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Lifetime of Wannier-Stark states in semiconductor superlattices under strong Zener tunneling
to above-barrier bands
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For high electric fields, the lifetime of Wannier-Stark ladder states in a periodic potential is reduced by the
fundamental process of Zener tunneling. We report on the analysis of the coherence lifetime of such states in
semiconductor superlattices by interband spectroscopy. The reduction of lifetime by strong coupling between
bands can only in the first approximation be described by the well-known Zener theory. A recently developed
theoretical model is applied to calculate directly the tunneling probability of Wannier-Stark states as a function
of the electric field. The theoretical results compare well with experiment, reproducing the complex interplay
of both nonresonant and resonant Zener tunneling to higher bands. By comparing experiment and theory for a
superlattice with a symmetric and one with a nonsymmetric potential, we can draw conclusions on a very
general basis about the sensitive dependence of Zener tunneling on the specific dispersion relation of the
carriers.
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I. INTRODUCTION

The energy spectrum of carriers in a periodic poten
under a static electric field has been an issue of intense
search due to its fundamental importance for optical a
transport properties of solids. In semiconductor superlattic1

~SSLs!, a periodic modulation of conduction- and valenc
band edges leads to an artificial periodic potential~superim-
posed on the atomic potential! for the carriers, splitting their
energy spectrum into minibands~MBs!. The design of a SSL
geometry allows one to tailor the band structure of carri
and, consequently, SSLs became a model system to inv
gate the quantum states of a periodic potential and their
namics. With the first observation of Wannier-Stark states
a SSL,2 a long-standing theoretical debate about the th
physical existence ended in 1988. Already in 1960, Wann3

had found that the energy spectrum of carriers, subject
periodic potential and an electric fieldF, consists of equally
spaced eigenvalues, the Wannier-Stark ladder~WSL!, with
an energy splitting scaling linearly with the electric fiel
However, he had already pointed out that the associa
states are metastable due to tunneling. This was empha
by Avron et al.,4 proving that the energy spectrum in gene
is continuous. Nevertheless, at low fields where the tunne
probability is low compared to other characteristic scatter
rates of the system, the problem can be well described
common approximations, e.g., by the tight-bindi
approach,5 which lead to stationary states.

Recently, key results of experiment and theory ha
shown that tunneling can play a decisive role. Based on
interaction of a finite number of bands, the signature of re
nant tunneling between discrete Wannier-Stark states
0163-1829/2003/68~12!/125301~7!/$20.00 68 1253
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been shown in experiment6–10 and was described by
theory.11–16

Recently, the signature of electrical breakdown in SS
was observed directly in the optical spectrum.17 The obser-
vations were compared to the theory by Glutsch a
Bechstedt,18 who showed numerically that at high fields th
coupling of, in principle, an infinite number of bands caus
the concept of localized WSL states to fail totally. Instead
tunneling-induced spatial delocalization of the states
observed.17 This is associated with a reduction of the cohe
ence lifetime due to an increased tunneling probability of
state. It was found that the field dependence of the lifetime
WSL states shows a complex behavior. Apart from a conti
ous decrease, oscillations are observed which can be a
uted to resonant tunneling.

In his well-known paper, Zener19 calculated the tunneling
rateg of an electron from one band through a band gap i
a second band:

g~F !5
eduFu
2p\

expS 2med~DE!2

4\2euFu
D , ~1!

with d here being the SSL period,me the effective electron
mass, andDE the band gap. This equation, referred to as
Zener equation, predicts a continuous increase of tunne
as a function of field. This effect is known asnonresonant
Zener tunneling. It cannot describe the effects ofresonant
Zener tunneling between WSL states.

So far, the relationship between nonresonant and reso
Zener tunneling for a certain band structure remained
clear. To our knowledge, Bharuchaet al.20 showed for the
first time in an alternative periodic system, atoms in an
celerating optical lattice, that the tunneling probability sho
©2003 The American Physical Society01-1
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both resonant and nonresonant features, but the effect
only measured for a very small field interval.

