absorption spec-

troscopy. These investigations are performed on several
type-II quantum-well structures having different I'-X
splitting which have been grown in our two different la-
boratories. The nonlinearities result in a strong bleaching
of the inhomogeneously broadened heavy-hole (hh) exci-
ton resonance. The bleaching is accompanied by a pro-
nounced blueshift which develops on a 100-ps time scale.

This paper is organized as follows. We first present the
linear optical properties of type-II heterostructures in
Sec. II. In Sec. III we describe the effects of space-charge
layers on the transition energies. In Sec. IV we present
nanosecond nonlinear absorption spectra taken for
different type-II samples. These samples were grown in
different laboratories to allow conclusions which are in-
dependent of sample-specific properties. We show the
excitation-dependent absorption for different I'-X split-
ting and at different plasma temperatures. In Sec. V we
present femtosecond time-resolved absorption spectra,
both pumping into the band and into the exciton reso-
nance, and discuss the complete temporal evolution of
the optical nonlinearities. In Sec. VI we give a brief
theoretical analysis of the nonlinear optical properties of
type-II quantum wells, the technical details of which are
reported in Ref. 14. Theory and experimental results are
summarized and discussed in Sec. VII.

II. LINEAR OPTICAL PROPERTIES

In Fig. 1(a) we show the potential energy diagram of a
typical GaAs/AlAs type-II heterostructure in real space.
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The lowest direct transition (arrow labeled I'-I" in Fig. 1)
has the energy

Er-r:E§+H1+E1_E1§-F , (D

where Egr is the bulk GaAs direct band gap, H; and E,
are the confinement energies for the heavy hole and elec-
tron, respectively, and ELT is the corresponding direct
exciton binding energy. The energy of the lowest indirect
transition (arrow labeled I'-X in Fig. 1) is given as

EF-X:EéY_'_Hl_'_Ef_ il @

where Eé" is the effective indirect band gap [i.e., the bulk
AlAs indirect gap minus the offset of the I"-valence bands
at the GaAs/AlAs interface, which is (1—0. 67)AE, is
the difference in the I'-I" band gaps of AlAs and GaAs ],
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FIG. 1. Type-II quantum-well structure. (a) Quantum-well
energy diagram in real space; E; and E; are the direct GaAs
band gap and the effective indirect bandgap energies (see text);
E, EY, H,, and L} are the I'-electron, X-electron, heavy-hole,
and light-hole quantum-confinement energies, respectively. (b)
Sketch of the in-plane band structure in the [100] direction.
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E¥ is the confinement energy for electrons at the AlAs X
valley, and E} ¥ is the binding energy of the indirect exci-
tons. The difference between Egr and ng is less than 200
meV. This difference can be easily surmounted by
confinement energies of the GaAs electrons, which are
very light (m * ~0.067). Thus for very narrow GaAs lay-
ers (<35 A) the lowest-energy radiative transition is in-
direct as depicted in Fig. 1. The confinement energy of
the AlAs X electrons is not as sensitive to thickness
changes because of the larger effective masses. !>
Whereas in the corresponding bulk material (AlAs) the
X point exhibits a threefold degeneracy because of the
equivalence of the momentum in the three spatial direc-
tions ([100], [010], and [001]). This degeneracy is lifted in
quantum wells to a twofold degeneracy of the X, , valley,
describing the motion within the plane ([100] and [010]),
and the X, valley for electrons moving in growth direc-
tion [001]. This is a consequence of the fact that the lat-
tice constant of AlAs is larger than that of the GaAs sub-
strate, resulting in AlAs layers under biaxial compres-
sion. The lattice mismatch strain results in a lowering of
the X, and X, valleys with respect to the X, valley.
Thus, for wide wells (little or no confinement of X-point
electrons) the X, , valley has the lowest energy for AlAs
layers.o However, for AlAs layers that are less than
=355 A wide the quantum confinement of the X, , valley
pushes its energy above the X, valley because the mass of
the X, , valley is small (m x,,=0.19m,) compared to

the mass of the X, valley (fnx =1.1my).'> We have

sketched the lowest in-plane energy bands in Fig. 1(b),
indicating the direct absorption, interlayer electron, and
indirect recombination transitions, I'>I", ' —X, and
X —T, respectively.

