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Information on the self-energy of quantized current-carrying electron states in intrinsic GaAs
has been obtained. The lifetime of T electron states in double-barrier resonant-tunnel structures
depends on the well width, longitudinal optical phonon scattering, and transfer into the subsidiary
X and L minima. Application of a magnetic field parallel to the direction of current injection to-
tally quantizes the electronic system and enhances the lifetime of low-energy electron states.

There exists little empirical information about non-
equilibrium electron-transport dynamics via quantized
electron states in intrinsic semiconductors. In this paper
we present new experimental data on the self-energy of
current-carrying, two-dimensional electron states in
GaAs. In addition, we explore the effect of total quantiza-
tion by applying a magnetic field.

Double-barrier resonant-tunnel structures' [see Fig.
1(a)] were fabricated on {100)-oriented semi-insulating
GaAs substrates using molecular-beam epitaxy. After
forming an n-type (n=1x10"® cm ~3 Si impurity) GaAs
buffer layer on the substrate, a 45-A-thick AlAs barrier
layer was deposited. A low crystal-growth temperature of
560° C was used to minimize problems associated with

- diffusion of Si impurities into the tunnel barriers. A layer
of intrinsic GaAs with thickness in the range 100
A<z,<700 A was then grown to form the quantum
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well. Following this a 45-A-thick AlAs layer and a 3000-
A-thick n=1x10'® cm 73 GaAs cap layer was deposited
to complete the structure. After removal from the growth
chamber the wafer was etched into mesas and separate
Ohmic contacts were made to the two n-type regions. The
electrical measurements reported here were made with
samples maintained at a temperature of 4.2 K. Mesas of
differing areas were used to eliminate the possibility of
spurious edge effects and high-resolution transmission-
electron microscopy was used to accurately determine zg
and the thickness of the AlAs barriers.

Under a voltage bias V,, the I' conduction-band
minimum has a profile similar to that shown in Fig. 1(a).
Electrons moving in the z direction from the n-type region
on the left-hand-side first encounter the AlAs tunnel bar-
rier of energy ¢o=1.3 eV. Electrons contributing to
current tunnel through this barrier, accelerate attaining a
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FIG. 1. (a) Schematic diagram of the conduction-band edge E. of a double-barrier resonant-tunnel structure under a bias voltage
V.. The AlAs barrier has energy ¢o, the GaAs well width is zo, energy levels are shown as horizontal lines, and the maximum energy
of an electron in the well is €. Er is the Fermi energy of the n-type GaAs. (b) Calculated logarithm of the transmission coefficient as
a function of voltage bias for the structure shown in (a). An effective mass of m* =0.07mo for GaAs and a well width zo =450 A was
used for the calculation.
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maximum energy e in the quantum well, and tunnel
through the second right-hand tunnel barrier. The elec-
tron tunneling probability increases exponentially with de-
creasing effective barrier energy ¢.s. For certain values of
bias V,, the conduction-band minimum in the left-hand
n-type region aligns with one of the discrete energy levels
in the quantum well. When this occurs there is a resonant
enhancement in the amount of current flowing through
the structure. In the absence of electron scattering in the
quantum well, the contribution to current from both reso-
nant and nonresonant processes increases exponentially
with applied voltage bias because the effective energy of
the second . barrier decreases approximately as ¢
~(go—eV,). At a voltage bias larger than ¢ current
flow is limited by the first tunnel barrier and resonant
enhancement in current can only occur via virtual states.
This behavior may be illustrated by calculating the elec-
tron transmission coefficient assuming a parabolic conduc-
tion band, i.e., within the effective-mass approximation.?
In Fig. 1(b) we plot the logarithm of transmission coef-
ficient with applied bias V, for a well width, zo=450 A.
The finite Fermi energy Er of the n-type region has been
included in the calculation. As may be seen, with increas-
ing ¥, the calculation reveals an exponential increase in
the oscillatory resonant behavior superimposed on an ex-
ponentially increasing nonresonant background. For
V.2 1.3 V the oscillations are damped due to transport
through energetically broad virtual states and transmis-
sion probability is essentially limited by the first tunnel
barrier.

Deviations from this simple picture occur in a real solid
due to the finite lifetime of electronic states and nonpara-
bolicity of the conduction band. As the electron traverses
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the quantum well it may scatter, thereby damping the res-
onance. This damping broadens and reduces the ampli-
tude of conductance oscillation.> Nonparabolicity, on the
other hand, decreases the period of the conductance oscil-
lations compared to the calculated value at large V7.

In Fig. 2(a) we show results of measuring the logarithm
of conductance In(dI/dV,) as a function of applied volt-
age bias V, for structure with well width zo=450 A. The
use of thick AlAs tunnel barriers ensures that current den-
sities are low so that space charging effects* are unimpor-
tant in our structure. We also note that we have not ob-
served any effects associated with subsidiary X-minima
resonant tunneling.>® As may be seen in Fig. 2(a), at low
voltage bias the amplitude of conductance oscillations is
heavily damped. The oscillation period at around 400-mV
bias is 60 mV and should be compared with the value of
75 mV calculated using the effective-mass approximation
[see Fig. 1(b)). This discrepancy arises due to con-
duction-band nonparabolicity in GaAs and could, in prin-
ciple, be used to measure the semiconductor band struc-
ture. For example, in effective-mass theory the oscillation
period scales approximately as 1/m™* (where m™* is the
electron’s mass) implying an ~25% increase in m* at 400
mV. With increasing V., the amplitude of the conduc-
tance oscillations increases to a maximum at around
V,=500 mV, beyond which the intensity of the oscilla-
tions begins to decrease. This effect is observed in all
samples with well widths ranging from zo =350 to 700 A
but not for zo:S200 A. In this latter case the behavior is
qualitatively similar (apart from a reduced oscillatory
period) to the predictions of the naive effective-electron-
mass model discussed above.

