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We report measurements of the

current-voltage

characteristics of an asymmetric

GaAs/Al,Ga,_,As double-barrier resonant-tunneling device in a magnetic field B parallel to the
tunneling direction. In the resonant-tunneling regime the magnetic field induces weak steplike
features in the I(¥) curve and sawtooth oscillations in the I(B) curve that are periodic in inverse
field. We explain these magnetotunneling features by Landau quantization of the three-dimensional
states in the emitter and the two-dimensional states in the well, which induces steplike structure in
the tunneling supply function. The experimental I (¥, B) line shape is in good agreement with self-

consistent numerical calculations.

Recent theoretical and experimental research into
double-barrier resonant-tunneling structures (DBRTS)
has advanced our understanding of charge transport 1n
DBRTS.!™* The sequential-tunneling model of Luryi,?
which invokes the conservation of energy and transverse
momentum to determine the supply function of electrons
that can tunnel elastically from the three-dimensional
emitter into the two-dimensional well, has furnished a
particularly clear explanation of the qualitative form of
typical DBRTS I-V curves, wherein current begins to
flow at a threshold bias V,,, increases nearly linearly in
the resonant-tunneling regime between V,; and a peak
voltage V,, and then drops sharply. There have also ap-
peared several studies of magnetotunneling effects in
DBRTS, with the magnetic field B oriented either paral-
1el’~? or perpendicular'® to the tunneling direction [mag-
netotunneling studies have also been done in the silicon
metal-oxide-semiconductor (MOS) system!!]. In the first
study of parallel-field magnetotunneling® it was pointed
out that Landau quantization in the three-dimensional
emitter should produce steps in the I-V curve, but uncer-
tainty in the potential distribution over the device and
the weakness of the field-induced features hindered com-
parison with the theory. In subsequent studies the mag-
netotunneling features were explained by the alignment
of quantized two-dimensional Landau levels in the well
and the emitter accumulation layer.”® By conservation
of transverse momentum this mechanism should produce
sharp negative—differential-resistance (NDR) features in
the tunneling regime, which have also been predicted by
a numerical simulation of DBRTS magnetotunneling.?
These features have not been observed experimentally,
however.

In the course of studying the characteristics of asym-
metric DBRTS, we have performed extensive magneto-
tunneling measurements in a parallel magnetic field. In-
stead of magnetically induced NDR features, we observe
weak but unambiguous steps in the I(V) curves of a
high-quality DBRTS device at constant B and oscilla-
tions periodic in B ~! in I (B) curves at constant V (simi-
lar to Shubnikov—de Haas oscillations). We explain these
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magnetotunneling features by extending the sequential
tunneling model’ to include a parallel magnetic field.
This field quantlzes the emitter densxty of states into Lan-
dau cylinders in momentum space,'> whereas discrete
Landau levels appear in the two-dimensional well. The
conservation of energy and transverse momentum (or,
equivalently, Landau-level index n) during tunneling
leads to steplike structure in the supply function which,
in turn, leads to the appearance of magnetotunneling
features in the I(V,B) characteristic of a DBRTS.
Through a self-consistent calculation of the potential dis-
tribution over the device,® we have also calculated the
I(V,B) line shape of a DBRTS device in a parallel field
and found very good agreement with the experimental
data.

Our asymmetric DBRTS was grown by molecular
beam epitaxy on an n(100) GaAs substrate. The ac-
tive region of our device consisted of (i) 0.5 um of GaAs,
Si doped to ~2.2X 107 cm ™3, (ii) 50 A of GaAs (spacer),
(iii) 85 A of Aly 4Gag ¢As (lower barrier), (iv) 56 A of
GaAs (well), (v) 85 A of Al, sGag sAs (higher barrier), (vi)
100 A of GaAs (spacer), and (vii) 0.5 pm of ~2.2X 107
cm 3 Si-doped GaAs. The barriers and the well were un-
doped, as were the spacer layers intended to prevent
dopant diffusion into the barriers. The devices were
defined by 10.5X10.5 um? Au-Ni-Ge square dots, mesa-
etched, and alloyed at 400 °C in hydrogen for Ohmic con-
tacts.