Low-temperature PL spectra of type-II multiple quan-
tum wells reveal two peaks: a high-energy peak corre-
sponding to electron-hole recombination at the I" point in
GaAs (Fig. 2, solid PL peak labeled I'-T") and a low-
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FIG. 2. Blueshifts of the absorption and PL spectra for the
(11/30) sample. Solid curves are linear spectra ([je,, =1
W/cm?) and dashed curves are for 10 kW/cm? excitation inten-
sity, where T=15 K and E ., jaiion = 1.96 V.
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energy peak corresponding to indirect-interlayer recom-
bination of X-like electrons in AlAs with I'-like holes in
GaAs (see Fig. 2, solid PL peak labeled I'-X). In Fig. 2
we also show high-density PL spectra (dashed lines)
which we describe in detail in Sec. III. We vary the I'-X
splitting by systematically varying the AlAs layer thick-
ness (11, 18, and 30 monolayers). The linear PL spectra
showed that the three Sandia National Laboratory (SNL)
samples, GaAs/AlAs (11/30), (11/18), and (11/11), where
(m /n) implies m monolayers of GaAs and » monolayers
of AlAs, have a I'-X splitting of 95, 80, and 61 *+ 1 meV,
respectively.

III. SPACE-CHARGE EFFECTS

Previously, we reported both experimental and theoret-
ical investigations of the optical-excitation-dependent
spatially indirect PL of GaAs/AlAs type-II superlattice. ®
The relevant microscopic mechanisms are exchange and
correlation effects in the excited electron and hole plas-
mas, as well as energy renormalizations due to the opti-
cally induced space-charge potential, the latter being the
dominant effect. The primary conclusion of this analysis
is that a strong potential difference between neighboring
layers develops for carrier densities around 102 cm™2,
However, the space-charge field has little effect on the
valence-conduction-band separation within the same lay-
er since both bands shift essentially parallel.

The low-temperature (=15 K) linear absorption spec-
trum and the excitation-intensity-dependent PL spectra
associated with the (11/30) sample are shown in Fig. 2.
The linear absorption spectrum shows the heavy-hole
(hh) and light-hole (1h) exciton absorption peaks in the vi-
cinity of 1.9 eV. The pump laser at 1.959 eV induces
direct I'-T" transitions within the GaAs layers. Linear
and highly optically excited PL spectra taken at two
different excitation intensities are shown.

In order to understand the highly excited PL spectra of
type-II structures, we assert that upon optical excitation,
which takes place as direct transitions in the GaAs layer,
the excited electrons (e) and holes (4) relax on a time
scale of a few picoseconds or less’ !! into quasithermal
equilibrium between superlattice layers. The electrons
are then distributed according to the law of mass action
(Boltzmann factor) between the X bands in the AlAs lay-
ers and the I" point in the GaAs layers. Only the holes
occupy the heavy-hole states at the I point of the GaAs
layer as explained below. The subsequent recombination
of the carriers involves, in principle, all of the electron
levels as well as the two hole levels. The PL spectra are
mainly determined by the relative occupation of the vari-
ous levels which are governed by carrier lifetimes and the
overlap of the electron and hole wave functions.

The high-intensity PL spectrum in Fig. 2 also exhibits
an additional peak, labeled I'-I" at 1.823 eV, correspond-
ing to the direct recombination in the GaAs layers, as
mentioned above. At this density, there is no e-lh photo-
luminescence, indicating that the chemical potential of
the holes is still less than the hh-lh splitting. This transi-
tion, however, is evidenced by a shoulder on the high-
energy side of the I'-I" line at even higher excitation in-
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tensities (not shown in Fig. 2). Figure 2 reveals that, with
increasing excitation intensity, the I'-X PL peak shifts up
in energy to 1.745 eV (=~6 meV blueshift).

