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We present a study of ballistic electron transport in GaAs/GaAlAs with different
well widths under given bias conditions. A three terminal device is used to inject an
energy tunable electron beam via a tunneling barrier into an undoped superlattice
and to collect the transmitted current as a function of the injection energy. Signifi-
cant increase of the collector current is observed due to miniband conduction in the
superlattice. Due to the localization of the electron wave function in biased superlat-
tices, the quasi-continuous miniband breaks up into a ladder of discrete Wannier
Stark states. The results are compared to calculations based on an envelope function
approximation using a transfer matrix method. In order to resolve the discrete Wan-
nier Stark states, a Four Terminal Device (FTD) is designed.

1. Introduction

Decreasing the barrier thickness of multiple quantum well structures leads to a stronger
coupling between the degenerate eigenstates in the wells and thus to the formation of
superlattice (SL) minibands. For these strongly coupled quantum wells the electronic
states are extended. Applying an electric field in the direction perpendicular to the layer
planes leads to a reduction of the interwell coupling and localizes the electronic states
into a finite number of periods. This splitting of the quasi-continuous miniband into a
ladder of discrete Wannier Stark states has direct consequences on the ballistic electron
transport properties.

A hot electron transistor [1] is used to probe the superlattice transmittance. In such three
terminal devices, an energy tunable electron beam is generated by a tunneling barrier,
passes the superlattice after traversing a thin highly doped GaAs (base) and an undoped
drift region. Having the possibility to drive the injected current and the electric field
applied to the superlattice independently, the transmittance can be measured directly at
given superlattice biases. The probability for an injected hot electron to cross the super-
lattice reflects the transmittance of the miniband and can be considered to be propor-
tional to the measured transfer ratio o = Ic/le.

2. Device Fabrication

Our samples, grown by molecular beam epitaxy (MBE), have the following common
features: A highly doped n*-GaAs collector contact layer (n = 1x10™® cm®) is grown on
a semiinsulating GaAs substrate. Followed by a superlattice and the drift regions which
are dightly n-doped (~5x10™ cm™), in order to avoid undesired band bending. To
reduce quantum mechanical confining effects originating from the quantum well formed
by the emitter barrier and the superlattice the drift region is chosen to be at least 200 nm
in width. This is followed by a highly doped (2x10™ cm™) n*-GaAs layer (base) of
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13 nm width. As found in previous experiments [2], about 75% of the injected electrons
traverse the base ballistically. On top of the base layer a 13 nm undoped Gag7Alp3AS
barrier is grown followed by a spacer and an n*-GaAs layer, nominally doped to
n = 3x10"" cm™, in order to achieve an estimated normal energy distribution of injected
electrons of about 15 meV [3]. It should be noted that the half width of the injected
electron beam limits the energy resolution of the experiment. Finally, an n*-GaAs con-
tact layer (n = 1x10™ cm®) is grown on top of the heterostructure to form the emitter.
Four different superlattices have been studied with Gay7Alg3ASs barriers (2.5 nm) and
GaAs wells, with varying widths (6.5 nm, 8.5 nm, and 15 nm) and periods (see table 1).

sample# well (nm)  periods  Ag(meV) Ampi(meV) Ap(meV) Avsz(meV)

1 6.5 5 46 22 114 94
2 8.5 5 33 13 85 53
3 15 5 145 3.5 40 14
4 6.5 10 46 22 114 94

Table 1: Summary of the superlattice tunneling structures investigated. Ayg: and Avg2
denote the widths of the first and of the second miniband, Ay, the energy posi-
tion of the first miniband with respect to the conduction band edge and A1
denotes the width of the minigap between the first and the second miniband.
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Fig. 1. Conduction band diagram under typical bias conditions.

The fabrication of the three terminal device includes the following steps. SiCl4/SFe
reactive ion etching (RIE), unselective etching to the collector layer, metallization of
the AuGeNi ohmic contacts, SisN, isolation of the emitter mesa (PECVD), and finally
the metallization of the CrAu bonding pads. More details can be found elsewhere [4].

The spatial profile of the bottom of the conduction band along the growth direction
under typical bias conditions, as calculated by a Poisson solver, is shown in Fig. 1. All
measurements are done in common base configuration at 4.2 K.
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3. Results and Discussion

3.1. Unbiased Superlattices

Under flat band conditions the eigenstates of the periodic structure are expected to be
extended over the entire length of the superlattice. Using the concept of a hot electron
transistor the transmittance of an undoped field free superlattice, grown in the drift
region between base and collector, is measured directly. To investigate the superlattice
properties and to confirm the results of the measured transfer ratio o = Ic/lg, three
superlattice structures with different well widths are measured.
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Fig. 2. Thetransfer ratio o. = I¢/Ig versusinjection energy (= e.Ugg) of sample #2. The
cal culated miniband positions are indicated by bars (f— ) .

The static transfer ratio of sample 2, o = I¢/lg, plotted in Fig. 2 as a function of the
injection energy, shows severa maxima and a sharp rise at 280 meV. No current is
observed below the energy of the first peak. The position of the first peak coincides
very well with the first miniband. Thus, we claim that the first peak is due to miniband
transport through the lowest miniband. For energies higher than the first miniband the
transfer ratio drops quite significantly since there is no transport possible through the
forbidden minigap of the SL. The second observed pesk is shifted 36 meV to higher
injection energies and is ascribed to the first LO-phonon emission replica (o o = 36
meV) of the injected electron distribution. The relative position in energy and width are
equal to that of the first peak. The energy range of electrons injected at voltages corre-
sponding to this second peak is in the forbidden band and no contribution is expected
from electrons which have not lost energy due to optical phonon emission. The peak at
150 meV represents transport through the second SL miniband. For an analysis of the
observed features we compare the experimental data with the theoretically calculated
miniband positions. The calculated positions and widths of the first and second mini-
band are indicated by bars. The sharp rise of the transfer ratio at 280 meV is due to the
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transition to continuum. This energy, which corresponds to the conduction band offset
of the superlattice barriers, gives us a confirmation of the AIAs mole fraction of the
AlGaAs compound.

