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Negative-difFerential band-gap renormalization in type-II GaAs/AlAs superlattices
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We report on a quantitative determination of the band-gap renormalization in type-II GaAs/AlAs
superlattices under high excitation. The time-resolved luminescence after picosecond high excitation
is analyzed using a detailed luminescence line-shape 6t. We 6nd the renormalization of the type-I
transition to be comparable to that in type-I superlattices, whereas the type-II transition reveals
a negative-difFerential renormalization. This is attributed to the space-charge efFects caused by the
carrier separation in agreement with quantitative calculations.

The nonlinear optical properties of type-II superlat-
tices (SL's) have attracted much research work in the last
few years. The GaAs/A1As system with narrow GaAs
layers, where the lowest conduction-band state is con-
Gned in the AlAs layers, is useful as a model type-II sys-
tem due to the well-known properties of the correspond-
ing type-I SL's and the perfection of the growth technol-
ogy. The lowest transition in this system is indirect both
in real and reciprocal space, ' leading to a carrier recom-
bination time in the microsecond regime and thus per-
mitting high carrier densities even under cw excitation.
The nonlinear properties of this system4' reveal the in-
Huence of the space-charge field on the transition energies
and the ultrafast optical nonlinearity at the direct band
edge due to the subpicosecond I'-X transfer time. '

We report here on a quantitative study of the band-
gap renormalization (BGR) in such type-II SL s, which is
strongly inBuenced by the space-charge fields. The inves-
tigations were performed on several type-II GaAs/A1As
superlattices having different layer thicknesses and cor-
respondingly different I'-X splittings. We use the time-
resolved luminescence after picosecond high excitation
to analyze the BGR using a detailed luminescence line-
shape calculation accounting for several conduction- and
valence-band subbands, subband dispersions, energy-
dependent transition strengths of the type-II transition,
and collision broadening. As a function of carrier density,
we find a blueshift of the type-II subband energy, while
the type-I subband gap narrows similar as in a type-I SL.

We present here the quantitative results for the sample
with the largest I'-X splitting, revealing the best distinc-
tions between the I' and the X luminescence. The sample
was grown by molecular beam epitaxy (MBE) on a (100)
GaAs substrate and consists of 140 periods of 2.3-nm
GaAs and 2.2-nm AlAs, characterized by high resolution
x-ray diffraction. The low-excitation photoluminescence
(PL) and photoluminescence excitation (PLE) spectra
(Fig. 1) were recorded at 10 K with a tungsten lamp
dispersed by a monochromator as the excitation source.
The PL of the SL shows a zero-phonon line and two weak
phonon replica, which can be attributed to the TA and
LO AlAs phonon transition. The PLE reveals the type-

~~
(0

0)

0)
O
(D

0)
Q)

~~

PL
~

1.8 1.9 2.0 2.1

Photon Energy (eV)

FIG. 1. Photoluminescence (PL) and photolumines-
cence excitation (PLE) spectra of the investigated type-II
GaAs/AlAs SL.

II configuration of the sample. The time-resolved high-
excitation luminescence of the sample was recorded at
a lattice temperature of 5K after excitation by intense
70-ps pulses at 2.46 eV. The temporal and spectral dis-
persion was achieved using a sequence of a spectrometer
and a streak camera.

The normalized time-resolved luminescence for differ-
ent initial densities and delay times is shown in Fig. 2.
One can nicely follow the whole density dependence of
the luminescence. At low densities, only the type-II X—
hh (heavy hole) luminescence is present, broadening with
density. With increasing density, the type-I I'-hh lumi-
nescence takes over. At very high densities exceeding
10 cm one can additionally observe the transition to
the light hole. These assignments of the different lumi-
nescence bands are supported by their decay times and
by the subsequent theoretical analysis.

