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Wannier-Stark States in Finite Superlattices
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Individual Wannier-Stark states are resolved in a current experiment over a wide electric-field range
for a 5 and 4 period finite superlattice utilizing a hot-electron transistor. The observed field dependence
of the tunneling transmission through the various states directly resembles the progressive localization
of the wave functions. The basic transport through Wannier-Stark states in short-period superlattices is
identified to be coherent. By tuning the Wannier-Stark state splitting with electric field into the optical
phonon energy, the opening of new LO-phonon mediated transport paths is observed.
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through the individual Wannier-Stark states. In two-
terminal device transport studies, the existence of the

injection energy. The special property of the three termi-
nal device used in this work allows a tuning of the energy
The idea of growing multilayers of alternating semi-
conductor alloys with different band offsets made it pos-
sible to realize artificial crystals, so-called superlattices.
The large number of design parameters as, for example,
the material system, the layer thickness, the doping con-
centration, etc. makes it possible to engineer the band
structure of such crystals [1]. In an unperturbed super-
lattice, the strong coupling of the electronic eigenstates of
adjacent wells leads to the formation of minibands which
are separated by minigaps. In superlattices with a finite
number N of periods, each single miniband is formed by
N eigenstates which are delocalized over the whole super-
lattice length. Applying an external electric-field perpen-
dicular to the layer planes alters the quantum mechanical
confinement between the neighboring wells and leads to a
splitting and a localization of the states which are then
given by theWannier-Stark states [2]. Until the suggestion
of Esaki and Tsu in the year 1970 [3], to realize super-
lattices by using semiconductor heterostructures, the
Wannier-Stark effect could not be verified in conventional
crystals with common measurement techniques. The first
studies of biased semiconductor superlattices were per-
formed on n-i-n structures, where the quantification of
the Wannier-Stark splitting was mainly done by using
optical techniques as electroabsorption [4], photolumi-
nescence [5], photocurrent [5], and electroreflectance [6]
measurements.

In transport experiments, there are two main problems
to determine the Wannier-Stark splitting in a semi-
conductor superlattice: One is the presence of an inhomo-
geneous electric-field unavoidable in two-terminal
superlattice structures; the second is the electric-field
induced localization of the Wannier-Stark states. The
localization length inside the superlattice is inversely
proportional to the applied electric field which leads to
a quenching of the coherent hot-electron transport
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Wannier-Stark effect could be verified only by measuring
negative differential velocity of hot electrons in biased
superlattices [7]. England et al. [8] and Aggarwal et al. [9]
reported tunneling measurements of electronic states in
superlattices in which the transition from a miniband to a
sequential coupled well structure is reported. Current
resonances appear for specific alignments of neighboring
Wannier-Stark states. A clear quantification of the
Wannier-Stark splitting and the Wannier-Stark localiza-
tion from direct current measurement has never been
reported thus far to our knowledge. The understanding
of electron transport in biased superlattice structures is of
fundamental interest for the development of novel semi-
conductor devices such as quantum cascade lasers and
Bloch oscillators.

In this work, we use the concept of a hot-electron
transistor [10–15] to study hot-electron transport in un-
doped biased superlattices. The conduction band structure
of the device is shown in the inset of Fig. 1(a). An energy
tunable electron beam is generated at the tunneling bar-
rier and reaches the superlattice after traversing a highly
doped n-GaAs base layer and a slightly n-doped drift
region. The amount of purely ballistic electrons trans-
mitted through the superlattice and measured as the
collector current IC is at the order of a few percent. The
vast majority of the electrons have lost energy by optical
phonon emission in the drift region and are collected in
the base contact since the injection energy is always well
above the LO-phonon energy. The static transfer ratio
(� � IC=IE) directly represents the probability of an in-
jected electron to be transmitted through the superlattice.
Beltram et al. [16] reported scattering induced tunneling
of hot electrons through biased superlattices using a three
terminal device with a fixed injection energy of the hot-
electron beam. The resonances appeared only for special
alignments of the Wannier-Stark states with the electron
 2002 The American Physical Society 136803-1



FIG. 1. (a) Measured transfer ratio � � IC=IE of a 5 period
SL (solid line) vs emitter bias ( � electron injection energy).
Features which indicate tunneling of ballistic electrons
through the corresponding resonant states are marked 1–5.
(Inset) Conduction band diagram of a three terminal device
along the growth direction with an external electric field
applied at the collector. (b) Background-removed transfer ratio
compared to the convolution of the ballistic electron energy
distribution (obtained in Ref. [15]) with the calculated trans-
mission resonances shown in the inset. (Inset) Calculated
transmission function T�E� of the 5 period superlattice:
3.3 nm AlGaAs barriers and 3 nm GaAs wells.
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of the injected electron distribution independent of the
electric field applied to the superlattice. Consequently, it
is possible to apply a homogeneous electric field to the
superlattice. The other problem—to study localized Stark
states which do not allow transport through the super-
lattices— can be overcome by the use of a scattering
mechanism which can induce transitions between weakly
overlapping Wannier-Stark states. In this experiment,
LO-phonon scattering provides such an incoherent trans-
mission channel inside the superlattices.

