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We have studied carrier transport in an electric field perpendicular to the layers of GaAs-AlAs

superlattices.

We observed structures in the field dependence of the transport characteristics

which are attributed to sequential-resonant-tunneling processes between hole subbands. This in-
terpretation is strongly supported by the energy splitting between the valence subbands deter-

mined from photocurrent spectra.

In addition, there is some experimental evidence that these

transport processes take place not only between different heavy-hole subbands but also from
heavy-hole subbands into light-hole subbands. The occurrence of the latter transport process is a
direct consequence of the coupling between the light- and heavy-hole subbands at finite parallel

momentum due to nonparabolicities.

Tunneling processes of holes through semiconductor
barriers have recently been the subject of increasing
theoretical interest'~> because of the complicated struc-
ture of the valence band of most I1I-V semiconductor ma-
terials. There are, however, only very few experimental
results on hole tunneling published in the literature, e.g.,
resonant tunneling of holes in GaAs-AlAs double-barrier
structures by Mendez et al.,* while tunneling of electrons
has been investigated extensively.> Nevertheless, trans-
port properties of holes are very important, especially for
superlattices (SL’s) in p-i-n diode photoconductors, since
the space-charge properties of these systems are strongly
influenced by transport processes. Due to the absence of
positive space charge in such a structure, it was even sug-
gested that heavy holes can tunnel across the barrier reso-
nantly via deep impurity levels.

In this paper we will present experimental results on
sequential resonant tunneling between hole subbands.
This type of transport processes can occur not only be-
tween subbands of the same kind of holes [heavy holes
(hh), light holes (lh)] but also between hh and lh sub-
bands. The latter phenomenon is explained by nonpara-
bolicities of the valence subbands and has recently been
treated theoretically.> The energy spacings between the
participating subbands can be determined by photo-
current spectroscopy.

We used in our measurements a SL consisting of 90
periods of nominally 5-nm GaAs and 2.2-nm AlAs. The
SL is sandwiched between layers of 30-nm GaAs followed
by 500-nm-wide AlgsGagsAs window layers. The Al s-
Gay sAs layers are n-doped at the substrate side and p-
doped at the top side, both to about 10'® ¢cm 3. The
structure was grown by molecular-beam epitaxy on a
(100)-oriented n *-type GaAs substrate and processed
into mesas of 130 and 450 um diameter which were used
for the transport and spectroscopic experiments, respec-
tively. Ohmic contacts were provided by evaporation of
Cr/Au (top side) and AuGe/Ni (substrate side).

For our transport experiments, we used a 670-nm laser
diode (Toshiba) driven by a fast-pulse generator (Avtech)
at 1 MHz repetition rate. The laser provided light pulses
of 80 ps duration which were focused onto the sample. In
this way, both electrons and holes were injected into the
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SL. At first sight, one would assume that the electrons
should move much faster than the holes because of the
different effective masses. However, it will be shown later
that transport by hole tunneling can actually occur faster
than transport by electron tunneling, provided that the
valence subbands are at resonance and that the conduc-
tion subbands are off resonance.

In Fig. 1, we have plotted static current-voltage curves
which were obtained with a picoampere meter. Under re-
verse bias (negative sign of the applied voltage), the pho-
tocurrent saturates at 90 nA for high electric fields. As-
suming a quantum efficiency of 1 and complete relaxation
of the system between the light pulses, this saturation level
corresponds to an injected carrier density of about 3x 104
cm ~3 per light pulse which is well below the estimated re-
sidual doping (= 10'5 cm ~3). The increase close to —20
V is due to the onset of avalanche multiplication. In for-
ward bias, the current of the illuminated sample changes
its sign at about 1.7 V. At this value the external electric
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FIG. 1. Current-voltage characteristics at 12 K with and
without illumination. The illumination conditions are described
in the text. The inset shows the range of positive electric fields
on an expanded scaled.
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field compensates the built-in field so that the total elec-
tric field is zero. The sign reversal is followed by a sharp
increase of the current, with and without illumination.
This regime is shown in the inset. Note that the current
under illumination now differs from the dark current by
about 20 uA. Such an effect (“‘effective-mass filtering”)
was previously observed by Capasso et al.” in a Algs-
Ing s2As-Gag 47Ino.s3As superlattice and will not be dis-
cussed further in this paper.

In the context of sequential resonant tunneling, the im-
portant feature shown in Fig. 1 manifests itself in the ob-
served increase of the photocurrent which saturates close
to the bias voltages of —2.2 and —11 V. Since the gen-
eration rate of photocarriers at 670 nm is approximately
independent of the bias, this structure is caused by the
competitive behavior between the transport and the re-
combination processes. When the drift velocity increases,
less carriers have time to recombine and the efficiency for
carrier collection at the contacts increases.

