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The resonant tunneling characteristics of Al1As/GaAs multiple-quantum-well structures are stud-
ied using time-resolved photocurrent (PC) as well as static PC and photoluminescence measure-
ments. The high potential barrier formed by Al As allows one to observe resonant tunneling from
the ground state (le) in one well to the first three excited states (2e, 3e, and 4e) in the neighboring
well. Pronounced features due to resonant tunneling are observed up to temperatures as high as 260
K. The time-resolved photocurrent exhibits an enhancement of the initial decay under the reso-
nance of electrons. The resonant tunneling times from le to 3e and to 4e are derived from the time-
resolved photocurrent by using the rate equation of electron transport for a complete sequence of
resonant tunneling followed by back-relaxation to le. The tunneling times obtained are shorter by a
factor of 15 to 20 than the values derived from the theory of tunneling through a single barrier.

I. INTRODUCTION

Since the first proposal of resonant tunneling (RT) in
heterostructure superlattices by Esaki and Tsu,! this sub-
ject has been considered one of the most essential charac-
teristics of vertical transport properties in superlattices
and multiple-quantum-well structures (MQWS). So far,
most of the RT features in semiconductor superlattices
have been exemplified by the observation of negative
differential resistance®® and of oscillatory conductance*
in the static current-voltage (I-¥) characteristics, and it
is generally assumed that RT is associated with mini-
bands in the superlattices. Resonant tunneling involving
the ground state of the quantum wells is forbidden when
the magnitude of the bias voltage per superlattice period
applied perpendicular to the layers is larger than the
miniband width of the ground state. However, RT be-
comes again possible from the ground state in one well to
the excited state in the next well when the ground state
becomes approximately degenerate with the excited state
by applying a further increased bias voltage. This feature
of resonant tunneling was originally proposed by Kazari-
nov and Suris,’ and later exemplified by the observation
of peaks in the static photocurrent-voltage characteristics
of an Al In,_,As/Ga,In,_,As MQWS (Ref. 6) and an
Al Ga,_,As/GaAs MQWS.” These photocurrent (PC)
peaks indicate that the photocurrent is enhanced by the
resonant tunneling of electrons from the ground state (1le)
in one well to the excited state (2e, 3e, etc.) in the neigh-
boring well. However, as yet, only a few studies have
been reported on the dynamics of resonant tunneling.
Recently, time-resolved photoluminescence (PL) tech-
niques were employed to investigate the dynamical
features of RT associated with the ground state in an
Al,Ga,_,As/GaAs MQWS (Ref. 8) and in an
AlAs/GaAs double-barrier structure.” We have recently
also studied the time-resolved PC as well as the static PC
and PL characteristics of an Al, Ga,_, As/GaAs MQWS
at low temperatures. We observed a reduction of the tun-
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neling time and a PL quenching, both of which are in-
duced by RT from le to 2e and 3e in the respective adja-
cent wells.!® The present paper describes a detailed study
of the resonant-tunneling characteristics associated with
the ground and excited states in the adjacent respective
wells observed in an AlAs/GaAs MQWS. After resonant
tunneling from le in one well to 2e (3e, 4e, etc.) in the
next well an electron relaxes either back to le in that next
well due to phonon scattering or it tunnels out of the
MQWS. The first RT feature is anticipated to be more
probable in a MQWS with high-potential barriers under
relatively low electric fields, while the second one is more
likely for a MQWS with low potential barriers under high
electric fields. The AlAs/GaAs heterostructure of the
present study is expected to allow the completion of a se-
quence of RT followed by back-relaxation because of the
high potential barriers formed by AlAs. In addition, RT
associated with the higher excited states should be feasi-
ble. These RT features in an AlAs/GaAs MQWS are
studied using time-resolved PC and static PC and PL
measurements. The tunneling times of electrons from le
to 3e and 4e in the respective adjacent wells are derived
from the detailed analysis of the time-resolved PC using a
rate equation for electron transport. Weak-excitation
conditions are employed to minimize the space-charge
effect induced by the photogenerated carriers and the ex-
citing energy is adjusted to create carriers homogeneous-
ly in the MQWS along the axis of the layer sequence.

