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Electron tunneling through the barrier in asymmetric double-quantum-well structures is investi-

gated by time-resolved picosecond luminescence spectroscopy. Change from nonresonant to reso-

nant tunneling is achieved with a perpendicular electric Seld. Energetic alignment of electron

subbands in the two wells strongly enhances tunneling transfer rates. The resonant transfer times

decrease strongly with barrier thickness. The wells are coupled at resonance by energy-conserving

scattering processes between states localized in a single well. The buildup of delocalized coherent

states at resonance would lead to much shorter transfer times.

Tunneling of carriers in semiconductor heterostructures
has been extensively studied by transport measurements. '

However, the dynamical aspects of tunneling, although
important for the physical understanding as well as for de-
vice applications, have remained to a large extent unclear.
Indirect measurements of the time constants by high-

frequency oscillation2 and time-of-Sight5 experiments
show a change in the carrier dynamics due to a transition
from nonresonant to resonant tunneling, i.e., from a situa-
tion where initial and final states are nonenergetically
aligned to the case of level alignment. However, it is still
discussed whether the resonances between the various lev-

els of the heterostructures are caused by coherent or
sequential tunneling. Recent experiments support the
sequential rather than the coherent picture.

A promising insight into this important question is pro-
vided by direct measurement of the carrier dynamics in

semiconductor heterostructures by the means of time-
resolved optical spectroscopy. The tunneling escape pro-
cess from a single quantum well (QW) (Refs. 7 and 8) as
well as the tunneling transfer process in an asymmetric
double-quantum-well (ADQW) structure were studied.
The ADQW has been considered to be an ideal structure
to study the physics of nonresonant as well as resonant
tunneling, since the carrier confinement can be tuned, by
an electric field perpendicular to the QW's from intrinsic
localization to strong coupling of the wells. 9'e Non-
resonant electron-tunneling transfer times were measured
in ADQW's based on the GaAs/A1As, " In0536aQ. 47-

As/InP, ' and GaAs/AI, Ga|,As (Refs. 13-16) sys-
tems. Oberli et al. ' have recently reported the observa&

tion of the transition from nonresonant to resonant elec-
tron tunneling by applying an electric-field perpendicular
to a GaAs/Al Gai —,As ADQW sample. The resonant
transfer time was of the order of picoseconds. This mea-
surement led the authors to the assumption that
longitudinal-optical (LO) phonon intersubband scattering
limits their transfer times, which made it impossible to ob-
serve the faster coherent tunneling time. Monte Carlo
simulations had been performed to support their con-
clusion. '

In this paper, we present results of time-resolved pi-
cosecond photoluminescence (PL) on ADQW's with vary-
ing barrier thicknesses d in a perpendicular electric field
F Our re. sults demonstrate for the first time that resonant
electron transfer in ADQW's can be observed up to re-
markably thick barriers. The observed resonant transfer
times are much. longer than expected and depend strongly
on barrier thickness. Our experiments yield two impor-
tant conclusions: First, we show that LO phonon inter-
subband scattering out of a resonant coherent state ex-
tending over an entire ADQW structure is not the limiting
factor of the measured transfer times at resonance. Sec-
ond, a resonance without any coherent state formation re-
quires electron scattering between states localized in adja-
cent wells for barrier transfer. The efficiency of such
scattering has to depend strongly on the energetic separa-
tion of the quantized energy levels in the adjacent wells
and has to be largest for level alignment. Scattering
mechanisms meeting this claim will be suggested.

