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Electron minibands and Wannier-Stark quantization in an Inn. 156ao.sqAs-GaAs
strained-layer superlattice
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We have investigated the electronic properties of an Ino. l&Gao.&As-GaAs strained-layer super-
lattice using photoluminescence excitation and photocurrent spectroscopies. Flatband spectra
show transitions at the center and edge of the Brillouin minizone, and photocurrent spectra at
finite bias show the effects of Wannier-Stark quantization. The heavy-hole transitions evidence
the importance of the excitonic interaction between spatially separated carriers. The light-hole
transitions show a qualitatively different behavior resulting from their weak confinement in the
GaAs layers. Our data agree with a numerical calculation of the electro-optical absorption spec-
tra.

In the last few years, there has been a considerable in-
terest in strained-layer superlattices (SL) and quantum
wells (QW), because of their fundamental interest and
their potential for devices. ' Although a number of studies
have been devoted to the In„Gal-„As-GaAs heterostruc-
tures, the electronic properties of this system are still a
matter of controversy. 2 More recently, novel electro-
optical properties of semiconductor SL's have been
discovered. The investigation of these Wannier-Stark
effects in the In„Gal „As-GaAs system is interesting in

many respects. In particular, the strain-induced enhance-
ment of the heavy-hole to light-hole splitting allows a
complete separation of the corresponding absorption
bands, which makes the observation of the zone-edge or
"saddle-point exciton" 5 transitions much clearer than in
unstrained SL's. Also, at least for large enough indium
concentrations, the light holes must be confined in the
GaAs layers, which gives an opportunity to observe the
Wannier-Stark effects in the type-II SL configuration, for
which a qualitatively new behavior is predicted. In addi-
tion, short-period SL's can be accurately characterized,
and the study of the electro-optical properties of such
In, Gal „As-GaAs SL's is likely to bring a definitive
answer to the controversy on the band offsets in this sys-
tem. In this Rapid Communication, we report investiga-
tions by photoluminescence excitation (PLE) and photo-
current (PC) spectroscopies of the electronic structure
and electro-optical properties of a Inp|5Gaps5As-GaAs
SL in which the well and barrier thicknesses are small
enough to ensure a strong coupling of the wells in the flat-
band conditions and, at least for the heavy-hole transi-
tions, a negligible intrawell Stark eAect.

Our sample was grown by low-pressure metal-organic
vapor-phase epitaxy on a Si-doped GaAs substrate. It
consists of a 10-period SL grown on top of a 1.8 pm thick
buff'er layer of undoped GaAs. All the layers were un-

doped with a residual carrier concentration n = 5x10'
cm . An important advantage of periodic structures,

with respect to characterization, is the easy evaluation of
their structural parameters by x-ray diff'raction. Here, the
analysis of the high-quality x-ray rocking curve indicated
that no plastic relaxation occurred. ' An In concentration
of 15% and thicknesses of 31 and 90 A. for the In„-
Ga|-„As and GaAs layers, respectively, were precisely
determined, in fair agreement with the target values. The
PC measurements were carried out with a semitrans-
parent gold Schottky front contact and an indium Ohmic
contact to the substrate. In both PLE and PC experi-
ments, the excitation was provided by a quartz-halogen
lamp dispersed by a monochromator. All the spectra were
recorded with the sample at 2 K.

The photoluminescence (PL) and the PLE spectra are
shown in Fig. 1(a). The luminescence is dominated by a
very narrow line (full width at half maximum, 4 meV) at
1445 meV. There is a low-energy tail, which saturates
with increasing excitation intensity, and which is attribut-
ed to electron-acceptor recombination, with a small (15
meV) acceptor binding energy due to the light in-plane
effective mass of the heavy-hole band. 'p On the high-

energy side, there is a shoulder at about 5 meV above the
intense peak. We believe that this high-energy shoulder
appearing above the SL absorption edge (see below) be-
trays the presence of a In„Gal -„As well (most likely the
first one) about one monolayer thinner than the others.
This assignment is also supported by the analysis of the
PC spectra. A remarkable feature of the PLE spectrum
shown in Fig. 1(a) (recorded with the detection on the
electron-acceptor transition at 1425 meV) is the absence
of Stokes shift of the exciton with respect to the PL peak,
which confirms the excellent quality of the structure. The
heavy-hole (hhl-e1) excitonic peak at 1445 meV is fol-
lowed by an absorption band over about 18 meV, and the
onset of the light-hole absorption (lhl-e 1) is observed at
1480 meV, also followed by an absorption band. Finally,
a large increase of signal occurs around 1510 meV due to
the absorption in the GaAs buff'er layer.
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FIG. 1. (a) Low-temperature PL and PLE spectra of our
sample, and (b) band-offset dependence of the calculated band
structure.

