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Interactions between extended «nd localized states in superlattices
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+e have observed electric-field-induced interactions between the extended states of a (40 A)-
(15 A) GaAs-Gap 6iAlp 35As superlattice and the localized state of an 80-A terminating GaAs
well. At fields such that the energy of an extended state was close to that of the localized level,
low-temperature (5-K) photocurrent spectra associated with interband transitions exhibited three
pronounced doublets of peaks with characteristic resonant and anticrossing behavior. As the two
levels approached each other, the initially asymmetrical peak intensities first became of compara-
ble strengths and then exchanged their roles in the resulting asymmetrical peak intensities as the
states repelled each other. A comparison of the experimental results with numerical solutions of
Schrodinger's equation showed that the doublets result from the interaction of the localized state
with the three superlattice states of highest energy, centered around its last three wells.

The electronic structure of a superlattice consists of en-
ergy bands originating from the interaction among the
states of its quantum-well constituents. This similarity to
energy bands in conventional crystals and the ability to
mimic them in a controlled way makes superlattices ideal
for the study of selected properties of solids. An open
question currently being investigated using superlattices is
the effect of a terminating crystalline periodicity at the
end of a real solid, important for a deeper understanding
of surface states.

The periodic potential of the superlattice can be inter-
rupted by making one of the end quantum wells different
from the rest, e.g., by a higher confinement barrier. This
situation is analogous to an ideal surface as proposed long
ago by Tamm, ' which we have considered in detail recent-
ly. z By terminating a GaAs/Gai, A1„As superlattice
with an A1As layer, which provides potential barriers for
electrons and holes higher than those of the superlattice,
we have shown experimentally the formation of a state lo-
calized in the last well (Tamm state), whose energy is
above the superlattice miniband. On the other hand, if
the terminating barrier is lower, or the last well is wider,
than the rest, that localized level would be below the mini-
band.

In this paper we focus on the case in which the periodi-
city is destroyed by a wider well at the end of an otherwise
ideal superlattice. Taking advantage of the tunability
offered by an electric field, we demonstrate that the ex-
tended states of the superlattice can penetrate into the
"last" well —interacting and mixing with its localized
state —provided that the energy differences between the
former and the latter are not too large. The potential
profile we consider is sketched in Fig. 1, where the last
(leftmost) well of a superlattice has a width double (2d)
that of all the others. Although, strictly speaking, the
rupture of the periodicity affects all the quantum states,
its effects are largest at the last dwell. In a tight-binding
scheme the electronic coupling between wells depends on
the energy difference and wave-function overlap among
the respective isolated-vrell states. As the eigenenergy of
the last well, when considered isolated, is significantly
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FIG. 1. Schematic potential profile for a structure consisting
of a finite (40 A)/(15 A) GaAs/Gap 65Alp35As superlattice with
the last (leftmost) well doubled in width relative to all others.
For simplicity, excited states of the last well and light-hole levels

are not shown. (a) ln the absence of an electric field the state in

the last well is localized, awhile those in the superlattice mini-
band (represented by a shadowed area) are extended. (b) Un-
der an electric field the miniband is split into a set of states
(Stark ladder), which for some resonant fields interact strongly
with the localized level. The vertical arrow indicates an inter-
band transition between the localized hole and electron states of
the last well (N 0). The other arrows represent transitions be-
tween the localized hole state and the Stark-ladder electron
states (N 1,2, 3,4).
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lower than that of all the others, its coupling to them (as
determined by their energy diff'erence b) will be largely
reduced. To first approximation, this state will not parti-
cipate in the miniband formation and will remain local-
ized. However, a picture that completely ignores the in-
teraction between the last well and the rest of the super-
lattice is oversimplified, and it does not adequately de-
scribe the energy structure of the combined system.

A convenient way of studying that interaction is by ap-
plying an electric field, 8, along the superlattice axis,
which allows a continuous variation of the parameter b.
Although, semiclassically the field can be seen as produc-
ing a tilting of the miniband, quantum mechanically the
miniband breaks under the field into a Stark ladder of
states [see Fig. 1(b)] whose wave functions gradually lose
their extended character and whose energy separation is
neCD, where D is the superlattice period and n 1,2,3, . . .
(Ref. 3). Whenever one of these states is aligned in ener-

gy with the localized state of the last well, their mutual in-
teraction is enhanced resonantly and the latter becomes
extended. It is easy to demonstrate that in the weak-
coupling limit the resonant electric fields, 8„,are given by

(1)
ND +4/2

N is the neighbor order of the superlattice wells relative to
the last well (N 1 for the nearest neighbor, N 2 for the
second-nearest neighbor, and so on). As an example, for a
55-A-period superlattice consisting of 40-A GaAs wells
and 15-A GaQ65AIQ 35As barriers, b for an 80-A last well
is 63.9 meV and the resonant fields would be 34.5, 49.2,
and 85.2 kV/cm, for N 3,2, 1, respectively.

