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Lifetime of Wannier-Stark states in semiconductor superlattices under strong Zener tunneling
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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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. INTRODUCTION been shown in experiméht® and was described by
theory!!-16

The energy spectrum of carriers in a periodic potential Recently, the signature of electrical breakdown in SSLs
under a static electric field has been an issue of intense r&vas observed directly in the optical spectrifithe obser-
search due to its fundamental importance for optical and/ations were compared to the theory by Glutsch and
transport properties of solids. In semiconductor superlatticeddechstedt’ who showed numerically that at high fields the
(SSL9, a periodic modulation of conduction- and valence-coupling of, in principle, an infinite number of bands causes
band edges leads to an artificial periodic poter{saperim-  the concept of localized WSL states to fail totally. Instead, a
posed on the atomic potentidor the carriers, spliting their tunneling-induced spatial delocalization of the states is

energy spectrum into minibandsIBs). The design of a SSL observed’ This is associated with a reduction of the coher-
j ierEnce lifetime due to an increased tunneling probability of the

and, consequently, SSLs became a model system to inves tate. It was found that the field dependence of the lifetime of

gate the quantum states of a periodic potential and their dy- SL states shows a complex behavior. Apart from a continu-

. ) . . ; ’ous decrease, oscillations are observed which can be attrib-
namics. With the first observation of Wannier-Stark states iN\ted to resonant tunneling

2 . .
a SSL; a long-standing theoretical debate about the their In his well-known paper, Zen&tcalculated the tunneling

physical existence ended in 1988. Already in 1960, Waﬁnierratey of an electron from one band through a band gap into
had found that the energy spectrum of carriers, subject t0 8 second band:

periodic potential and an electric fiek| consists of equally

spaced eigenvalues, the Wannier-Stark ladé6L), with edF| —med(AE)?2
an energy splitting scaling linearly with the electric field. y(F)= 2k ex >
However, he had already pointed out that the associated 4h”e|F|

states are metastable due to tunneling. This was emphasiz@gth d here being the SSL periody, the effective electron
by Avron et al,* proving that the energy spectrum in generalmass, and\E the band gap. This equation, referred to as the
is continuous. Nevertheless, at low fields where the tunnelingener equation, predicts a continuous increase of tunneling
probability is low compared to other characteristic scatteringas a function of field. This effect is known a®nresonant
rates of the system, the problem can be well described b¥ener tunneling. It cannot describe the effectsredonant
common approximations, e.g., by the tight-binding Zener tunneling between WSL states.
approacht, which lead to stationary states. So far, the relationship between nonresonant and resonant
Recently, key results of experiment and theory haveZener tunneling for a certain band structure remained un-
shown that tunneling can play a decisive role. Based on thelear. To our knowledge, Bhaructet al?° showed for the
interaction of a finite number of bands, the signature of resofirst time in an alternative periodic system, atoms in an ac-
nant tunneling between discrete Wannier-Stark states haselerating optical lattice, that the tunneling probability shows

()
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both resonant and nonresonant features, but the effect walse transition, which is the sum of the scattering rates for an

only measured for a very small field interval. electron and a hole.
Here, we present a comprehensive experimental and the-
oretical study which investigates in a solid-state system the Il. THEORETICAL DESCRIPTION

interplay of nonresonant and resonant Zener tunneling. A

theory developed by Guk et al,?! calculates directly the ~ To theoretically describe absorptiod(w) we use a
tunneling probability of the states. Second, experimental remodel developed in Ref. 22. The analytic approach behind
sults of a second SSL structure are presented which showthe numerics is a specific scattering theory developed in
distinctively different dependence of the states lifetime onRefs. 21,23-25. The model results in the calculation of
the electric field. Using our results we can draw basic conmetastable WSL states which are the complex-energy poles
clusions on how the complex behavior of Zener tunneling is=E—iI'/2 of the rigorously constructed scattering matrix.
defined by different band structures and will help to unter-Lifetime 7 of the states defined by their tunneling probability

stand the limitations of the classical Zener equation. follows directly fromr=1/y=#4/1", which corresponds to a
line broadenindg” in absorption. Since the optical spectrum

is measured in the experiment, an analytic expression was
IIl. EXPERIMENT found to describe the absorption spectrum in terms of reso-