Spatial separation of the electron and hole plasmas
leads to shifts of the valence and conduction bands and
hence, of the effective density-dependent energy gap. In
this system the space-charge layers cause a band renor-
malization consisting of two contributions: (1) the
exchange-correlation self-energy due to Coulomb-
exchange interaction and scattering processes within each
plasma and (2) the macroscopic electric field caused by
the spatial separation of the charge carriers. Generally,
the self-energy leads to a reduction of the energy gap
which increases sublinearly with density, as is well known
from the theory of a spatially homogeneous, neutral e-h
plasma. !®!7 The space-charge potential in the GaAs layer
shifts both the conduction and valence bands down by
approximately the same amount resulting in negligible
shifts of the I'-T" transitions and a blueshift of the '-X
transition. At high densities the energy shift of the I'-X
transition is dominated by the space-charge potential
which is roughly proportional to n. In this limit the blue-
shift arising from the space-charge potential always over-
compensates the redshift arising from the self-energy con-
tributions of the single-particle states resulting in a net
blueshift of the I'-X transition. ®

The experimentally observed increase of the linewidth
also contains additional damping effects due to the plas-
ma. These effects lead to an additional linewidth
broadening of the PL with respect to the zero-density
linewidth allowing for the determination of the quasi-
chemical potential.® The blueshift of the I'-X transition is
accompanied by a reduction of the splitting Ap_y which
leads to a reduction of the charge separation at very high
densities. The electric fields perturb the energies of the
system producing a blueshift of the indirect transition re-
sulting in a reduction in the I'-X energy splitting between
conduction-band electron states. A direct analogy can be
made with similar electric-field effects in p *-type 8-doped
heterostructures. '*

IV. NANOSECOND EXPERIMENTS

As shown in Fig. 2, the heavy-hole exciton line in the
absorption curve also shifts blue when optically excited.
However, as discussed above in Sec. III and quantitative-
ly evaluated in Ref. 14, the space-charge potential shifts
the GaAs conduction and valence bands essentially paral-
lel, thus, the blueshift of the hh exciton must be funda-
mentally different from the blueshift of the I-X PL.°

In order to study the quasi-cw nonlinearities in the ab-
sorption spectra we used nanosecond pump pulses
(Eaer =2.14 €V, Ty, =7 ns) to excite carriers. We used
100-fs time-correlated broad-band continuum pulses to
probe our samples. Nanosecond pulses are well suited for
studying type-II systems in the quasisteady state since the
real-space charge-transfer rate is subpicosecond’ ! while
the recombination lifetime is many orders of magnitude
longer (~us). Probing the system nanoseconds after ex-
citation allows for the real-space charge transfer to equili-
brate with little carrier loss to recombination.
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In Fig. 3 we plot pump-intensity-dependent absorption
spectra for the SNL (11/30), (11/18), and (11/11) struc-
tures at T=15 K. The spectra in Fig. 3 show that the in-
homogeneously broadened heavy-hole exciton resonance
shifts significantly toward higher energies and bleaches
with increasing excitation intensity. The amount of
broadening needed to reproduce the experimental zero-
density spectrum corresponds to well-width fluctuations
of approximately one-half monolayer.!® In contrast, the
light-hole exciton shifts very slightly to lower energies
and exhibits little reduction in oscillatory strength for the
intensities shown. Spectra were taken on different struc-
tures in order to investigate the dependence of the ob-
served nonlinearity on the inhomogeneous broadening
and the I'-X splitting. We examine the shift of the hh ex-
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FIG. 3. Excitation-intensity-dependent absorption spectra of
structure (a) (11/30), (b) (11/18), and (c) (11/11). T=15 K and
E\ye: =2.14 eV. The uncertainty in the pump power is less than
40%. The carrier density for the spectrum labeled 45 kW/cm?
is ~1.5X10'2/cm?.
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FIG. 4. The blueshift of the heavy-hole exciton vs excitation
intensity for the SNL (11/30), (11/18), and (11/11) samples.
The lines are drawn to aid the eye.
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FIG. 5. Excitation-intensity-dependent absorption spectra,
a(I). L is the linear spectra (I, =1 W/cm?), I,_3 = 5, 8, 10,
12, 15, 25, 35, 45 kW/cm?, respectively, 7=15 K, and
Ep e =1.96€V.
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citon as a function of excitation power for the three SNL
samples in Fig. 4, indicating slightly smaller amounts of
blueshift in the (11/11) sample which exhibits a narrower
hh exciton resonance.
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FIG. 6. (a) Absorptive and (b) dispersive changes with

