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A graded-gap superlattice was investigated by electroreflectance (ER) at 80 K. With increasing electric-field

strength the ER transitions of the individual wells exhibit first a redshift of 15 meV. At larger electric fields the

typical blueshift of the Wannier-Stark localization is observed. This redshift of the transitions is explained by
the formation of an electronic miniband at finite electric fields. This interpretation is supported by the calcu-
lation of the differential absorption as a function of the applied electric field. The calculations reproduce the

main features of the experimental spectra.

In the past few years semiconductor superlattices have
been the basis for many interesting optoelectronic and micro-
electronic applications, such as semiconductor lasers, optical
modulators, or high speed transistors. New electronic and

optical properties arise when the coupling of electronic wave
functions between adjacent wells occurs. In a conventional,
strongly coupled superlattice, the electronic as well as the
hole wave functions are delocalized at zero electric field, and
minibands are formed in the conduction and valence bands.
When an electric field is applied parallel to the growth direc-
tion, first the hole minibands are destroyed. At the same time
the electronic minibands split up into Wannier-Stark states,
resulting in the well-known Wannier-Stark-ladder (WSL)
transitions between valence and conduction band states with
spatially indirect transitions. '

At even larger electric fields the electronic minibands are
also destroyed, resulting in a complete localization of both
the electronic and the hole states. ' At very large electric-
field strengths a delocalization of the electronic subbands
between adjacent wells may occur, again due to the resonant
coupling of different electronic subbands. This is accompa-
nied by an anticrossing of the participating optical transi-

tions, resulting in a nonlinear optical behavior, which can be
exploited for optical switches and modulators.

Recently, the existence of a miniband at finite electric
fields in a graded-gap superlattice was demonstrated by dif-
ferential photocurrent spectroscopy (DPCS). ' This superlat-
tice consisted of 15 wells with an increasing energy gap of
the well and barrier material. The experimental investigation
showed a blueshift of about one-half of the miniband width
in the DPC spectra, when the miniband was destroyed. How-
ever, the formation of the miniband at smaller electric fields
could not be observed in the DPC spectra, because in this
field range not all the wells contribute to the photocurrent.
Therefore, other optical methods, such as electroreflectance
spectroscopy, which do not rely on carrier transport, are nec-

essary in this field range to investigate the formation of the
miniband at finite electric fields.

In this paper we present clear evidence for the miniband
formation in a graded-gap superlattice at finite electric fields
as well as the destruction at larger electric fields. Electrore-
Aectance (ER) spectroscopy is used in order to circumvent
the problem of carrier transport. At the same time, this
method is very sensitive due to its differential character. To
clearly demonstrate the transition from localized to extended
and back to localized states, the experimental results are
compared to calculations of the differential absorption taking
into account the complete sample structure.

The investigated sample consisted of 15 "periods" of 4.0
nm —2.0 nm AlxGa&, As-A1YGa& ~As with a constant in-
crease in the Al mole fraction from one period to the next.
The superlattice was embedded in the instrinsic region of a
p-i-n diode. The nominal Al mole fraction of the wells and
barriers is given by x = 0.03(n —1) and y =x+ 0.3, where n

is the well number. Therefore, each quantum well has a dif-
ferent electron-hole transition energy. A total of 15 transi-
tions with an average energy separation of about 25—30 meV
is observed in the spectra. Further details on the sample
structure are given in Ref. 8. The fit of the transitions in the
DPC spectra at large electric fields to the calculated energies
showed that the actual sample parameters deviate from the
nominal ones. The best fit of the transition energies was
achieved with an Al mole fraction of 0.06 for the second
well, followed by an increase between adjacent wells of
Ax=0.015 up to well 5, an increase of Ax=0.02 between
wells 5 and 7, and an increase of Ax=0.024, which is 80%
of the nominal value for wells 7 to 15.