For our study of the Zener effect, strongly coupled SSLgh@nce WSL states. _ _ _
with low barriers were used. The structures were designed to_ 1€ absorption of the SSL is dominated by the creation of

have only one electron MB energetically below the band€l€ctron-hole pairdexcitons and the subsequent decay of

edge of the barrier at zero field. Therefore, the Zener effeci!® €xcitons. This can happen in two ways: a recombination

observed is caused by the Zener tunneling from the lowe}f @n electron and a hole via Coulomb interaction or by a

MB into above-barrier MBs. In these shallow SSLs, tunnel-d€cay of the electron or hole state due to the applied field. In

ing plays a decisive role at low fields. Therefore, these structh® high-field regime, the Coulomb interaction can be ne-

tures have been proven to be very suitable to explore tunnefllécted and the latter process dominates the decay of the

ing over a wide field range. In this paper, we present result§XCiton state. The exciton state can then be written as

of two SSL geometries for sample a GaAs/A)) ¢dGa 9AS e h

SSL (well width a=76 A; barrier widthb=39 A; barrier Wap )=V Va0 @

height for electronsH.=62 meV; and barrier height for where|¥¢ ) denotes the electron state at ditand3 labels

holesH, =46 meV), and sampl®, a GaAs/Ab1:GasAS  the Bloch band. The same notation holds for the hole state

StSL t(a=50 A, b=54 A, H,=83 meV, andH,=64 meV) | yh  which is localized at an arbitrary SSL site. The com-

structure. _ _ _plex energy of the exciton state is given By=E$—E"

fergr?:hbi?fg]rp:gs consist of 35 und_oped SSL periods and d.'é)t EytedFL—i (FZ+ rg)/z, whereEg is the energygap be-
yers to ensure a linear drop of the electri ween the valence and the conduction band éiglthe SSL

field across the SSL. A semitransparent Schottky Coma%eriod Using these notations, it can be shéfthat the ab-

(Au/Cr) inhibits electron injection. For the transmission mea_sorptidn is given by '

surements, the substrate was removed by wet etching.

The SSL geometry of the structures was desig(veith
the help of a transfer-matrix-modeto investigate strong D(w)~2 E Im

coupling to above-barrier states. Both samples were intended ap L

to have the same bandwidth of the first electron MB of about 12 (L)

30 meV and the same energetic distance of the center of the % @B .
first electron MB to the upper edge of the barrier of about (E%—E2+ edFL+ Eg—hw)—i(l“ng 1“2)/2

30 meV. The main difference between the samples is that 3)

sampleB has a symmetric geometry, i.e., well and barrier are

almost equal in width. This resembles a cosine potential an®jumerator i,ﬁ(l-) can be interpreted as the transition matrix

one expects small gaps between the upper fBs. element between hole stateand electron stat@ which are
Since the influence of tunneling on the energy spectrum_ |attice periods apart. It is given by

(and the associated wave functiprad the lifetime of the

states of a SSL becomes obvio_us in fthe optical spectrl_Jm of |in(L)=<qf‘;’o|\p%’L><qf%’L|qf2]0>, (4)

the system, we measured the linear interband absorption of

the SSL as a function of the field. The sample was illumi-Note that|W!) and|¥%) are resonance states and therefore

nated by a halogen lamp and held at a temperature of 10 Kare the non-Hermitian eigenstates of the system. Right and

Due to their high effective mass, holes are already localizedeft eigenstates must be distinguished. Generally, they do not

at low fields and the field-dependent change of the absorpsoincide(cf. Ref. 26 for details Iiyﬁ(L) depend strongly on

tion is defined predominantly by the electron states. Therethe site indexX. and define the shape and intensity of absorp-

fore, absorption measurements can be used to study excltion D(w). At F=0, Eq.(3) consists of a set of sharp peaks

sively that how tunneling coupling affects the electron WSLdue to the neglect of other broadening effects. In the experi-

states. The homogeneous linewidittof an interband absorp- ment, forF=0 kV/cm, a dominating inhomogeneous broad-