A quantitative determination of the band-gap renor-
malization of the different subbands out of the time-
resolved luminescence data is achieved by its compari-
son with theoretical calculations of the luminescence line
shape accounting for the population of different electron
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in this case due to the bigger in-plane mass of the X
subband compared to the I' subband, thus prohibiting
a state crossing of the in-plane dispersions. The tran-
sition strength is represented by n; -. The luminescence
from the X & subbands can be neglected because of the
diminutive transition strength of the phonon-assisted
and the interface-roughness induced transitions.

We retrieve the band-gap energies, the carrier tempera-
ture, the carrier density, and the state broadening by a fit
of the calculated to the experimental luminescence line-
shape. In this procedure, we take the transition strengths
between heavy and light hole to be 3:1. The relative
oscillator strength of I' and X excitons was estimated in
Ref. 10 to be of the order of 10:1,but the authors do
not use the combined density of states in their calcula-
tion and they neglect miniband effects on the I exciton.
In our model we found the relative transition strength
between I' and X to be 100:1. These values are held
constant for all its to the luminescence of this sample.

In Fig. 4 the experimental and the calculated lumi-
nescence line shape with the corresponding parameters
for three prominent excitation densities are plotted. At
4.5 x 10 cm (a) only the 4; conduction band and
the hh valence band are occupied. Below this density, we
observe a turnover from plasma to exciton luminescence,
which is evident from the luminescence linewidth. At
5.3 x 10i2 cm 2 (b) the I' conduction band gets occupied
and takes over the major luminescence component due to
its much higher transition strength. At 9.8 x 10 cm
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FIG. 4. Line-shape fits (dots) to the experimental lumines-

cence spectra at different excitation densities. The dashed
lines are the different contributions to the luminescence, the
arrows indicate the renormalized (Eg) and unrenormalized

(E~) subband gaps.
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FIG. 5. Experimental density dependence of the type-I and
type-II transition band gaps in the SL. The dashed line repre-
sents the contribution of the exchange and correlation effects
to the type-II band-gap shift.
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with the in-plane carrier density n2~, the dielectric con-
stant e, and the period length d. , For the investigated SI
this results in a shift of 9.3 meV/10t2 cm 2. To compare

(c) all three conduction bands and the two valence bands
are occupied and one can distinguish at least three differ-
ent contributions to the total luminescence, denoted by
the corresponding transitions.

The band-gap energies deduced from the Gt are sub-
tracted from the subband-gap energies at low excitation
as determined by PL and PLE spectra (Fig. 1), leading to
the absolute subband-gap shift (Fig. 5). The two transi-
tions reveal a quite different renormalization. The type-I
I'1-hhl transition exhibits a strong renormalization with
increasing density, typical for type-I transitions due to
the dominating exchange and correlation effects. The
type-II X 1-hh1 transition shows only a weak absolute
renormalization with a negative differential slope. This
is caused by the band-structure modifications induced by
space-charge effects. The resulting density-dependent in-
crease of the type-II subband gap is larger than the reduc-
tion evoked by the exchange and correlation effects. Our
experimental results are in qualitative agreement with
the calculation by Havrylak, a quantitative comparison
with his results is not meaningful because of the incom-
parable period length.

Nevertheless, the space-charge effects can be easily es-
timated assuming sine-wave functions in the GaAs layer
for the holes and in the AlAs-layer for the electrons, lead-
ing to a transition energy shift according to
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the correlation and exchange energies in both transitions,
we have subtracted the electrostatic shift from the X—
hh transition energy according to this formula (Fig. 5).
This is only valid as long as only the lowest X conduc-
tion band is occupied, as marked with symbols. At higher
densities the space-charge eKects are overestimated due
to the extent of the now occupied X „and I' subbands
in the GaAs layer. The remaining exchange and correla-

tion energies in the type-II transition are comparable to
those of the type-I transition, which is nearly unefFected
by the space-charge eKects.

In conclusion, we have quantitatively determined the
inBuence of the space-charge efFects on the renormal-
ization of type-II SL s, leading to a negative-differential
BGR of the type-II transitions, whereas the type-I tran-
sitions show the same behavior as in type-I SL's.
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