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Heterostructures based on tlie GaAs/AlAs alloy system cxhibit astaggered band alignment,
as far as conduction states with X symmetry are concerned. This paper reviews the main
features of tlie electronic states in such cases! and presents, as an example of engineered
non-linearity, an optically bistable “Type II quantum well” structure.

. Introducztion

Tlie GaAs/AlAs system was evidenced to be poten-
tially of typ: ITin 1986112, Tt has the unique advantage
to be contiruously compatible with the canonical type
| system based 0Oii the same family of host materials.
Due to tlie small lattice mismatch between GaAs and
AlAs, Ga;_.Al,As aloys with any Aluminium concen-
tration x may be epitaxially grown on the same layers,
with excellent control of thicknesses and concentrations.
Thus, tlie epitaxial grower may create a wide variety of
structures, in the spirit of engineering peculiar proper-
ties. Ile mey use the spatial separation of carriers ill
different layers of the structure to create electric fields,
which enhai ce the noli-linear optical properties of the
structure.

In Section II, we recall the basic features of the
band structure and electronic states of these struc-
tures, on the basis of experimental results obtained in
GaAs/AlAs chort period superlattices (SI,). In Section
IIT, we present an experimental study of a more sophis-
ticntcd structure where charge transfer lias been used

to obtain a specific non-linearity, optical bistability.

II. Band structure and electronic states

Superlattices (SL) made of GaAs and AlAs were

1.2.3] for probably

first investigated by several groupsl
scveral reasons. First, these SL could be considered as
a good alternative to thick Gaj;.,Al,As aloys. espe-
cially in opt cal devices sucli as lasers and waveguide

modulators; this is because the technology of growth
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reveals easier to control, especially to reach high Al con-
tent alloys. Second, the growth of thick superlattices
alows rapid post-growth characterization using X-ray
diffraction. This isof central interest to compare exper-
imental results with tlie theory. Actiially, these stud-
ies provided an excellent experimental checking of the
Envelope Function Approximation (EFA) developed by
Bastardl4. This theory is an essential tool for prevision
and engineering.

A special motivation[®?! was to get a precise value
(AEc/AEg = 0.67) of the offset ratio parameter in
tlie GaAs/AlAs system, which mas still in that period
amatter of controversy. As a matter of fact, the ability
to get (ype I1lstructures was closely linked to the band
offset between the two host materials, since it would not
have been possible with the so-called Dingle’s value of
this offset (0.85) proposed in the earlier studies of typel
GaAs/GaAlAs Quantum Wells (QW). The key feature
is the following: the X conduction band extremum of
AlAs bulk material lies at lower energy than the equiv-
alent extremum i1 GaAs. This feature can be easily
complemented with tlie reasonable approximation of a
linear variation of the X-energy in Ga,.,Al;As aloys.
On the other hand, except tlie confinement of tlie spin-
orbit split-off states® tlie situation of valence states is
not substantially differeiit in GaAs/AlAs heterostruc-
tures from tlie case of GaAs/Gag g5Alp.35As: holes are
confined in the GaAs layers. This allows to assert that
heterostructures built in tliis system may be of typell,
as far as X-potential profiles are concerned. This hap-
pens either when indirect materials are used (i.e. with
& > 0.35, typically), or when confinement effects rise

the T statcs at high enough energy for the X-states to
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become the conduction fundamental state.

Systematic experimental studies of GaAs/AlAs SL
have been done, mainly by mean of c¢w photolumines-
cence (PL), and excitation spectrum of luminescence
(PLE). Roughly speaking, the former provides the basic
information on the gap between valence states and tlie
lower conduction states, of X-symmetry in tlie case of
type Il SL. The latter, which is more or less equivalent
to absorption spectroscopy, provides tlie direct-type 1
energy gap, where strong absorption begins. The con-
clusion of these systematic studies may be drawn as in
Fig 1. The GaAs/AlAs superlattice is direct and type
| if the GaAs layer thickness Lgaas 1s larger than 3.5t0
4 nm or if the average Aluminum concentration X {de-
fined as Lajas/(LGaas+rnaias)) is smaller than 0.35,the
critical concentration for direct to indirect gap transi-
tion in Ga;_,Al;As alloys ( these numerical values are
slightly dependent on temperature, since tlie X and T
temperature coefficient are very different). The second
criterion is of course more efficient for very short period
SL’s, which may be considered as “pseudo-alloys”.