tion line is linked to the total polarization scattering rate of ening was found by comparing the total linewidth in linear
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FIG. 1. Normalized absorption spectra of sample B for
=10,2Q...,70 kV/Cm_(a) Theory. (b) Experiment_ fleld, would be the hlgh-f|6|d limit. |nstead, the model pre-
dicts a peak which for higher field broadens strongly and is
absorption with the homogeneous linewidth determined byed shifted. This is due to the increasing tunneling probabil-
degenerate four-wave-mixing experimefnst shown herg ity which is calculated directly by the theory. The resulting
e.g., for sample B the inhomogeneous broadening is abolinewidth of the transition mirrors the reduced states lifetime.
1 meV and the total linewidth is 1.25 meV. This broaden- On the right-hand side of Fig. 1, the experimental spectra
ing, homogeneous and inhomogeneous, is taken into accouate plotted. Please keep in mind that theory uses a one-
field independently by convolutind (w) with a Gaussian to  dimensional model and does not include Coulomb interac-
ensure that the width of the main peakFat 0 agrees with  tions and light holes. Nevertheless, especially for high field
the experimental data. To compute the absorption dependeRt>30 kV/cm, where tunneling plays a dominating role,
on the system parameters, we have to define the shape of ttieeory compares well with experiment. The predicted line
lattice potential. Instead of the usual squared box potentiahroadening of the (1,1)-Rhransition caused by tunneling is
we have to use an analytic potential since the latter shows @bserved clearly. FoF>20 kV/cm, the weak absorption
fractal-like dependence of the decay rates of the eigenstatgeak, which is seen at the high-energy side of the main peak,
on the field strength? Therefore, we use an analytic poten- can be attributed to the (1,130 transition of the light hole.
tial of the following form: For 10 kV/cm, in the WSL regime, the experimental spec-
trum shows the well-known features of Coulomb
interaction’*°The Coulomb interaction and the uncertain-
ties concerning the effective masses of the carriers and the
exact SSL potential are the reasons for the deviation of the
gbsolute energy scale between experiment and theory.

V(X)= ;{tanr[a(er b/2)]—tan o(x—b/2)]}, (5)

which is a smoothed square box potential of widittand

where o defines the smoothness of the potential. The shap

of the potential is assumed to be the same for electrons and

holes and the effective masses are assumed to be constant. IV. RESULTS
As an example, Fig. 1 shows calculated absorption spectra

of sampleB and compares them with the experiment. The

theory calculates the energy spectrum relative to the bandy, /4 the linewidth of the direct interband WSL transition

gap energy which here was added witBy(GaAs) (e transition within one quantum well layer of the SSL
=1.52 eV for comparison with experiment. In the pIottedi_e_ the (1,1)-hh WSL transition.

energy interval, the transitions from the first heavy-haile)

MB to the first electron MB, i.e., thee=1 to =1 transi-

tions, are shown. On the left-hand side, the theoretical spec- A. Sample A

tra are given. FoF =10 kV/cm, the WSL transitions from First, let us look at sampl&. Figure 2 displays the line-
the localized hole state to the delocalized electron states aggidth [half-width at half maximum (HWHM)] of the
seen clearly, whereas the central peak can be attributed to tiie¢,1)-hh, WSL transition measured as a function of the field
direct transition froma=1 to B=1 within one SSL layer (these data were presented eatfierThe absorption line of
(L=0), i.e, the (1,1)-hftransition. The neighboring peaks this particular transition was fitted by a Gaussian peak. For
are contributions of indirectl(+ 0) WSL transitions. FoF medium fields==10-20 kV/cm, in the WSL regime, where
=20 kV/cm, the WS localizatich implies that only the the electron has a certain probability density in the neighbor-
(1,1)— hhy transition remaingonly very weakL=*1 tran-  ing wells, the linewidth stays almost constant. In this field
sitions are still seenIn a one-band picture, which neglects region, excitonic coupling leads to the Fano broadening of
tunneling, a singld. =0 peak, not changing with increasing the line?’ causing an asymmetric line shape. Therefore, in

To monitor the field dependence of the WSL state’s life-
ime, we measured field-dependent absorption spectra and
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this field range the line can only be fitted approximately by g
the present method. However, we here concentrate on higher ﬁ"
fields at which the Wannier-Stark localization of the electron & i

[3)]

H

wave function suppresses the Fano coupling and broadening,
due to Zener tunneling starts to dominate. For fiekds
>30 kV/cm, the linewidth increases drastically. The cou-
pling to states of higher bands is no longer negligible.