The samples used in our experiments are all grown by
molecular-beam epitaxy (MBE) on Si-n+-doped (100)
GaAs substrate. First, a buffer layer is grown, consisting
of 600-nm GaAs, 20-nm AIQ356ae. 65As, 1-nm GaAs, 10-
nm Ale 356ae.65As, and five periods of a 2-nm GaAs/3-nm
AIQ. 356a0.$5As superlattice. The ADQW structure itself,
depicted schematically in Fig. 1, consists of a 100-nm
Ale. 356ae.s5As layer, a wide quantum well (QWW) of
GaAs (width w„of 10 nm), a barrier layer of A10.35-

Ga065As (thicknesses d of 6 nm, 8 nm, or 20 nm), a nar-
row quantum well (QWN) of GaAs (width w„of 5 nm),
and a 100-nm AIQ356ae65As layer. A 4-nm GaAs cap
layer covers the structure. In contrast to the structures
used by all other groups in previous experiments, our sam-
ples contain only one ADQW. Such a single ADQW
avoids artifacts due to averaging vertically over thickness
fluctuations of several barriers and inhomogeneous field
distributions. The thickness of the layers and the alumi-
num composition are checked by reflection high-energy
electron-diffraction (RHEED) oscillation measurements
on reference samples. Transmission-electron microscopy
(TEM) at near-atomic resolution and PL measurements

12 295 @1990The American Physical Society



12 296 ALEXANDER, NIDO, RUHLE, AND KOHLER

(b) QWW QWN

F'lat Band Under Electric Beld

In, 1~
I

I
I
I
I
I
I

Iw, 1&

Time ( ps)

r
I

7

1000
r

/
r

r
r

0

QWW QWN QWW QWN
1550 Energy (rneV)

I

1650

FIG. 1. Ideal, one-dimensional band diagram of ADQW's (a)
under flat band conditions and (b) under resonance conditions.
Also shown are the eigenstates of the system, which are dis-
cussed in the paper. The labeling is the same as in the text. The
dashed lines depict the observed optical transitions.

FIG. 2. Typical streak-camera spectrum of an ADQW sam-
ple. This spectrum is taken from a sample with a 6-nm barrier
at 5 K. The electric field is zero, corresponding to flat band con-
ditions as shown in Fig. 1(a).

show that the nominal data are correct to within at least
10%. A conventional Ohmic contact of AuGe/Ni is al-
loyed into the substrate side of the samples. Semitran-
sparent 5-nm-thick NiCr-Schottky contacts of 1.0 mm
diam are evaporated on the front side. The Schottky
diodes are reverse biased in the experiments, showing low
reverse dark currents ~ 5 pA and breakdown voltages of
more than 6 V. The samples are fixed on a cold finger in a
helium cryostat with a temperature tuning range from 5
to 300 K. Excitation is performed with pulses of about 5
ps width, obtained from a tunable Styryl 8 dye laser, syn-
chronously pumped by a mode-locked Ar+-ion laser with
a repetition rate of 80 MHz. The excitation energy is
tuned either to 50 meV above the ground state )n, l) of
QWN to excite both QW's simultaneously (high excita-
tion energy) or to just below I n, 1) to excite only QWW
(low excitation energy). Measurements are performed
with high excitation energy, if not mentioned otherwise,
with an excitation density of about 10'0 cm . The PL
from the samples is dispersed by a 0.32-m monochromator
and detected by a two-dimensional synchroscan streak
camera with an S-20 cathode. The time- and wave-
length-resolved PL spectra are thus obtained with a tem-
poral resolution of 10 ps and a spectral resolution of 0.5
nm.

A typical result is shown as a three-dimensional plot in

Fig. 2. Luminescence decay times r are determined by
spectral integration of the luminescence of each QW and
fitting the obtained temporal decays to single exponential
decays. We have shown previously' that the measured
decay time of the QWN luminescence r„* is given by

where iT is the tunneling transfer time and rtt is the radi-
ative recombination time, which to first approximation is
given by r, the decay time of the luminescence of QWW
measured with low excitation energy. Changes in the de-
cay time r„of QWN directly map variations in the tun-
neling transfer time rT, since zn depends only weakly on
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FIG. 3. Decay times of the luminescence from QWN vs elec-

tric field perpendicular to the layers, taken at 5 K. Resonances
at about 35 kV/cm for the 8-nm barrier and about 40 kV/cm for
the 6-nm barrier sample can be clearly seen.

perpendicular electric fields. '

The PL peak energies exhibit a shift to lower values
with increasing field caused by the quantum confined
Stark effect (QCSE). 0 The shift of the PL from QWW
is used to determine the internal electric field F in the
ADQW's; results of a transfer-matrix calculation2' are
fitted with appropriate parameters2 to the PL peak ener-

gy of QWW at zero field. A transfer-matrix calculation
using the derived parameters gives the peak energy versus
field dependence. The internal field value is thus deter-
mined from the measured PL peak energy. This internal
field calibration excludes such artifacts as nonlinear field
distributions at the edges of the intrinsic region of the het-
erostructures, which can strongly vary from one sample to
another.

