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Direct measurement of resonant and nonresonant tunneling times
in asymmetric coupled quantum wells
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We have directly measured the tunneling times in an asymmetric coupled double-quantum-well
structure using subpicosecond luminescence spectroscopy. We observe a strong dependence of the
nonresonant tunneling times on the barrier thickness. The most striking feature of the data is a
drastic reduction of the tunneling time and then a further increase as an applied electric field sweeps
electron levels in the two wells through a resonance. The measured resonant tunneling time is con-
siderably longer than the estimated coherent tunneling time.

Since the historical discovery of the tunnel effect in the
a decay of radioactive nuclei, tunneling has intrigued
scientists for both fundamental reasons and potential ap-
plications, e.g. , tunneling electron microscopy. Follow-
ing the seminal work by Esaki and Tsu, ' many studies
have been devoted to tunneling in semiconductor hetero-
structures. The demonstration of very-high-frequency
oscillations in semiconductor double-barrier diodes has
generated considerable excitement, and was followed by
the observation of intrinsic bistability and charge accu-
mulation. Electron transport by sequential resonant tun-
neling and photoconductive gain due to effective-mass
filtering were observed in superlattice heterostructures.

Conceptually, the fundamental properties of tunneling
are well understood, although the significance of tunnel-
ing times and their magnitudes remain to be unraveled.
Experimentally, the static aspects of tunneling have been
explored in various structures; the dynamical aspects of
tunneling, however, are only beginning to be addressed
with the advance of ultrafast spectroscopic techniques.
Recently, the escape time of electrons photoexcited into
the quantum well of a double-barrier resonant-tunneling
structure (DBRT) was measured by time-resolved
luminescence, and the transport of electrons perpendicu-
lar to the layers of a multiple-quantum-well structure was
studied by a time-resolved photocurrent technique. ' In
this latter case, however, the tunneling of carriers cannot
be isolated as it is intertwined with diffusion, energy-
relaxation mechanisms, and carrier drift.

In this paper we report on a direct measurement of the
resonant and nonresonant tunneling times across a single
potential barrier separating two quantum wells of un-
equal thicknesses by subpicosecond time-resolved-
luminescence spectroscopy. We demonstrate that the
tunneling times out of the narrow well depend strongly
on the barrier thickness and compare these with theoreti-
cal estimates of phonon-assisted tunneling times. The
most exciting observation is a drastic reduction of the
tunneling time in an asymmetrical double-quantum-well
structure (DQWS) when the ground state of one well is
resonantly coupled to the first-excited state of the adja-

cent well by applying an electric field. At resonance, the
measured tunneling time is substantially larger than that
estimated from the energy splitting of the coupled elec-
tronic states, suggesting that the tunneling process does
not proceed in a fully coherent manner.

In an asymmetrical DQWS the energy eigenstates are
localized in each well, and the wells are only weakly cou-
pled. This is in contrast to the symmetric case for which
the wells are strongly coupled. The extent of the localiza-
tion, however, can be varied by applying an electric field
perpendicular to the layers. Delocalization of the ground
state in the narrow well is expected to occur, for example,
at a value of the electric field such that the n =1 level in
the narrow well coincides with the n =2 level in the wide
well (Fig. 1). In this study we use the decay time of the
narrow-well luminescence to probe the tunneling of elec-
trons across the barrier separating the two quantum
wells. The degree of localization is thus rejected in the
tunneling rate.

The samples studied were grown at 600 'C by
molecular-beam epitaxy on (100) n-type GaAs substrates.
Eight periods of an asymmetrical double-quantum-well
unit are placed inside the intrinsic region of a p -i -n diode

0
structure; a 150-A-thick layer of Alo 3Gao 7As separates
each period. Each unit consists of two GaAs wells of
different thicknesses, nominally 70 and 100 A, and an
Alo 3Gao 7As barrier. We investigated three different
samples with Alo 3Gao 7As barrier thicknesses of 40, 55,

0
and 65 A. The layer thicknesses measured by transmis-
sion electron microscopy (TEM) were IOFo smaller than
the nominal values and were consistent with those de-
rived from the luminescence measurements. The total