II. SAMPLE PREPARATION
AND EXPERIMENTAL SETUP

The sample is a p-i-n heterostructure diode grown by
molecular beam epitaxy (MBE). The intrinsic region con-
sists of a 50-period AlAs(3.4 nm)/GaAs(14 nm) MQWS
sandwiched by undoped 30-nm GaAs layers. The p and n
layers are Aly sGagsAs (0.8 um, n =p =5X 10! cm™3)
with graded Al ,Ga,_,As regions next to the MQWS.
The diode is processed into a high-mesa cylindrical
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geometry having a diameter of 200 um. The built-in volt-
age of the diode is 1.6 V at 10 K, as evaluated from the
PC-voltage characteristics. The breakdown voltage at re-
verse bias is above 20 V at 10 K, and the dark current is
less than 10~° A. The cutoff frequency derived from the
RC time constant is about 5 GHz. The time-resolved PC
is measured using a 785-nm Al ,Ga,_,As double-
heterostructure laser diode as exciting light source. Opti-
cal pulses of 350-ps duration and 100-kHz repetition rate
are generated by injecting electrical pulses into the laser
diode. The optical pulse has a Lorentzian-like time
profile. The absorption coefficient is about 0.02 per well
at 785 nm.!"" The density of photogenerated carriers is
1 10" cm~? per pulse. The other details of the experi-
mental setup are the same as described previously.'”

III. STATIC PHOTOLUMINESCENCE
AND PHOTOCURRENT CHARACTERISTICS

Figure 1 shows the static PC and the spectrally in-
tegrated PL intensity as a function of the bias voltage
(V,) measured under the same cw excitation conditions.
The 753-nm line of a Kr* laser with 0.3 W/cm? is used
as exciting light source. The negative sign of ¥, denotes
the backward of the diode. The observed PL is associat-
ed with excitons of electrons and heavy holes in the
ground states. The PC shows four peaks labeled a, b, c,
and d. At the same voltages where the peaks b and c ap-
pear, the PL intensity shows pronounced dips, labeled B
and C, and also a complete quenching as V), is decreased
down to the value where peak d appears. This correspon-
dence indicates that peaks b, ¢, and d are induced by the
carriers generated by the field ionization of excitons and
are therefore associated with the escape of electrons or
heavy holes in the ground states from the well. We as-
sign these PC peaks b, ¢, and d to RT of electrons from le
in one well to 2e, 3e, and 4e in the next well, respectively,
according to the analysis of the corresponding electric
fields. The electric fields across each constituent MQWS
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FIG. 1. Static photocurrent (solid line) and spectrally in-
tegrated photoluminescence intensity (solid circles) vs bias volt-
age measured under the same cw excitation condition. The
dashed line along the solid circles is a guide for the eyes.
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are determined from the PC/V, characteristics at
sufficiently low excitation intensity in order to eliminate
the field-screening effect by the photogenerated carriers.
The obtained voltages are —2.4, —7.5, and —13.8 V for
the peaks b, ¢, and d, respectively, which are invariant
within an error of 0.2 V below 20 mW/cm?. These values
give the electric fields of 43, 98, and 165 kV/cm, respec-
tively. The effective-mass calculation, on the other hand,
gives the subband energy differences of 63 meV between
le and 2e, 163 meV between le and 3e, and 296 meV be-
tween le and 4e, respectively. These values predict RT of
electrons at 36, 94, and 170 kV/cm, which agree well
with those for peaks b, c, and d, respectively.'> The RT
features occurring at these electric fields are further
confirmed by the time-resolved PC measurements de-
scribed later. It is important to note that the observation
of RT even from le to 4e proves the confinement of elec-
trons by the I' band of the AlAs barrier, not by the X
band. The PC peak a and the PL dip 4, are probably
due to the field-induced change of the absorption
coefficient at the exciting energy because peak a is not ob-
served under white-light excitation (see Fig. 4). In addi-
tion, the dip A, accompanies a PC dip at the same volt-
age. The small PL intensity dip 4, accompanies a small
excess PC indicated by a,. Their origin is not yet well
understood.