From the original Zener theolYone would expect a con-
tinuous increase of the linewidth. To underline this, we also
plot here the fit by the Zener equation, E4), as in our
previous papefcf. Fig. 2 of Ref. 3). The fit can only de-
scribe the overall behavior. In contrast, the graph clearly
shows strong oscillations which can be attributed to resonant FIG. 3. SampleB: Linewidth " of the (1,1)-hly WSL transition
coupling of WSL states of the first with states of the seconcdas a function of electric fieldf. Experiment(solid circles, theory
electron MB. These resonances are seen as anticrossings(béllow squares and fit with Eq.(1) (dashed ling
WSL states in the absorption spectra and will be discussed in
more detail in Sec. V. support our results. A smoothing ef=2.5 corresponds to a

The graph also presents the results of the theory. The irfléviation from rectangular potential by 3 Mimonolayers
terplay of the continuous increase of the linewidth due td-€-, the distance from the point where the potential reaches
nonresonant Zener tunneling and the peaks due to resonap@? Of the barrier height to the points where the potential
Zener tunneling are reproduced effectively. To be more spei®aches 10% or 90% of the barrier height.
cific, the numerical data were obtained by computing the
energy levels and states in the valence and the conduction B. SampleB
band using the method described in Refs. 33 and 32 and For comparison, Fig. 3 displays the field dependence of
fitting a Gaussian to the dominant peakifw). Exemplary  the linewidth(HWHM) of the (1,1)-hf transition for sample
error bars, both for experiment and theory, are plotted g3, contrary to samplé, sampleB seems to follow the Zener
account for uncertainties of the fitting. For theory, the fitting equation. Only very small oscillations due to resonant tun-
is approximate for strong fields and in the vicinity of reso-peling can be found.
nances because the line shape becomes asymmetric. In €x-Theory can also reproduce this behavior in detail. By fol-
periment, for a strong field only the low-energy side of thejg\ing the same procedure as for modeling samilave

absorption can be fitted, since on the high-energy side inagain get optimized values for the scaled Planck constants to
plane absorption and the light-hole transition are superimsii the experiment. For samplB, they read#®=2.9 zh

- T . : =29, fig
posed. Additionally, the strong weakening, i.e., the decreas-. 1.2, ando=1.3. Note that the potential obtained for the

ing oscillator strength, of the transition causes highefyegt 4greement with experiment has a larger smoothing than
uncertainties. for sampleA, which here corresponds to a deviation from

In our theoretical description, we use scaled variables ctangular potential by 5 M(see discussion in Sec. IV)A
where the dimensions are defined by setting the lattice perio sing these values, we arrive at the linewidths Which are

equal to 2r, the masses to one, and the potential heightg o in Fig. 3 in comparison to the experimental data.
equal to two. This leads to a dimensionless scaled Planck Tha inewidth follows Zener’s theory, with only a mar-
constant given by s=2mh/(dVVm) (cf. Ref. 32 for de- ginal structure superimposed. Therefore, we use(Bdo fit
tails). Using the parameters for sample we get a scaled {he experimental data of sampiiein Fig. 3. To account for
Planck constar=3.3 for the electrons ant=1.5for the  the linewidth atF =0 a constant was added. From the fit, the
holes. For these parameters, the decay rates of the excit@ng gapE,, between the first and the second electron MB
states are given mainly by the decay of the electron contrican be extracted. We g&;,=51 meV which is in reason-
bution. To take into account experimental uncertainties, e.ggple agreement with the band gap obtained from the disper-
the heights of the potential barriers or the effective massesjon relation, which will be presented in the following sec-
we used a Metropolis algorithm which allows the slight tion, |n principle, it is surprising that the Zener equation can
variations of the parametefef, %, ando to improve the it the behavior well since this semiclassical theory should
agreement between experiment and theory. This procedusgil for high field.
led to the optimized valuesS=3.1, A"=1.5, ando=2.5.

As mentioned earlier, theory introduces a certain smooth- V. DISCUSSION
ing of the potential to describe the experimental results.
There is no doubt that a rectangular potential cannot be re- To discuss the physics behind the different behavior of
alized in nature since the Al atoms are distributed randomlysamplesA and B, let us have a look at the dispersion rela-
in the barrier. The effects of alloy fluctuation and interfacetions of both potential geometries in the field-free case which
roughness have been subjects of several papers, e.g., s&e displayed in Fig. 4. These were calculated with the po-
Refs. 34—36. For future investigations, it would be desirablgentials used for modeling the linewidth. The main
to measure directly the abruptness of the potential barriers tdifference—besides the widths of the individual bands—is

N
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FIG. 4. Dispersion relation of the SSL minibands of the electron
for sampleA (left) and sampleB (right).