The ER spectra were measured in a standard configuration
under normal incidence at 80 K. The modulation was per-
formed using a square wave voltage of 50 mV with a fre-
quency of 360 Hz. The electric field within the superlattice
was varied by applying external dc voltages. In Fig. 1 a
series of ER spectra taken at different dc voltages corre-
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FIG. 1. ElectroreAectance spectra of the graded-gap superlattice
for different applied voltages between 1.65 and 0.65 V at 80 K. The
spectra at different voltages have been shifted vertically for clarity.
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sponding to different electric-field strengths is shown. The
characteristic features as well as the flat-band voltage are
shifted to larger voltages compared to the DPC spectra be-7

cause of the larger light intensity used in the ER measure-
ments. In the energy range from 1.84 to 2.1 eV (subband
transitions from well 7 to well 15) the ER transitions overlap
in such a manner that every subband transition can be as-
signed to one ER oscillation as in the DPC spectra. In the
low energy region (between 1.6 and 1.84 eV) the ER line
shape is more complicated, and an assignment of the transi-
tion energies is not possible for a variety of reasons. First,
the coupling of the superlattice wells to the adjacent layers
forming triangular wells causes a severe distortion of the first
few superlattice energy levels at both ends. The calculations
show that this effect is dominant in the low energy range of
the spectra, leading to a series of resonances and anticross-
ings in the electric-field dependence of the transition ener-
gies. Second, the line shape of the ER spectra is in principle
more complicated than the DPCS line shape. Although a first
derivative excitonic line shape is expected for the investi-
gated subband transitions, it is not always straightforward
to assign a distinct ER maximum or minimum exactly to a
subband transition energy. Depending on the actual sample
structure, in particular the number of overlayers and their
thicknesses, the ER line shape is a sum of both the first
derivative of the real and the imaginary part of the dielectric
function. Furthermore, it can be influenced by interference
effects within the superlattice itself. " ' Because of the large
number of subband transitions and, consequently, the large
number of free parameters, a line-shape fit of the ER spectra
seems to be unreasonable. The oscillator strength of the
light-hole transitions is about 30% of the heavy-hole transi-
tions. Therefore, the light-hole transitions are neglected in
the following.

A better overview of the electric-field dependence of the
subband transitions is achieved in an isodensity plot of the
spectra, which is shown in Fig. 2. In this figure the ER in-
tensities are plotted as a function of the photon energy and
applied voltage using a gray scale to indicate the strength of
the ER intensity. We will from now on focus on transitions
between the first heavy-hole and the first electronic subband

FIG. 2. Isointensity plot of the electroreAectance spectra at dif-
ferent applied voltages at 80 K. The darker areas correspond to
minima in the electroreflectance signal.

(H11) taking place in the center wells (7—12) of the super-
lattice, which corresponds to an energy range of 1.8—1.96
eV. %e will distinguish three main electric-field regimes, as
shown in Fig. 3. At small electric fields the states of the first
electronic subbands are mostly localized within each well
[regime I, see Fig. 3(a)]. For certain field strengths, the elec-
tronic subbands of all wells are resonantly aligned and form
a miniband [regime III, see Fig. 3(b)].At large electric fields
the miniband is destroyed again, and the electronic states are
localized in each well [regime V, see Fig. 3(c)].The transi-
tion regions between I and III, i.e., regime II, and III and V,

(c)

FIG. 3. Schematic conduction (I -edge) and valence band po-
tential profiles in a compositionally graded superlattice for different
values of the applied electric field: (a) fiat band, (b) the field range
corresponding to miniband formation in the conduction band, and

(c) at large electric fields, when the conduction band states are
completely localized again.
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i.e., IV, correspond to the Wannier-Stark ladder regime.
Starting from the miniband regime, each transition splits into
several transitions with an energy separation of ed V, where
e is the electron charge and AV the potential drop of the
conduction band within one superlattice period. In regimes II
and IV, the number of possible optical transitions increases
significantly, and the oscillator strength of each individual
quantum well transition is spread out over several WSL tran-
sitions. Therefore, a larger number of transitions is expected
in regimes II and IV, and it will be difficult to spectrally
resolve all of them.