We have observed optically these interactions up to the
third-nearest neighbor, by means of photocurrent (PC)
spectroscopy, a technique frequently used to study in-
terwell resonances in coupled double quantum wells.
The potential profile of Fig. 1 was realized on a hetero-
structure, grown by molecular-beam epitaxy on an n+-
type doped GaAs(100) substrate, that consisted of a 25-
period, undoped (40 Q-(15 Q GaAs-GaQ. Q5AIQ35As su-
perlattice terminated by an 80-A. last well. To reduce car-
rier leakage, the structure was finished on both ends by
600-A GaQ $5AIQ 35As barriers.

A uniform electric field was a~plied to the heterostruc-
ture by a voltage between the n -type substrate and a p-
type GaAs cladding layer on top. Under reverse bias the
electric field in the intrinsic region is given by
=(V—Vb)/IV, where V is the applied voltage, VI, the
built-in voltage, and W the width of the intrinsic region.
A numerical integration of Poisson's equation yielded
Vb =1.6 V, and an almost linear 8-V relationship. Inter-
band optical transitions were studied at 5 K using an
LD700-dye laser pumped by a Kr-ion laser. The power
density on the sample was kept below 0.3 W/cm3 to avoid
screening of the external field by the photoinduced car-
riers. The PC spectra were corrected by the laser power
for each energy.

For a configuration like the one illustrated in Fig. 1(b)
the PC spectra are very rich in structure, due to the many
possible interband transitions. We concentrate here on
transitions from valence-band states in the last well to

conduction-band states centered in the last (N 0) and
adjacent (N 1,2, 3, . . .) wells of the superlattice. In Fig.
2 we have plotted selected spectra for various fields in the
region around the N 3 resonance, where the transitions
could be followed more clearly. At fields corresponding to
the other two resonances (N 2 and N 1), the spectra,
not shown, exhibited similar patterns.

Two doublets of peaks can be identified in Fig. 2, repre-
senting the heavy-hole (low energy) and light-hole (high
energy) transitions. At low fields, the strong and weak
peaks of each pair correspond to the N 0 and 3 transi-
tions, respectively. The intensity of the N 0 peak reffects
the large overlap between the strongly localized electron
and hole wave functions in the last well. On the other
hand, the weakness of the N 3 feature is a consequence
of the small penetration in the last well of the electron
wave function centered in the third well. This state, origi-
nally fully extended, is gradually localized by the electric
field while its energy decreases relative to the last well.

With increasing field, each doublet shows a characteris-
tic resonant behavior: asymmetrical intensities when the
two peaks are far apart, changing into peaks of compara-
ble strengths as they approach each other, and then ex-
changing their roles in the final asymmetrical intensities.
In a tight-binding scheme, the interaction and mixing be-
tween the two electron states produce energy repulsion
and comparable peak intensity, as the two have a large
probability density both in the N 0 and the N 3 wells.
The lower (higher) -energy state corresponds to the sym-
metric (antisymmetric) combination of the noninteracting
states.

I I I I I I I I I I

OA, T=5K

L
L

Va
6

CL

I I I I I I I I I I I

1.55 1.56 1.57 1.58 1.S9 1.60

Energy (eV)