Three terminal devices were designed with different
undoped superlattice structures between base and collec-
tor. The first superlattice consists of 5 periods of 3.5 nm
Al0:3Ga0:7As barriers and 3 nm GaAs wells; the second
superlattice consists of 4 periods of 4 nm Al0:3Ga0:7As
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barriers and 3.2 nm GaAs wells. For these superlattice
parameters, the lowest miniband is positioned between
122 and 158 meV for the 5 period SL and between 120 and
143 meV for the 4 period SL. The three terminal devices
are grown by molecular beam epitaxy and fabricated by
standard photolithographic and wet etching techniques.
The emitter and collector currents were measured as a
function of negative emitter bias at 4.2 K in a common
base configuration using a parameter analyzer. Figure 1(a)
shows the transfer ratio of the 5 period superlattice as a
function of the electron injection energy. For energies
below the first state, no collector current is observed,
since the ballistic electrons are reflected at the super-
lattice. The onset at VE � �130 mV indicates the begin-
ning of electron tunneling through the first miniband. At
energies above the first miniband, the ballistic electrons
are reflected at the superlattice. However, there is an
additional contribution to the measured transfer ratio
which is due to longitudinal optical (LO) phonon emis-
sion ("!LO � 36 meV) in the GaAs drift region [15].
This inelastic background in the transfer ratio is removed
by a deconvolution procedure [17]. Figure 1(b) shows the
comparison of the background-removed transfer ratio
with the convolution of the ballistic electron distribution
[15] with the calculated transmission resonances [shown
in the inset of Fig. 1(b)]. The peak amplitudes resemble
the different linewidths of the transmission resonances.

Hot electron transport in biased superlattices is inves-
tigated as a function of the collector bias up to VC �
400 mV. In Fig. 2, the second derivatives of the transfer
ratios are plotted as a function of the collector bias. The
peaks which indicate electron transport through the cor-
responding Wannier-Stark states are marked from 1 to 5
for the 5 period SL (1 to 4 for the 4 period SL). The
potential applied to the superlattice pulls the miniband to
lower energies and causes a down shift of the peaks. The
increase of the energy spacings between the individual
peaks as a function of the electric field gives direct
evidence of the Wannier-Stark character of the states. At
high injection energies, peaks 40 and 50 (30 and 40) are
indicating transport due to phonon replicas occurring in
the drift region. The energetic positions of the 5 (4)
individual peaks in the transfer ratio at VC � 0 V fit
best to calculated [18] subband energies using superlattice
parameters of 3.3 nm AlGaAs barriers and 2.9 nm GaAs
wells for the 5 period superlattice and 3.7 nm AlGaAs
barriers and 3 nm GaAs wells for the 4 period super-
lattice. The deviation to the nominal superlattice parame-
ters lies within one monolayer for GaAs and AlGaAs.

The Wannier-Stark splitting is determined from the
transfer ratios shown in Fig. 2. The experimental
Wannier-Stark splitting is measured as a function of the
collector bias, whereas the theoretical Wannier-Stark
splitting is calculated as a function of the electric field
applied to the superlattice [18]. By comparing the
Wannier-Stark splitting at the highest collector bias
(VC � 400 mV) with the calculated Wannier-Stark
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FIG. 3. (a) Measured Wannier-Stark states (symbols) vs
superlattice bias VSL of the 5 period superlattice compared to
the calculated Wannier-Stark splitting (solid lines) vs electric
field F. (b) Wannier-Stark states (symbols) of the 4 period
superlattice compared to calculations (solid lines).

FIG. 2 (color). (a) Second derivatives of the transfer ratio vs
emitter bias at different collector biases for the 5 period
superlattice. (b) Second derivatives of the transfer ratios vs
emitter bias at different collector biases for the 4 period
superlattice.
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splitting, a corresponding electric-field value is obtained
which directly gives the relation between the collector
bias scale and the electric-field scale. Figure 3 shows the
measured peak positions (symbols) relative to the posi-
tion of peak 3 for both superlattices as a function of the
electric field. The experimental results are in excellent
agreement to the theoretical Wannier-Stark splitting
(solid lines) [18] up to electric fields of F �
25:9 kV=cm for the 5 period superlattice and F �
27:6 kV=cm for the 4 period superlattice, respectively.