The main result of our experiments can be seen in Fig.
3. The PL decay time r„of QWN is shown as a function
of the electric field for 6-, 8-, and 20-nm-thick barriers at
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The levels would repel each other with an energy ~„,~,
and a wave packet could oscillate between the wells with a
time constant r i, it, /(2 AF. „~). We calculate for these
time constants values of 1.2 and 5.6 ps for the 6- and 8-nm
barrier sample, respectively. Bonding and antibonding
states could decay into the ground state ( w, 1) by LQ pho-
non intersubband scattering. ' The scattering time would
be given by

(3)

with the Frohlich interaction Hamiltonian HF and the
density of the final states p. By inserting Eq. (2) into Eq.
(3), we easily see that the LO phonon intersubband
scattering time in an ADQW could at most increase by a
factor of 2 (Ref. 24) with respect to the case of a single
QW. The intersubband scattering time for a single QW
was recently measured to be 1 ps (Ref. 25), i.e., we expect
a maximum of 2 ps for the intersubband scattering time in
the ADQW. The prediction of this coherent model is in

5 K. For the sample with a 6-nm barrier, the decay time,
already fast at F 0 due to efficient nonresonant tunnel-

ing, ' rapidly decreases up to field values of 40 kV/cm,
where the decay time becomes faster than our time resolu-
tion. Above 45 kV/cm, the decay time becomes longer
again, but does not recover to its initial values. The decay
time r„of the sample with an 8-nm barrier exhibits a
clear resonance with a decrease of r„ from 220 ps at zero
field to 50 ps at 35 kV/cm and a recovery to 150 ps for
higher field values. For the 20-nm barrier sample, we do
not observe any significant change in the decay times r„
Notice that in the case of the 20-nm barrier sample at
F 0 the absolute values of r„are reduced according to
Eq. (1) by a factor of 2 compared with the value of the 8-
nm sample, since the radiative recombination time rR is
reduced due to better sample quality. 23 This reduction of
hatt is found by measuring r as mentioned above. Mea-
surements of the decay times r„versus field for all sam-
ples at 50 K show that the values of r„at the resonance
minima do not change with temperature, but the reso-
nance broadens considerably.

The theoretical field values necessary to align the first
electron level ( n, 1) of QWN and the second electron level

~
w, 2) of QWW are calculated with the transfer-matrix

formalism mentioned above. We obtain critical fields of
38 kV/cm for the 8-nm and of 44 kV/cm for the 6-nm
barrier. These values coincide within the error of our field
calibration of +'5 kV/cm with the measured positions of
the resonances, giving evidence to the fact that we observe
resonances due to the alignment of the considered electron
levels. The incomplete recovery of the decay times above
the resonances are explained by the fact that at high fields
the electrons cannot only relax to the ground state

~ w, 1),
but also into the

~ w, 2) state.
In a coherent quantum-mechanical picture, the align-

ment of (n, l) and (w, 2) would lead to the buildup of a
bonding and an antibonding state

clear contradiction to our observations, which show a
value of even 50 ps in the case of an 8-nm barrier and a
strong dependence of the transfer time on barrier thick-
ness. The application of a coherent model is also very
doubtful with respect to measured dephasing times,
which are much faster than the time constants observed in

our experiments.
To explain our results, we have to consider even at ener-

getic alignment of
~ w, 2) and ~n, 1) a sequential model of

two single QW's coupled by a resonant scattering process
which depends strongly on barrier thickness. The strong
influence of the barrier thickness on the decay time i„at
the resonance minimum means that we measure the time
constant of this resonant scattering rather than the LO
phonon intersubband scattering time if we look at r„
This interpretation of the decay times at resonance im-
mediately explains the results of Oberli et al. ,

'~ who mea-
sured a time of 7.5 ps at resonance, which is much longer
than the expected value of 2 ps. However, since the cou-
pling depends strongly on the barrier thickness, it could
probably be possible to observe the LO phonon intersub-
band scattering in samples with barriers thinner than
those used up to now.