FIG. 2. Selected photocurrent spectra at various electric
fields taken at 5 K for a heterostructure as the one sho~n in Fig.
1. The energy interval and the range of electric fields corre-
spond to the anticrossing resonance between the localized elec-
tron and third Stark-ladder electron levels. Similar resonances
were observed for the second and first Stark-ladder states.
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A plot of the peak energies for the three resonances as a
function of field (see Fig. 3) reveals the existence of level
anticrossing at 30.5, 48.8, and 97.4 kV/cm, and even hints
a fourth resonance at 25.6 kV/cm. The parallelism be-
tween the heavy- and light-hole transitions [separated for
clarity in Figs. 3(a) and 3(b), respectively] shows that the
resonances occur for states in the conduction band. The
minimum energy splitting between the two peaks of each
doublet reflects the magnitude of the interaction (or,
equivalently, the overlap) between the state of the last
well and the corresponding Stark-ladder state. From Fig.
3, the measured minimum splittings are 4.57, 11.9, and
29.0 meV, for the third, second, and first Stark states, re-
spectively. A vestige of this kind of interactions (although
for higher N) appeared in recent studies of optical transi-
tions between the discrete levels of a 102-A. quantum well
imbedded in a 36-A-period superlattice, where kinks in a
plot of the transition energies versus electric field were at-
tributed to the crossing of the Stark-ladder states of the
superlattice with the quantum-well levels. However, the
extremely small interaction between them prevented the
observation of any anticrossing gap.

The experimental anticrossing fields in Fig. 3 for the
N 1, 2, and 3 resonances are in moderate agreement
with the oversimplified model expressed by Eq. (1) and
plotted in Fig. 3 as dashed lines, which only considers the
linear shift of the Stark-ladder levels relative to the last
well so that the energy crossings appear equally spaced in

A more realistic picture should include two addi-
tional effects: the coupling among the superlattice states
(N 1,2, 3, . . .) and the Stark shift of the quantum lev-
els. ' The former is especially important for states corre-
sponding to the high-energy edge of the miniband. This
explains that the largest discrepancy between the experi-
mental resonant fields and those predicted by Eq. (1)
occurs for N 1, the highest-energy superlattice state.
The Stark shift is proportional, to a first approximation, "
to mC L (L and m are the well width and the carrier
effective mass, respectively), and therefore it affects most-
ly the states of the last well.

To account qualitatively for the splittings and the fields
at which they occur, we have modeled the heterostructure
in the framework of the envelope-function approxima-
tion, and solved numerically Schrodinger's equation,
which automatically includes the above effects. The elec-
tron-hole interaction was ignored, except by the inclusion
of a single, field-independent exciton energy of 4.5 meV,
corresponding to bulk GaAs. Although, in principle, a
"superlattice" consisting of only three wells would suffice
to produce the observed number of resonances, such a re-
duced set leads to unrealistic edge effects, mainly for the
N 3 resonance. Our calculations show that these are
negligible once the number of wells is increased to five.
The problem of calculating bound states in the presence of
an electric field was avoided by artificially introducing
infinite barriers on both sides of the structure, at a certain
distance from the wells.

The calculated transition energies are represented in
Fig. 3 by solid lines. The fits to both the heavy-hole and
light-hole sets of transitions were optimized simultaneous-
ly by the values 1.514 eV, 1.39 V, and 3.25 x 10 cm ' for
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the excitonic band gap of GaAs, the built-in voltage, and
the proportionality constant between the electric field and
the external voltage, respectively. The small differences
with their nominal values of 1.515 eV, 1.60 V, and
3.41 & 10 cm ' probably reflect indirectly the absence in
our calculation of detailed excitonic effects as well as
slight departures from the intended layer thicknesses.

The excellent agreement between calculated and exper-
imental energies in a broad range of electric fields con-
firms the validity of our model. Although simple, since it
replaces the superlattice by a reduced number of wells
(five in this case) and uses the envelope-function approxi-
mation for very narrow barriers, the model includes the
most important element: the interaction of the localized
state in the last well with the extended states in the super-
lattice, whose most direct manifestation are the large an-
ticrossings in the energy spectrum. In principle, similar
interactions would exist between the N 0 well and the
wells in the superlattice even if these would be uncoupled
among themselves. However, except for the nearest
neighbor, N 1, the interaction would be negligibly smalL
For instance, the 11.9-meV gap at 48.8 kV/cm, corre-
sponding to the X 2 resonance, would practically vanish
in the absence of superlattice effects. The experimental
observation of the N 2 and N 3 transitions provides

Electric field (kV/cm)
FIG. 3. Transition energies, obtained from photocurrent

spectra, as a function of electric field (solid circles). Dashed
lines represent energies calculated ignoring both the coupling of
the superlattice states and their interaction with the localized
state. Solid lines are for transition energies calculated by solv-
ing numerically Schrodinger's equation for the last well coupled
to a reduced superlattice (five periods}.
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unambiguous evidence of the extension of the superlattice
wave functions beyond the periodic region. The tunability
offered by an electric field leads under resonant conditions
to an enhancement of their leakage into the last well and
to a mixing with its otherwise localized state.
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