All measurements were carried out at liquid-helium
temperature with a computer-controlled voltage source
stabilized by a small capacitor placed in parallel with and
close to the device. The current was measured with a
low-noise operational-amplifier circuit in order to elimi-
nate the need for a current-sensing series resistor.

The zero-field I(V) characteristic of our asymmetric
DBRTS is shown in Fig. 1. It exhibits high peak to val-
ley ratios in both forward- and reverse-bias polarities, the
29:1 ratio in the negative-bias polarity being a record for
the GaAs/Al,Ga,;_,As material system. Both bias po-
larities exhibit phonon-assisted tunneling features after
the resonant peaks.!> The asymmetry of the DBRTS
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FIG. 1. I-V curve at T=4.2 K and zero magnetic field. Inset
shows schematic band alignment in the tunneling regime, with
AE defined as the energy separation between the resonant sub-
band and Er in the emitter.

design is reflected in the ratio of the peak currents in the
two bias polarities of approximately 7:1 (in our conven-
tion forward bias refers to the polarity in which the
emitter barrier is lower than the collector barrier). In ad-
dition, the asymmetric design maximizes the charge
buildup in the well at forward bias and the I (V) curve ac-
cordingly exhibits the intrinsic bistability which has been
discussed elsewhere.>'%!> For this reason we have fo-
cused on the forward bias I(V,B) characteristic of our
device. In this report we shall concentrate on the
forward-bias tunneling regime between V', =170 mV and
¥, =400 mV for tunneling through the first resonant sub-
band. Our device also exhibits a second current peak at a
higher forward bias ¥=1.70 V due to tunneling through
the second subband, with a peak to valley ratio of better
than 2:1 (not shown).

The magnetotunneling I (¥, B) data on our DBRTS are
presented in Fig. 2. Figure 2(a) shows the I (V) curves at
constant B for three values of the magnetic field. The
field induces weak steps in the I (V) which grow stronger
and move to higher bias at higher B values. The spacing
between the steps increases proportionally with B, hence
only one step is observed at B=9.0 and 7.0 T while two
are observed at B=5.0 T [at still lower magnetic field
values the steps become difficult to observe in the I(V)
but are clearly revealed in the conductance dI /dV, e.g.,
at B=3.0 T the I (V) curve contains four steps].

In Fig. 2(b) we show I (B) curves measured at constant
V for three values of applied bias V=325, 350, and 375
mV. The I(B) curves show clear oscillatory behavior,
which becomes stronger at higher bias. Thus, at V=375
mV, which is fairly close to Vys the oscillation amplitude
AI /I reaches nearly 10% in the B> 5.0 T range. The os-
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cillations are periodic in B~! and move to higher B

values as the applied bias is increased. They also have a
regular sawtooth shape which persists at all values of ap-
plied bias.

In order to explain these magnetotunneling features,
we shall incorporate the presence of a parallel B into the
sequential tunneling model—where electrons tunnel into
the well elastically, conserving both energy and trans-
verse momentum. Tunneling current begins to flow when
the threshold applied bias V,;, aligns the resonant sub-
band E with the emitter Fermi energy Er. As more bias
is applied the energy separation AE between the resonant
subband E, and emitter E increases (see inset of Fig. 1),
more electrons can tunnel elastically, and the current in-
creases until E lines up with the bottom of the conduc-
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FIG. 2. (a) The forward bias I (¥) curves in the tunneling re-
gime at parallel B=5.0, 7.0, and 9.0 T. The curves are displaced
by 0.4 pA for clarity. Arrows mark the magnetic field-induced
steps. (b) The forward bias I (B) curves in the tunneling regime
at total applied bias ¥'=325, 350, and 375 mV.
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tion band in the emitter (i.e., AE =Eg) at V,,. A further
increase in bias makes energy and transverse-momentum
conserving tunneling impossible and the current drops
sharply.

