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Tunneling Escape Rate of Electrons From Quantum Well in Double-Barrier Heterostructures

M. Tsuchiya, T. Matsusue, and H. Sakaki
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A tunneling escape rate 1/rz of electrons from a single quantum well through thin barriers was suc-

cessfully determined by measurement and analysis of the lifetime I, of electrons generated in 6.2-nm

GaAs single quantum wells by a picosecond laser pulse. The measured T., was found to decrease sys-

tematically as the AlAs barrier thickness Zz was reduced. The i, for Lz & 4 nm was found to agree very

well with the lifetime rT predicted from the energy width of the resonance transmission. Irrelevance of
coherence versus incoherence in the tunneling escape process is also pointed out.

PACS numbers: 73.40.6k, 72.20.Jv, 72.80.Ey, 73.40.Lq

Tunneling is one of the basic quantum-mechanical
phenomena in ultrathin semiconductor heterostructures.
Tunneling through double-barrier (DB) structures with

a quantum well (QW) in between' has received special
attention because of its importance both for practical ap-
plications and for the clarification of basic concepts of
resonant tunneling. As a result of past investigations,
the static features of electron tunneling through DB
structure are well clarified.

In contrast to the static characteristics, the dynamical
aspect of DB tunneling is not well explored. Among the
most important points to be investigated are the buildup
process of electrons inside of QW resonators and the
subsequent escape process of electrons, since they are the
key processes that govern the ultimate speed of resonant
tunneling. Up to now, however, no direct experiment
seems to have been done. In this Letter, we report our
attempt to determine the tunneling escape rate from
QW's in A1As-GaAs-A1As DB structures by studying
the time-resolved photoluminescence (PL) with a pi-
cosecond laser. Note that the tunneling escape is a basic
process that takes place in both coherent tunneling and
incoherent tunneling.

DB structures studied here are schematically shown in

Fig. 1; they were grown on (100) surfaces of semi-
insulating GaAs substrate at 600'C by molecular-beam
epitaxy. First, we grew a superlattice buffer layer (5
periods of 50-nm GaAs/5-nm Ala 3Gao7As) and then a
0.7-pm-thick GaAs layer to reduce nonradiative recom-
bination centers in the upper epilayers. Subsequently, an
A1As-GaAs-A1As DB was grown, which was then
covered by a GaAs cap layer of 30 nm. The thicknesses
L~ of the A1As barriers in five samples range from 2.8
(10 atomic monolayers) to 6.2 nm (22 atomic mono-
layers), while the width L, ~ of the GaAs QW was kept at
6.2 nm. The layer thicknesses were strictly controlled by
monitoring of the intensity oscillation of reflection high-
energy electron difIraction. To get smooth heterointer-
faces, molecular-beam epitaxial growth was interrupted
at each interface for 1 min. All epilayers are undoped
with an estimated residual acceptor (carbon) concentra-
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FIG. 1. Schematic structure of A1As-GaAs-A1As double-
barrier samples used for the present study.

tion of 10' —10' /cm . To investigate the case where
the tunneling escape is negligible, we prepared under the
identical growth conditions a multiple quantum well

(MQW) structure which consists of five 6.2-nm-thick
GaAs QW's separated by four 5. l-nm-thick A1As bar-
riers and sandwiched by two 10-nm-thick A1As barriers
on both ends.

Picosecond dye-laser pulses (X=750 nm) were used to
generate electron- heavy-hole pairs selectively in the
ground subband of QW's by tuning of the energy of exci-
tations, and the subsequent QW emission was monitored.
Although excess carriers generated in two GaAs regions
outside of A1As barriers also emit photons, their contri-
bution was rejected by a monochromator. Electrons and
heavy holes created in QW's are expected to fall to
quasithermal equilibrium states in a very fast (subpi-
cosecond) process of parallel momentum relaxation.
Since some of the QW interfaces have monolayer steps
which cause the well-width fluctuation, some of these
carriers may well migrate along the interface from the
higher-quantum-energy region to the adjacent lower-
energy region, giving rise to some Stokes shift between
the absorption and PL spectra, as will be discussed later.
Although these intrasubband energy relaxation processes
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streak camera system (Hamamatsu Photonics) after
dispersion of the spectra by a 25-cm grating monochro-
mator; this eliminates any P L components from the
GaAs outside of AlAs barriers. The overall time resolu-
tion of this system is influenced by such factors as the
finite pulse width of optical excitation, the difrerence of
optical lengths in the grating monochromator, and the
jitter of the trigger in the streak camera. By our assum-
ing that the impulse response of this extra temporal
dispersion is of the Gaussian shape, exp( —r /To), its
net effect can be determined experimentally since it is