Here, we present a comprehensive experimental and
oretical study which investigates in a solid-state system
interplay of nonresonant and resonant Zener tunneling
theory developed by Glu¨ck et al.,21 calculates directly the
tunneling probability of the states. Second, experimental
sults of a second SSL structure are presented which sho
distinctively different dependence of the states lifetime
the electric field. Using our results we can draw basic c
clusions on how the complex behavior of Zener tunneling
defined by different band structures and will help to unt
stand the limitations of the classical Zener equation.

II. EXPERIMENT

For our study of the Zener effect, strongly coupled SS
with low barriers were used. The structures were designe
have only one electron MB energetically below the ba
edge of the barrier at zero field. Therefore, the Zener ef
observed is caused by the Zener tunneling from the low
MB into above-barrier MBs. In these shallow SSLs, tunn
ing plays a decisive role at low fields. Therefore, these str
tures have been proven to be very suitable to explore tun
ing over a wide field range. In this paper, we present res
of two SSL geometries for sampleA, a GaAs/Al0.08Ga0.92As
SSL ~well width a576 Å; barrier widthb539 Å; barrier
height for electronsHe562 meV; and barrier height fo
holesHh546 meV), and sampleB, a GaAs/Al0.11Ga0.89As
SSL (a550 Å, b554 Å, He583 meV, andHh564 meV)
structure.

Both samples consist of 35 undoped SSL periods and
ferent buffer layers to ensure a linear drop of the elec
field across the SSL. A semitransparent Schottky con
~Au/Cr! inhibits electron injection. For the transmission me
surements, the substrate was removed by wet etching.

The SSL geometry of the structures was designed~with
the help of a transfer-matrix-model! to investigate strong
coupling to above-barrier states. Both samples were inten
to have the same bandwidth of the first electron MB of ab
30 meV and the same energetic distance of the center o
first electron MB to the upper edge of the barrier of abo
30 meV. The main difference between the samples is
sampleB has a symmetric geometry, i.e., well and barrier
almost equal in width. This resembles a cosine potential
one expects small gaps between the upper MBs.38

Since the influence of tunneling on the energy spectr
~and the associated wave functions! and the lifetime of the
states of a SSL becomes obvious in the optical spectrum
the system, we measured the linear interband absorptio
the SSL as a function of the field. The sample was illum
nated by a halogen lamp and held at a temperature of 1
Due to their high effective mass, holes are already locali
at low fields and the field-dependent change of the abs
tion is defined predominantly by the electron states. The
fore, absorption measurements can be used to study e
sively that how tunneling coupling affects the electron W
states. The homogeneous linewidthG of an interband absorp
tion line is linked to the total polarization scattering rate
12530
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the transition, which is the sum of the scattering rates for
electron and a hole.

III. THEORETICAL DESCRIPTION

To theoretically describe absorptionD(v) we use a
model developed in Ref. 22. The analytic approach beh
the numerics is a specific scattering theory developed
Refs. 21,23–25. The model results in the calculation
metastable WSL states which are the complex-energy p
E5E2 iG/2 of the rigorously constructed scattering matr
Lifetime t of the states defined by their tunneling probabil
follows directly fromt51/g5\/G, which corresponds to a
line broadeningG in absorption. Since the optical spectru
is measured in the experiment, an analytic expression
found to describe the absorption spectrum in terms of re
nance WSL states.

The absorption of the SSL is dominated by the creation
electron-hole pairs~excitons! and the subsequent decay
the excitons. This can happen in two ways: a recombina
of an electron and a hole via Coulomb interaction or by
decay of the electron or hole state due to the applied field
the high-field regime, the Coulomb interaction can be n
glected and the latter process dominates the decay of
exciton state. The exciton state can then be written as

uCa,b,L&5uCb,L
e &uCa,0

h &, ~2!

whereuCb,L
e & denotes the electron state at siteL andb labels

the Bloch band. The same notation holds for the hole s
uCa,0

h & which is localized at an arbitrary SSL site. The com
plex energy of the exciton state is given byEL5Eb

e2Ea
h

1Eg1edFL2 i (Ga
h1Gb

e)/2, whereEg is the energy gap be
tween the valence and the conduction band andd is the SSL
period. Using these notations, it can be shown22 that the ab-
sorption is given by

D~v!;(
a,b

(
L

Im

3F I a,b
2 ~L !