Besides the Stark splitting, it is especially interesting
to analyze the electric-field induced localization of the
Wannier-Stark states. In transport experiments, the am-
plitudes of the current resonances directly resemble the
quantum mechanical transmission of the individual states
as seen in Fig. 2. A comparison of the electric-field
dependence of the normalized peak amplitudes in the
transfer ratios with the expected Wannier-Stark local-
ization amplitudes for the 4 period superlattice is shown
in Fig. 4, which directly provides information about the
transport mechanisms through each single state. For
states 1 and 2, an excellent agreement between measured
and calculated transmission is found. For peaks 3 and 4,
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the experimental findings exceed the coherent predic-
tions: While peak 3 first shows a transmission according
to the coherent path, an additional contribution to the
current starts at 10 kV=cm and becomes larger than the
coherent part, passes through a maximum until it
decreases at fields above 20 kV=cm. Peak 4 increases
above the coherent part already at zero bias and increases
in two steps.

We have previously ruled out interface roughness scat-
tering for a 5 period superlattice [14] as scattering always
induces a current component proportional to the electric
field which is not observed. Electron-electron scattering
can be ruled out due to an extremely low carrier concen-
tration in the device. The only incoherent transmission
channel is LO-phonon scattering which occurs only for
transition energies Eij exceeding "!LO. For the first and
second Wannier-Stark state (WSS1, WSS2), LO-phonon
136803-3



FIG. 4. Measured normalized transmission per states as a
function of the electric-field (crosses) compared to the calcu-
lated normalized coherent transmissions of the individual
Wannier-Stark states for the 4 period superlattice (solid lines).
The arrows mark critical fields where the inter-Wannier-Stark
state splittings are equal to the optical phonon energy.

VOLUME 89, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 23 SEPTEMBER 2002
scattering can be neglected because the transition energy
is much smaller than "!LO over the whole bias range. As
a consequence, transport through these states is purely
coherent.

For WSS3 and WSS4, additional current is observed at
electric fields, where transition energies E31, E41, and E42

exceed "!LO at F31 � 21 kV=cm, F41 � 9 kV=cm, and
F42 � 22 kV=cm. However, an increase of the incoherent
transport is already observed well below F31, F41, and F42

(marked with arrows in Fig. 4). This can be understood by
taking into account that the ballistic electron distribution
has a finite width in the plane perpendicular to the current
direction (normal dispersion) of �E � 7 meV [15]. This
leads to the situation that those electrons have a total
energy larger than the transition energy between different
WSSs. They are able to emit LO phonons at transition
energies of Eij � "!LO ��E. For WSS4, this condition
is fulfilled for transition 4-1 at flat band conditions and for
transition 4-2 at F � 17:6 kV=cm. The increase in the
peak amplitude resembles, thus, the tuning of the Stark
ladder with increasing electric field until the peak of the
distribution is resonant with the Stark state splitting
of "!LO.

The results clearly show that incoherent transmission
channels induced by optical phonons add additional cur-
rent. For WSS3 only one channel is possible which is
resonant at 21 kV=cm. The increase in current is signifi-
cant and the channel transmission is comparable to the
coherent path at zero bias. For WSS4, the first phonon
channel (4-1) becomes possible at F41 � 9 kV=cm, giving
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about the same current as for WSS3; when the condition
for phonon channel 4-2 is reached, the second channel
adds about the same amount of current to the transmis-
sion. The data thus clearly show individual channels of
incoherent transport.

In conclusion, we present a study of electron transport
through undoped biased superlattices. The individual
Wannier-Stark states in the first miniband of a 5 (4)
period superlattice are resolved up to electric fields of
F � 25:9 kV=cm (F � 27:6 kV=cm) in a direct current
experiment. From the measured transfer ratios, the exact
superlattice parameters are determined. The basic trans-
port through Wannier-Stark states is identified to be
coherent. The transport mechanism through higher lying
localized states is found to result from an interplay be-
tween coherent and incoherent transport as a function of
the applied electric field. LO-phonon induced individual
channels are found to contribute to the transmitted cur-
rent. This way, we have a method at hand which enables a
systematic study of transition rates for different scatter-
ing processes in semiconductor heterostructures.

This work was partly supported by the Society for
Microelectronics (GMe, Austria) and the Austrian
Science Fund (FWF) Grants No. SFB F016 and No. Z24.
*Email address: michael.kast@tuwien.ac.at
[1] F. Capasso, Science 235, 172 (1987).
[2] G. H. Wannier, Phys. Rev. 117, 432 (1960).
[3] L. Esaki and R. Tsu, IBM J. Res. Dev. 14, 61 (1970).
[4] J. Bleuse, G. Bastard, and P. Voisin, Phys. Rev. Lett. 60,

220 (1988).
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