respect to the linear spectrum. In (c) we plot the maximum
AcaL and An against the linear spectrum.
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In a different experiment we used nanosecond pulses
for both pump and probe. We pumped a dye laser
(E excitation = 1-96 €V) with a copper-vapor laser and used
the fluorescence from a DCM dye jet as the broad-band
continuum probe. In Fig. 5 we display the development
of the absorption spectra with increasing excitation inten-
sity for the SNL (11/30) sample. The antireflection coat-
ed sample exhibited maximum absorptive (AaL) and
dispersive (An) changes of 0.98 and —O0.2, respectively,
for an excitation intensity of 45 kW/cm? (see Fig. 6). A
An=—0.2 corresponds to a 7 /2 phase shift for a 2-um-
thick structure. The changes in the refractive index were
obtained using the Kramers-Kronig transformation of
the differential absorption. In practice we sum over a
finite energy range that is sufficiently large so that the
differential absorption vanishes at the end points. In Fig.
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FIG. 7. (a) Nonlinear absorption spectra of the UA sample at
10 K with pump energy of 2.1 eV and the highest pump intensi-
ty 20 kWcm ™2 The subsequent spectra are taken by stepwise
decreasing the pump intensity by factors of 2; the linear spectra
is taken for vanishing pump. (b) Same as (a) but at a sample
temperature of 77 K and highest pump intensity 7 kW cm ™2,
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6(c) we superimpose the linear absorption curve with the
maximum absorptive and dispersive changes.

Independently we measured the quasi-cw nonlinear ab-
sorption spectra of a series of type-II samples grown by
molecular beam epitaxy (MBE) at the University of Ar-
izona (UA). Here, we report experimental observations
using a sample consisting of 150 periods of 28-A GaAs
wells and 56-A AlAs barriers with AlGaAs caps on either
end, which is similar to the SNL (11/30) sample dis-
cussed above. Figure 7(a) shows nanosecond pump-probe
spectra obtained for a bath temperature of 7~10 K.
These results show good agreement with those presented
in the top part of Fig. 4, reproducing both bleaching and
blueshift of the hh exciton with relatively minor changes
around the lh exciton resonance. To study the tempera-
ture dependence of the observed optical nonlinearities,
and for later comparison with femtosecond pump-probe
experiments, we repeated the measurements of Fig. 7(a)
with the sample cooled by liquid nitrogen (~77 K). The
resulting spectra in Fig. 7(b) show an almost complete
disappearance of the hh blueshift. The nonlinear absorp-
tion changes consist primarily of exciton bleaching with
only a small shift.

V. FEMTOSECOND EXPERIMENTS

We performed two groups of femtosecond (fs) experi-
ments using two sets of different samples. In our first set
of fs measurements, performed at SNL, we used 630-nm,
100-fs-duration pump pulses and 100-fs-duration time-
correlated white-light continuum probe pulses obtained
from a colliding pulse mode-locked ring dye laser
amplified in a copper-vapor-laser-pumped dye cell.?° In
Fig. 8 we show the spectrally resolved absorption of the
SNL (11/30) structure at various time delays between
pump and probe pulses. We observe a small blueshift
(=~4 meV) of the heavy-hole exciton which develops
several hundred femtoseconds after excitation. The blue-
shift increases ( > 15 meV) for the 100-ps spectrum as the
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FIG. 8. Femtosecond time-resolved absorption spectra for
the (11/30) SNL structure. P.,.=8.5 uW (corresponding to a
carrier density of ~1X102/cm?), E,,.=1.960 eV, T=15 K.
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quasiequilibrium state is approached. Notice the strong
similarity between the 100-ps curve in Fig. 8 and the
100-uW curve in Fig. 3(a). Feldmann et al.® examined
the time dependence of the absorption spectra of type-II
GaAs/AlAs superlattices and reported a fast recovery of
the absorption in the spectral vicinity of the hh and lh ex-
citons and the split-off band. They attribute this fast
recovery to subpicosecond real-space charge transfer. In
addition to the excitonic blueshift, saturation, and the ab-
sence of gain, we also observe a similar fast recovery of
the hh and lh excitons (see Fig. 8; compare curves la-
beled +500 fs and +1 ps in the vicinity of both the hh
and lh excitons).