0
width of the intrinsic region was 5600 A. The sample
was processed into an array of diode mesas (area
200 X 200 pm, height 4 pm) with gold electrical contacts
on top of each mesa and a common contact on the sub-
strate side. The current-voltage characteristics of the
p -i -n diodes featured low reverse-bias current of less than
100 pA (in the dark) and breakdown voltages in excess of
20 V. The processed sample was mounted on a sapphire
disk and placed in thermal contact with a cold finger

40 3028



DIRECT MEASUREMENT OF RESONANT AND NONRESONANT . . ~ 3029

{a) NO BIAS (b).F=6.4x104 (c}F=9x104V/cm
V/cm

FIG. 1. Conduction-band edge of an asymmetric DQWS for
three values of the applied electric field. Under flat-band condi-
tions, subband energies are 61 meV (n =1) in a narrow QW,
and 32 meV (n = 1}and 143 meV (n =2) in a wide QW.

—350

~ 280

21

I—
ca 14
Z'.
LU

Z'

LU
D
Z'.
UJ
(Q
GO

Z'

I I I I
)

I I I I,
i

I I I I
i

I I I I

20K, NO BIAS 65A: BARRIER

RAMAN
Lil03

WIDE WELL0-

0 — NARROW
WELL

70—
I'

DELAY: 200 ps t
I

I I I I I I I I I I I I

h
W J
W J

f'I

0—
Lt

AY: 40 ps70—

/

0 I I I I l I I I I I I I I I I

1.45 1.50 1.55 1.60 1.65
PHOTON ENERGY (eV)

0„. '

DEL

FICx. 2. Luminescence spectra at 20 K of an asymmetric cou-
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pled DQWS of 65 A barrier thickness. The energy positions of
the excitonic lines are associated with 63'- and 90-A well widths.

(-20 K) inside an optical cryostat.
Short optical pulses of 750 fs duration tunable over the

range 7200—8000 A were generated at a 82-MHz rate by
synchronously pumping a dye laser (Styryl 8) with the
compressed and frequency doubled output of a mode-
locked, continuous-wave, neodymium-doped yttrium
aluminum garnet laser. Time-resolved luminescence is
realized by the energy up conversion in a LiIO3 crystal of
a photon from the photoexcited luminescence with a pho-
ton of a delayed pump-laser pulse. " The photolumines-
cence is excited using an areal energy density of approxi-
mately 500 nJ/cm per pulse at a photon energy of either
1.713 or 1.675 eV. Under these conditions the photon en-
ergy changed from below to above the n =2 excitonic
transition of the wide well without any inftuence on the
time constants.
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FIG. 3. Luminescence intensity in narrow quantum well vs
0

time for an asymmetric coupled DQWS of 55 A barrier thick-
ness; temperature is 20 K, carrier density 2X10' cm, and
laser excitation energy 1.713 eV: (a) —3.5 V, (b) —2.4 V, and (c)
—2.0 V.

0
Photoluminescence spectra of a 65-A asymmetrical

DQWS under no applied bias are shown in Fig. 2 for two
different delay times measured relatively to the
excitation-laser pulse. As the delay time increases, the
narrow-well luminescence decreases, and the lumines-
cence from the wide well becomes the dominant feature
of the spectrum. A time-resolved measurement reveals a
large difference between the narrow- and wide-quantum-
well luminescence decay times: 150 and 620 ps, respec-
tively. Furthermore, the decay-time constant in the nar-
row well is strongly correlated to the thickness of the
Al Ga, As layer: 45- and 75-ps values were measured

0
for 40- and 55-A barrier thicknesses, respectively; the
wide-well decay times remained much larger (520 and
1500 ps, respectively).

The radiative and nonradiative recombination times in
good-quality quantum-we11 structures are known to be a
few nanoseconds, and thermal ionization of the carriers
out of the narrow well is not likely at 20 K. Further-
more, the large mass of the heavy holes makes their tun-
neling rates extremely small, and the photoexcited light
holes are expected to thermalize to the heavy holes very
rapidly. Therefore, the short decay times of the narrow-
well luminescence are a direct consequence of the tunnel-
ing of electrons to the wide well.