If the structure parameters lie outside this region,
thestructure isof type I1, and the band gap energy pro-
vided by excitation spectroscopy appears significantly
higher than the photoluminescence energy. This case
was oftcn said “indirect in li-space and in real space”.
As we shall see now, this assertion is not appropriate,
for two reasons, which are intimately related.

For a more accurate understanding of tlie X-
conduction state, it has been necessary to rely
on time resolved luminescencel® and uniaxial strain
perturbation!™. The feat ures are somehow intricate be-
cause of the small lattice mismatch between the bulk
materials GaAs and AlAs, which results in a biaxial
strain of AlAs to match the lattice constant fixed by
tlie GaAs substrate. Tliislowers the cnergy of the X, ,
extrema of the AlAs band structure (which aresituated
in k-directions 100 and 010, within the plane of the lay-
ers), with respect to tlie X, oiie (which lies along 001,
tlie growth direction). Such energy extrema are highly
anisotropic, with cigar-like constant energy surfaces.
As a consequence, the confinement effect rises the X, ,
energy in a more pronounced way than the X, energy.
It isthe balance between confinement and strain effects
which will determine tlie symmetry of the fundamen-

tal X-states. Thus, in an heterostructure, tlie X, states
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Figure 1, lower: Band extrema profiles of GaAs/AlAs Su-
perlattices, sketching tlie three main types of structures.
upper: Laias versus Lagaas map showing the three main re-

gions of interest.

do not retain a periodic term in their envelope-function,
due to the folding of the Brillouin zone; and some non-
zero overlap inay exist between conduction and valence
envelope functions. Experimentally, it expresses very
clearly iiito an intense zero-phonon recombination ap-
pearing on the PL spectra, and a more rapid decay
(typically 1us) tlian for X, , states (100us to 1ms)el.
The X, recombination can be said pseudo-direct, since
direct recombination, without phonon emission, is al-
lowed by the heterostructure potential, although the
system remains of type II. Thus, it has been possible to
determine both regions in the Lajas VS. Lgqas map of
Fig. 1. The SI, fundamental conduction states are X, ,
like, if T.a1as < 7nm, or for very thin Laaas. typically

< 1mm1

IIL Optical bistability

Since several years ago, new tools for "band gap en-

gineering” are available in this well controlled family of
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materials; for instance, an indirect-to-direct transition
has been observed in a GaAs/AlAs superlattice under
external clectric fieldl], with consequences on the pho-
toluminescerice intensity. As a further example, in a
more sophisiicated and asymmetric structure, spatial
separation of charges has been demonstrated to create
an internal electric field with subsequent action on the
photoluminescence emission energy of a type I Qwb,

I describe now a structure which exhibits all-optical
bistability in photoluminescence, with huge variation of
intensity and spectrum. These results have been pre-
sented in more details inl'®. The bistability is observ-
able without any external field, but electrical measure-
ments and switchings are also possible. Zrenner and
coworkers!" have observed a similar effect under ex-
ternal electric field, thought to be due to hot carriers.
On the basis of lumninescence spectrumn analysis, and
of clectrical measurements, we propose a different ex-
planation: cach state corresponds to a different quasi
static charge distribution within the heart of the strue-
ture; and switching as well as bistability are explained
in terms of charge accumulation and associated electric
fields.

The structure, which was grown by Molecular Beam
Epitaxy, consists of a n-i-n sequence, in which the in-
trinsic region is made of four layers, as described and
labelled in I'ig. 2a. It may be viewed as one “Type-11
indirect quantum well” imbedded into a Gag g5 Alg a5 As
alloy, which acts as effective left (LB) and right (RB)
barriers for X-as well as T-electrons. The relevant ener-
gies, modificd by the carrier confinement, are also given
in I'ig 2a. These quantities have been obtained using a
transfer-macrix caleulation!’?], based on the Envelope
Function Approximation.