~Eb
e2Ea

h1edFL1Eg2\v!2 i ~Gb
e1Ga

h !/2
G .

~3!

NumeratorI a,b
2 (L) can be interpreted as the transition mat

element between hole statea and electron stateb which are
L lattice periods apart. It is given by

I a,b
2 ~L !5^Ca,0

h uCb,L
e &^Cb,L

e uCa,0
h &. ~4!

Note thatuCa
h& and uCb

e& are resonance states and therefo
are the non-Hermitian eigenstates of the system. Right
left eigenstates must be distinguished. Generally, they do
coincide~cf. Ref. 26 for details!. I a,b

2 (L) depend strongly on
the site indexL and define the shape and intensity of abso
tion D(v). At F50, Eq.~3! consists of a set of sharp peak
due to the neglect of other broadening effects. In the exp
ment, forF50 kV/cm, a dominating inhomogeneous broa
ening was found by comparing the total linewidth in line
1-2



b

o
n
ou

de
f
tia
s

ta
n-

ap
a

ta
ct
he
n

ed

e

a
o

s

ts
g

e-
is

bil-
g
e.
tra
ne-

ac-
eld
e,
ne
s

eak,

c-
b
n-
the
the

fe-
and

on

ld

For
e
or-
ld
of
in

LIFETIME OF WANNIER-STARK STATES IN . . . PHYSICAL REVIEW B68, 125301 ~2003!
absorption with the homogeneous linewidth determined
degenerate four-wave-mixing experiments~not shown here!,
e.g., for sample B the inhomogeneous broadening is ab
1 meV and the total linewidth is 1.25 meV. This broade
ing, homogeneous and inhomogeneous, is taken into acc
field independently by convolutingD(v) with a Gaussian to
ensure that the width of the main peak atF50 agrees with
the experimental data. To compute the absorption depen
on the system parameters, we have to define the shape o
lattice potential. Instead of the usual squared box poten
we have to use an analytic potential since the latter show
fractal-like dependence of the decay rates of the eigens
on the field strength.22 Therefore, we use an analytic pote
tial of the following form:

V~x!5
V

2
$tanh@s~x1b/2!#2tanh@s~x2b/2!#%, ~5!

which is a smoothed square box potential of widthb and
wheres defines the smoothness of the potential. The sh
of the potential is assumed to be the same for electrons
holes and the effective masses are assumed to be cons

As an example, Fig. 1 shows calculated absorption spe
of sampleB and compares them with the experiment. T
theory calculates the energy spectrum relative to the ba
gap energy which here was added withEg(GaAs)
51.52 eV for comparison with experiment. In the plott
energy interval, the transitions from the first heavy-hole~hh!
MB to the first electron MB, i.e., thea51 to b51 transi-
tions, are shown. On the left-hand side, the theoretical sp
tra are given. ForF510 kV/cm, the WSL transitions from
the localized hole state to the delocalized electron states
seen clearly, whereas the central peak can be attributed t
direct transition froma51 to b51 within one SSL layer
(L50), i.e., the (1,1)-hh0 transition. The neighboring peak
are contributions of indirect (LÞ0) WSL transitions. ForF
520 kV/cm, the WS localization2 implies that only the
(1,1)2hh0 transition remains~only very weakL561 tran-
sitions are still seen!. In a one-band picture, which neglec
tunneling, a singleL50 peak, not changing with increasin

FIG. 1. Normalized absorption spectra of sample B forF
510,20, . . . ,70 kV/cm.~a! Theory.~b! Experiment.
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field, would be the high-field limit. Instead, the model pr
dicts a peak which for higher field broadens strongly and
red shifted. This is due to the increasing tunneling proba
ity which is calculated directly by the theory. The resultin
linewidth of the transition mirrors the reduced states lifetim

