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Two modes of electron gas injection in resonant tunnelling through
GaAs/AlGaAs double-barrier heterostructures were revealed while studying
their current—voltage characteristics. Examining peculiarities of the charac-
teristics within the temperature range 4-350 K and under a high magnetic
field, we were able to distinguish the contribution to resonant tunnelling of
ballistic electrons mjected from a three-dimensional electron gas in the emit-
ter contact and that of electrons injected from a two-dimensional electron
gas in the accumulation layer formed near the emitter barrier. 	.

PACS numbers: 73.40.Gk, 73.50.Jt, 85.30.Μn

The phenomenon of resonant tunnelling in a double-barrier heterostructure
(DBH) has been expected to be very promising for the design of high speed elec-
tronic devices. In order to improve the performance of such devices, undoped
spacer layers are often grown outside the active part of device to separate them
from heavily-doped electrode layers thus preventing the incorporation of segre-
gated dopant into this part of the structure during epitaxial growth. In such de-
vices a weak shoulder appearing on the rising side of the resonant peak in the
current-voltage characteristic has been observed in several cases [1-4]. It was at-
tributed to resonant tunnelling from a three-dimensional electron gas (3DEG) of
the emitter whereas the main resonance was due to 2D electrons tunnelling from
quasi-bound states in the accumulation layer adjacent to the emitter barrier. In
the present paper we report new results on temperature and magnetic field de-
pendence of this feature, which give further evidence for the occurrence of the two
modes of electron gas injection in resonant tunnelling.

We studied DBHs grown by molecular beam epitaxy on (100)-oriented
n+-GaAs substrates. The structures consisted basically of a 5.6 nm GaAs quantum
well sandwiched between a 3.7 nm AlAs barrier and a 5.6 nm Al 0. 4Ga0 6Αs one.
Heavily n-doped (2 x 10 18 cm -3) electrodes were separated from the barriers by
spacer layers, with the donor concentration gradually decreased towards the barri-
ers. They consisted of 50 nm of GaAs doped to 2x 10 17 cm -3 , 50 nm of GaAs doped
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to 2 x 10 6 cm-3 and 5 nm of undoped GaAs. In our preVious paper [3] we investi-
gated DBHs composed of similar spacer layers but rather different double-barrier
structure. The results we report here were obtained on devices of 25 μm diameter
defined by standard photolithography and mesa etching techniques.

We measured the current-voltage characteristics, I(V), of the devices, using
pseudo-four-probe technique and a variable dc voltage source. Simultaneously, we
measured the first and the second derivatives, I/dV and d 2 I/dV 2 , of the I(V)
characteristics using a probe signal at a frequency v of about 1 kHz and the
peak-to-peak amplitude of 1 mV and a lock-in detection at the frequency v and
2v, respectively. The measurements were performed within the temperature range
4-350 K and under a magnetic field up to 13 T.

The I(V) characteristics display a resonant maximum in the tunnel current
against bias voltage which end in a double-step feature (Fig. 1) similar to that
frequently reported in the literature; cf. [5] and references therein. At a biaś volt-
age of about 0.4 V, just below that of the onset of the main resonance peak, an
additional weak maximum appears at the characteristics (Fig. 1) which we called
"precursor" of resonance [3]. It is more pronounced while measuring I/dV and
d2 I/dV 2 against bias voltage, as shown in the insets in Fig. 1.

The precursor amplitude, defined as the difference between the relevant lo-
cal maximum and minimum in the d 21/dV2 curve multiplied by the difference
of the voltages corresponding to the above extrema (see right inset in Fig. 1),
is plotted in Fig. 2 as a function of the reciprocal temperature. While lowering
temperature the precursor amplitude increases, reaching a maximum at about
140 K, then decreases, showing an apparent activation energy of about 7 meV,
and disappears almost completely at liquid helium temperature. The latter be-
haviour distinguishes the present precursor from similar features observed at low
temperature that were due to the tunnelling via donor states in the well [6].

In DBHs with undoped spacer layer adjacent to the emitter barrier, the
electrons accumulated near the barrier under bias conditions cause a band bending
that gives rise to the creation of a quasi-triangular quantum well (inset in Fig. 2).
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Electron motion perpendicular to the barrier-layer face is then quantized which
results in a two-dimensional electron gas (2DΕG) occupying subbands within the
triangular well. Since. n+-doped emitter region is separated from the barrier by
undoped and lightly-doped layers, an electrostatic bump is formed under bias
between this region and the triangular well, as shown schematically in the inset
in Fig. 2. In our previous paper [3] we proposed, in line with the above picture
and with conclusions of Ref. [2], the following explanation for the resonant part of
the I(V) characteristic. The small precursor in front of the main resonance peak
is due to the contribution of ballistic electrons that traverse over the bump; this
is the 3DEG part of the resonant current. The physical meaning of the observed
activation energy is then the difference between the Fermi energy in the emitter
region and the energy of the bump top. The electrons surmounting the bump are
mainly thermalized in the triangular well but some of them can reach ballistically
the barrier, in 'a part' evidenced by the proportion between the precursor and main
peak amplitude. Thus, the source of electrons responsible for the main resonance
peak is 2DΕG in the triangular well.

To verify this model, we performed measurements of the tunnel current and
differential conductance, I/dV, versus magnetic field, B, at fixed bias voltages of
the devices. At temperatures below 10 K both the tunnel current and differential
conductance exhibit magneto-tunnelling oscillations which are more pronounced
under magnetic field applied parallel to the current. Under bias near that of the
onset of main resonance peak the oscillations are periodic when displayed as a
function of 1/B (Fig. 3). They can be characterized by a fundamental field, Bf =
[Δ(Z/Β)] -1 , which increases slightly with increasing bias voltage. By tilting the
magnetic field at an angle θ with respect to the normal to the quantum-well
plane the fundamental field changes as: Bf(θ) = Bf(0)/ cos Ο (an example for
θ = 35° is shown in Fig. 3). This confirms the two-dimensionality of electron
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gas in the emitter accumulation layer. Note that at low temperatures, at which
the magneto-tunnelling oscillations could be measured, the contribution of the
precursor to resonant tunnelling was very small.

Nevertheless, in the Fourier transform of the oscillations of differential con-
ductance against 1/B, measured at bias voltages below 0.42 V, a weak subsidiary
component was revealed which could be related to the 3DEG mode of the resonant
tunnelling. Its frequency of about 11 T was independent of the angle θ and would
correspond to the electron concentration of about 10 17 cm-3 in the emitter region
just before the electrostatic bump (inset in Fig. 2). Sheet electron density in the
emitter accumulation layer (of about 3 x 10 11 cm-2 ), calculated from the funda-
mental fields of the main component of magneto-oscillations, against bias voltage
is presented in the inset in Fig. 3. Saturation of its values at bias voltages above
0.47 V clearly indicates the space charge build-up in the quantum well which af-
fects the potential distribution across the structure, as shown schematically in the
inset in Fig. 2.

In summary, we have demonstrated the coexistence of two modes of elec-
tron gas injection, from 2D and 3D electron gas, in resonant tunnelling through
double-barrier heterostructure with an accumulation layer.
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