The PL spectral change around the voltages providing
the PL quenchings (dips B and C) are shown in detail in
Fig. 2. The inset shows the PL emission energy as a func-
tion of V, as determined by the arrows. When V, is de-
creased, the PL shifts to lower energies and is accom-
panied by a spectral broadening. The latter is probably
due to the monolayer fluctuation of the well size.!> The
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FIG. 2. Spectral change of photoluminescence around the
bias voltage V, from —1.5 to —3.5 V (upper part) and from
—7.5to —11.0 V (lower part). The inset shows the PL emission
energy vs V, as determined by the arrows.
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observed Stark shift is smaller than the calculated value
even when the field screening by the photogenerated car-
riers is taken into account. This small Stark shift is quali-
tatively explained by the large confinement of the AlAs
barriers, but quantitatively it is not yet understood.'* Of
particular interest is that the Stark shift shows an irregu-
larity around the voltages corresponding to the PL
quenchings (dips B and C), although it is otherwise pro-
portional to the square of the electric field as a general
shift in the whole ¥, range. We attribute the irregularity
to the spectral inhomogeneity in the PL quenching,
which is caused by two possible phenomena, i.e., in-
tralayer fluctuation of the well size and inhomogeneity of
the electric field. First, the monolayer fluctuation of the
well size is inevitable in conventional MBE growth. The
excitons are localized by the intralayer fluctuation whose
lateral dimension is larger than the exciton Bohr diame-
ter. The recombination of excitons localized in the wider
well region provides luminescence in the lower energy
range because of the smaller confinement. The subband
energy spacing is also smaller for the wider well. This
means that PL associated with the wider well, which
forms the low-energy side of the whole PL spectrum ob-
served, is quenched by RT at the lower electric field.
This mechanism is actually proven by a detailed analysis
of the spectra. Figure 3 shows the distinct change of the
PL spectrum as ¥V, is decreased toward the value provid-
ing dip B. The spectrum shows a fine structure as indi-
cated by arrows 1 and 2, which is due to the one-
monolayer fluctuation of the well size. The Stark shift of
the PL spectrum is determined precisely by following the
fine structure. We can then compare all spectra at
different ¥, values after shifting each spectrum by the
amount of the Stark shift. This comparison clearly re-
veals that the quenching extends from the low-energy
side to the high-energy side as ¥V, is decreased. In the
same way we find that the recovery of the PL intensity
after the quenching also extends from the low-energy side
to the high-energy side. This spectral inhomogeneity in
the PL quenching results in the irregularity of the ap-
parent Stark shift.

Second, an inhomogeneity of the electric field across
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FIG. 3. Detailed spectral change of photoluminescence
around bias voltage ¥V, from —1.8to —2.2 V.
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the MQWS is induced by the space charge, which is
mainly associated with background impurities (the accep-
tor concentration is p <10 cm~3). Any space charge
associated with the photogenerated carriers can be
neglected for the low excitation employed here. The
space charge makes the field higher in the region of the
MQWS closer to the n region of the diode. The recom-
bination of excitons in these wells under the higher elec-
tric field, which forms the low-energy side of the whole
PL spectrum because of the larger Stark shift, is
quenched under a lower external electric field as V,, is de-
creased toward the value providing RT. This mechanism
is also able to induce a spectral inhomogeneity of the PL
quenching induced by RT, although it is not yet experi-
mentally confirmed.

Figure 4 shows the temperature dependence of the ob-
served photocurrent versus bias voltage characteristics.
In this case white-light excitation is used to eliminate the
field-induced change of the absorption coefficient. The
excitation intensity is 20 mW/cm? or less. The important
result of these measurements is that the PC peaks b and ¢
due to RT between le and 2e and between le and 3e, re-
spectively, are observed up to temperatures as high as
260 K. Most of the previous observations of RT in
MQWS’s were achieved only at low temperatures: below
50 K for the Al In;_, As/Ga,In;_,As MQWS (Ref. 6)
and below 77 K for the Al,Ga,_, As/GaAs MQWS’s.”1°
This result implies the existence of well-defined subband
levels formed by the high potential barriers and also a
high crystal quality. As the temperature is increased, the
PC becomes smaller up to temperatures of 120 K and
then larger again. In addition, shoulderlike features la-
beled b, and b, become more pronounced at higher tem-
peratures. The observed increase of the PC above 120 K
is attributed to phonon-assisted tunneling. In particular,
the shoulderlike features indicate a field-induced
enhancement of LO-phonon-assisted tunneling because
the voltage difference between peak b and features b, and
b, gives a potential drop across the MQW period in the
range of 30 to 40 meV, which is comparable to the LO-
phonon energy in GaAs. This assignment is more likely
for the feature b, because of the larger probability for
phonon emission than for phonon absorption. The de-
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FIG. 4. Static photocurrent vs bias voltage measured at
different temperatures.
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crease of PC below 120 K is attributed to thermally ac-
tivated nonradiative centers because the PL intensity is
also reduced in this temperature range. Defects or im-
purities at the heterointerfaces or in the AlAs barriers are
a possible origin for these nonradiative centers. The PC
peaks b and c are not significantly distorted with increas-
ing temperatures up to 180 K. The features become
broader above 180 K which indicates that the trapping
time of any nonradiative centers is longer than the escape
time of electrons out of the entire MQWS under reso-
nance in the temperature range from 10 to 180 K.

