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Resonance-Induced Delocalization of Electrons in GaAs-AlAs Superlattices
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We report on novel interaction phenomena between different Stark ladders in a strongly coupled
GaAs-AlAs superlattice. We observe an anticrossing behavior between certain exciton states if the elec-
tric field perpendicular to the layers of the superlattice is such that the energy spacing between the
lowest two conduction subbands is an integer multiple of the Stark-ladder spacing. This anticrossing is
accompanied by a spatial delocalization of the electron states and can therefore be resolved by photo-
current spectroscopy. Our experimental results are confirmed by a numerical calculation of the field

dependence of the conduction subband energies.

PACS numbers: 78.65.Fa, 73.20.Dx, 73.20.Jc, 78.20.]Jq

Semiconductor superlattices (SLs) provide the unique
possibility to generate a synthetic band structure that
can be taylored in a wide range by varying the layer
thicknesses of their constituents. This degree of freedom
has recently been used to demonstrate Stark ladders and
electric-field-induced localization of extended miniband
states,' ™ effects predicted 30 years ago by Wannier* for
the case of bulk crystals. Because of the correspondence
between a miniband of a SL and a band of a bulk crys-
tal, SLs are important model systems in order to obtain a
better understanding of crystal properties. The possibili-
ty to observe Stark ladders in a bulk crystal has been a
subject of controversial discussion in the literature.> The
complication arises from the occurrence of band mixing
at high electric fields, a topic which was first investigated
by Zener.®

In this Letter we report on a novel high-field superlat-
tice effect which is observed in the GaAs-AlAs system.
Our spectroscopic results show that large electric fields
lead, in addition to the usually observed localization, also
to delocalization effects if the system contains several
Stark ladders. This delocalization is caused by the mix-
ing of quantum states belonging to different Stark
ladders. These mixing effects are observed between
states centered not only in adjacent wells but also in
nonadjacent wells, resulting in a delocalization over more
than two SL periods. This interpretation is confirmed by
numerical calculations.

The band structure of an ideal SL with period 4 at
zero electric field F consists of minibands of delocalized
states. Considering a single miniband of width 2A, the
states become localized if F >0 (Wannier-Stark locali-
zation). The resulting localization length is approxi-
mately 2A/eFd SL periods.! The energy spectrum splits
up into an infinite set of equidistant energy states (Stark
ladder) separated by eFd. For eFd > 2A, each state is
almost completely localized within one SL period and
behaves like a subband of an isolated quantum well. An-
alytic expressions for the field-dependent occupation
probabilities in the individual wells are given in Ref. 1.

The situation becomes more complicated for the case
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of several minibands since, at large enough electric fields,
the resulting Stark-ladder states interact with each oth-
er. Figures 1(a) and 1(b) illustrate two special situa-
tions where the lowest subband mixes with the second
subband centered in the neighboring [Fig. 1(a)] and
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FIG. 1. Schematics of the transitions close to the (a) m =1
and (b) m =2 resonances. (c) Potential distribution at finite
field of a system of four 7-nm GaAs wells separated by three
0.9-nm AlAs barriers. The dashed line indicates the spatial
origin. (d) Calculated quantum energies vs electric field of the
system of (c).

© 1990 The American Physical Society



VOLUME 65, NUMBER 21

PHYSICAL REVIEW LETTERS

19 NOVEMBER 1990

next-neighboring [Fig. 1(b)] wells. Figure 1(d) shows
the quantum energies of the conduction band of a SL in
an electric field, as obtained from a numerical solution of
the Schrdodinger equation in the two-band approxima-
tion”® using the band parameters of Ref. 9. As indicat-
ed in Fig. 1(c), the SL is approximated by a system of
four coupled wells separated by three barriers. At F =0
there are two groups of four states each [Fig. 1(d)].
Each group corresponds to a discrete analog'® of a mini-
band in our four-well model. With increasing F these
states depend approximately linearly on F with the slope
given by neFd (n=—2,—1,0,1). In this linear regime
the corresponding wave functions are found to be almost
completely localized within one well of the SL ® and one
therefore obtains a well-defined subband spacing E;; be-
tween the two lowest subbands of each quantum well.
The important feature now consists in the mixing be-
tween states which are localized in different, not neces-
sarily adjacent, wells. In our calculation, the mixing
manifests itself by an anticrossing behavior and by a
delocalization of the participating wave functions into
quantum states which are essentially linear combinations
of the contributing localized states. The arrows at 260
and 130 kV/cm indicate the situations sketched in Figs.
1(a) and 1(b), respectively, which are characterized by
the conditions eFd =E,| and 2eFd =FE ;.