In our second set of fs experiments, performed at UA,
we used fs pumping both resonantly into the inhomo-
geneously broadened exciton and into the interband ab-
sorption region. This pumping was accomplished using a
femtosecond laser system with a tunable pump beam. A
colliding-pulse mode-locked (CPM) laser utilizing the
standard four-prism scheme to correct for intracavity
dispersion produces 70-fs pulses at 620 nm. These pulses
are then amplified by a six-pass dye amplifier pumped by
a copper-vapor laser operating at 8.5 kHz.?° The
amplified pulses have a length of about 80 fs after disper-
sion correction. We focus these pulses on a jet of
ethylene glycol to produce a white-light continuum. Part
of this continuum is split off as the broad-band probe.
We then use an interference filter to take a 10-nm slice of
the remaining continuum as the pump. The pump is
amplified by another copper-vapor-laser-pumped, six-
pass dye amplifier. After the second amplification, the
pulse width is approximately 130 fs. For these experi-
ments, the pump-power density on the samples is about
7X10® W cm 2. The signal is approximately linear with
pump power. By adjusting the interference filter and/or
the dye in the second amplifier, we obtain a completely
tunable system. These experiments utilize two different
data acquisition systems. The first system uses an optical
multichannel analyzer (OMA) which gives spectrally
resolved data. The second system is computer controlled
and monitors a chosen energy band of the probe signal as
a function of the time delay between the pump and probe
pulses. The probe beam and a reference beam are sent
into a spectrometer and are detected by photomultiplier
tubes (PMT’s). The signals are digitized by a fast
analog-to-digital converter (ADC) with 10-bit accuracy
and sent to the computer via a Camac system. The pump
pulse for each set of probe pulses is also digitized and
sent to the computer.

With this system we first repeat the experiment with
pumping into the interband absorption region (at 636 nm
in this case) using the UA type-II sample. Figure 9
shows the results indicating bleaching and a blueshift of
the hh and 1h exciton peaks, in good agreement with Fig.
8. Figure 10 shows the spectrally resolved data for the
same sample, but for pumping at 668 nm, i.e., directly
into the hh exciton peak. Again, we see pronounced exci-
ton bleaching and a blueshift of the hh and lh exciton
peaks. By =3 ps the lh peak has no blueshift, the bleach-
ing begins to recover, and is completed by 100 ps. By =3
ps also the hh peak has begun to recover from the bleach-



S

ABSORPTION (arb. units)

1.77 1.82 1.87 1.92 1.97

ENERGY (eV)

FIG. 9. Time-resolved absorption spectra for the UA sample.
The pump is centered at 1.949 eV.

ing. Between 3 and 100 ps, the low-energy side of the
heavy hole rebleaches. We also see large induced absorp-
tion between the heavy-hole and light-hole peaks which is
much smaller in the interband pumping case. These re-
sults are qualitatively similar, but greater in magnitude
than those for pumping into the interband absorption re-
gion.

While resonantly pumping the hh exciton peaks, the
time-resolved data-acquisition system was used to probe
on and around both the hh and 1h peaks. In Fig. 11(a) we
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FIG. 10. Same as Fig. 9 but pumping at 1.856 eV, i.e., directly
into the heavy-hole exciton peak.
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present the bleaching dynamics for several fixed pump-
and-probe wavelengths [pump at hh and probe at hh
(solid line); pump at hh and probe at lh (dashed line);
pump at lh and probe at lh (dashed-dotted line)] on a
timescale of 10 ps, and in Fig. 11(b) we extend the time
scale to cover 500 ps. Figure 11 shows a large initial
bleaching with a recovery of the absorption within a few
picoseconds. This fast recovery is particularly strong at
the 1h exciton if the pump is centered at that resonance.
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FIG. 11. Time dependence of the bleaching of Figs. 9 and 10
for fixed frequencies, (a) with femtosecond resolution, and (b) on
a 100-ps time scale. For excitation at the hh resonance we show
curves for probing at the hh (solid line) and 1h (dashed line) ex-
citon resonances. The dashed-dotted line represents the tem-
poral behavior for pumping and probing at the lh resonance.
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On the other hand, the hh exciton bleaching does not re-
cover on a 500-ps time scale. When the hh exciton is
pumped, the lh bleaching shows essentially only the ul-
trafast recovery and nothing else. The hh, however,
shows again a rebleaching on the 100-ps time scale. One
should note that the levels in the long time curves do not
always match the levels in the short time graphs. This
occurs because the time resolution of the longer curves is
less than that of the short time curves. Thus, the system
is likely to miss the extrema, e.g., the minimum of the ini-
tial recovery. Note also that the absolute values of the
bleaching shown in Fig. 11 depend on the absorption at
the pump wavelength. Therefore the case of pumping
into the hh and pumping into the 1h should not be com-
pared quantitatively.