IV. TIME-RESOLVED PHOTOCURRENT
CHARACTERISTICS

The dynamical features associated with RT are next in-
vestigated in detail using time-resolved PC measure-
ments, which reflect the RT features more directly than
the static characteristics.!® The time-resolved PC ob-
served around ¥V, providing RT from le to 2e, 3e, and 4e
is shown in Fig. 5. The time-resolved features are observ-
able for the bias-voltage range V, < —0.8 V because of
the limitation imposed by the signal-to-noise ratio. When
the voltage V, approaches the value giving the resonance,
the initial decay becomes larger. The peak (maximum)
value of the time-resolved PC (PCM) is plotted as a func-
tion of ¥, in Fig. 6. These data clearly show that PCM
reaches a peak around —2.5, —7.9, and —14.85 V.
These V,, values agree well with those corresponding to
the PC peaks b, ¢, and d, respectively, in Fig. 1. The ob-
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FIG. 5. Time-resolved photocurrent around the bias voltages
giving resonant tunneling from le to 2e (—2.5 V), from le to 3e
(—7.9V), and from le to 4e ( —14.85 V).
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FIG. 6. Peak (maximum) value of the time-resolved PC
(PCM) as a function of bias voltage V.

served ¥V, dependence of the time-resolved PC confirms
that the escape time of electrons from the entire MQWS
is reduced by RT. The large initial decay occurs in the
time range from O to 20 ns around —2.5 V, from 0 to 20
ns around —7.9 V, and from O to 15 ns around — 14.85
V. (To define the decay time of the time-resolved PC
rigorously in the whole ¥V, range may be meaningful only
to a certain extent, because of the overlap with the subse-
quent slow decay.) When the voltage V, is further de-
creased below —16 V, the initial decay becomes larger
again. It becomes larger monotonously with a consider-
ably shorter decay time. This phenomenon is probably
due to the preferential breakdown of AlAs layers at
higher electric fields (above 200 kV/cm?). The initial fast
decay of the time-resolved PC under resonance is fol-
lowed by a slow subsequent decay, as indicated by the
dash-dotted lines in Fig. 5. The latter decay time is ap-
proximately more than one order of magnitude longer
than that for the initial decay, although it is difficult to
determine the decay time precisely in the present measur-
ing time scale. We assume two reasons for this subse-
quent slow decay. One is the trapping of electrons by the
localized states formed by the fluctuation of the well size
and also by the space charge, whose origins are explained
before. The other is the vertical transport associated
with the heavy holes, which is expected to be slower than
that of electrons because of the larger confinement. The
bipolar transport is extremely difficult to analyze and
these contributions are not yet well understood. There-
fore, in the present study, we discuss only the initial fast
decay observed under resonance by assuming that it is
determined by resonant tunneling of the electrons. It is
quite reasonable to assume separate transport mecha-
nisms for the initial and subsequent decays if the time
scale for the transport is significantly different and if the
space-charge effect induced by the charged carrier trans-
port is neglected.!® This condition holds for the present
time-resolved PC under resonance. A detailed analysis of
the initial decay is given in the next section.
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V. ANALYSIS OF RESONANT-TUNNELING
DYNAMICS

After tunneling through one barrier an electron either
relaxes back to le of the respective well due to nonradia-
tive phonon scattering or it tunnels out of the MQWS.
These two mechanisms are competitive, depending on the
values of (i) the nonradiative relaxation time of electrons
from the excited state to the ground state 7, (ii) the tun-
neling time of electrons from the excited state out of the
MQWS 7,, and (iii) the number of wells, N,. The reso-
nant tunneling followed by back-relaxation becomes
dominant for the ratio of (7,/7,)>>N,, while RT fol-
lowed by tunneling out of the MQWS becomes dominant
for the ratio (r,/7,)<<N,. Since 7, is in the order of
10~ s, RT followed by tunneling out of the MQWS be-
comes observable when 7, <1x10~!' s for N,=50.
However, the decay time at which the large initial decay
induced by resonance appears in the time-resolved PC,
divided by N,, is in the order of 107! to 1070, i.e.,
much longer than 7,. This finding indicates that an elec-
tron after tunneling through one barrier completely re-
laxes back to the ground state from the excited state due
to phonon scattering, i.e., (7,/7,)>>N,,, and that in ad-
dition the tunneling time is much longer than 7,. There-
fore, only the first RT mechanism is taken into account in
our analysis of the dynamics of resonant tunneling.