At B=0 the number of electronic states that can tun-
nel elastically from the three-dimensional emitter to the
two-dimensional well, which we shall define as the supply
function N (AE), can be easily estimated from the geome-
trical construction due to Luryi.? In an isotropic conduc-
tion band at low temperatures the electronic states of the
emitter lie within a Fermi sphere in momentum space.
Energy and transverse momentum conservation ensure
that the electrons which can tunnel elastically lie on a
constant k; cross section through the Fermi sphere,
where k| is determined by the condition

E\=#k{/2m*=Ep—AE . (1

This situation is illustrated in Fig. 3(a). Since the energy
width of the resonant subband is very small,! an estimate
of the tunneling supply function is simply obtained by in-
tegrating over the tunneling states [i.e., the shaded disk in
Fig. 3(a)]:

N(AE)=202m) 73 [ [ 8(k —k (AE)dk  dk,
=(m*/n#) [ dE,
=(m*/m#*)AE , )

where k| (AE) is obtained from (1) and only k| >0 states
contribute. The total current from three-dimensional
emitter states into the well has been derived earlier’ as

J~(e/2a#)N (AE)T,(Ep+A,—AE) , 3)

where T, is the transmission coefficient of the emitter
barrier (see also inset of Fig. 1). Although the potential
distribution over the device and hence the quantities A,
AE, and T, must be calculated self-consistently with the
total bias and current, we find that to first order the
current is proportional to the tunneling supply function
N(AE).

In a parallel magnetic field the electronic states in the
three-dimensional emitter are quantized into Landau
cylinders, as shown in Fig. 3(b). The conservation of en-
ergy and Landau index n (equivalent to transverse
momentum) now makes the supply function depend on
the number of Landau cylinders that pass through the
constant k| cross section of Eq. (1), rather than on the to-
tal area of this cross section. In the limiting case of
infinitely sharp Landau quantization, the tunneling sup-
ply function reduces to a ‘‘staircase” shape: N(AE,B)
=p(AE,B)g (B), where p (AE,B) is the (integer) number
of Landau cylinders passing through the constant k|
cross section [see Fig. 3(b)] and g (B) is the Landau-level
degeneracy. In a real DBRTS the Landau cylinders in
the emitter (as well as the Landau circles in the two-
dimensional well) are broadened by scattering, which
smooths the supply function “staircase.” In Fig. 3(c) we
plot N(AE,B) of our device for B=0 and 5.0 T, where
we have assumed Gaussian broadening of the emitter and
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well Landau levels, with a combined broadening of 2.5
meV.

It is worth noting, at this point, that the electronic
states in the three-dimensional collector electrode are
also quantized into Landau cylinders by the magnetic
field. However, in the collector electrode the momentum
component parallel to the direction of tunneling is uncon-
strained and the electric field in the depletion region
sweeps the electrons away from the collector barrier.
Consequently, any electron stored in the well always has
an available empty collector state to tunnel into elastical-
ly, conserving both energy and the Landau-level index n.
Hence the Landau quantization in the collector should
not affect the measured I(V) curve and, indeed, no
quantization effects from the collector electrode are ob-
served.

The geometrical construction of Fig. 3 provides an im-
mediate qualitative explanation of the observed magneto-
tunneling features. As more bias is applied in the elastic
tunneling regime the constant k; cross section of elec-
tronic states that satisfy selection rule (1) is lowered
through the emitter Landau cylinders, as shown in Fig.
3(b). But in a magnetic field the supply function is no
longer strictly proportional to the area of the shaded
disk, but rather reflects the Landau density of states
structure, shown in Fig. 3(c) for the case of significantly
broadened Landau levels. This structure, which appears
as a series of smoothed steps, is observed in the I(V)
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FIG. 3. The momentum space distribution of the electronic
states in the three-dimensional emitter for (a) B=0 T and (b)
B=5.0 T. The electrons which can tunnel elastically at some
AE occupy the states in the shaded disc at B=0 T (a). At
B=5.0 T these electronic states are compressed into rings (b).
The corresponding supply functions N(AE) are plotted for
B=0T (dashed line) and B=5.0 T (solid line) in (c). The B=5.0
T supply function was calculated by assuming the emitter Lan-
dau cylinders to be Gaussian in energy with 2.5 meV broaden-
ing.
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curve. The steps in the supply function occur at integral
multiples of #iw., where w, is the cyclotron frequency.
For our doping of ~2.2X10'7 ¢cm™3, we have a Fermi
level of ~20 meV, and hence observe two steps at B=5.0
T (fiw,=8.6 meV), but only one step at B=7.0 T
(fiw,=12.1 meV). We note that this method can yield an
accurate estimate of the actual doping in the DBRTS
electrodes.