Our experimental results may be summarized by plot-
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FIG. 2. (a) Measured logarithm of conductance with applied voltage bias for a double-barrier resonant-tunnel structure with a
well width zo=450 A. (b) Amplitude of conductance oscillations as a function of ¢ for samples with zo =450 and 660 A.
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ting the amplitude of dI/dV, oscillation with maximum
energy ¢ attained by the electron in the quantum well.
Results are given in Fig. 2(b) for two samples differing
only in well width z9=660 A and z¢=450 A. For values
of € <300 meV, the lifetime r for electrons in the well is
dominated by A w1036 meV longitudinal optic-phonon
emission [for an electron of energy greater than Awio in
bulk GaAs the phonon scattering rate is approximately
constant at around 1/7pn~5%10'2 57! (Ref. 7)1. Very
approximately, if the time an electron spends in the well is
t, then the probability of scattering is proportional to
1 —exp(—¢/1). Because ¢ decreases with increasing ¢, a
rapid increase in dI/dV, oscillation amplitude is observed
with increasing ¢. We have also found that, for fixed ¢
and z, ¢ may be reduced by decreasing the thickness of
the AlAs barriers.

For values of ¢ 350 meV, scattering into the subsidi-
ary L minimum of GaAs is also possible and for €= 460
meV the conductance oscillation amplitude is dominated
by transfer into the subsidiary X minimum [in bulk GaAs
this scattering rate is 1/7,~2% 1013 s 7! (Ref. 7)1. These
trends are clearly demonstrated by the data in Fig. 2(b)
for the 660-A wide well.

For zo=450 A, the amplitude of conductance oscilla-
tions is more than a factor of 3 greater than the zo =660
A case [see Fig. 2(b)]. We note that the quantization en-
ergy A; between the ith and (i + 1)th energy level of elec-
tron states in the well (A; ~oscillation period) affects elec-
tron scattering rates. The increased quantization energy,
A; for a narrow well reduces scattering rates because of
restrictions imposed on the type and number of final states
into which an electron can scatter. For example, the prob-
ability of polar optic phonon emission decreases with in-
creasing scattered wave vector ¢, so that for A;>> hwro
there are few ¢==0 transitions and resultant suppression
in phonon emission probability.® Hence, scattering rates
become less important in determining the current-voltage
characteristics of our resonant-tunnel structures for well
widths less than around 200 A. In this situation a
modified effective-mass theory may be used to model reso-
nant electron transport in the structure.

To study the effect fotal quantization of electronic
states has on electron self-energy, we applied a magnetic
field parallel to the direction of current injection. The
well, of width zg, quantizes electronic states in the z direc-
tion with quantization energy A;, and the magnetic field
quantizes in the x-y plane with energy Aw., where o, is
the cyclotron frequency.’ Typical results of our measure-
ments on a sample with zo=450 A are shown in Fig. 3.
With no applied magnetic field, conductance oscillations
shown as the broken line are observed. In a magnetic field
of 8 T (hw,==13 meV), there is an enhancement in oscil-
lation amplitude (solid line in Fig. 3) over the zero-field
result at low-voltage bias. This enhancement in oscilla-
tion amplitude is related to an increase in 7 and occurs be=
cause of restrictions in the number of final states electrons
can scatter into.!? Since scattering contributes a width
8=2rh/7 to the current oscillation, a value for 7 may be
obtained from the data. For example, a fit to the data be~
tween ¥, =150 and 200 mV gives r~200 fs in zero mag-
netic field and t—~260 fs at 10 T. This time is an order of
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FIG. 3. The effect a magnetic field of 8 T applied parallel to
direction of current injection (solid line) has on the conductance
data for a sample with zo=450 A. The zero magnetic field re-
sults (broken line) are also shown for comparison.

magnitude less than the calculated zero-field lifetime of
the state in the absence of scattering and serves to illus-
trate the importance electron scattering has in determin-
ing the amplitude and shape of the conductance oscilla-
tions. At larger voltage bias the dI/dV, curves with and
without magnetic field merge to a common value. The de-
crease in t to the zero-field value occurs because at high
energies there are a large number of subbands into which
an clectron may scatter. This is, in essence, a sum rule
forcing electrons with ¢ A @, to have the same scattering
rates as without a magnetic field. Finally, we note that
application of a large magnetic field perpendicular to the
direction of current injection has the expected effect of
damping the amplitude of dI/dV, oscillations.

To conclude, we have performed a series of experiments
which probe the self-energy of quantized current-carrying
states in intrinsic GaAs. We demonstrated that finite life-
time effects and a realistic description of the GaAs band
structure are important to correctly model electron trans-
port in double-barrier resonant-tunnel structures. In ad-
dition, by applying a magnetic field we were able to show

. that the lifetime = of low-energy states is significantly

enhanced in a totally quantized electronic system.
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