On the right-hand side of Fig. 1, the experimental spec
are plotted. Please keep in mind that theory uses a o
dimensional model and does not include Coulomb inter
tions and light holes. Nevertheless, especially for high fi
F.30 kV/cm, where tunneling plays a dominating rol
theory compares well with experiment. The predicted li
broadening of the (1,1)-hh0 transition caused by tunneling i
observed clearly. ForF.20 kV/cm, the weak absorption
peak, which is seen at the high-energy side of the main p
can be attributed to the (1,1)L50 transition of the light hole.
For 10 kV/cm, in the WSL regime, the experimental spe
trum shows the well-known features of Coulom
interaction.27–30The Coulomb interaction and the uncertai
ties concerning the effective masses of the carriers and
exact SSL potential are the reasons for the deviation of
absolute energy scale between experiment and theory.

IV. RESULTS

To monitor the field dependence of the WSL state’s li
time, we measured field-dependent absorption spectra
analyzed the linewidth of the direct interband WSL transiti
~the transition within one quantum well layer of the SSL!,
i.e., the (1,1)-hh0 WSL transition.

A. SampleA

First, let us look at sampleA. Figure 2 displays the line-
width @half-width at half maximum ~HWHM!# of the
(1,1)-hh0 WSL transition measured as a function of the fie
~these data were presented earlier31!. The absorption line of
this particular transition was fitted by a Gaussian peak.
medium fieldsF510–20 kV/cm, in the WSL regime, wher
the electron has a certain probability density in the neighb
ing wells, the linewidth stays almost constant. In this fie
region, excitonic coupling leads to the Fano broadening
the line,27 causing an asymmetric line shape. Therefore,

FIG. 2. SampleA: Linewidth G of the (1,1)-hh0 WSL transition
as a function of electric fieldF. Experiment~solid circles!, theory
~hollow squares!, and fit with Eq.~1! ~dashed line!.
1-3



by
gh
on
in

u

-
ls

rl
a
n
gs
d

i
t
n
p
th
ti
a

t
ng
o-
n
he
i

im
a
e

le
rio
h
n

ci
tr
.g

se
ht

du

th
lts
r

m
ce
,
bl
s

hes
tial

of

r
n-

ol-

ts to

e
than
m

are

r-

he
B

per-
c-
an
uld

of
a-
ich
po-
in
is

B. ROSAM et al. PHYSICAL REVIEW B 68, 125301 ~2003!
this field range the line can only be fitted approximately
the present method. However, we here concentrate on hi
fields at which the Wannier-Stark localization of the electr
wave function suppresses the Fano coupling and broaden
due to Zener tunneling starts to dominate. For fieldsF
.30 kV/cm, the linewidth increases drastically. The co
pling to states of higher bands is no longer negligible.

From the original Zener theory19 one would expect a con
tinuous increase of the linewidth. To underline this, we a
plot here the fit by the Zener equation, Eq.~1!, as in our
previous paper~cf. Fig. 2 of Ref. 31!. The fit can only de-
scribe the overall behavior. In contrast, the graph clea
shows strong oscillations which can be attributed to reson
coupling of WSL states of the first with states of the seco
electron MB. These resonances are seen as anticrossin
WSL states in the absorption spectra and will be discusse
more detail in Sec. V.

The graph also presents the results of the theory. The
terplay of the continuous increase of the linewidth due
nonresonant Zener tunneling and the peaks due to reso
Zener tunneling are reproduced effectively. To be more s
cific, the numerical data were obtained by computing
energy levels and states in the valence and the conduc
band using the method described in Refs. 33 and 32
fitting a Gaussian to the dominant peak ofD(v). Exemplary
error bars, both for experiment and theory, are plotted
account for uncertainties of the fitting. For theory, the fitti
is approximate for strong fields and in the vicinity of res
nances because the line shape becomes asymmetric. I
periment, for a strong field only the low-energy side of t
absorption can be fitted, since on the high-energy side
plane absorption and the light-hole transition are super
posed. Additionally, the strong weakening, i.e., the decre
ing oscillator strength, of the transition causes high
uncertainties.

