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The transition between coherent and incoherent transport in undoped/S&a#\s 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

In semiconductor superlattices (SL) the energy levelsloped superlattices and observed negative differential
of adjacent wells are strongly coupled, and their wavevelocity. Optical experiments led to a breakthrough by
functions are delocalized which leads to the formation ofthe observation of Bloch oscillations in the time domain
minibands. Electron transport in superlattice minibandof undoped superlattices [19].
was first considered by Esaki and Tsu [1], who reported In a previous experiment we have developed a three
that a region of negative differential conductivity shouldterminal technique which allowed the study of transport
occur when the electrons are accelerated to the miniband undoped superlattices [20]. We observed the positions
zone boundary. In a finite electric field, applied to aof minibands and minigaps in excellent agreement with
periodic structure, the quantum mechanical eigenstates atiee results of a transfer-matrix calculation of the tunneling
given by the Wannier-Stark states [2] which are localizedorobability. In the present paper we apply the technique
to a region whose extension is inversely proportionalof hot electron spectroscopy to biased superlattices. We
to the electric field. If the length of the superlattice is observe the transition between coherent and incoherent
shorter than this extension coherent transmission througinansport and determine the coherence length and the
an ideal SL is possible [3]. In contrast, for infinite scattering time of the electrons.
superlattices the pure coherent transmission through the A three terminal device [21] is used to probe the trans-
SL is zero, and Bloch oscillations are expected (seemittance of undoped Gak&ay;Alg3As superlattices.
e.g., Refs. [3,4]). In this case, only the presence ofAn energy tunable electron beam is generated by a tun-
scattering causes the decay of the Bloch oscillations andeling barrier and passes the superlattice after traversing a
induces a finite stationary current through the SL [5,6].thin highly doped:-GaAs base layer and an undoped drift
The transition between coherent transmission through eegion. The measured collector current reflects the proba-
small structure and diffusive transport in a long SL isbility of an injected electron to be transmitted through the
not well understood. It is the purpose of our Letter tosuperlattice. The transmittance of the superlattice can be
demonstrate this transition experimentally and to explaimmeasured directly at given superlattice bias conditions by
the underlying scattering mechanism. varying the energy of the injected hot electrons indepen-

Resonant tunneling phenomena have been extensivetiently from the superlattice bias voltage.
studied in double barrier structures [7] where the current The structures which are described in Fig. 1 were
is calculated by the single particle Schrédinger equatiomgrown by molecular beam epitaxy on semi-insulating
assuming that the electrons move coherently, while los&aAs substrate. The growth started with a highly doped
of coherence requires more sophisticated models [8):"-GaAs collector contact laye(n = 1 X 10'® cm™3)
Transport in superlattices has been studied extensively ifollowed by a superlattice and the drift region that is
the last two decades [9—-13]. Photocurrent spectroscopslightly n doped(n ~ 5 X 10'* cm™3) in order to avoid
has been used to measure the quantum coherence undesired band bending. To reduce guantum mechani-
GaAs/GaAlAs superlattices optically [14,15]. The study cal confining effects originating from the quantum well
of biased superlattices, however, was hindered by spadermed by the emitter barrier and the superlattice, the
charge built up and domain formation [16]. Sibik¢al.  drift region is chosen to be 200 nm width. This is fol-
[17,18] performed the most extensive study in biasedlowed by a highly doped: = 2 X 10'® cm™3) n*-GaAs
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layer (base) of 13 nm width. As found in previous ex-injection energies and is ascribed to the first longitudinal
periments, about 60% of the injected electrons traverseptical (LO)-phonon emission repli¢dw; o = 36 meV).
the base ballistically. On top of the base layer a 13 nmAssuming an optical phonon scattering time of 200 fs
undoped GgAly3As barrier is grown followed by a at 100 meV electron energy and an electron velocity of
GaAs space and am™-GaAs layer, nominally doped to 7.2 X 10° m/s, about 80% of the injected electrons are
n =3 X 107 cm™3, in order to achieve a narrow nor- scattered in the drift region and lose 36 meV in energy.
mal energy distribution of the injected electrons of aboufThis results in a nonvanishing transfer ratio between the
17 meV [22]. The width of the injected electron beam peaks since the full width at half maximum (FWHM) of
limits the energy resolution of the experiment. Finally, the injected electron distribution (17 meV) plus the width
ann™-GaAs contact layefn = 1 X 10'® cm™3)isgrown  of the first miniband (22 meV) is greater than the LO-
on top of the heterostructure to form the emitter. phonon energy. Superposition of the replicas and the
Selective etching 020 X 20 um? mesas was used to nonscattered electrons leads to the observed behavior in
reach the base layer. The Ohmic contacts are formethe transfer ratio as evident in the experiment (Fig. 2).
using a standard AuGali alloy. Details can be found Even the second LO-phonon replica, shifted by 72 meV
in Ref. [20]. to higher energies is observed. The sharp increase of
A series of superlattice structures was investigated corthe transmittance at about 180 meV is due to transport
sisting of 5, 10, 20, and 30 periods of 2.5 nmy&&ly3As  through the second superlattice miniband. A clear shift of
barriers and 6.5 nm GaAs wells. The layer structure washe maximum (due to the voltage drop in the drift region)
verified by transmission electron microscopy (TEM). Forand a reduction of the amplitude of the transfer ratio is
these parameters a simple Kronig-Penny calculation givesbserved for negative collector voltages. After a first
the lowest miniband lying between 46 and 68 meV, and ancrease a significant lower reduction of the amplitude and
second one between 182 and 276 meV. We have foundf the shift is observed for increasing positive collector
a systematic change of the transport properties betwedriases. A plot of the tunnel current onsets versus injection
the 5 and 30 period samples resembling the transition besnergy is shown in the inset of Fig. 2. The extrapolation