nearly equal to the observed shape of laser pulses detect-
ed by the streak camera through the monochromator.
This gives the lower limit to the measurable lifetime
(To=24 ps).

Figure 3 shows semilogarithmic plots of the measured
time evolutions of (a) the excitation dye-laser pulse, (b)
the PL from a DB sample with Ls =2.8 nm, and (c) that
for L~ =6.2 nm. Figure 3(c) clearly shows that the de-
cay time of PL from a DB with thick barriers increases
as temperature 0 increases. Although the origin of this 0
dependence is not clear at present, it is most likely due
to the radiative recombination process, since radiative
recombination processes with k-selection rules are gen-
erally slowed down at high temperatures. In contrast,
Fig. 3(b) shows that the decay time of PL for L~ =2.8
nm is very short and is nearly independent of 0, indicat-
ing that the electron tunneling dominates the decay pro-
cess. In Fig. 4, the time constants of PL decay are plot-
ted for six samples as functions of 0. Note that the 0
dependence weakens as L~ decreases, and nearly disap-
pears at L~ =2.8 nm. Note also that as L~ increases, PL
decay times approach asymptotically that of MQW
where the tunneling escape process is negligible.

To clarify the dependence of i, on Lz, these data are 2000
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replotted in Fig. 5 as functions of L~. Note that the PL
decay time, i.e. , ~„appears to be dominated by at least
two diferent processes, one being nearly independent of
Lz and the other strongly dependent on Lq. Since the
measured I, for L~ (4 nm is exponentially dependent
on L~ and independent of 0, the lifetime ~, in this region
is most likely to be dominated by the tunneling escape
process and should be nearly equal to the tunneling es-
cape time rT. To interpret our result theoretically, we
examine the data first within the framework of coherent
resonant tunneling, in which both the carrier buildup
process and the tunneling escape process are assumed to
proceed in a coherent manner. The time delay for each
of these processes should be equal to the tunneling time
constant iT, which can be calculated from the energy
width hEqwHM of the resonance transmission peak. '
By assuming a Lorentzian shape of the resonance
transmission peak and the I -valley barrier height AE~
(1.36 eV for the Dingle rule and 0.96 eV for the Miller
rule), we have estimated rT from 6/(dEFwHM/2). '

The calculated results are shown by the broken line and
dot-dashed line in Fig. 5 for two cases and agree very
well with the experimental values. Essentially the same
conclusion can be reached by our calculating iT more
simply from the fact that 1/rr is given by the product vT
of the frequency v of electron collision with barriers and
the tunneling probability T through a single barrier.
Since this type of formulation does not assume the
coherence of electron waves, iT calculated this way
should be valid in our case, where rT(=r, =60-200 ps)
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FIG. 4. The temperature dependence of PL decay time with
barrier thickness as a parameter.

FIG. 5. PL decay times plotted as functions of barrier thick-
ness Lg. When Lg &4 nm, the tunneling escape process is

dominant. Broken line and dot-dashed line are theoretical life-
times calculated by h/(AEFwHM/2), with the assumption that
the barrier heights are 1.36 and 0.96 eV, respectively.
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is much longer than the mean interval of electron
scattering (( I ps). Hence, we can conclude that the
tunneling escape rate is the same for both coherent and
incoherent tunneling.

In conclusion, the tunneling escape rate of electrons
from QW's has been determined and is shown in excel-
lent agreement with theoretical prediction. Although the
full understanding of dynamical aspects of DB tunneling
can be completed only when the buildup process of elec-
trons is clarified, the tunneling escape time determined
here corresponds to the half of the switching delay in

idealized DB resonant tunneling diodes, since the build-

up time and the tunneling escape time are roughly the
same when devices operate within the complete coher-
ence of electron waves.
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