Photon Energy [eV]

given by the size of the gaps. Sam@iéas an approximately
symmetric potential §~Db), leading to a dominant first co-
efficient in the potential’s Fourier expansion. Therefore,
higher Fourier coefficients are small, leading to small higher
gaps®® Here, we compare the first two gajis, and E,; 20
which influence mainly the Zener effect, since the size of

higher gaps becomes very small. These are equat,fo FIG. 6. Wannier-Stark fan for sampk The figure shows the
=31/44 meV ande;;=17/7 meV for samplé\/B. In com-  apsorption dependent on the field strengtand the photon energy
parison to samplé, the gap between the first and the seconch,,. Theory(top). The numbers in bracketsy(B) label the fans of

MB is larger for sampleB and the gap to the third MB is wsL transitions between the hole MB and the electron MBS.
much smaller. These are the reasons that on one hand th@eory considers a GaAs-band-gap energy of 1.52 eV. Experiment
overall coupling(between the lowest electron WSL state and(bottom.

higher statesis weaker for sampl& mainly due to the large
first gap. On the other hand, the small second band gap for

sampleB leads to strong coupling between the above-barriel” f the three most stable conduction band-energy levels are

bands which inhibits resonant tunneling. fr? mp{';red. F%r sampi, tr;e fw;t sr:ate Its ;Ne” separat;ad_frgn;.
This is also illustrated in Fig. 5 where the calculated field- € ohers, whereas the two higher states are nearly indistin-

dependent tunneling rates, the imaginary part of the energ@tishable. In comparison, for sample the plot shows
clearly tunneling resonances as peaks of the first state’s de-
cay rate. Contrary to sampk the two above-barrier states
can be resolved.

2 . A look at the optical spectra provides a possibility to have

a more comprehensive point of view on how the single WSL
transitions evolve and how they are affected by tunneling.
Here, the so-called Wannier-Stark fan diagrams for both
structures are compared. The gray scale map plots absorption
spectra along the energy axis as a function of the field. For
the experimental plot, three separate measurements in three
energy intervals were merged; whereas, the spectra, sepa-
rately for each interval, had to be corrected for the spectral
response of the experimental apparatus and differentiated
along the energy axis to make weak transitions visible.
Therefore, one has to keep in mind that the intensities of the
transitions in the different energy intervals cannot be directly
compared. For comparison, theory also plots the derivative
dD/dw.

Figure 6 presents experiment and theory for saniple
FIG. 5. Dependence of the imaginary parts of the three most Ne low-energy part of the experimental plot was already
stable electron MB energy levels on the inverse field strength foPresented in Ref. 17, but the extended energy scale, however,
sampleA (left) and sampleB (right). For sampleB, the excited  Will provide a better understanding. Let us first look at the
states can no longer be distinguished and act as a quasicontinudfieory showing the main features more clearly, since it does
for the ground state. not include excitons, light-hole transitions, and is devoid of
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noise. Two prominent fanlike structures can be identified.
The lower, more prominent fan corresponds to the transition
between the most stable states, the first electron and the first
hole MB, «=1—B=1. The central branch of this fan can
be associated directly with the (1,1)glransition. The
neighboring branches correspond to transitions with

+1, L==2, etc. Following the central branch, gaps are
observed where resonant tunneling occurs, marking anti-
crossings. These can be explained as resonant interactions
with states of the second electron MB, which originate from
a Wannier-Stark fan centered at an energy of about 1.66 eV.
This fan corresponds to transitions of the second hole MB to
the second electron MBy=2— 3=2. Energetically, in be-
tween these two fans we see the remnants of the transition
a=2— =1 which is weakly allowed.

These structures can also be found in the experimental
graph. Besides, Coulomb interaction leads to known features
of an excitonic WSL28~*°which will not be discussed here.
Additionally, light-hole transitions are observed. For light
holes the same transitions as for heavy holes are expected,
but slightly blue shifted and weaker in strength. The most

Photon Energy [eV]