tween coherent to incoherent transport. of the different slopes to the cross point identifies the flat
The static transfer ratioa = I¢/Ig [23] is mea- band condition with high accuracy.
sured as a function of negative emitter bias injected We have taken the total miniband transmissidn )

electron energyat 4.2 K in a common base configuration. which is defined as twice the area of the lower energy side
Typical static transfer ratios of the 20 period superlattice of the first transfer ratio peak as a measure for the average
is shown in Fig. 2 for different collector biases. No col- current through the first miniband at given bias conditions.
lector current is observed up to the first transparent state

of the first miniband, indicating that there is no significant 20 periods

leakage current between base and collector. The black ' ' '
solid line represents the transfer ratio at flat band condition

—_
(Ugc = 0). The sharp increase of the transfer ratio at 2
about 45 meV coincides very well with the lower edge g
of the first miniband which is calculated to be 46 meV. .
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FIG. 2. Transfer ratioe versus injection energy at different
collector base voltaged/cp) of the 20 period sample fa/cp
steps of 20 mV. The solid black line represents the transfer
ratio under flat band conditiofUcg = 0). The inset shows
FIG. 1. Schematic band diagram of a three terminal deviceghe emitter voltagdUgg) of the onsets of the transfer ratio at
with negative bias applied to the superlattice. different collector-bas€Ucg) voltages.

Distance

3496



VOLUME 81, NUMBER 16 PHYSICAL REVIEW LETTERS 19 O©TOBER 1998

The current above the first maximum is influenced byon the absolute value of the electric field. This calculation
the first LO-phonon replica and, thus, not used for theagrees quite well with the experiment for the 5 period su-
determination ofT,. The analysis off, for the 5, 10, perlattice (dots), demonstrating that the transport is domi-
20, and 30 period superlattices is shown in Fig. 3 over th@ated by coherent transmission in this case.
voltage applied across the superlattice. The electric field However, the picture changes for samples with more
is inversely proportional to the superlattice period numberperiods (Fig. 3): For negative bias (decelerating field) the
The total miniband transmissidh, (dots) of the 5 period measured current decays systematically faster with super-
sample is symmetric for both bias directions, while clearattice bias and shows reduced current with increased pe-
asymmetric behavior is observed for all the other samplesjod number. For positive bias the current first increases
where the asymmetry is growing with the period numberand the maximum extends to higher voltages the larger
The experimentall, curves are shifted for clarity, but the period number.
cannot be compared directly in absolute terms since the We assign the observed systematic behavior with in-
current values for different samples of the same periodreasing superlattice period to the onset of diffusive trans-
vary by +30%. port. For a longer superlattice (starting with period 10)
In order to understand our findings we have per-only a small fraction of the carriers can traverse the struc-
formed two different kinds of calculations for the trans-ture without scattering. Typically, the scattering process
mission through the superlattice. In the first calculationdecreases the kinetic electron energy in the transport di-
we consider a one dimensional ideal structure with normatection, either by transferring the energy difference to a
sample parameters. The calculation of the transmission isiotion perpendicular to the SL direction (elastic scatter-
based on a transfer matrix method using an envelope funéag) or by exciting a phonon (inelastic). If a positive bias
tion approximation, which also includes nonparabolicity.is applied to the collector, we observe an increase of the
The result of this calculation demonstrates the quenchingransfer ratio since the scattered electrons contribute ad-
of the current as a function of the applied electric fieldditionally with the coherent electrons to the collector cur-
[24]. This can be easily understood by the increasing lorent. For the negative bias only coherent electrons traverse
calization of the Wannier-Stark states. By summing upthe superlattice, scattered electrons are flowing back to the
the contributions to the current for all injection energiesbase according to the applied electric field. Therefore the
we obtain the transmissiof, as shown by a dashed line presence of scattering destroys the symmetry of the trans-
in Fig. 3. Independently of the length of the superlattice,mission with respect to the field direction.
this curve is symmetric with respect to the field direction In order to check this reasoning we have performed
as the quenching of the Wannier-Stark states depends ondy second calculation for the transmission through a full
three dimensional structure where interface roughness is
included. We use a typical island size of 10 nm, and

| 4
5 periods,*
:,

o

o
(=

miniband transmission, T (arb. units)

L ..-'
o

30 periods a
A

A

A

10 periods .-
n

the calculation is performed analogously to Ref. [25]. As
shown in Fig. 3 (solid line), the calculated transmission
for the 20 period sample becomes asymmetric in excellent
agreement with the experimental result (diamonds). This
clearly demonstrates that scattering by interface roughness
induces the asymmetry.

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

Following our reasoning given above, the transmission
for negative fields is mainly due to the fraction of

or — | . f ! . electrons traversing the structure without scattering. This
30 20 -10 0 10 20 30 ballistic part (dashed line) is symmetric with respect to
Uy, mV) the field and can be subtracted from the total transmission

for positive electric fields as shown in Fig. 4 for the 20
FIG. 3. Miniband transmission versus electric field of the 5,period sample. The difference (open squares) can then
10, 20, and 30 period samples. The miniband transmnssnonn%(ffe interpreted as the scattering induced current, which

the 5 period sample (dots) is compared to a one dimensio . . .
calculation (dashed line) for coherent transmission while thdS found to be in excellent agreement with the Esaki-

results of the 20 period sample (diamonds) are compared to &SU model [1] using a scattering time.. of 1 ps.
calculation including interface roughness (solid line). The average velocity in the miniband is of the order
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