These ae values obtained without carrier popula-
tion, and they should be modified under photoexci-
tation. Two terms are competing to modify the en-
ergy gaps: The band gap renormalization on one hand,
which tends to close it, and the clectrostatic term
(Hartree term), which tends to open it. Recent ex-
perimental and theoretical studiest!?] show that the
former may be neglected in Type I structures with
wide enough AlAs layers (typically Lajas > 5Sum).
Our transfer-matrix calculation may account for elec-
tric fields which are present in the structure. Thus,

through the self-consistent coupling with Poisson equa-
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Figure 2 @) The structure is made of the following
layers: Buffer and cap layers (n+-GaAs); LB and RB:
{Gages Alp 25 As, 100nm); CH (GaAs, 2.5nm) ; CE (AlAs,
10nm). The potential profiles for [-electrons antl holes
(solid line) and X-electrons {dashed line) are shown, with

the main transition energies. Below: Electric potential

profiles: b) in an open-circuited diode. Estimated charge
densities are, from left to riglit: CH: 7.10%em™2; CE: 3.7
10%cm™2; and RB: 3.10"%cin ™2 ¢) in ashort-circnited diode
in the OFT-state. Estimated cliarge densities are: CH:
7.10em™2; CE: 1.1 10"%cm™2: and RB: 4.10''c¢m™? d) in
ashort-circuited diode in the ON-state. Istimated charge
densities are; buffer: 2.10'em~2; CE: 3.2 10*2cm~2; and
RB: 3.10%em ™2,

tion, we get areasonable quantitative description of the
carrier population effects on the electronic levels of the
structure. The principle of the calculation is sketched in
Fig. 3. Although it cannot be presented and discussed
in details here, this calculation ivas a great help for dis-
cussion of the experimental results. It indicates that
we may obtain a 6§ meV blue-shift of the X-HH energy,
due to the photocreated electrostatic potential, for hoth
electron and hole densities equal to 101 cm™~2. Another
consequence of the optical excitation is the filling of
the two-dimensional state densities (3.810 ecm~=2/meV
for X, , clectrons and 0.39 10*'em™2/meV for holes),
which leads to the consideration of the two associated
pseudo Fermi levels (PFL).

We have studied tlie PL and PLE of this sample at

low temperature (5K). Electrical measurements under
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Figure 3: Band extrema profiles and envelope functions Of
photo-created carriers in @ type II quantum well. withont
(left) and with {right) account O the band bending due to
the electrostatic (Hartrec) interaction.

optical excitation have also been made, with simulta-
neous recording of tlie PL. For that purpose, mesa-type
diodes were fabricated by conventional lithography and
etching.

The PL consists of two main lines (see fig 4): one
(at about 1.80 eV} is attributed to recombination in
tlie type IT QW, the other (at abont 2.00 ¢V) to re-
combination in tlie barrier layers. Two different stable
states are found in tlie 40 to 250 W/ecm? range of ex-
citing power Pex. Tlie most prominent distinction is
found on the barrier recombination. It is of interest to
detail the evolution of the type II QW recombination
(see Fig.5): For very weak excitation (P.x ~ W /cm?),
one observes the spectrum characteristic for a type 11
indirect recombination, involving clectrons with X, ,
symmetry: a weak zero-phonon recombination (1740
meV), associated to three more intense phonon replica
at lower energies. We can also observe tlie '-HH direct-
type | transition in the GaAs CH QW (1820 meV). For
Pey > 5W /em?, we observe the luminescence associated
to the population of tlie X, electronic level. The type II
transitions experience a charactenstic strong blue shift,
wliile the type | lineisslightly red shifted by the band
gap renormalization. Thus, as P.x reaches, typically,
100 W/cm?, tlie type II luminescence merges into tlie
I[-HH line and the total intensity of radiative recombi-
nation from the central cell of the structure increases
rapidly. The theoretical description presented above al-
lows us to associate these shifts with charge densities

present in tlie layers. Under both actions of photocre-
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Figure 4: @) PL OFF- and ON-spectra Of tlie bistable struc-
ture for Py = 100W/cm?. b) Hgsteresis loop versus Pex of
integrated PL in tlie 1950 to 2050 meV range.
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Figure 5: PL spectra o tlie type IT QW as a function of
tlie exciting power. The integrated PL intensity of each
spectrum has been normalized. Bistability occurs wlien the
X-HH and i -HH lines rnerge.

ated electrostatic potential and level filling, the X-PFL
in CE-layer is lifted up to tlie I'-level in CH-layer. The
saturation appears, for Pex ~ 100 W/cm?, when the T
level is populated, allowing fast I-HH recombination.
We estimate the required clensities at 7.10' em=2.

