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Resonance effects in the carrier-tunneling dynamics in asymmetric coupled quantum wells
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We present a detailed experimental study of the tunneling times, after picosecond excitation, of elec-
trons and holes in a large set of unbiased GaAs/Al Ga~ As asymmetric double-quantum-well struc-
tures, pointing out the role played by resonances in the tunneling process. In particular, fast hole tunnel-

ing is found when the quantum wells show band alignment both at k~~
=0 and at k~~&0. Referring to

electrons, a resonance is found in the tunneling time, which corresponds to phonon-assisted processes.
Experimental data at high excitation intensity are also reported, suggesting band-611ing effects in the
wider well.

INTRODUCTION

After the pioneering works of Esaki and Tsu, ' a
great deal of activity has been devoted, in recent years,
to the study of carrier tunneling both in double barrier
and asymmetric double-quantum-well heter ostructures
(ADQW), due to the interest that such structures have
for device applications, on the one hand, and for the basic
quantum-mechanical aspects, on the other.

However, in spite of the large number of papers on the
subject, some fundamental questions do not yet seem
clearly understood. In fact, while a large amount of ex-
perimental work has been devoted to both nonresonant
and resonant electron tunneling, ' definitively less is
known in the case of hole tunneling. In particular the
role played in ADQW's by resonances between hole
states in the two wells is still controversial and no con-
sensus has yet been reached on the question of whether
band-mixing effects between heavy- and light-hole states
are important in determining the tunneling times. "
Nor is the question definitely clarified of whether exciton
transfer as a whole, rather than electron and/or hole tun-
neling, is observed in these structures. '

In this paper we present an experimental study of the
effects of band alignment on the tunneling times in a large
set of unbiased GaAs/Al„Ga& „AsADQW's by using
picosecond time-resolved photoluminescence spectrosco-
py. For fixed barrier thickness, we find a significant
reduction of the electron-tunneling time out of the nar-
row well as soon as the energy mismatch between the
ground states in the conduction band of the two wells be-
comes larger than the LO phonon energy. We also find
fast hole tunneling ( & 100 ps) not only when the quan-
tized heavy-hole levels are approximately resonant in the
two wells but also whenever a resonance is present be-

tween heavy- and light-hole states induced by band-
mixing effects at k~~&0.

The paper is organized as follows: a brief description
of the samples and the experimental apparatus is given in
Sec. I. The experimental results, together with the set of
rate equations used for deducing the tunneling times from
the time-resolved measurements, are presented in Sec. II.
A discussion of the experimental results for the electron-
and hole-tunneling times is given in Secs. III A and III B,
respectively. The results of a calculation of the hole
dispersion and wave functions in the presence of band
mixing are also presented in Sec. IIIB. Finally, con-
clusions are given in the final section.

I. SAMPLES AND EXPERIMENT

The samples were undoped GaAs/Al Gai As
ADQW heterostructures grown by molecular-beam expi-
taxy on a Si-doped (001) oriented GaAs substrate with an
aluminum content in the Al Gai As alloy ranging from
0.28 to 0.33. A complete description of the whole set of
samples investigated is found in Ref. 17.

In the following, we will denote the samples with the
notation "sample (L~/L~/Lz), " where Lz„L~,L~
give the thickness of the wide well (WW), the narrow well
(NW), and the barrier, respectively.

As stressed by Alexander et al. , the advantage of
dealing with samples consisting of only one ADQW
structure, like ours, is in removing any possible contribu-
tion to the tunneling process from Bloch-like transport
and in avoiding thickness fluctuations in the QW's as well
as in the barriers.

In order to characterize the samples, cw photolumines-
cence (PL) and photoluminescence excitation (PLE) spec-
tra have been performed using a He-Ne laser and a
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Ti:sapphire tunable laser pumped by a 5 W Ar ion laser.
The spectra were recorded by a standard photon-
counting system after dispersion of the luminescence
through a 0.6 m double spectrometer. PL time-resolved
measurements have been performed exciting the lumines-
cence with a picosecond dye laser synchronously pumped
by the second harmonic of a Nd: YAG mode-locked laser;
5 ps pulses have been used, with the wavelength varying
in the range 750—820 nm, at a repetition rate of 76 MHz.
The excitation density was varied from below 5X10'
cm up to 5 X 10' cm . The PL signal was dispersed
through a 0.22 m double spectrometer (1 meV resolution)
and detected by a synchroscan streak camera with an
overall time resolution of 20 ps. All the measurements
have been performed at 4 K, keeping the sample fully im-
mersed in a liquid-helium cryostat.

