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The transition between coherent and incoherent transport in undoped GaAsyAlGaAs superlattices
is observed. Hot electron spectroscopy is used to measure the superlattice transmittance at different
bias conditions. For a short-period superlattice the transmittance is found to be independent of the
direction of the electric field. For a superlattice larger than the coherence length, the transmission
becomes asymmetric and dependent on the electric field direction. The onset of scattering-induced
miniband transport is clearly evident. A coherence length of 150 nm, limited by surface roughness, and
a scattering time of 1 ps are determined. [S0031-9007(98)07370-0]

PACS numbers: 73.20.Dx, 72.80.Ey, 73.40.Gk
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In semiconductor superlattices (SL) the energy leve
of adjacent wells are strongly coupled, and their wa
functions are delocalized which leads to the formation
minibands. Electron transport in superlattice miniban
was first considered by Esaki and Tsu [1], who report
that a region of negative differential conductivity shoul
occur when the electrons are accelerated to the miniba
zone boundary. In a finite electric field, applied to
periodic structure, the quantum mechanical eigenstates
given by the Wannier-Stark states [2] which are localize
to a region whose extension is inversely proportion
to the electric field. If the length of the superlattice i
shorter than this extension coherent transmission throu
an ideal SL is possible [3]. In contrast, for infinite
superlattices the pure coherent transmission through
SL is zero, and Bloch oscillations are expected (se
e.g., Refs. [3,4]). In this case, only the presence
scattering causes the decay of the Bloch oscillations a
induces a finite stationary current through the SL [5,6
The transition between coherent transmission through
small structure and diffusive transport in a long SL
not well understood. It is the purpose of our Letter t
demonstrate this transition experimentally and to expla
the underlying scattering mechanism.

Resonant tunneling phenomena have been extensiv
studied in double barrier structures [7] where the curre
is calculated by the single particle Schrödinger equati
assuming that the electrons move coherently, while lo
of coherence requires more sophisticated models [
Transport in superlattices has been studied extensively
the last two decades [9–13]. Photocurrent spectrosco
has been used to measure the quantum coherence
GaAsyGaAlAs superlattices optically [14,15]. The stud
of biased superlattices, however, was hindered by sp
charge built up and domain formation [16]. Sibilleet al.
[17,18] performed the most extensive study in biase
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doped superlattices and observed negative differen
velocity. Optical experiments led to a breakthrough b
the observation of Bloch oscillations in the time doma
of undoped superlattices [19].

In a previous experiment we have developed a thr
terminal technique which allowed the study of transpo
in undoped superlattices [20]. We observed the positio
of minibands and minigaps in excellent agreement w
the results of a transfer-matrix calculation of the tunnelin
probability. In the present paper we apply the techniq
of hot electron spectroscopy to biased superlattices.
observe the transition between coherent and incoher
transport and determine the coherence length and
scattering time of the electrons.

A three terminal device [21] is used to probe the tran
mittance of undoped GaAsyGa0.7Al 0.3As superlattices.
An energy tunable electron beam is generated by a t
neling barrier and passes the superlattice after traversin
thin highly dopedn-GaAs base layer and an undoped dr
region. The measured collector current reflects the pro
bility of an injected electron to be transmitted through th
superlattice. The transmittance of the superlattice can
measured directly at given superlattice bias conditions
varying the energy of the injected hot electrons indepe
dently from the superlattice bias voltage.

The structures which are described in Fig. 1 we
grown by molecular beam epitaxy on semi-insulatin
GaAs substrate. The growth started with a highly dop
n1-GaAs collector contact layersn  1 3 1018 cm23d
followed by a superlattice and the drift region that
slightly n dopedsn , 5 3 1014 cm23d in order to avoid
undesired band bending. To reduce quantum mecha
cal confining effects originating from the quantum we
formed by the emitter barrier and the superlattice, t
drift region is chosen to be 200 nm width. This is fo
lowed by a highly dopedsn  2 3 1018 cm23d n1-GaAs
© 1998 The American Physical Society 3495
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layer (base) of 13 nm width. As found in previous ex
periments, about 60% of the injected electrons traver
the base ballistically. On top of the base layer a 13 n
undoped Ga0.7Al 0.3As barrier is grown followed by a
GaAs space and ann1-GaAs layer, nominally doped to
n  3 3 1017 cm23, in order to achieve a narrow nor-
mal energy distribution of the injected electrons of abou
17 meV [22]. The width of the injected electron beam
limits the energy resolution of the experiment. Finally
ann1-GaAs contact layersn  1 3 1018 cm23d is grown
on top of the heterostructure to form the emitter.