In contrast to the static photocurrent which reflects the
temporal mean value of the signal, the amplitude of the
transient photocurrent strongly depends on the dynamical
behavior of the conduction processes. We therefore
recorded the peak value of the photocurrent under pulsed
illumination conditions as described above. In this experi-
ment, the current was detected by a sampling oscilloscope
(Tektronix) which had an analog interface. The illumina-
tion was mechanically chopped at 120 Hz and the signal
of the analog output of the oscilloscope was recorded by a
lock-in amplifier. This procedure provided a highly stable
signal and a very efficient base line correction. The
overall bandwidth was about 4 GHz.

The voltage dependence of the peak photocurrent is
shown in Fig. 2. The local extremum at about 0.5 V is
caused by the transition from minibandlike conduction
processes at small electric fields to sequential tunneling
between localized states at higher fields. The decrease of
the absolute value of the peak photocurrent with increas-
ing electric field (between 0.5 and —1 V) is directly relat-
ed to a decrease of the drift velocity.®® At a temperature
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FIG. 2. Peak photocurrent vs applied voltage at different
temperatures. The schematics of sequential resonant hole tun-
neling (corresponding to the situation at — 11 V) is also shown.
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of 12 K, a similar structure is also observed for total elec-
tric fields pointing in the opposite direction (at 2.0-2.5 V
forward bias).

The local extremum at 0.5 V in Fig. 2 is followed by a
peak at —2.2 V which is also associated with a negative
differential dependence of the peak photocurrent (between
—2.5 and —5 V) on the electric field. We note that this
behavior is accompanied by an increase in the duration of
the photocurrent transients (from about 1 ns at —2.2 V to
4 ns at =7 V). Another less pronounced structure is seen
at—11V.

The structure at a positive bias of 2-2.5 V is smeared
out at higher temperatures since the dark current in-
creases due to stronger carrier injection at the contacts.
The other features, however, are equally well resolved at
80 K (see Fig. 2). Even at room temperature, the nega-
tive differential behavior of the peak photocurrent is
maintained.

These features strongly suggest that resonant tunneling
processes must be involved. We therefore determine the
voltage drop across one superlattice period at the bias
values where these structures appear. The electric field is
calculated by dividing the applied plus built-in voltage by
the total width w of the depletion zone. For this purpose,
w is obtained from capacitance-voltage measurements.
Due to a partial depletion of the contacts, w exceeds the
total width of the superlattice, as determined from the
growth parameters, by about 10% (at 0.5 and —2.2 V)
and 15% (at —11 V). We obtain for our superlattice a
voltage drop of 12, 39, and 120 mV per SL period at a
bias of 0.5, —2.2, and — 11 V, respectively.

The first value agrees reasonably well with the electric
field that corresponds to the situation that the voltage
drop per period equals the calculated width A of the
lowest conduction miniband (A =10 meV). We therefore
associate it with field-induced carrier localization.'® We
note that a similar effect has been reported in Refs. 8 and
9. Of course, in the present context, it is not only related
to electrons but it arises from the transition from mini-
bandlike conduction to sequential nonresonant tunneling
of all the carriers in the system.

In order to relate these transport data to the actual sub-
band structure of our sample, it is now essential to deter-
mine the energy spacings between the subbands from an
independent experiment. This is achieved by photocurrent
spectroscopy.®!! Spectra at three different bias voltages
are shown in Fig. 3. As sketched in the inset, we clearly
observe the heavy-hole excitons (hh1) and the light-hole
excitons (Ih1). Additionally, there is a third (forbidden)
transition which only becomes visible at very high electric
fields and is associated with the lowest conduction sub-
band and the first excited heavy-hole subband (hh2). Ex-
cept for excitonic corrections, the energy spacings between
these transitions directly coincide with the intersubband
energy of the valence band, i.e., 43 meV (between the hhl
and lh1 subbands) and 118 meV (between hh1l and hh2).