In our theoretical description, we use scaled variab
where the dimensions are defined by setting the lattice pe
equal to 2p, the masses to one, and the potential heig
equal to two. This leads to a dimensionless scaled Pla
constant given by\s52p\/(dAVm) ~cf. Ref. 32 for de-
tails!. Using the parameters for sampleA, we get a scaled
Planck constant\s

e53.3 for the electrons and\s
h51.5 for the

holes. For these parameters, the decay rates of the ex
states are given mainly by the decay of the electron con
bution. To take into account experimental uncertainties, e
the heights of the potential barriers or the effective mas
we used a Metropolis algorithm which allows the slig
variations of the parameters\s

e , \s
h , ands to improve the

agreement between experiment and theory. This proce
led to the optimized values\s

e53.1, \s
h51.5, ands52.5.

As mentioned earlier, theory introduces a certain smoo
ing of the potential to describe the experimental resu
There is no doubt that a rectangular potential cannot be
alized in nature since the Al atoms are distributed rando
in the barrier. The effects of alloy fluctuation and interfa
roughness have been subjects of several papers, e.g.
Refs. 34–36. For future investigations, it would be desira
to measure directly the abruptness of the potential barrier
12530
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support our results. A smoothing ofs52.5 corresponds to a
deviation from rectangular potential by 3 ML~monolayers!,
i.e., the distance from the point where the potential reac
50% of the barrier height to the points where the poten
reaches 10% or 90% of the barrier height.

B. SampleB

For comparison, Fig. 3 displays the field dependence
the linewidth~HWHM! of the (1,1)-hh0 transition for sample
B. Contrary to sampleA, sampleB seems to follow the Zene
equation. Only very small oscillations due to resonant tu
neling can be found.

Theory can also reproduce this behavior in detail. By f
lowing the same procedure as for modeling sampleA, we
again get optimized values for the scaled Planck constan
fit the experiment. For sampleB, they read\s

e52.9, \s
h

51.2, ands51.3. Note that the potential obtained for th
best agreement with experiment has a larger smoothing
for sampleA, which here corresponds to a deviation fro
rectangular potential by 5 ML~see discussion in Sec. IV A!.
Using these values, we arrive at the linewidths which
shown in Fig. 3 in comparison to the experimental data.

The linewidth follows Zener’s theory, with only a ma
ginal structure superimposed. Therefore, we use Eq.~1! to fit
the experimental data of sampleB in Fig. 3. To account for
the linewidth atF50 a constant was added. From the fit, t
band gapE12 between the first and the second electron M
can be extracted. We getE12551 meV which is in reason-
able agreement with the band gap obtained from the dis
sion relation, which will be presented in the following se
tion. In principle, it is surprising that the Zener equation c
fit the behavior well since this semiclassical theory sho
fail for high field.

V. DISCUSSION

To discuss the physics behind the different behavior
samplesA and B, let us have a look at the dispersion rel
tions of both potential geometries in the field-free case wh
are displayed in Fig. 4. These were calculated with the
tentials used for modeling the linewidth. The ma
difference—besides the widths of the individual bands—

FIG. 3. SampleB: Linewidth G of the (1,1)-hh0 WSL transition
as a function of electric fieldF. Experiment~solid circles!, theory
~hollow squares!, and fit with Eq.~1! ~dashed line!.
1-4
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LIFETIME OF WANNIER-STARK STATES IN . . . PHYSICAL REVIEW B68, 125301 ~2003!
given by the size of the gaps. SampleB has an approximately
symmetric potential (a'b), leading to a dominant first co
efficient in the potential’s Fourier expansion. Therefo
higher Fourier coefficients are small, leading to small hig
gaps.38 Here, we compare the first two gapsE12 and E23
which influence mainly the Zener effect, since the size
higher gaps becomes very small. These are equal toE12
531/44 meV andE23517/7 meV for sampleA/B. In com-
parison to sampleA, the gap between the first and the seco
MB is larger for sampleB and the gap to the third MB is
much smaller. These are the reasons that on one hand
overall coupling~between the lowest electron WSL state a
higher states! is weaker for sampleB mainly due to the large
first gap. On the other hand, the small second band gap
sampleB leads to strong coupling between the above-bar
bands which inhibits resonant tunneling.