Selective etching of20 3 20 mm2 mesas was used to
reach the base layer. The Ohmic contacts are form
using a standard AuGeyNi alloy. Details can be found
in Ref. [20].

A series of superlattice structures was investigated co
sisting of 5, 10, 20, and 30 periods of 2.5 nm Ga0.7Al 0.3As
barriers and 6.5 nm GaAs wells. The layer structure w
verified by transmission electron microscopy (TEM). Fo
these parameters a simple Kronig-Penny calculation giv
the lowest miniband lying between 46 and 68 meV, and
second one between 182 and 276 meV. We have fou
a systematic change of the transport properties betwe
the 5 and 30 period samples resembling the transition b
tween coherent to incoherent transport.

The static transfer ratioa  ICyIE [23] is mea-
sured as a function of negative emitter biass injected
electron energyd at 4.2 K in a common base configuration
Typical static transfer ratiosa of the 20 period superlattice
is shown in Fig. 2 for different collector biases. No col
lector current is observed up to the first transparent sta
of the first miniband, indicating that there is no significan
leakage current between base and collector. The bla
solid line represents the transfer ratio at flat band conditio
sUBC  0d. The sharp increase of the transfer ratio a
about 45 meV coincides very well with the lower edg
of the first miniband which is calculated to be 46 meV
The peak due to transport through the first maniband
broader than the expected miniband widthsD  22 meVd
due to the finite width of the injected electron distribution
The second observed peak is shifted 36 meV to high

FIG. 1. Schematic band diagram of a three terminal devic
with negative bias applied to the superlattice.
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injection energies and is ascribed to the first longitudina
optical (LO)-phonon emission replicash̄vLO  36 meVd.
Assuming an optical phonon scattering time of 200 f
at 100 meV electron energy and an electron velocity o
7.2 3 105 mys, about 80% of the injected electrons are
scattered in the drift region and lose 36 meV in energy
This results in a nonvanishing transfer ratio between th
peaks since the full width at half maximum (FWHM) of
the injected electron distribution (17 meV) plus the width
of the first miniband (22 meV) is greater than the LO-
phonon energy. Superposition of the replicas and th
nonscattered electrons leads to the observed behavior
the transfer ratio as evident in the experiment (Fig. 2
Even the second LO-phonon replica, shifted by 72 me
to higher energies is observed. The sharp increase
the transmittance at about 180 meV is due to transpo
through the second superlattice miniband. A clear shift o
the maximum (due to the voltage drop in the drift region
and a reduction of the amplitude of the transfer ratio i
observed for negative collector voltages. After a firs
increase a significant lower reduction of the amplitude an
of the shift is observed for increasing positive collecto
biases. A plot of the tunnel current onsets versus injectio
energy is shown in the inset of Fig. 2. The extrapolatio
of the different slopes to the cross point identifies the fla
band condition with high accuracy.

We have taken the total miniband transmissionsTad
which is defined as twice the area of the lower energy sid
of the first transfer ratio peak as a measure for the avera
current through the first miniband at given bias conditions

FIG. 2. Transfer ratioa versus injection energy at different
collector base voltagessUCBd of the 20 period sample forUCB
steps of 20 mV. The solid black line represents the transfe
ratio under flat band conditionsUCB  0d. The inset shows
the emitter voltagesUEBd of the onsets of the transfer ratio at
different collector-basesUCBd voltages.
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The current above the first maximum is influenced b
the first LO-phonon replica and, thus, not used for th
determination ofTa . The analysis ofTa for the 5, 10,
20, and 30 period superlattices is shown in Fig. 3 over t
voltage applied across the superlattice. The electric fie
is inversely proportional to the superlattice period numbe
The total miniband transmissionTa (dots) of the 5 period
sample is symmetric for both bias directions, while clea
asymmetric behavior is observed for all the other sample
where the asymmetry is growing with the period numbe
The experimentalTa curves are shifted for clarity, but
cannot be compared directly in absolute terms since t
current values for different samples of the same perio
vary by630%.