In Fig. 2 typical PL and PLE spectra are reported for
samples (87 A)/(70 A)/(31 A) and (87 A)/(20 A)/(31
A), only differing in the barrier thickness. In both cases a
comparison between the PL and the PLE spectra unam-
biguously shows that tunneling occurs from the narrow
to the wide well. In fact clearly resolved structures corre-
sponding to the heavy and light exciton transition CB'1-
HH'1 and CB'1-LH'1 from the narrow well are present
when detecting the luminescence, in the PLE spectrum,
on the low-energy side of the CB1-HH1 transition from
the wide well. However, the PL intensity from the nar-
row well is strongly dependent on the sample; no signal is
detected for the sample with Lz =20 A even when the ex-
citation intensity is increased to 140 W cm, indicating
that carrier tunneling is a very efticient process in empty-
ing the narrow well. Note the absence of a significant

II. EXPERIMENTAL RESULTS

A. cw measurements
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I

A schematic diagram of the relevant energy levels of
the heterostructures investigated is reported in Fig. 1. In
the following we will always report the values of L~, L~,
L&, as those obtained from a best fit of the PLE peak en-
ergies using a standard model based on the efFective-mass
approximation' ' for the coupled wells; good agreement
with the PLE spectra has been obtained for values typi-
cally 10% lower than the nominal ones, as also found by
other authors. '
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FIG. 1. Schematic diagram of the relevant energy levels in an
asymmetric double-quantum-well structure.

FIG. 2. Comparison between the PL and PLE spectra of
samples differing only in the barrier thickness: (a) PL (dotted
line —logarithmic scale) and PLE (solid line —linear scale) of
sample (87 A)/(70 A)/(31 A); (b) PL (dotted line —logarithmic
scale) and PLE (solid line —linear scale) of sample (87 A)/(20
A)/(31 A).
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Stokes shift between the PL and PLE spectra, indicating
recombination of free excitons and good quality of the
heterostructure interfaces.

B. Time-resolved measurements

We report in Fig. 3 typical decay curves of the photo-
luminescence in an ADQW structure. First, we always
observe a fast monoexponential decay for the PL from
the narrow well [Fig. 3(a)], the relevant time constant be-
ing strongly dependent on the barrier width and the ener-

gy mismatch between the ground electronic levels of the
two wells.

On the contrary, the decay of the PL from the wide
well is very sensitive to the excitation wavelength [Figs.
3(b) and 3(c)]. In fact, while a monoexponential decay
with constant ~~ is observed for resonant excitation of
the transition CB1-LH1 when only the wide weil is excit-
ed, a nonexponential decay is observed when both wells
are excited at the same time together with a non-
negligible rise time dependent on both I.~ and I~. More-
over, a strong modification of the PL decay curve from
the wide well has been observed when increasing the exci-
tation intensity.

The PL decay from both wells, after excitation at the
CB'1-LH'1 transition, is reported in Figs. 4(a) and 4(b)
for different excitation intensities. As it is easily seen,
monoexponential decays are observed for the exciton
recombination from the narrow well independently from
the excitation intensity. On the contrary, a strong
modification of the PL decay from the wide well is ob-
served as the excitation intensity is increased from 1 to
140 W cm . In particular, referring to Fig. 4(b), while a
single rise time is observed at low intensity, two time con-

stants in the PL rise time seem to be involved (the second
one much longer than the first one) when considering the
highest intensity. This effect is clearly observed in the
case of the wide well; on the contrary, only minor
modifications are observed for the PL from the narrow
well [Fig. 4(a)].

Two possible explanations of this effect may be in-
voked. On one hand, a slower tunneling of holes with
respect to electrons may lead to a spatial charge separa-
tion in the heterostructure that gives rise to an electro-
static field and therefore to significant band bending. On
the other hand, band filling of the levels of the wide well
may occur as the excitation intensity increases. Never-
theless, in our case, the observation of strong
modifications of the exciton decay from the wide well
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FIG. 3. Typical PL decay curves of sample (89 A)/(40 A)/(64
A): (a) PL decay from the narrow well after excitation of the
transition CB'1-LH'1; (b) PL decay from the wide well after ex-
citation of the transition CB1-LH1; (c) PL decay from the wide
well after excitation of the transition CB'1-LH'1. Solid lines
correspond to fits according to the model described in Sec. II.