1440

To interpret these data, we calculate the SL band struc-
ture using the three-band envelope-function formalism,
taking into account the strain in In, Ga~, As. ' The care-
ful choice of material parameters is crucial for this sys-

tem, where the strain induced eff'ects compare in magni-
tude with the band-gap diff'erence. For GaAs (In0. ~5-

Gao s5As), we have used the following values: "
S) ~2(S()+2S12)/(S))+S(i) 1.094(0.978)

and

S2 (Sl I Sl2)/(S ) ) + S )g) 1.905(2.022),
where the S~'s are the elastic compliance constants;

—9.80 eV (—9.08 eV) and b —1.76 eV ( —1.766
eV) for the hydrostatic and shear deformation potentials;
Eg 1.519 eV (1.291 eV) for the unstrained material
band gap, and rnH 0 37rno (0.3. 4rno) for the heavy-hole
mass along (100). The value of Kane's matrix element,
chosen to give the correct conduction mass in GaAs, was
24 eV. The evolution of the calculated minibands with the
conduction band offset dE, is shown in Fig. 1(b), where
the zone-boundary transitions are labeled hh'1-e'1 and
Ih'1-e'I, respectively. Clearly, an excellent fit of the data
is obtained for dE, 115~5 meV, if one takes into ac-
count exciton binding energies of the order of 5 meV.
This value agrees with the original determination of Mar-
zin er al. for multiple quantum wells with the same com-
position. ' It corresponds to a type-I heavy-hole band
offset of 56 meV and to a type-II configuration for the
light holes which are marginally confined in GaAs with a
light-hole band oN'set of —11 meV. The calculated con-
duction subband width of 17 meV is in excellent agree-
ment with the observation.

The evolution of PC spectra with applied voltage is

shown in Fig. 2(a). The flatband PC spectrum obtained
at a 0.8-V forward bias coincides with the PLE spectrum.
As soon as the bias is reduced from this value, the spec-
trum changes and new features can be seen: a peak ap-
pears and rapidly develops at 1450 meV, i.e., close to the
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FIG. 2. (a) Low-temperature PC spectra at various applied
voltages, and (b) plot of the absorption maxima (dots) vs the ap-
plied voltage. The dashed lines are guides to the eye. The solid
lines shoe the calculated transitions beteeen %annier-Stark
states, and the vertical bar the zero-field absorption miniband.

miniband center, while the hhl-el and hh'1-e'1 excitons
transform into transitions splitting away from the central
one and vanishing as the electric field F increases.
This behavior is characteristic of the quantization of the
energy spectrum into Wannier-Stark ladders, as already
observed in GaAs-AI, Ga~-„As (Refs. 13 and 14) or
Gao 47lno 53As-Alo i4Gao i41no 4sAs (Ref. 1 5) SL's. How-
ever, the small bandwidth combined with the strain-
induced enhancement of the heavy-hole to light-hole split-
ting make the observation of the zone-edge singularity
particularly clear in the present case, as the heavy-hole
and light-hole absorption bands do not overlap. In Fig.
2(b), we have plotted the bias dependence of the absorp-
tion maxima, and the calculated transitions between
Wannier-Stark levels, which obey the simple relation

Ep -EP w+ p eFd, p-0, + I, . . . ; (I)
E~w 1457 meU is the band gap of the isolated quantum
well. Note that the zero-field miniband indicated by the
vertical bar at 0.8 V (flatband bias) is not exactly cen-
tered at EP, as a result of the interaction with upper ly-

ing minibands. However, the transitions between
Wannier-Stark levels are still precisely given by Eq. (1),
as can be checked by a numerical solution of the problem
(see below). The calculation shown in Fig. 2(b) is made
with a conduction-band offset equal to 120 meV, which
turns out to be the value giving the best 6t of the whole set
of data.