In order to understand our findings we have pe
formed two different kinds of calculations for the trans
mission through the superlattice. In the first calculatio
we consider a one dimensional ideal structure with norm
sample parameters. The calculation of the transmission
based on a transfer matrix method using an envelope fu
tion approximation, which also includes nonparabolicity
The result of this calculation demonstrates the quenchi
of the current as a function of the applied electric fiel
[24]. This can be easily understood by the increasing l
calization of the Wannier-Stark states. By summing u
the contributions to the current for all injection energie
we obtain the transmissionTa as shown by a dashed line
in Fig. 3. Independently of the length of the superlattic
this curve is symmetric with respect to the field directio
as the quenching of the Wannier-Stark states depends o

FIG. 3. Miniband transmission versus electric field of the 5
10, 20, and 30 period samples. The miniband transmission
the 5 period sample (dots) is compared to a one dimensio
calculation (dashed line) for coherent transmission while th
results of the 20 period sample (diamonds) are compared t
calculation including interface roughness (solid line).
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on the absolute value of the electric field. This calculatio
agrees quite well with the experiment for the 5 period s
perlattice (dots), demonstrating that the transport is dom
nated by coherent transmission in this case.

However, the picture changes for samples with mo
periods (Fig. 3): For negative bias (decelerating field) t
measured current decays systematically faster with sup
lattice bias and shows reduced current with increased
riod number. For positive bias the current first increas
and the maximum extends to higher voltages the larg
the period number.

We assign the observed systematic behavior with
creasing superlattice period to the onset of diffusive tran
port. For a longer superlattice (starting with period 10
only a small fraction of the carriers can traverse the stru
ture without scattering. Typically, the scattering proce
decreases the kinetic electron energy in the transport
rection, either by transferring the energy difference to
motion perpendicular to the SL direction (elastic scatte
ing) or by exciting a phonon (inelastic). If a positive bia
is applied to the collector, we observe an increase of t
transfer ratio since the scattered electrons contribute
ditionally with the coherent electrons to the collector cu
rent. For the negative bias only coherent electrons trave
the superlattice, scattered electrons are flowing back to
base according to the applied electric field. Therefore t
presence of scattering destroys the symmetry of the tra
mission with respect to the field direction.

In order to check this reasoning we have performe
a second calculation for the transmission through a f
three dimensional structure where interface roughness
included. We use a typical island size of 10 nm, an
the calculation is performed analogously to Ref. [25]. A
shown in Fig. 3 (solid line), the calculated transmissio
for the 20 period sample becomes asymmetric in excelle
agreement with the experimental result (diamonds). Th
clearly demonstrates that scattering by interface roughn
induces the asymmetry.

From these findings we conclude that the transitio
from coherent transmission to diffusive transport occu
visibly between 5 and 10 periods for the structures use
The main scattering mechanism is interface roughne
in these undoped structures at a temperature of 4.2
Phonon scattering seems to be negligible as the transm
sions does not change with temperature up to 40 K.

Following our reasoning given above, the transmissi
for negative fields is mainly due to the fraction o
electrons traversing the structure without scattering. Th
ballistic part (dashed line) is symmetric with respect
the field and can be subtracted from the total transmiss
for positive electric fields as shown in Fig. 4 for the 2
period sample. The difference (open squares) can th
be interpreted as the scattering induced current, wh
is found to be in excellent agreement with the Esak
Tsu model [1] using a scattering timetscatt of 1 ps.
The average velocity in the miniband is of the orde
3497
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FIG. 4. Total miniband transmission versus electric field o
the 20 period superlattice (dots). For positive applied bia
the coherent part (dashed line) is subtracted from the data
give the incoherent current (squares). The incoherent curren
fitted using the Esaki-Tsu formula (solid line).

of Ddy2h̄  1.5 3 107 cmys whered is the superlattice
period andD the miniband width. This results in a mean
free path of,coh  ntscatt 150 nm. This length is
significantly larger than the 5 period superlattice (45 nm
in good agreement with our interpretation that ballist
transport dominates the short structure, while scatter
becomes important for the longer superlattices.

The scattering time oft  1 ps appears quite reason
able for transport in an undoped superlattice. The coh
ent transmission time is estimated for the individual Sta
state to be 0.6 ps for the 5 period superlattice which i
creases to 1.2 ps for the 10 period superlattice. This tim
are consistent with the onset of scattering at the 10 p
riod superlattice. The coherence length of 150 nm th
is longer in our undoped superlattice structures than t
length reported from cyclotron resonance measureme
for doped superlattices [26].

In summary, we have observed the transition betwe
resonant tunneling and band transport in a solid usi
vertical tunneling through biased semiconductor superl
tices. The band transport is induced by scattering a
overcomes the localization of the electron wave functio
introduced by an applied electric field. Furthermore w
have determined the scattering time and the cohere
length (150 nm) of the electrons in these superlattice
We have shown that the coherent transport in the inves
gated superlattices at 4.2 K is limited by interface roug
ness. The present results provide the basis for furth
systematic studies of superlattice transport by varyi
growth conditions, local doping, and band structure.
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