Time (ps)

FIG. 4. PL decay curves of sample (89 A)/(40 A)/(64 A) for
different excitation intensities: (a) PL decay curves from the
narrow well; (b) PL decay curves from the wide well after exci-
tation of the transition CB'1-LH'1.
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solely seems to indicate that both effects (band bending
and band filling) are only important for hole dynamics.
In fact a rough estimate of band bending leads to a value
of a few meV, much less than the electronic mismatch
AE„which is larger than 20 meV in all the samples in-
vestigated. On the contrary, this value is comparable
with the energy mismatch EEh between hole states in our
samples. The two di6'erent rise times observed in Fig.
4(b) for the decay at high intensity could, therefore, be
connected to a fast transfer of electrons and holes, fol-
lowed by a slowing down of hole tunneling due to band
Ailing of the hole levels in the wide well.

We will limit our discussion to the experimental data
at the lowest intensity. Electron- and hole-tunneling
times are extracted from the experimental decay curves
assuming a simple model for the carrier dynamics inside
the ADQW structure.

Let us consider again Fig. 1. Denoting with n~ (nt/)
and nii, (n ii, ) the number of electrons (holes) at time t in
the lowest energy level of the conduction and valence
bands of the narrow and wide wells, respectively, and
considering only excitonic recombination, the PL intensi-
ty from the narrow well (wide well) is proportional to the
smaller of the carrier densities nz and nest (nii. and nii )

For example, under the usual assumption that electrons
tunnel faster than holes, the excitonic recombination is
governed by nN in the narrow well and by n~ in the wide
well.

A simple set of rate equations can then be written as
follows:

dnN

dt
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where r,. (i =X, 8'), r,', r, are the recombination times of
the isolated wells and the electron- and hole-tunneling
times, respectively.

Equations (1) and (2) can be integrated under the con-
ditions n~(t =0)=n~ and nw(t =0)=nw, as provided by
a 6-like excitation at t =0, to yield for the quantities of
interest:
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FIG. 5. Electron-tunneling time as a function of the energy
mismatch AE between the ground electronic level CB'1 in the
narrow well and the ground electronic level CB1 in the wide
well for samples having the same barrier thickness. The solid
line is only a guide for the eye.

Assuming ~'t much smaller than all other times involved,
Eq. (4) reduces to

h
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As reported in detail in a previous paper, ' typical ex-
citonic recombination times in GaAs/Alo 3Gao 7As quan-
tum wells at 4 K are of the order of 200—300 ps. Since
the measured PL decay times from the narrow well range
from 20 to 140 ps, we can determine w't from the PL de-

cay time at energy CB'1-HH'1 at least as long as ~'t (&~N.
For a large barrier width where ~'t and ~N are of the same
order of magnitude, the value we get in this way for the
tunneling time should be considered as a lower limit to its
real value.
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FIG. 6. Hole-tunneling time as a function of the normalized
0

barrier thickness L& for samples having the same narrow-(40 A)
0

and wide-well (100 A) thicknesses (open circles); the solid line is
only a guide for the eye. For comparison the electron-tunneling
times for the same set of samples are reported as solid circles;
the solid line corresponds to an exponential fit.
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FIG. 7. Hole-tunneling time as a function of the energy
mismatch bE at k~~

=0 between the first light-hole state LH1 in
the wide well and the first heavy-hole state HH'1 in the narrow
well for samples having the same barrier thickness. The solid
line is only a guide for the eye.

understood. On one hand, due to the fact that the elec-
tron wave function is mainly localized in the wells, one
would expect a major role played by the GaAs LO pho-
non at 36 meV; on the other hand, if one considers
scattering processes occurring in the barrier, two reso-
nances should be observed, one associated to the GaAs-
like phonon and the other to the AlAs-like phonon. Our
experimental findings seem to indicate that tunneling is
preferentially assisted by scattering events in the barrier,
given the shift towards the A1As-like phonon energy. At
the same time, to our knowledge, no mechanism has been
proposed for the electron-phono n interaction which
might privilege, in the tunneling process, the coupling
with the A1As phonon. It must also be noted that the in-
crease of ~; for AE, ~50 meV might be due to less
efficient scattering processes due to a reduced Frohlich
interaction, and we should expect a further decrease in
the electron-tunneling time as soon as AE, becomes
larger than twice the phonon energy.

The recombination time ~~ can be directly determined
from the PL decay curve when only the wide well is ex-
cited, i.e., for resonant excitation of the transition CB1-
LH1.