On view of these results, we are led to thefollowing
proposal, which is sketched in Fig. 22 The OFF and ON
states correspond respectively to weak or strong accu-
mulation in the RB-layer, most probably in the trian-
gular attractive potential created by the accumulation
of electrons in tlie CE-layer (tliistriangular well may be
compared to those appearing in modulation-doped het-
erojunctions, and explains the low energy hroadening
of the barrier luminescence in the ON state).

To explaiii first the open-circuit behavior we have
to point out that electrons can be collected in the CE-
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layer froin both sides of the structure, whereas holes
photo-created in tlie RB-layer cannot be collected into
tlie CH-layer because of the AlAs barrier in the valence
band. It gives rise to an excess hole population in tlie
RB-layer, and then to a positive photovoltage. Tliis
explains tl e strong barrier PL. In the LB-layer, both
electrons and lioles can move freely, then any electric
field in this layer would be screened as far as charge
accumulation is possible in the adjacent layers. Fig. 2b
shows the resulting potential profile.

We now discuss a possible mechanism for switching
between the two states and for bistability, which rely
on tlie distribution of cliarges and electric fields in the
heart of the structure when tlie diode is short-circuited.
At low Pex, RB-holes in excess must flow towards the
cap layer (on the right), to ensure the alignment of tlie
Fermi level of both n-doped region of tlie n-i-n struc-
ture. It generates a positive photo-current, and leads
to reduction of tie RB PL intensity, with respect. to tbe
open circuis situation. In other words, as charges accu-
mulate, thc tmo potential drops adjacent to the type II
QW are keot opposite (see Fig. 2¢). This corresponds
to tlie OFF state.

When F.y increases, tlie T-HH recombination comes
into play, ai: shown in Fig.5, which drastically reduces
the lifetime of CH-lioles. That leads to the emergence
of an electric field in tlie LB-layer to hold equal po-
tentials in vhe two electrodes. Thus, the RB-hole po-
pulation may increase. Because of tlie large thickness
of tlie LB-layer (100 nm), a much larger potential dif-
ferelice ma:; be createcl between tlie buffer clectrode
and tlie CE-layer with tlie same cliarge quantity. As a
consequence, the limit to tlie accumulation of holes at
tlie CE-RB interface disappears: this characterizes the
ON-state (I'ig.2d). This abrupt change in the charge
distribution and potential profile of the structure is de-
tected by twvo PL features: i) a steep increase of the
Type IT QW emission, which indicates that holes froin
the LB-barrier are collected in tlie CH layer with a bet-
ter efficiency, typically twice liigher (but tliis does not
imply an increase of the CH-layer populatioii, due to
the correlative decrease of their racliative lifetime); ii)
a liuge increase of the Ga g5Al 35As barrier PL, clue to
the high accumulation of lioles at tlie CE-RB interface.

It is essential, at this stage, to consider that the
LB electric field does rise tlie electron X energy (in the
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CE layer) with respect to the I' one (in the CH layer).
This provides the positive feed-back necessary to get
bistability.

1V. Conclusions

Thus, we are allowed to play with charge distribu-
tions in Typell structures. The example of this bistable
structure retains their main advantages. The thresh-
old values are at least two orders of magnitude lower
than in current devices based on more classical optical
non-linearities, acting for example in the active layer
of Fabry-Perot resonatorsl!. This is due to the slow
recombination rates of spatially separated carriers. An-
other important point is that tlie structure parameters
and experimental conditions are not as critical. On
the other hand, asfar as potential applications to de-
vices are concerned, this advantageis couiiterbalanced
by slow recovery when excitation is switched off. This
is a general limitation in device pliysics. And the opti-
mization of these various criteria for a given practical

application is still to be done.
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