We discuss in the following possible resonant scattering
processes leading to tunneling transfer at the resonance
position. Qur experimental results lead to the conclusion
that the scattering process has to depend strongly on the
energy-level separation AF E 2

—E„ i, where E,2, E„,i
are the energy eigenvalues of

~ w, 2) and
~ n, 1). The

scattering efficiency must reach a maximum for the case
of energy conservation, i.e., AF. 0, and has to depend
strongly on the barrier thickness. The absolute value of
the scattering times should not depend strongly on tem-
perature. The scattering from

~ n, 1) to
~ w, 1) by LO pho-

nons in the barrier would show resonances at AF- 36
meV or AF. 50 meV, the energies of the GaAs- and
A1As-like phonon, 2' in contradiction to our observations.
Following Sawaki et al. ,

2s the condition of a strong depen-
dence on AF and a maximum at AF 0 would be satisfied
by a scattering process involving ionized impurities in the
barrier. The same theoretical argument could hold for al-
loy scattering in the ternary barrier as well as for interface
scattering. All three scattering processes on the one hand
depend on the penetration of the wave function ( n, 1) into
the barrier, i.e., strongly on barrier thickness. Since on
the other hand all these processes depend only weakly on
temperature, we cannot distinguish between them in our
experimental results.

In summary, we show results of picosecond time-
resolved luminescence measurements on asymmetric
double-quantum-well structures with a varying perpendic-
ular field. Resonances are detected if the first electron en-
ergy level in the narrow QW and the second level in the
wide QW align. The transfer times at resonance are
found to be strongly dependent on barrier thicknesses, in
contradiction to predictions of a coherent description of
the system. Scattering processes with energy conservation
are necessary to explain the transfer from the narrow to
the wide well. Our measurements exclude LO phonon
scattering processes, leaving impurity-assisted, interface
or alloy scattering as the possible scattering mechanisms.



12298 ALEXANDER, NIDO, RUHLE, AND KOHLER

We acknowledge many stimulating discussions with
H.-J. Queisser, J. Kuhl, D. A. B. Miller, J. Leo, H. T.
Grahn, J. Feldmann, T. Held, and especially B. Deveaud,
expert technical assistance by K. Rother and H. Klann,
TEM measurements by F. Ernst, Max-Planck-Institut fur

Metallforschung, Stuttgart, and financial support by the
Bundesminister fur Forschung und Technologie. One of
us (M.N. ) thanks M. Sakaguchi and T. Suzuki, Nippon
Electric Company (NEC) Corporation, Japan, for their
support.

'On leave from Opto-Electronics Research Laboratories, NEC
Corporation, 4-1-1, Miyazaki, Miyamae-. ku, Kawasaki,
Kanagawa 213, Japan.

'L. Esaki, IEEE J. Quantum Electron. QE-22, 1611 (1986), and
references therein.

T. C. L. G. Sollner, W. D. Goodhue, P. E. Tannenwald, C. D.
Parker, and D. D. Peck, Appl. Phys. Lett. 43, 588 (1983).

H. Schneider, K. v. Klitzing, and K. Ploog, Superlattices Mi-
crostruct. 5, 383 (1989).

4S. Luryi, Superlattices Microstruct. 5, 375 (1989).
5L. Eaves, G. A. Toombs, F. W. Sheard, C. A. Payling, M. L.

Leadbeater, E. S. Alves, T. J. Forster, P. E. Simmonds, M.
Henini, O. H. Hughes, J. C. Portal, G. Gill, and M. A. Pate,
Appl. Phys. Lett. 52, 212 (1988).