We now consider the inAuence of an electric field ap-
plied perpendicular to the layers on the dynamics of pho-
toexcited electrons in the asymmetrical DQWS. The
effect of the electric field on the decay-time constant of
the narrow-well luminescence is illustrated in Fig. 3 for
three values of the reverse bias. Within the experimental
accuracy of our measurements, the time evolution
remains exponential over an order of magnitude. These
decay times are directly identified with the tunneling
times of electrons out of the narrow well. The depen-
dence of these tunneling times, as the applied bias sweeps
through resonance [Fig. 1(b)j is shown in Fig. 4. The tun-
neling times, after remaining nearly constant between the
fiat-band condition (1.8 V) and —2.0 V, decrease abruptly
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FIG. 4. Tunneling time vs applied voltage of an asyrnrnetric
0

coupled DEWS of 55 A barrier thickness. Tunneling times are
identified with the decay-time constants of the narrow-well
luminescence. By definition, reverse-bias voltages have negative
values.

at a bias voltage centered at —2.4 V. Moreover, after
reaching a minimum, the tunneling times increase again
at lower bias voltages. The nonmonotonic behavior of the
tunneling times is a definite signature of resonant tunnel-
ing, since other processes (e.g. , thermionic emission at
higher temperature) would exhibit a monotonic decrease
of the decay-time constants with increasing electric field.
This conclusion is supported by the observation of an in-
crease of the photocurrent at the same voltage that
characterizes the decrease of the tunneling time con-
stants. ' We show below that the behavior shown in Fig.
4 is a result of resonant coupling between the n = 1 elec-
tron level of the narrow well and the n =2 level of the
wide well. At a bias smaller than —3 V the luminescence
decay time clearly increases, which indicates that the two
wells are again weakly coupled. Nevertheless, it does not
recover to the low-field value because the energy-
potential profile of the DQW structure becomes extreme-
ly asymmetric at high fields [Fig. 1(c)j. This situation is
analogous to a DBRT structure in which the electron es-
capes from a confined state of the QW into an energy
continuum of states.

Before discussing the magnitude of the tunneling times,
we compare the position of the resonance against the
value of the electric field necessary to align the n = 1 level
of the narrow well with the n =2 level of the wide well.
Based on the matrix-transfer technique described by
Ricco and Azbel, we estimate that resonant coupling

occurs at a field' of 6.4X10" V/cm. In order to cali-
brate the internal electric field at —2.7 V, the voltage at
which the tunneling times reach a minimum, we have
measured the photocurrent-versus-wavelength charac-
teristics of the diode for various values of the bias volt-
age the energy shift of the heavy-hole exciton is then
checked against the theory of the quantum-confined
Stark effect developed by Miller et al. ' This comparison
measures the internal field to be 7.0X10 V/cm for a—2.7™Vbias. One explanation for the difference between
the calculated and measured fields for resonant tunneling
is that in the luminescence experiment the injected car-
rier density is sufficiently high to change the internal field
because of some space-charge buildup from the holes left
in the wells. This effect was experimentally confirmed by
the observation of a shift of the resonance to higher volt-
age as the photoexcited carrier density was decreased
from 4X10' to 1X10' cm, the minimum value of the
tunneling time was not affected. A rough estimate, as-
suming that all the electrons (-2X 10' cm ) have tun-
neled from the narrow to the wide well, leads to a worst-
case estimate of the opposing electric field of -3X10
V/cm. In reality, the buildup is a dynamical process
which takes place simultaneously with the tunneling of
electrons. There may be some additional effect from elec-
trons leaving the wells altogether.