This is also illustrated in Fig. 5 where the calculated fie
dependent tunneling rates, the imaginary part of the ene

FIG. 4. Dispersion relation of the SSL minibands of the elect
for sampleA ~left! and sampleB ~right!.

FIG. 5. Dependence of the imaginary parts of the three m
stable electron MB energy levels on the inverse field strength
sampleA ~left! and sampleB ~right!. For sampleB, the excited
states can no longer be distinguished and act as a quasicontin
for the ground state.
12530
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of the three most stable conduction band-energy levels
compared. For sampleB, the first state is well separated from
the others, whereas the two higher states are nearly indi
guishable. In comparison, for sampleA, the plot shows
clearly tunneling resonances as peaks of the first state’s
cay rate. Contrary to sampleB, the two above-barrier state
can be resolved.

A look at the optical spectra provides a possibility to ha
a more comprehensive point of view on how the single W
transitions evolve and how they are affected by tunneli
Here, the so-called Wannier-Stark fan diagrams for b
structures are compared. The gray scale map plots absor
spectra along the energy axis as a function of the field.
the experimental plot, three separate measurements in t
energy intervals were merged; whereas, the spectra, s
rately for each interval, had to be corrected for the spec
response of the experimental apparatus and differenti
along the energy axis to make weak transitions visib
Therefore, one has to keep in mind that the intensities of
transitions in the different energy intervals cannot be direc
compared. For comparison, theory also plots the deriva
]D/]v.

Figure 6 presents experiment and theory for sampleA.
The low-energy part of the experimental plot was alrea
presented in Ref. 17, but the extended energy scale, how
will provide a better understanding. Let us first look at t
theory showing the main features more clearly, since it d
not include excitons, light-hole transitions, and is devoid

n

st
r

um

FIG. 6. Wannier-Stark fan for sampleA: The figure shows the
absorption dependent on the field strengthF and the photon energy
hn. Theory~top!. The numbers in brackets (a,b) label the fans of
WSL transitions between the hole MBa and the electron MBb.
Theory considers a GaAs-band-gap energy of 1.52 eV. Experim
~bottom!.
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noise. Two prominent fanlike structures can be identifi
The lower, more prominent fan corresponds to the transi
between the most stable states, the first electron and the
hole MB, a51→b51. The central branch of this fan ca
be associated directly with the (1,1)-hh0 transition. The
neighboring branches correspond to transitions withL5
61, L562, etc. Following the central branch, gaps a
observed where resonant tunneling occurs, marking a
crossings. These can be explained as resonant interac
with states of the second electron MB, which originate fro
a Wannier-Stark fan centered at an energy of about 1.66
This fan corresponds to transitions of the second hole MB
the second electron MB,a52→b52. Energetically, in be-
tween these two fans we see the remnants of the trans
a52→b51 which is weakly allowed.