We apply the theory of charge transport in a perfect in-
sulator’® to analyze the observed time-resolved PC. Our
MQWS is sufficiently resistive to be considered as an in-
sulator. The basic equations to describe the charge trans-
port are that of the total current density

j(t)=en(z,t)uF(z,t)+€dF (z,t) /0t (1)

and the Poisson equation
€0F (z,t)/0z =en(z,t) . ()

Here, we assume a one-dimensional planar electron flow
along the axis z of the layer sequence and we neglect the
diffusion current. F and n are the electric field and the
carrier density, respectively, and p and € are the mobility
and dielectric constant, respectively. We take z=0 at the
end of the MQWS neighboring the p layer and L
[=N,(L,+Lg)] at the end neighboring the n layer,
where L, and Ly are the well thickness and the barrier
thickness, respectively. The first and the second term in
Eq. (1) represent the conduction and the displacement
current, respectively. The total current j(¢) is given by
integrating Eq. (1) from z=0 to z =L. For a small densi-
ty of charged carriers, we assume the space-charge-free
transient that Q (¢)/e << F(L,t)=F (L), where Q(t) is the
total charge per unit area. This assumption allows to ap-
proximate the integration of Eq. (1) by

Jj()=puF(L)Q(t)/L . (3)

The space-charge-free transient holds for the weak ex-
citation employed here because the density of photoexcit-
ed carriers of 1X 10" cm™3 gives Q(#)/e<1 kV/cm,
which is sufficiently small as compared with the electric

field providing RT. Equation (3) means that the time
dependence of the electron current is determined by Q (z).
We calculate Q(¢) for a sequence of RT of electrons, as
schematically shown in Fig. 7, where 7, and 7, are the
tunneling time from le in one well to 2e (3e,4¢) in the
next well and the recombination time, respectively. Here,
(r,/77)>>N,, and 7, << 7, are assumed, as described be-
fore. The electron density in the mth well g,,(¢) is given
by solving the rate equation

49, /At =y _\/T/— G /Ti— G /T, - @

The initial distribution of electrons is specified for im-
pulse optical excitation as

q,,(0)=goexp(—am) , (5)

where a is the absorption coefficient per well. The total
electron density Q(¢)= 3 ,.9,,(t). The electron current
to be compared with the initial decay of the time-resolved
PC is calculated using Egs. (3)-(5). The value of a=0.02
is assumed to be field independent. 7, is evaluated from
time-resolved photoluminescence in the absence of an
electric field, where the escape of electrons through the
barriers can be neglected, and by calculating the enhance-
ment factor under electric field.'® The measured 7, is
3.5-4.0 ns at 20 K without electric field. We assume that
this value is enhanced by about a factor of 2 at —2.5V,
and by more than one order of magnitude at —7.9 and
—14.85 V according to the field-induced spatial separa-
tion of electrons and heavy holes in the well.'® The fitting
of the calculated curve to the experimental data is not
significantly affected by the evaluation of 7, for
V,=—7.9 and —14.85 V, as expected from Fig. 1, while
it is sensitive to the evaluation of 7, for V,=—2.5 V.
The latter is difficult to be made precisely. Therefore, we
discuss extensively only the resonant tunneling observed
at —7.9 and —14.85 V. We then assume the values
7,=2%X10""sand 7,=5x10""%s, both of which are not
any more important parameters for the fitting to the ex-
perimental data. The fitting is carried out with 7, as a
parameter for the initial decay of the time-resolved PC
observed at —7.9 V in Fig. 8(a) and at —14.85 V in Fig.
8(b). The calculated curves are convoluted with the
time-resolved profile of the exciting optical pulse. A
good fit is achieved for 7, of 0.5-0.7 ns at —7.9 V and of
0.23-0.28 ns at — 1.485 V. The fitting is better for the in-
itial PC decay at — 14.85 V because of the smaller contri-