When I(B) is measured at constant applied bias and a
ramped B field, the Landau cylinders in Fig. 3(b) expand
and gradually leave the Fermi sphere. To first order, AE
and hence the position of the shaded disk in Fig. 3(b)
remain unchanged [ignoring the self-consistent feedback
of the oscillating current in Fig. 2(b) on the potential dis-
tribution across the device]. The situation is then analo-
gous to the normal Shubnikov-de Haas oscillations: as
the Landau cylinders escape from the constant k cross
section of the Fermi sphere, defined by selection rule (1),
the tunneling supply function oscillates periodically in
B!, The corresponding current oscillations are shown
in the data in Fig. 2(b). Here it should be noted that the
Fermli1 energy in the emitter also oscillates as a function
of B.

In order to further understand the magnetotunneling
features, we have performed a self-consistent numerical
calculation of the I(V) curve of our DBRTS with and
without a parallel magnetic field. The self-consistent po-
tential distribution over the device, taking into account
the accumulation and depletion layers outside the emitter
and collector barriers, respectively, as well as the charge
density o, dynamically stored in the well, was calculated
from the self-consistent system of equations in Ref. 6.
The transmission coefficients of the barriers were calcu-
lated in the WKB approximation. Although excellent
quantitative agreement with experimental data can be ob-
tained by using the electron mass in the barrier as a
fitting parameter,'® we chose the usual nonparabolic ex-
pression for the mass of an electron with energy E :!7

m*(E)~m¥s(1+2E/E,) , 4)

where m {g is the conduction-band-edge mass and E, is
the band gap. The current into the well J, is then given
by Eq. (3) multiplied by the additional factor

AE.o )= (m* AE /n#*)— (0, /e) )
VAR (m* AE /m#?)

which determines the fraction of states in the well that is
unoccupied by the dynamically stored charge and thus
available for elastic tunneling. The current out of the
well J, is given by®

Jy=0,E,T,/# . 6)

In steady state the currents into and out of the well must
be equal, i.e., J; =J,, which closes the self-consistent sys-
tem of equations and permits one to calculate the expect-
ed I(¥V) curve of the device given the DBRTS material
parameters—electrode doping, the height and width of
the barriers, and the extent of the spacer layers.

The presence of the magnetic field affects the calcula-

A. ZASLAVSKY, D. C. TSUI, M. SANTOS, AND M. SHAYEGAN

&

I(uA)

1.0

n

200 300 V (mV)

FIG. 4. Measured (lower curve) and calculated (upper curve)
I(V) line shapes at B=5.0 T (the calculated curve is normalized
to the measured peak current). The line shapes are displaced
0.4 pA for clarity. Arrows mark the field-induced steps. The
calculation parameters are listed in the text.

tion through the structure that appears in the tunneling
supply function as discussed above. The use of the WKB
approximation in the expressions for the tunneling
current, with electron mass given by (4), yields current
densities that are nearly an order of magnitude too large,’
but, once the calculated peak current is normalized to the
experimentally measured value, the agreement between
the calculated and experimental I-V line shapes is very
good. The calculated I(¥) curve at zero temperature,
B=5.0 T, Landau-level broadening of 1.5 meV, electrode
doping of 2.3X10'7 cm ™3, barriers of 320 and 433 meV,
and collector spacer layer of 70 A is compared to the ex-
perimental data in Fig. 4. The abrupt turn on of the tun-
neling current in the calculated I (V) curve is due to the
assumption of zero temperature and neglect of band tail-
ing in the calculation. We note that while the calculated
current densities are strongly dependent on the effective
mass of the tunneling electrons and the precise height
and width of the Al ,Ga;_,As barriers, the normalized
I(V,B) line shape is much less sensitive to these parame-
ters.

In conclusion, we have measured the current-voltage
characteristics of a high-quality, asymmetric DBRTS de-
vice in a parallel magnetic field B. We observed unambi-
guous, although weak, steplike features in the I (¥) curve
at constant B and oscillations periodic in B ™! in the I (B)
curve at constant V. The steps in the I(V) curve are a
signature of magnetotunneling from a three-dimensional
to a two-dimensional density of states. We have inter-
preted our data by extending the sequential tunneling
model to the case of a parallel magnetic field. Our nu-
merical simulation of the I(V,B) line shape of the device
is in very good agreement with the experimental data.
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