6M. L. Leadbeater, E. S. Alves, F. W. Sheard, L. Eaves, M.
Henini, O. H. Hughes, and G. A. Toombs, J. Phys. Condens.
Matter 1, 10605 (1989).

7M. Tsuchiya, T. Matsusue, and H. Sakaki, Phys. Rev. Lett. 59,
2356 (1987).

T. B. Norris, X. J. Song, W. J. Schaff, L. F. Eastman, G.
Wicks, and G. A. Mourou, Appl. Phys. Lett. 54, 60 (1989).

sS. Luryi, Solid State Commun. 65, 787 (1988).
' H. W. Liu, R. Ferreira, G. Bastard, C. Delalande, J. F. Pal-

mier, and B. Etienne, Appl. Phys. Lett. 54, 2082 (1989).
"T. Tada, A. Yamaguchi, T. Ninomiya, H. Uchiki, T.

Kobayashi, and T. Yao, J. Appl. Phys. 63, 5491 (1988).
' M. G. W. Alexander, W. W. Ruhle, R. Sauer, and W. T.

Tsang, Appl. Phys Lett. 55., 885 (1989).
' F. Clerot, B. Deveaud, A. Chomette, A. Regreny, and B.

Sermage, Solid State Electron. 32, 1201 (1989).
'"N. Sawaki, R. A. Hopfel, E. Gornik, and H. Kano, Appl.

Phys. Lett. 55, 1996 (1989).
'5M. G. W. Alexander, M. Nido, K. Reimann, W. W. Ruhle,

and K. Kohler, Appl. Phys. Lett. 55, 2517 (1989).

' M. Nido, M. G. W. Alexander, W. W. Riihle, T. Schweizer,
and K. Kohler, Appl. Phys. Lett. 56, 355 (1990).

' D. Y. Oberli, J. Shah, T. C. Damen, C. W. Tu, T. Y. Chang,
D. A. B. Miller, J. E. Henry, R. F. Kopf, N. Sauer, and A. E.
DiGiovanni, Phys. Rev. B 40, 3028 (1989).

' J. Lary, S. M. Goodnick, P. Lugli, D. Y. Oberli, and J. Shah,
Solid State Electron. 32, 1283 (1989).

' H.-J. Polland, L. Schultheis, J. Kuhl, E. O. Gobel, and C. W.
Tu, Phys. Rev. Lett. 55, 2610 (1985).
D. A. B. Miller, D. S. Chemla, T. C. Damen, A. C. Gossard,
W. Wiegmann, T. H. Wood, and C. A. Burrus, Phys. Rev. B
32, 1043 (1985).

2' J. Leo, Phys. Rev. B 39, 5947 (1989).
The parameters for the calculation are as follows: effective
masses of 0.067m, in the wells and 0.096m, in the barriers,
respectively, conduction- and valence-band offsets of 0.289
and 0.156 eV, a band gap for GaAs of 1.519 eV, and an exci-
ton binding energy of 0.009 eV. The well width was fitted to
88-92 A, in good agreement with the well-known observation
that geometrical data from PL measurements are about 10%
lower than nominal and TEM data.
J. Feldmann, G. Peter, E. O. Gobel, P. Dawson, K. Moore, C.
Foxon, and R. J. Elliot, Phys. Rev. Lett. 59, 2337 (1987).
B. Deveaud, F. Clc,rot, A. Chomette, A. Regreny, R. Ferreira,
G. Bastard, and B.Sermage, Europhys. Lett. 11, 367 (1990).
M. C. Tatham, J. F. Ryan, and C. T. Foxon, Phys. Rev. Lett.
63, 1637 (1989).
J. Kuhl, A. Honold, L. Schultheis, and C. W. Tu, in Festkor-
perprobleme: Advances in Solid State Physics, edited by U.
Rossler (Vieweg, Braunschweig, 1989),Vol. 29, p. 157.

2~S. Adachi, J. Appl. Phys. 5$, Rl (1985).
N. Sawaki, M. Suzuki, E. Okuno, H. Goto, I. Akasaki, H.
Kano, Y, Tanaka, and M. Hashimoto, Solid State Electron.
31, 351 (1988).