Am+1

Tt it -—1 ---—-l—*tv

° é-—- $——d4—-
] \I< %" == 2e, 3e, 4e

Tr NS

FIG. 7. Schematic diagram of resonant tunneling modeled
for the calculation.
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bution of the subsequent slow decay. As can be seen in
Fig. 8, the calculated curve shows a linear or upper-
convex decay rather than the exponential decay. This
feature is more strongly reflected in the initial PC decay
at —14.85 V. The disagreement in the rise profile be-
tween the calculated curve and the experimental data is
probably due to the effect of some inhomogeneity of the
electric field across the MQWS.

The values of 7, obtained for RT from le to 3e and 4e
can be compared with theory by calculating the tunneling
time using the relationship'’

7,=(2L,/v,)T , ()

where v, and T are the phase velocity of electrons and
the tunneling coefficient for a single barrier, respectively,
given by

v, =(mw/L,)#/m7) (7)
and
T =16k**/(k*+Kk*)exp(—2kLy) . (8)
v 2F
= 20K (a)
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FIG. 8. Calculation of electron-induced photocurrent to be
compared to the initial decay of the time-resolved photocurrent
observed for resonant tunneling (a) from le to 3e and (b) from le
to 4e.

Here, k’=2m}E /#*, and k*=2m} (AE,—E)/#*, where
AE, is the conduction-band-gap discontinuity and E is
the confinement energy. Under resonance E is approxi-
mated by the mean value between le and 3e(4e). This
approximation is valid when E << AE_, which is the case
for the high potential barriers formed by AlAs. The
values of m}=0.067, m3=0.15, and AE,=1.0 eV are
used for the calculation. The electrons in the ground
state are confined in the triangle potential well under res-
onance because eFL, > E(le). This effect is taken into
account by assuming the effective distance of electron
motion to replace L, in Egs. (6) and (7) by

L*=L,[L+E(le)/eFL,] )

taking for granted that eFL, > 2E (le). Equations (6)—-(9)
lead to 7,=13 and 3.8 ns for those ¥V, values providing
RT from le to 3e and 4e, respectively. The calculated
tunneling time 7, is longer by a factor of 4-7 than the
value derived from the experiment. We assume that this
disagreement is due to the second-order perturbation of
resonance scattering, which is not taken into account in
Eq. (8). A theory which includes the effect of resonance
more rigorously is required to explain the experimental
value quantitatively.

The contribution of tunneling out of the MQWS’s is
likely to occur for MQWS with low barriers or under
high electric fields. After tunneling out of the MQWS an
electron reaches the n-doped region without being
trapped by the wells because of the high electron mobility
in the undoped AlAs/GaAs heterostructure. When the
transit time is much shorter than the tunneling time
through one barrier as is the case for the present MQWS,
the escape time of electrons from the entire MQWS is
given by 7,(7,/7) under homogeneous excitation, where
(r,/77) <N, /2. In addition, the time-resolved PC decay
profile becomes more exponential-like as the ratio of
(r,/7) is decreased, and equivalent to that for a single
QW in the limit of (7, /7/) << N, /2.

VI. CONCLUSION

The resonant-tunneling characteristics of an
AlAs/GaAs MQWS were studied in detail using time-
resolved PC as well as static PC and PL measurements.
The high potential barrier of AlAs allows to observe RT
from le in one well to 2e, 3e, and 4e in the next well. The
observation of RT from le to 4e proves the confinement
of electrons by the I" band of AlAs. Pronounced features
due to RT are observed in the static photocurrent versus
bias voltage characteristics even at temperatures as high
as 260 K. These features of resonant tunneling imply the
existence of well-defined subband levels formed by AlAs
as well as an excellent crystal quality. The time-resolved
photocurrent exhibits a pronounced enhancement of the
initial decay under the resonance of electrons. The
resonant-tunneling times from le to 3e and 4e are derived
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from the observed time-resolved photocurrent using the
rate equation of electron transport for a complete se-
quence of resonant tunneling followed by back-relaxation
to le. The obtained tunneling times of 0.5-0.7 ns and
0.23-0.28 ns, respectively, are shorter by a factor of
15-20 than the values derived from the theory of tunnel-
ing through a single barrier.
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