In Fig. 3 we show the transfer ratio o as a function of the injection energy for three
samples with different well widths at lower injection energies. There is a clear shift of
the peaks to higher energies with decreasing superlattice well width. The calculated
miniband positions are again indicated by bars as in Fig. 2. It can be seen that the tun-
neling data agree very well with the self constant solution of the Schroedinger equation.
Note that it is possible to resolve even very narrow minibands at low energies as seen
for sample 3.
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Fig. 3: Transfer ratio o versusinjection energy for all three samples ( —| indicates
the calculated miniband position, | — 4 indicates the broadening due to the
energy distribution of the injected electron beam). A double arrow represents the
energy of alongitudinal optical phonon (oo = 36 meV).

Due to the broadened energy distribution of the injected electrons, the peaks corre-
sponding to ballistic transfer through the first miniband are broadened as well. The
shape of the energy distribution is investigated using a three terminal device with a
resonant tunneling diode grown in the drift region which acts as an energy filter of the
injected electrons [5], [6]. Thus we are able to measure directly the injected normal
energy distribution. It can be seen that this energy distribution is not symmetric and the
broadening takes place mainly at the low energy side. This low energy tal of the
injected electron beam is indicated by dashed barsin Fig. 3.
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3.2. Biased Superlattices — Breakdown of the Extended Electron Wave
Function

The splitting of minibands in biased superlattices has direct consequences on the ballis-
tic electron transport properties. Due to the localization of the electron wave function,
the quasi-continuous miniband breaks up into a ladder of discrete Wannier-Stark states

[7].

The transfer ratio of a biased 10 period superlattice (sample 4) was studied and com-
pared with atheoretical transfer matrix calculation. The structure under investigation is
except the number of periods similar to the structure described above.

The measured transfer ratio a as a function of the normal electron injection energy at
different collector-base biases is shown in Fig. 4. It can be seen that the onset of the
transfer ratio shifts with the applied collector-base bias since the lower edge of the first
miniband shifts with the superlattice bias. The observed transfer ratio decreases quit
dramatically with the applied electric field. Longitudinal optical phonon replicas, which
are shifted 36 meV to higher injection energies, can be observed at al biases.
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Fig. 4. Measured transfer ratios at different collector-base bias vs. injection energies

Figure 5 shows the transfer ratio at peak position of the investigated superlattice versus
applied electric field. The maximum transmission can be observed at zero bias voltage,
since all superlattice states are extended over the total superlattice dimension. Applying
an electric field leads to a decrease of the transmission due to the localization of the
lowest and uppermost superlattice statesi.e. these states do not contribute to the ballistic
transport any more. The transfer ratio of the superlattice vanishes for an applied electric
field of about 5 kV/cm. Thisisin good agreement with the simple estimate of the local-
ization length A ~ AleF (A is the miniband width, and F the applied electric field) which
decreases to about half of the total superlattice length at this bias.
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Fig. 5: Measured (dots) and calculated (line) transfer ratio vs. electric field.

In addition, we perform theoretical calculations based on a transfer matrix method using
an envelope function approximation [8]. The solid line in Fig. 5 shows the result of such
calculation for the measured structure. We find an excellent agreement between our
experimental results and the quantitative theoretical prediction.

For the first time, the miniband positions, widths, and the collapse of the superlattice
states under the influence of an applied electrical field using the technique of hot elec-
tron spectroscopy is observed directly.

3.3. Four Terminal Device (FTD)-Detection of Plasmon Emission

A new four terminal device is developed including a resonant tunneling diode as an
injector in order to decrease the width of the injected electron distribution. As the reso-
nant condition of the injector resonant tunneling diode is set, we are able to tune the
injected sharp electron beam. This device is used to observe directly the relaxation of
hot carriers via plasmon emission in a low doped (n = 3x10" cm®) GaAs drift region
which is contacted to the ground in order to avoid undesired charging in this drift
region.

In between this low doped drift region and the collector an analyzer resonant tunneling
diode is grown. A SEM picture of the device is shown in Fig. 6. A schematic sketch of
the band diagram is shown in the inset of the figure. The four terminal device is also
being considered as a structure which allows the possibility to set up conditions for the
beam plasma instability leading to local oscillations of charge densities and conse-
quently to an emission of radiation in the THz range.
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Fig. 6. SEM picture of the Four Terminal Device (FTD). The inset shows the conduc-
tion band structure.

In addition the four terminal device design is used to resolve the single Stark states of a
short period superlattice, since the injected electron distribution is much narrower than
the spacing between the single states.

4. Conclusion

In summary, direct experimental current spectroscopy of minibands in undoped super-
lattices is demonstrated using the technique of hot electron spectroscopy. Miniband
widths and gaps of different unbiased superlattices are investigated and compared to the
results of a self-consistent Schroedinger calculation. Applying an electric field to the
superlattice the quasi-continuous miniband splits up into a discrete ladder of Stark
states, and consequently the transmission of ballistic electrons decreases. The measured
transfer ratio at different bias conditions isin excellent agreement to the theoretical cal-
culation based on a transfer matrix method using an envelope function approximation.
For the first time, the collapse of the superlattice electron states under the influence of
an electrical field is observed directly in transport.

In order to increase the resolution of the experiment and in order to measure the relaxa-
tion of hot carriers via plasmon emission, a four termina device (FTD) is designed and
fabricated.
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