VI. THEORETICAL ANALYSIS

In this section we sketch our theoretical analysis of the
experimental results. We concentrate on the absorption
in the GaAs layer, i.e., the I'-I" transition. For the
nanosecond pump-probe experiments one can assume
complete e-h charge separation with the electrons in the
AlAs layer and the holes in the GaAs barriers. Hence,
the nonlinear spectra of the GaAs can be described as-
suming that a certain density of holes is present without
any electrons. The holes are distributed within the vari-
ous in-plane bands according to Fermi functions, the sub-
bands being in general all the subbands of both the hh
and the lh states. Such a plasma in a semiconductor layer
causes many-body modifications of the optical properties
of that layer, which are in principle quite similar to the
plasma effects of a homogeneous e-k plasma in a type-I or
bulk system. Apart from these local effects, which we
will discuss below, there are the effects caused by the
electric field which is induced by the charge separation of
electrons and holes. A first quantitative analysis of these
global field effects on the photoluminescence transitions
of type-II systems has been discussed in Ref. 6. A de-
tailed theoretical analysis of these effects is given in Ref.
14, where a model calculation is presented for the absorp-
tion of a GaAs layer where no electrons are present and
only the hh states are occupied, which is appropriate if
the chemical potential of the heavy holes is less than the
hh-1h splitting. The calculations were done for the lowest
subband only, which is justified in very thin GaAs layers,
where the subband separations are large. In Ref. 14 we
also solve the coupled Schrodinger and Poisson equations
for the carriers to show quantitatively that the influence
of the space-charge field on the absorption transition is of
minor importance as long as the I'-X splitting is large
compared to the chemical potential of the electrons in the
X valley.

In Ref. 14 some homogeneously broadened spectra
were computed to illustrate the various many-body
effects. However, as mentioned in the previous sections
of the present paper, in order to compare with experi-
mental data, one has to account for the well-width fluc-
tuations which lead to pronounced inhomogeneous
broadening of the spectra. The main effect here is simply
a shift of the in-plane band, since fluctuations
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AL=L—L, around the average well widths L, yield
changes AE(L) of the confinement energies. If the scale
of the interface roughness is on the order of the exciton
Bohr radius, one can assume that the averaging of well
thicknesses follows effectively a continuous distribution
although the actual thickness variations are always multi-
ple integers of the lattice constant. In the case of multi-
ple quantum wells, inhomogeneities occur both within
each layer, i.e., as a function of the x,y coordinates for
fixed z, and in growth direction, since the different quan-
tum wells may have different thicknesses. In order to ac-
count for this effect we take the homogeneously
broadened spectra oy, (#iw) and subject them to the su-
perposition

(L—Ly)*o?

Cinpom(#iw) = [dL e~ Qom0 +AEL)) . (3)

A further effect of the inhomogeneity arises when the
structure is optically excited. As a consequence of the
in-plane inhomogeneities one can expect that the plasma
will try to localize in the regions of wider wells in order
to reduce its confinement energy. With regard to the
bleaching of excitons this will favor the bleaching of the
energetically lowest-lying excitons, i.e., the low-energy
part of an inhomogeneously broadened exciton peak.
The complete modeling of these effects poses a vast nu-
merical problem, since the calculation of one spectrum
requires knowledge of all homogeneous spectra for all
densities. Furthermore, it also leads to a self-consistency
problem, since fluctuations in the carrier energies lead to
fluctuations in the local-carrier densities which in turn
lead to fluctuations in the many-body effects. The inves-
tigation of this complex, spatially inhomogeneous ar-
rangement exceeds by far our current numerical capabili-
ties. Therefore, we model the system as inhomogeneously
broadened using Eq. (3) to compute the full spectra from
the homogeneous ones.

Generally, in bulk or most type-I structures (for devia-
tions see Ref. 21) increasing excitation first bleaching of
the exciton without any significant shift until, at high
densities, a gain region forms.?!~?° The point where the
absorption curve crosses zero, i.e., the sum of the chemi-
cal potentials of the electron and hole plasmas, shifts to
higher energies with increasing density since the band-
gap shrinkage due to the plasma is always less than the
increase of the chemical potential. The absorption spec-
trum around the chemical potential experiences
significant Coulomb enhancement which may lead to an
absorption peak, the so-called Mahan exciton. This ab-
sorption peak is observed at high-excitation intensities,
even though no bound electron-hole-pair state exists.