We have attempted to calculate these energy spacings.
The Luttinger Hamiltonian, as used in Refs. 2 and 3,is a
more accurate representation of the actual band structure
than the usual one-band model. In practice, however, the
problem consists of knowing the correct semiempirical
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FIG. 3. Photocurrent (PC) responsivity (i.e., photocurrent
corrected for the spectral dependence of the light source) vs en-
ergy at different bias. The increase of the signal for —20 and
—25 V is due to avalanche multiplication. The observed transi-
tions are sketched in the inset.

band parameters. The calculations in Refs. 2 and 3 were
performed for essentially the same quantum well system
and are based on effective-mass values between 0.45 and
0.6 free-electron masses mg for heavy holes in GaAs. The
obtained intersubband energies range from 58 to 74 meV
(between hhl and hh2) and from 152 to 217 meV (be-
tween hhl and hh3) which are far from the spacing be-
tween the hhl exciton and the forbidden transition ob-
served in the photocurrent spectra (Fig. 3). At the same
time, a hhl-lh1 splitting of 63-78 meV (Ref. 2) and 45
meV (Ref. 3) was found.

A value of 0.34m for the hh effective mass in GaAs
quantum wells was proposed by Miller et al.'? in order to
fit their experimental excitonic transition energies in
GaAs-Aly3Gap7As quantum wells. With this value we
obtained a spacing of 86 meV between the hhl and hh2
subbands using a one-band model. The difference be-
tween this value of the hh splitting and the experimentally
observed one can have several origins. First, the actual
well width can deviate from the nominal one. However,
the observed energy position of the hh1 transition suggests
that this deviation is less than 10% while we need at least
15% in order to get the experimental hhl-hh2 spacing.
Second, there exists a large difference between the hh
mass of bulk GaAs and the mass parameters adopted for
wide quantum wells 2 which leads to uncertainties in the
underlying band parameters.

Since the experimental subband spacings coincide well
with the ones expected from our transport experiments,
we conclude that the sequential resonant tunneling pic-
ture, as sketched in the inset of Fig. 2, is valid, i.e., that we
have observed tunneling processes between different va-
lence subbands. While resonant hhl-— hh2 tunneling
works in the same way as in the conduction band, resonant
hh1— 1h1 tunneling is a more complicated process. This
transition was theoretically predicted in Refs. 1 and 3. In
a multiband approach, it is forbidden at zero momentum
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k) parallel to the layers of the superlattice. This selection
rule becomes violated at finite k; due to the nonparabolici-
ties of the valence bands. Apparently, the reason why it
can be seen in our experiment is the fact that the corre-
sponding tunneling probability is relatively large since lh-
like subbands have much smaller effective masses than the
hh-like ones.! Similar interaction phenomena between
hh- and lh-like states have been previously observed to
cause anticrossing phenomena between exciton energies. !

However, we should keep in mind that the observed lh-
hh splitting lies between the LO-phonon energies of GaAs
and AlAs. Inelastic LO-phonon assisted tunneling pro-
cesses have been observed to produce extra peaks in the
current-voltage characteristics of double barrier diodes'*
and could eventually cause structures in the present SL at
the same electric fields as expected for the case of reso-
nant hhl1— 1hl tunneling. But, from the fact that the
structure at —2.2 V (Fig. 2) is very pronounced even at
room temperature, it seems that hhl— lhl tunneling is
actually the dominating transport process.

It is interesting to discuss the dynamics of the observed
photocurrent transients at the different bias voltages. Pre-
viously,®%!% we have studied the transit times for electron
transport through GaAs-AlAs SL’s with similar barrier
thicknesses daias but with much wider wells (dgaas
=12-14 nm). It follows from those data that transport
times of about 4 ns for nonresonant sequential tunneling
across the present SL system seem realistic also for elec-
trons. We note that the amplitude measurement as shown
in Fig. 2 is particularly sensitive to the fastest component
of the moving carriers. We did not find any indication,
e.g., at a bias of —6 V, of faster carrier components al-
though the experimental bandwidth was large enough.
Therefore, we conclude that, for the SL studied here,
transport due to sequential resonant tunneling from hh
into lh as well as from hh into higher hh subbands occurs
faster than transport due to nonresonant tunneling of elec-
trons.

In summary, we have presented time-resolved photo-
conduction experiments which, together with our spectro-
scopic results, show that sequential resonant tunneling
processes between different valence subbands dominate
the photoconduction characteristics of undoped GaAs-
AlAs SL’s for certain parameters (dgaas™5 nm, dajas =2
nm). We have observed these transport processes to occur
between different hh subbands. We also found experi-
mental evidence for tunneling processes from the lowest
hh subband into the lowest 1h subband. The latter process
is eventually influenced by inelastic phonon-assisted tun-
neling since the energy splitting between these subbands is
of the order of the LO-phonon energies. Resonant tunnel-
ing between hh and lh states can be explained within a
multiband approach by the nonparabolicities of the
valence bands.
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