Finally v.,
" is determined by fitting the PL decay curves

from the wide well when both wells are excited. In fact
~", turns out to be the only adjustable parameter in Eq.
(5), being n&ln~ estimated directly from the PLE spec-
tra.

To summarize, a fit to the three different decay curves
corresponding to the recombination at CB'1-HH'1 and
CB1-HH1 after excitation of both wells or of the wide
well alone allows us to determine the unknown parame-
ters in the rate equations (3) and (5).

The fits to the experimental data, using Eqs. (3) and (5),
correspond to the solid lines in Fig. 3; the best-fit values
for the tunneling times, as a function of the energy
mismatch between the levels involved in the process, are
reported in Figs. 5 —7.

III. DISCUSSION

A. Dependence of v', on hE,

We refer to Ref. 17 for a discussion of the dependence
of ~; on the barrier thickness Lz.

Here we shall limit the discussion to the dependence of
~; on the energy mismatch AE, between the ground elec-
tronic levels of the two wells for a given barrier thickness
as reported in Fig. 5. It must be noted that a clear reso-
nance in the tunneling time is observed when AE, is of
the order of 50 meV. Our results are in good agreement
with the measurements of Oberli et al. who find a reso-
nance in the electron-tunneling time when AE, is equal to
48 meV, as in our case. Note that the broad minimum in
the tunneling time occurring around hE, =50 meV could
suggest that A1As-like LO phonons (Alo 3Ga07As ELo
=48 meV) of the barrier play an important role in assist-
ing the tunneling process. This result is not yet clearly

B. Dependence of ~", on hEI,

We report, in Fig. 6, the hole-tunneling time ~, for
samples having the same thicknesses of the wide and nar-
row well, 100 and 40 A, respectively, as a function of the
normalized barrier thickness Lz, defined as

' 1/2~barrier
(V E)—

m well

where L~ is the barrier thickness, m is the effective mass
of the carrier, V is the barrier height, and E the energy of
the carrier. As a comparison, it is also reported in Fig. 6
the dependence of the electron-tunneling time on L~ for
the same set of samples.

While in the case of electrons we find an exponential
dependence of the tunneling time on L~ in agreement
with similar results from other authors, ' the
hole-tunneling time turns out to be mildly dependent on
the barrier thickness in the range 30—70 A.

We want to remark that fast hole tunneling (w, =100
ps) has also been found, by other authors, ' in samples
with near-resonant states in valence bands as in our case
(bE& --2 meV at k~~ =0), but no observation of a weak
dependence of the tunneling time on the barrier thick-
ness, to our knowledge, has been reported.

This result is quite surprising if compared with what is
found for electrons where, even in resonance conditions,
an exponential behavior of the tunneling time is mea-
sured when the barrier width is larger than 40 A. '

While it is clear that band alignment in the valence band
can originate fast hole tunneling, further investigation is
needed in order to understand the observed weak depen-
dence of the tunneling time on L~, especially when L~ is

0
as large as 70 A and no hybridization between the hole
wave functions in the two wells seems to occur. Never-
theless, due to the fast electron tunneling, the establish-
ment of a space charge and therefore a band bending
comparable with the energy separation between the hole
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levels involved in the tunneling process (a few meV) could
strongly inAuence the hole tunneling and make it easier.
Note that the opposite situation occurs in the presence of
an electronic resonance; in this case the band bending
produced by the photogenerated space charge would op-
pose an electron resonant transfer.

The hole-tunneling time ~", is reported in Fig. 7 as a
function of the energy mismatch AE& between heavy-
and light-hole states at kII =0 in the ADQW structures
investigated. A significant reduction of the hole-
tunneling time is observed as soon as the energy
mismatch between the first light-hole state LH1 in the
wide well and the first heavy-hole state HH'1 in the nar-
row well decreases to less than a few meV. Since the two
levels are decoupled at k~~ =0, the reduction in the tunnel-
ing time should be associated to a resonance induced by
band-mixing efFects at kII&0.