The generalization of these features to the case of an
infinite SL is as follows. At low but finite electric fields,
Wannier-Stark localization takes place, but now with an
arbitrary integer n. The anticrossings arising between
states deduced from the first and second minibands obey
the resonance condition meFd =E;;, with m an integer
(see also Ref. 5). This leads to an infinite number of an-
ticrossings which accumulate at F =0. However, the en-
ergy repulsion decreases drastically with increasing m so
that only a finite number of anticrossings can be
resolved.

In our calculation, the quantum-confined Stark ef-
fect!" (QCSE) of the individual wells produces field-
dependent energy shifts. The largest shifts are achieved
at high fields, e.g., 6 meV at 260 kV/cm for the lowest
conduction subband. For excitonic transitions, the
QCSE of the valence subbands (13 meV at 260 kV/cm
for the first heavy-hole subband) induces an additional
redshift. Since these values are negligible compared to
the subband spacing E5;, a pattern similar to the one in
Fig. 1(d) should be expected from a spectroscopic inves-
tigation of such a SL in an electric field.

In order to demonstrate these anticrossings experimen-
tally, we have prepared a 60-period SL with 7-nm GaAs
wells and 0.9-nm AlAs barriers. The SL is sandwiched
between layers of 30 nm GaAs followed by 500-nm-wide
AlpsGag sAs window layers. The AlgsGag sAs layers are
n doped on the substrate side and p doped on the top
side, respectively, both to about 5%10' c¢cm ~3. The
structure was grown by molecular beam epitaxy on a
(100)-oriented n * substrate and processed into mesas of

450 pum diameter with Ohmic contacts of CrAu on the
top and AuGeNi on the substrate side. Our photo-
current spectra were detected by a lock-in amplifier and
corrected for the spectral dependence of the illumination
system consisting of a halogen lamp and a double mono-
chromator. The current-voltage (I-V) curves were
detected by a HP4140B pA meter.

A series of photocurrent spectra are shown in Fig. 2.
Flat-band condition (F=0) is at a bias of +1.48 V, the
plus sign denoting forward direction. A change in bias
of 1 V corresponds to a change in F of approximately 19
kV/cm. The signal increase between — 15 and —17 V is
due to avalanche multiplication. The region between 1.4
and —S5 V shows the well-known =3 scenario of the blue-
shift of the main absorption edge and Stark-ladder for-
mation. The anticrossing associated with the m =1 reso-
nance discussed above gives rise to pronounced struc-
tures around — 14 V.,

Before discussing the anticrossing in more detail it is
important to distinguish this effect from the splitting of
photoluminescence lines occurring in weakly coupled
SLs.'? In those systems, the transport probability is
strongly enhanced if different subbands of adjacent wells
are in resonance.®'>!'* This effect can lead to electric-
field domains giving rise to additional spectroscopic
lines'? due to the Stark effect. For increasing electric
field, those new lines appear at lower energies than the
original lines. This is in contrast to the present situation
where, for the transitions close to the SL band gap, the
new lines appear at higher energies (see also Fig. 3).

We use in the following the notation nCi-Hj and
nCi-Lj for the transition between the i th electron Ci and
the jth heavy-hole Hj (light-hole Lj) subband with a
spatial separation of n SL periods. For n0, this nota-
tion applies to the situation when the electron and hole
wave functions exhibit small, spatially direct contribu-
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FIG. 2. Photocurrent vs energy at 5 K for different bias
voltages from +1.4 to —17 V (quasi-3D representation).
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tions but are mainly localized in different wells. At reso-
nance, however, the spatially direct and indirect contri-
butions to the electron wave functions under considera-
tion have about the same amplitudes. This leads to the
appearance of two, resonantly split excitonic transitions
with an oscillator strength of half of the spatially direct,
off-resonance transition.

The bias dependence of the peak energies of the photo-

— T T
(@ f ]
roe *Mz' see
[o ommates o . (4
- AV PN
- . ..
hb‘ ~0 M + 4
r ettt e, /‘... 1
‘e e vaas ]
] 8 - . —
. st o
[ e *ove . . tee ]
L ‘e e . h
I
F o 7 0o et 1
[ . ]
. * * P
—
> [ . .
LY L . 4
- .
[ o + g
> 1 7— N . * . -
.
+ & o W i
o I IR SR, cons
*
@ >, M S,
W P roes oo . 'S
> e . L.
Lo .
[ e 00s o, LR O YO
w r : - .
Sossatt oy oy
.
1L6E™ cee _
RN . tea,
Foee ™ ¢ \ AR TN
L%
.
r * - \Q.
. . .
+ * . + * . 4
L .
. . .
F . . .
Sr B .
1. R TN P N SRS S

APPLIED VOLTAGE (V)
(b) ﬁ[vvvl]lllr[!f'll.[v|

Lav vy o v e by o aay

ENERGY (eV)