The nearly field independent transition at 1450 meV,
which corresponds to the dominant feature in the high-
field spectra, is closely fitted by the p 0 "vertical" transi-
tion (between Wannier states centered in the same QW),
corrected by the 7 meV calculated QW exciton binding
energy. ' The splitting of the p +1 "oblique" transi-
tions (between states centered in adjacent QW's) in the
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reverse-bias region should be exactly 2eFd, as the exciton-
ic corrections on these two symmetrical transitions are ex-
pected to be the same. This gives a precise determination
of the electric field, which we have used to draw the corre-
sponding theoretical lines in Fig. 2(b). Then, the compar-
ison of theory and experiment indicates that the binding
energy of the "oblique" exciton formed by an electron and
a hole localized in adjacent QW's is about 3 meV, which
coincides with the calculated value. '6 At lower electric
field (positive-bias region), the situation becomes more
complicated as the exciton binding energies become field

dependent, ' and as more oblique transitions (p +'2,
etc.) come into play and finally merge into the zero-field
miniband. The open circles near 1460 meV in Fig. 2(b)
correspond to the weak but clearly resolved absorption fol-
lowing the dominant "vertical" exciton. The intensity of
this absorption is essentially field independent. The 10
meV splitting seems definitely too large for this transition
to be the onset of the absorption continuum. On the other
hand, the exciton in a 28-A-thick QW is precisely expect-
ed at 1460 meV. We thus argue that the presence of such
a QW, narrower than the others by one monolayer, plausi-
bly explains the transition at 1460 meV in the PC spectra,
while electron-acceptor recombination in this well would
account for the high-energy shoulder in the luminescence.

As can be seen in Fig. 2(a), the behavior of the light-
hole absorption band is much less spectacular: the exci-
tonic character of the absorption onset rapidly disappears,
while vague structures can be observed in the absorption
coefficient. For the largest bias, the light-hole absorption
band seems to shrink and it finally vanishes. The
Wannier-Stark quantization in a type-II SL is expected to
give electro-optical properties qualitatively different from
the type-I case:4 indeed, in the high-field regime, one
ends up with a localized electron optically connected to
two hole states in the adjacent QW's, and separated in en-

ergy by eFd. This gives a double-step absorption at the
energies EP ~ eFd/2. However, in the present case, the
situation is complicated by two factors: (i) The relatively
thick GaAs layers and the very small light-hole band
offset combine to produce important intrawell corrections
(Stark effect). (ii) The gap separating the lhl and lh2
subbands is very small, so that the electro-optical features
associated with the lhl-el and lh2-el transitions (both
are parity allowed) interfere. Furthermore, the band-
structure calculation shows that the width of the lh 1 mini-
band is about twice as large as the barrier height. Thus,
the qualitative behavior of the spectra, even at zero field,
cannot be predicted from a simplified model such as the
tight-binding analysis of the envelope functions. To over-
come this difficulty, we have directly calculated the
electro-optical absorption spectra in this system by solving
numerically the Schrodinger equation for the actual po-
tential distribution in the sample in presence of the exter-
nal bias. The results are shown in Fig. 3 for F 0, 5, and
10 kV/cm. The predicted characteristics of the heavy-
hole transition are easily recognized in Fig. 3: the absorp-
tion at F 0 consists of 10 steps closely approaching the
miniband profile, and at 10 kU/cm, it reduces to a main
step at the QW band-gap energy (sizably distinct from the
miniband center), and accompanied by symmetrical satel-
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FIG. 3. Theoretical electro-optical absorption spectra calcu-
lated by a numerical solution of the Schrodinger equation for
F 0, 5, and 10 kU/cm.

lites at Eeq + eFd. On the opposite, the lhl -e 1 absorp-
tion at F 0 shows the expected shape for a hn 0 transi-
tion in a type-II SL, ' i.e., it is allowed at the zone center
and forbidden at the zone boundary, which washes out the
singularity in the density of states. The lhl -e 1 transition
ends at 1517 meV and is followed, at 1522 meV, by the
onset of the lh2-e 1 transition, which displays the same be-
havior. When F is increased up to 10 kV/cm, the calculat-
ed light-hole absorption shows no spectacular modifica-
tion, which agrees qualitatively with our observation.
This calculation does not take into account the excitonic
interaction, which is clearly enhanced by the field-induced
localization in the case of the hh1-e 1 transition, while it is
presumably destroyed by the field-induced ionization in
the case of the light-hole transition.

In conclusion, PLE and PC spectroscopies have provid-
ed a measurement of the first electron miniband width in a
strained-layer Ino )5Gao s5As-GaAs SL, allowing a precise
determination of the controversial electronic properties of
this system. The absence of overlap between the heavy-
hole and light-hole absorption bands permits a clear ob-
servation of the zone-edge "saddle-point" exciton and of
its electric-field dependence. In the large field regime, we
find both experimentally and theoretically that the bind-
ing energy of the "oblique" exciton is close to 3 meV,
while that of the "vertical" exciton is 7 meV. While the
type-II nature of the light-hole band lineup in this system
is confirmed by our results, the light-hole confinement is
too weak to allow the observation of the specific electro-
optical properties for type-II SL's, as clearly shown by the
numerical calculation of the electro-optical absorption
spectra.
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