In the following section we discuss the magnitudes of
the tunneling times. At resonance, the tunneling times

0
reaches a minimum value of 7.5 ps for a 55-A-thick bar-
rier. In an ideal case, the resonant coupling of two ener-
gy subbands across a potential barrier produces extended
states whose energy splitting is primarily defined by the
barrier thickness and an effective energy-potential discon-
tinuity. Under resonant conditions, tunneling is then a
completely elastic and coherent process. In the absence
of any damping (caused either by inelastic processes in-
troducing friction in a classical sense or by elastic pro-
cesses destroying the phase coherence), the particle oscil-
lates back and forth across the barrier; half of that period
represents a characteristic time associated with resonant
tunneling (r,„=h /2 b E). The coherent tunneling time,
z,„, is calculated to be 0.67 ps for the 55-A-barrier sample

0
and 1.2 ps for a 65-A barrier. Even though we have de-
scribed the coupling of electronic states under an applied
electric field, the basic features of tunneling are similar
for an electron and an exciton. '

The measured resonant tunneling time (7.5 ps, Fig. 4) is
significantly longer than the coherent time calculated
above for several reasons. In a real system the coherence
of the oscillating wave packet cannot be sustained for
times exceeding some other characteristic time, e.g., the
momentum-relaxation time or the impurity-scattering
time. ' Another mechanism of importance is the LO-
phonon intersubband scattering process acting upon an
electron on the first-excited subband. If the scattering
time constant is long compared to the coherent tunneling
time, an electron reaching the wide well will have a finite
probability to tunnel back to the narrow well. In view of
a recent experiment by Seilmeier et aI., ' an upper-bound
value of the intersubband scattering time is 3 ps. On that
basis, the measurement of the tunneling time at reso-
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nance is presumably controlled by the larger intersub-
band scattering time. The inhomogeneous broadening of
the excitonic line is another factor to consider in this con-
text. In our structure we have measured a linewidth of
4.3 meV in the narrow QW in excess of the calculated en-
ergy splitting (3.1 meV). The minimum value of the de-
cay time then is an average over separate regions of the
well that exhibit a resonance at a slightly different value
of the internal field. Finally, the inhomogeneity in the
electric field, which is caused by the background impurity
level of p -3X10' cm deduced from a C-V measure-
ment, leads to a broadening of the resonance by about 0.5
V, in agreement with the data of Fig. 4. Any broadening
mechanisms of the resonance increase the measured tun-
neling -time at resonance. The observation of a region
( —2.7 to —3.0 V) over which the resonant tunneling time
remains constant is a consequence of the inhomogeneous
broadening of the exciton line and of an inhomogeneous
electric field. Of all the possible mechanisms affecting the
decay time of the narrow-well luminescence, the intersub-
band scattering process is, in this system, the main intrin-
sic limitation to an absolute measurement of the coherent
tunneling time.

Finally, we discuss the magnitudes of the off-resonance
tunneling time. In contrast to the case of a DBRT struc-
ture, tunneling requires a collision in order to conserve
the electron parallel momentum. Phonon-assisted transi-
tions are expected to contribute to tunneling if the sub-
band energy separation in adjacent wells exceeds one-

LO-phonon energy [Fig. 1(a)]. An estimate of this tun-
neling time' in the limit of thick enough barrier yields a
value of 210 ps for a 50-A barrier separating a 60- and a
88-A QW. It should be noted that bulk-phonon modes
were used in this calculation. The relevance of confined
and interface phonon modes to this calculation has to be
reassessed since their inclusion could lead to an increase
of the phonon-assisted tunneling rates large enough to
explain a shor'. er luminescence decay time of 75 ps.
However, the present study cannot distinguish whether
phonon-assisted tunneling dominates over impurity-
related tunneling.

In this study we have demonstrated the existence of a
large resonant enhancement of the tunneling rates by
time-resolved-luminescence spectroscopy in an asymme-
trical DQWS. This enhancement results from the reso-
nant coupling of the ground state of an electron in the
narrow well with the first-excited state in the wide well.
A range of dynamical effects were shown to affect the ex-
act position of the resonance as well as the tunneling time
at resonance. The measured resonant tunneling time is
considerably longer than the estimated coherent tunnel-
ing time. Away from resonance, a strong dependence of
the tunneling times on the barrier thickness is demon-
strated.

We acknowledge fruitful discussions with F. Capasso,
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M. Bode for the TEM study.
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