In type-I structures the simultaneous occurrence of op-
tical gain clearly distinguishes the Coulomb-enhancement
peak from the low-density exciton resonance.'* Carrier
inversion is inhibited in a pure type-II system because the
electrons are separated from the holes. Consequently, the
gain region of a type-I absorption spectrum is replaced by
a zero-absorption region in type-II structures. The hole
chemical potential coincides with the onset of absorption
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FIG. 12. Computed absorption spectra for type-II quantum
wells with GaAs well thickness of 30 A. The spectra are for the
plasma densities na§=0.2 (short-dashed line), 0.4 (medium-
dashed line), and 0.8 (long-short-dashed line). The linear spec-
tra are shown as solid lines and a, is the bulk-exciton Bohr ra-
dius. (a) Plasma temperature is 30 K; (b) plasma temperature
T=100 K. The underlying homogeneous linewidth is 5 meV
[full width at half maximum (FWHM)] and the additional inho-
mogeneous linewidth [see Eq. (3)] is 28 meV (FWHM).
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for the type-II system. The blueshift of the hh observed
in the nanosecond experiments at low temperatures and
elevated densities is then simply the so-called Burstein
shift known from type-I systems with the difference that
only the hole quasi-Fermi level contributes in the type-II
case. Due to the absence of a spectral region with optical
gain in a highly excited low-temperature type-II system,
where electron transfer to the AlAs layers has occurred,
the Coulomb-enhancement resonance above the quasi-
chemical potential appears as a blueshifted exciton. Such
Coulomb enhancement peaks in semiconductors have
been discussed for the case of n-doped type-I systems.

It is worthwhile to note that a blueshift of the exciton
absorption in narrow type-I quantum wells was observed
and attributed to exciton-exciton interaction.?! As we
have shown in Ref. 14, the blueshift of the heavy-hole
exciton in our type-II structures is consistently explained
by the many-body effects associated with the presence of
a hh plasma in the GaAs layer without including
exciton-exciton effects. We computed these shifts by
solving the generalized Wannier equation assuming com-
plete separation of electron and hole plasmas. As exam-
ples of our theoretical results we present in Fig. 12 com-
puted density-dependent absorption spectra for two
different plasma temperatures. Figure 12(a) shows spec-
tra at low plasma temperature (7'=30 K) exhibiting good
qualitative agreements with those of Figs. 3(a) and 7(a).
The analysis shows that the observed hh exciton blueshift
is in fact the Burstein shift of the Mahan exciton at the
Fermi edge. For all densities shown, the reduced hh
band gap is below the zero-density hh exciton resonance.
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FIG. 13. Computed type-II absorption spectra for a hole
plasma na}=0.4 and the plasma temperatures 30 K (short-
dashed line) and 300 K (long-dashed line). The linear spectrum
(solid line) and all other parameters are the same as in Fig. 12.
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For the 1h exciton we find a small redshift with relatively
little loss in oscillator strength. This shift is caused by
the screening due to the hh plasma (generalized Coulomb
hole). The results in Fig. 12(b) compare well with the
nanosecond spectra shown in Fig. 7(b) showing the ab-
sence of the hh exciton blueshift for elevated hh plasma
temperatures. The elevated plasma temperature leads to
reduced hole phase-space filling which in turn causes the
vanishing of the hh shift. *

To analyze the delayed onset and full development of
the magnitude of the blueshift in the femtosecond mea-
surements of Figs. 8—10 we show in Fig. 13 computed in-
homogeneously broadened spectra for a fixed-hole plasma
density at 30 and 300 K. Although we assume a quasi-
thermal equilibrium, the 300-K calculation can serve as a
model of the situation in the femtosecond experiment for
the case of interband excitation, where we have initially a
very hot carrier distribution. Indeed we find a striking
similarity between the 300-K curve of Fig. 13 with the
300-fs spectrum in Fig. 8. This similarity comprises not
only the bleaching and shift of the hh exciton, but also
applies to the lh exciton, which at early time as well as
high temperatures is bleached considerably. Note that in
our calculation no occupation of the lh is assumed, so
that the bleaching is a consequence of the screening of
the e-h Coulomb interaction only. Comparing the 30-K
curve of Fig. 13 with the 100-ps spectrum in Fig. 8 again
supports our interpretation of the experimental spectra in
terms of carrier cooling.