Photon Energy [eV]

clearly seen light-hole feature is the doublet of the (1,1) 20 F[lecm]40 60
—(L=0) transition. The WSL states of the (1,1) transitions
fan out until, due to the Wannier-Stark localizatiothe off- FIG. 7. Wannier-Stark fan for sampR The figure shows the

diagonal WSL transitions vanish. As discussed in Sec. lllabsorption dependent on the field strengtand the photon energy
contrary to one-band pictures, it is clearly seen that the tranhv. Theory(top). The numbers in bracketse(B) label the fans of
sitions further change for increasing field strength. FollowingWSL transitions between the hole M& and the electron MES.
the (1,1)-hj transition, the effect of nonresonant Zener tun-Theory considers a GaAs-band-gap energy of 1.52 eV. Experiment
neling increases, which is observed as red shift and consec(pottom.
tive weakening of the transition until it vanishes completely
for higher fields. As described above, the (1,1)ttansition ~ Zener equation does not describe the admixture of resonant
also shows tunneling resonances which are seen as oscilltunneling as observed. Zenonly treats the probability of
tions superimposed on the linewidth of samplein Fig. 2.  quantum-mechanical tunneling into the next band for carriers
These are points of resonant coupling to states of the secorad the edge Bloch-state of the Brillouin zone. The tunneling
electron MB which is above the barrier. The experiment alsgate follows from the knowledge that the carriers reach the
shows a WSL fan originating from the second electron MBBrillouin-zone edge once per Bloch-oscillation cycle. In his
as it was predicted by theory. To our knowledge, this is theheory, the carriers tunnel virtually into a continuum of states
first time that WS localization of unconfined states is ob-because Wannier-Stark localization is not considered. Addi-
served experimentally. In other words, this verifies that thetionally, only one Bloch-oscillation period is considered, ne-
second band gaf,; suppresses the tunneling to the third glecting any correlations between successive Bloch-
MB, at least for low fields, strong enough to lead to a spatiabscillation cycles. These assumptions are justified in case the
localization. states of the upper band themselves have a very small life-
For sampleB, the lack of interaction of the first electron time due to strong tunneling to higher bands. In other words,
MB states with higher bands and the strong interaction bethis holds if the second band in which the carriers tunnel is
tween the above-barrier bands is mirrored clearly in theempty and the states are weakly bound. In time domain, one
Wannier-Stark fan shown in Fig. 7. First, thegHbranch of ~can argue that in case of a considerably large second band
the a=1—pB=1 fan does not exhibit the broken feather gap, the intraband coherence time of the carriers in the sec-
structure of its counterpart in sampfe In fact, the lack of ond band increases. If the coherence time reaches the range
anticrossings in the spectrum in case of coupling to weaklyf a few Bloch-oscillation cycles, the assumptions of Zener
bound states was discussed by Wageeal3’ and is ob- are not valid anymore and in return the effect of resonant
served here. Second, in comparison to Fig. 6, it is seen thatinneling is observed.
the weaker fan corresponding to the transitian-2— B
=2 is almost absent. Remnants of the farr2—8=1,
which do not affect the main structure, are still visible. Both,
experiment and theory, demonstrate that the small second In this paper, we have analyzed the linewidth of WSL
band gafE,; for sampleB inhibits the spatial localization of transitions in absorption which mirrors the coherence life-
the above-barrier states leading to the lack of resonant Zenéime of the contributing states. It was shown that already for
tunneling. a moderate-field strength, Zener tunneling of the electron
Let us briefly discuss in rather general terms why theWSL state is the dominant line-broadening mechanism.

VI. CONCLUSIONS
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Therefore, the linewidth was taken as a measure for the turenergetically above the barrjeand the signature of resonant
neling probability of the electron WSL state which could beZener tunneling. In the second example, samplethe
reasonably well modeled by theory. An interplay of nonreso-above-barrier bands couple strongly and act as a quasicon-
nant and resonant Zener tunneling was observed by investinuum for the states of the first band, meeting the assump-

gating two different superlattice structures: a nonsymmetrigion of the Zener equation that carriers tunnel into weakly
structure which strongly deviates from the Zener theory byhound states.

large modulations due to resonant tunneling and a nearly
symmetric superlattice which follows Zener’s prediction. We
have shown that the different tunneling behavior is deter-
mined by the dispersion relation of the structures. Here, the
main influence comes from the different band gaps of the We thank Stefan Glutsch, Andrey Kolovsky, Dirk
system. In the first case, sampd a larger second energy Meinhold, and Vadim Lyssenko for helpful discussions.
gap which separates the second and the third band hampaie acknowledge the financial support by Deutsche
their coupling by tunneling, which leads to spatial localiza-Forschungsgemeinschdférants Nos. Ko 686/6, Le 747/11
tion of the unconfined states of the second Nighich is  and the Leibniz Prejs
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