These structures can also be found in the experime
graph. Besides, Coulomb interaction leads to known featu
of an excitonic WSL,28–30 which will not be discussed here
Additionally, light-hole transitions are observed. For lig
holes the same transitions as for heavy holes are expe
but slightly blue shifted and weaker in strength. The m
clearly seen light-hole feature is the doublet of the (1
2(L50) transition. The WSL states of the (1,1) transitio
fan out until, due to the Wannier-Stark localization,2 the off-
diagonal WSL transitions vanish. As discussed in Sec.
contrary to one-band pictures, it is clearly seen that the tr
sitions further change for increasing field strength. Follow
the (1,1)-hh0 transition, the effect of nonresonant Zener tu
neling increases, which is observed as red shift and cons
tive weakening of the transition until it vanishes complete
for higher fields. As described above, the (1,1)-hh0 transition
also shows tunneling resonances which are seen as os
tions superimposed on the linewidth of sampleA, in Fig. 2.
These are points of resonant coupling to states of the se
electron MB which is above the barrier. The experiment a
shows a WSL fan originating from the second electron M
as it was predicted by theory. To our knowledge, this is
first time that WS localization of unconfined states is o
served experimentally. In other words, this verifies that
second band gapE23 suppresses the tunneling to the thi
MB, at least for low fields, strong enough to lead to a spa
localization.

For sampleB, the lack of interaction of the first electro
MB states with higher bands and the strong interaction
tween the above-barrier bands is mirrored clearly in
Wannier-Stark fan shown in Fig. 7. First, the hh0 branch of
the a51→b51 fan does not exhibit the broken feath
structure of its counterpart in sampleA. In fact, the lack of
anticrossings in the spectrum in case of coupling to wea
bound states was discussed by Wagneret al.37 and is ob-
served here. Second, in comparison to Fig. 6, it is seen
the weaker fan corresponding to the transitiona52→b
52 is almost absent. Remnants of the fana52→b51,
which do not affect the main structure, are still visible. Bo
experiment and theory, demonstrate that the small sec
band gapE23 for sampleB inhibits the spatial localization o
the above-barrier states leading to the lack of resonant Z
tunneling.

Let us briefly discuss in rather general terms why
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Zener equation does not describe the admixture of reso
tunneling as observed. Zener19 only treats the probability of
quantum-mechanical tunneling into the next band for carr
at the edge Bloch-state of the Brillouin zone. The tunnel
rate follows from the knowledge that the carriers reach
Brillouin-zone edge once per Bloch-oscillation cycle. In h
theory, the carriers tunnel virtually into a continuum of sta
because Wannier-Stark localization is not considered. Ad
tionally, only one Bloch-oscillation period is considered, n
glecting any correlations between successive Blo
oscillation cycles. These assumptions are justified in case
states of the upper band themselves have a very small
time due to strong tunneling to higher bands. In other wor
this holds if the second band in which the carriers tunne
empty and the states are weakly bound. In time domain,
can argue that in case of a considerably large second b
gap, the intraband coherence time of the carriers in the
ond band increases. If the coherence time reaches the r
of a few Bloch-oscillation cycles, the assumptions of Zen
are not valid anymore and in return the effect of reson
tunneling is observed.

VI. CONCLUSIONS

In this paper, we have analyzed the linewidth of WS
transitions in absorption which mirrors the coherence li
time of the contributing states. It was shown that already
a moderate-field strength, Zener tunneling of the elect
WSL state is the dominant line-broadening mechanis

FIG. 7. Wannier-Stark fan for sampleB: The figure shows the
absorption dependent on the field strengthF and the photon energy
hn. Theory~top!. The numbers in brackets (a,b) label the fans of
WSL transitions between the hole MBa and the electron MBb.
Theory considers a GaAs-band-gap energy of 1.52 eV. Experim
~bottom!.
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LIFETIME OF WANNIER-STARK STATES IN . . . PHYSICAL REVIEW B68, 125301 ~2003!
Therefore, the linewidth was taken as a measure for the
neling probability of the electron WSL state which could
reasonably well modeled by theory. An interplay of nonre
nant and resonant Zener tunneling was observed by inv
gating two different superlattice structures: a nonsymme
structure which strongly deviates from the Zener theory
large modulations due to resonant tunneling and a ne
symmetric superlattice which follows Zener’s prediction. W
have shown that the different tunneling behavior is de
mined by the dispersion relation of the structures. Here,
main influence comes from the different band gaps of
system. In the first case, sampleA, a larger second energ
gap which separates the second and the third band ham
their coupling by tunneling, which leads to spatial localiz
tion of the unconfined states of the second MB~which is
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