Concerning the different shifts of the nanosecond spec-
tra for different samples we studied the influence of
different inhomogeneous broadening. Taking the same
homogeneously broadened spectra which were inhomo-
geneously broadened to obtain Fig. 12(a), we show in Fig.
14 also inhomogenously broadened spectra, but now with

1.5

units)

ABSORPTION (arb.

T —40 0 40 80
ENERGY E-E," (meV)

FIG. 14. Same as Fig. 12(a) but with half the inhomogeneous
broadening.
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only half the amount of inhomogeneous broadening. The
comparison of Figs. 12(a) and 14 reveals that the amount
of observable hh exciton blueshift slightly decreases with
decreasing inhomogeneous broadening, solely as a conse-
quence of the different superpositions of the homogene-
ous spectra. Qualitatively the same can be seen by com-
paring the spectra of Fig. 3(a) with those of Fig. 3(c).
Also, in the case of reduced inhomogeneous broadening
we find a slight bleaching of the lh exciton as well as a
somewhat stronger redshift. This is to be expected, since
the homogeneous lh spectra always exhibit a slight
bleaching and redshift. '

VII. SUMMARY AND DISCUSSION

In summary, the observed nonlinearities are caused by
the excited hole and electron plasmas which separate on a
subpicosecond time scale with respect to both spatial and
momentum coordinates. In our low-temperature
nanosecond spectra we observe bleaching and blueshift of
the heavy-hole exciton and only very small changes
(slight redshift and minute saturation) at the lh exciton.
We explain the hh blueshift as the Burstein shift for a
type-II system and identify the high-density absorption
peak as Coulomb enhancement peak or Mahan exciton.
A higher hh plasma temperature leads to a strong reduc-
tion of the effects of Pauli blocking which are responsible
for the Burstein shift. The high-temperature spectra
yield exciton saturation without appreciable shift.

We explain the delayed onset and full development of
the magnitude of the blueshift in the femtosecond mea-
surements through thermalization of the electrons and
holes. Initially electrons and holes are injected into the
conduction and valence bands with excess energy depend-
ing on the pump wavelength. After the initial rapid cool-
ing by LO-phonon emission, complete thermalization to
the lattice temperature occurs on the time scale of hun-
dreds of picoseconds via acoustic-phonon emission. For
the hot plasma there is little blueshift of the exciton reso-
nance. The cooling of the plasmas occurs on a ~ 100-ps
timescale because at low temperatures acoustic phonons
do not play a significant role in scattering processes. This
is consistent with our observation and calculation of the
disappearance of the hh exciton blueshift in the
nanosecond experiments with increasing temperature
(Fig. 7).

The spectrally resolved data in Fig. 11 display quite
similar behavior. The bleaching levels and blueshifts are
somewhat larger for the resonant pump because cool car-
riers are excited directly at the inhomogeneously
broadened hh exciton peak. The hh and lh excitons share
the same electron level. Therefore, as long as excited
electrons are present in the GaAs layer, they block both
the hh and lh transitions. As the electrons scatter from
the I" point in the GaAs to the X point in the AlAs, the
heavy-hole peak partially recovers from the bleaching’
and blueshift in less than 3 ps. However, the bleaching of
the low-energy states continues between 3 and 100 ps due
to cooling of the holes. The holes created with excess en-



44 NONLINEAR OPTICAL PROPERTIES OF TYPE-II QUANTUM WELLS

ergy slowly relax to the bottom of the band and block the
lower-energy portions of the transition. The holes remain
in this band for a long period of time because the recom-
bination with the electrons is indirect in both real and re-
ciprocal space. The behavior of the lh resonance sup-
ports the analysis in terms of hole cooling. The lh peak
initially bleaches and blueshifts due to blocking of its
electron state. However, as the electrons rapidly scatter
to the AlAs barrier, the lh peak loses its blueshift and a
good portion of its bleaching. The remaining bleaching is
due to Coulomb screening of the transition by the heavy
holes.
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