At 1.6 V, which corresponds to a rather low electric-field
strength, there are 15 oscillations visible, which obviously
correspond to the subband transitions from the first heavy
hole to the first electronic subband in each well. With de-
creasing applied voltage, i.e., increasing electric field, the
transition energies remain nearly constant down to 1.45 V.
This voltage range corresponds to regime I. The Stark shifts
of all transitions can be neglected. ' Between 1.45 and 1.35
V the transitions shift by about 17 meV to lower energies,
and the oscillatory structure is less pronounced. This is the
Wannier-Stark regime, i.e., the transition from localized to
extended states (regime II). From 1.35 to 1.20 V the spectra
change very little, showing again the transitions of each well.
In this voltage range, the electronic states of each well are
resonantly coupled, forming a miniband (regime III). Be-
tween 1.15 and 1.05 V the spectra show a very complex line
shape with obviously many more than 15 transitions. The ER
intensities are reduced due to the splitting of each subband
transition into several Wannier-Stark transitions (regime IV).
At 1.0 V the subband transitions reappear blueshifted by
about 17 meV due to the complete Wannier-Stark localiza-
tion of the miniband and remain constant in energy to larger
electric fields (regime V). The blueshift as well as the red-
shift at smaller fields are expected to be about one-half of the
miniband width. The deviations of the experimental spectra
from the discussed features, in particular in the low and high
energy parts of the spectra, are ascribed to the influence of
boundary effects, the difference between the actual and
nominal parameters, and the complex nature of the ER line
shape.

In contrast to the previous work using DPCS, electro-
reflectance spectroscopy allows the investigation of not only
the destruction of the electronic miniband at large electric
fields, but also the formation of the miniband at small elec-
tric fields. To achieve further insight in the observed mini-
band formation at finite electric fields, we performed a simu-
lation of the optical properties of the investigated sample.
For that reason the superlattice potential as defined by the
optimal fit parameters obtained above was embedded be-
tween two infinitely high confining potential layers. The ab-
sorption spectra were calculated from the set of wave func-
tions and eigenvalues obtained by a numerical solution of the
Schrodinger equation for electrons, heavy, and light holes.
The validity of this approximation was tested by comparison
with similar calculations, taking into account further layers
of the real structure. The spectral features due to the central
wells of the superlattice were unaffected by this procedure.

The results of the numerical calculations are shown in
Fig. 4. Because of the large number of parameters used in the
calculation, the comparison can only be qualitative. The cal-
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FIG. 4. Calculated differential absorption spectra of the graded-

gap superlattice for different applied electric fields between 0 and
100 kV/cm. The spectra at different fields have been shifted verti-
cally.

culated field dependence of the differential absorption coef-
ficient clearly shows the five regimes discussed already in
connection with the experimental results. Again the WSL
regions, i.e., regimes II and IV, are confined to a rather small
field range. The energy shift by about one-half of the peak
distance is well reproduced for the redshift as well as the
blueshift. It is, however, difficult to precisely predict the
electric-field range in which the miniband exists. A voltage
change between 1.4 and 1.05 V corresponds to a field change
of about 25 kV/cm. In the calculations the WSL regimes II
and IV appear at electric-field strengths of 20 and 65 kV/cm,
respectively. The differene between the calculated field
strengths is twice as large as the experimental value. How-
ever, due to the regular potential profile used in the calcula-
tions, the estimated miniband width is still expected to be
larger than that of the actual structure, shifting the WSL re-
gions further apart. The calculated miniband width of about
45—60 rneV agrees reasonably well with twice the observed
shift of the optical transitions between complete localization
and miniband regime.

In conclusion, we have investigated the miniband forma-
tion in a graded-gap semiconductor superlattice by electrore-
flectance. The formation of an electronic miniband at finite
electric fields was unambiguously identified through a red-
shift of the corresponding optical quantum well transitions.
The conventional blueshift due to the destruction of the mini-
band was also observed. Numerical simulations of the differ-
ential absorption of the investigated sample confirm the in-
terpretation of the experimental spectra. The Wannier-Stark
transition regimes at small and large electric fields are con-
fined to a much narrower electric-field regime than in con-
ventional superlattices.
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