In Figs. 8(a) and 9(a) we show the calculated hole level
dispersion as a function of kII for the samples (88 A)/(38
A)/(45 A) and (92 A )/(38 A)/(56 A) for which short
( =60—70 ps) hole-tunneling times are observed. The cal-
culation is done using a numerical solution of the Lut-
tinger Hamiltonian based on the finite-difference
method. The dispersion of the coupled ADQW is super-
imposed onto the hole dispersions of the isolated quan-
tum wells. It can be seen that the ADQW dispersion
parallels those of the isolated quantum wells up to the
point where they come close to each other and anticross-
ing occurs. Only then the wave function of the coupled
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FIG. 9. (a) Valence-band dispersion of the ADQW (92
A)/(38 A)/(56 A) (solid line) and the isolated 92 A (dotted line)
and 56 A QW's (dashed line) as a function of the in-plane
momentum. The value k

&
for which the eigenfunctions are

shown is indicated by an arrow. (b) Eigenfunctions of the first
five ADQW states at two values of kI~', heavy-hole component,
solid line; light-hole component, dotted line. At k~~ =k&, where
anticrossing between second and third and fourth and fifth level
occurs, the eigenfunctions are extended to the whole ADQW
structure for which the potential profile is shown at the bottom.
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system becomes extended over both wells as shown in
Figs. 8(b) and 9(b). In particular, if we focus on the
second level of Fig. 8(a), which is a pure heavy-hole state
localized in the NW at kI~

=0 [see Fig 8(b)], we see how
the second level hybridizes with the level originating
from LH1 at the value of k~~ where anticrossing occurs
and eventually becomes a mixed heavy —light-hole state,
completely localized in the WW, at larger k~~'s. This im-

2

-0.06

0. 0.03-

FIG. 8. (a) Valence-band dispersion of the ADQW (88
A)/(38 A)/(45 A) (solid line) and the isolated 88 A (dotted line)
and 45 A QW's (dashed line) as a function of the in-plane
momentum. The values k&, k2 for which the eigenfunctions are
shown are indicated by an arrow. (b) Eigenfunctions of the first
three ADQW states at three values of kII,

' heavy-hole com-
ponent, solid line; light-hole component, dotted line. At
k~~ =k&, where anticrossing occurs, the second and third levels
are extended to the whole ADQW structure for which the po-
tential profile is shown at the bottom.

FIG. 10. Schematic picture of the ADQW levels (solid line)
resulting from anticrossing of levels localized in the WW
(dashed line) and NW (dotted line). A sketch of the relaxation
path to k =0 of a carrier excited into the NW at k

~~

greater than
that for which anticrossing occurs is shown. The charge is
transferred from the NW to the WW during intraband relaxa-
tion.



RESONANCE EFFECTS IN THE CARRIER-TUNNELING. . . 8879

plies that a hole created in the narrow well can be
transferred to the wide well via fast intraband relaxation
as sketched in Fig. 10. The qualitative picture presented
could account for the very different hole-tunneling times
observed for structures where anticrossing between
heavy- and light-hole states occurs or not. Furthermore
this charge-transfer mechanism should not be particular-
ly sensitive to the effect of a small band bending, which
would just shift the value of k~~ where anticrossing
occurs. We also want to remark that the minimum ob-
served in the hole-tunneling time for the sample that
shows an anticrossing at k~~ =0 agrees with the proposed
mechanism for the hole tunneling. In fact, due to the res-
onant excitation, fast transfer should be favored when hy-
dridization occurs near the I point.

We believe that our results give clear evidence of fast
tunneling due to resonant states in the valence band. The
observed reduction of the hole tunneling in presence of
resonances between heavy and light levels is in good
agreement with the calculations of Ferreira and Bas-
tard. " Moreover, from a comparison of the values of ~,
reported in Figs. 6 and 7, faster escape constants are
found for holes when anticrossing between heavy and
light levels is present. This could be explained, in agree-
ment with recent results on exciton thermalization, if
one considers tunneling processes occurring during the
thermalization path whenever a coupling between the
relevant states is possible at k~~&0 (Fig. 10). It should
also be noted that resonances associated with band mix-

ing are broader than resonances between heavy-hole
states" and, therefore, they might be easier to reach in
unbiased samples.

SUMMARY

Resonance effects in the tunneling time of the carriers
photogenerated in ADQW structures by picosecond laser
pulses have been investigated.

Referring to the electron-tunneling time, our data
show a clear resonance associated with phonon-assisted
processes at an energy comparable with the A1As-like LO
phonon, suggesting an important role played by scatter-
ing events in the barrier.

Significant shortening in the hole-tunneling time is
found both in the case of resonances between heavy-hole
states and when resonances are due to mixing between
heavy- and light-hole levels, in good agreement with re-
cent calculations of the hole-tunneling times.
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