[T T T I Ty T[T T T I T rr[rrrrrrroy

W=7

T T T

T
| A S A A U A A A I S S A

1.5

PR S B
0 -5 -10 -15
APPLIED VOLTAGE (V)
FIG. 3. (a) Peak energies of the spectra in Fig. 2 vs applied
voltage. (b) Assignment of these peak energies to excitonic
transitions. The lines refer to excitonic transitions due to the
first heavy-hole (solid lines), first light-hole (dashed), second
heavy-hole (dotted), and third heavy-hole (dash-dotted) sub-
bands. The notation nCi-Hj (nCi-Lj) is explained in the text.
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current spectra (Fig. 2) and their assignment to specific
transitions is plotted in detail in Figs. 3(a) and 3(b), re-
spectively. Around —14 V, both the light-hole L1 and
the second heavy-hole H2 replica show the anticrossing
between the 0C1 and —1C2 levels in a way similar to
the lowest heavy-hole H1 one. Consequently, the /ocal-
ized valence subbands act as independent probes for the
delocalization of the electron states. This is an addition-
al proof for the fact that the anticrossing is caused by the
quantum states of the conduction band. The spatially
direct 0C2-H1 and OC1-H?2 transitions could not be
detected at low electric fields due to the parity selection
rules.'> The anticrossing between 0C2-H1 and IC1-
H1, as apparent from the data in Fig. 3, shows a
stronger repulsion than the one between —1C2-H1 and
0C1-H1. This observation cannot be explained by the
structure of the conduction band alone which would pre-
dict equally strong repulsion [see Fig. 1(a)]. Although
this effect is not yet completely understood, we believe
that it is due to differences in the excitonic binding ener-
gies of the respective transitions. In addition, these bind-
ing energies are sensitive to the field-dependent changes
of the localization length.'® In Fig. 3(a), the structures
at about 15 meV above the spatially direct 0C1-H | and
0C1-L1 energies are associated with excited states of
these excitonic transitions.'®!” They could not be re-
solved beyond —10 V.

Comparing Fig. 3 with Fig. 1(d), we see that the
m =1 anticrossing gives rise to nearly identical patterns,
whereas the m =2 resonance is not yet resolved. For
reasons which are not important in the present context,
higher-order (i.e., |n| > 1) transitions are more easily
detected in /-V measurements at constant wavelengths
than in photocurrent spectra at constant voltages. Fig-
ure 4 shows a series of /-V curves where the —2C2-H |
transition is well resolved. There is a clear anticrossing
between —2C2-H1 and 0C1-H|1 (inset of Fig. 4) as ex-
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FIG. 4. I-V curves at 5 K (monochromatic illumination at
different energies) showing the anticrossing between the 0C1-
H1 and —2C2-H1 transitions. Inset: Voltage dependence of
the peak energies. The dashed lines are guides for the eye.
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pected from Fig. 1. We also found some weak structure
associated with the —3C2-H transition. These experi-
mental and theoretical results indicate that resonance-
induced delocalization can still be observed for a large
separation index m. The only practical restriction is that
the resonance splitting must be larger than the linewidth
of the participating excitonic transitions. The actual
limit might also depend on an additional, incoherent en-
ergy broadening of the delocalized states due to the im-
perfections of the SL.

Finally, we note that the appearance of the m =2 reso-
nance indicates the general feature that resonant interac-
tion between different Stark ladders can already occur at
low electric fields. We also performed tight-binding-like
calculations which imply that the resulting delocalization
can even be stronger than Wannier-Stark localization
and prevail over the field-induced localization effects.
This occurs if the (mini)bandwidth W is significantly
larger than the (mini)bandgap G. In particular, this
general condition is satisfied for the case of the crystal
lattice of a bulk semiconductor where the bandwidth of
the conduction band is at least 3 times as large as the
bandgap (W/G = 3). Therefore, field-induced localiza-
tion phenomena are not to be expected in bulk materials.

In conclusion, we have reported the first observation of
electric-field-induced delocalization of carrier states in a
SL due to resonant interaction between different Stark
ladders. This effect strongly influences the optical prop-
erties of the GaAs-AlAs SL under study since the reso-
nance splitting significantly exceeds the excitonic line-
widths. We have also found that this delocalization is
not only restricted to adjacent SL cells but is also ob-
served between states localized in non-neighboring wells
of the SL. Consequently, this effect provides a method
to probe high-field coherence properties of electrons in
SL structures.
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growth and to J. Jungbauer, F. Schartner, S. Tippmann,
and M. Waurster for diode processing. This work was
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Note added.— More recently, we have also detected
the m =3 resonance. Both the m =1 and the m =2 reso-
nance are still observed at room temperature.
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