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Zener tunneling in superlattices in a magnetic field

D. Meinhold and K. Leo
Technische UniversiteDresden, Institut fuAngewandte Photophysik, 01062 Dresden, Germany

N. A. Fromer and D. S. Chemla
Department of Physics, University of California at Berkeley, Berkeley, California 94720
and Materials Sciences Division, E. O. Lawrence Berkeley National Laboratory, Berkeley, California 94720

S. Glutsch and F. Bechstedt
Friedrich-Schiller-Universita Jena, Institut fu Festkapertheorie und Theoretische Optik, Max-Wien-Platz 1, 07743 Jena, Germany

K. Kohler
Fraunhofer-Institut fu Angewandte Festkperphysik, 79108 Freiburg, Germany
(Received 15 October 2001; revised manuscript received 14 January 2002; published 15 April 2002

We present a study of the Zener effect in the optical absorption of strongly coupled superlattices with both
a magnetic and an electric field in growth direction. The in-plane continuum of electron states is discretized
due to Landau quantization, which allows to directly observe the transition from discrete to continuum states
due to Zener tunneling in a true 1D system.
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Superlattices are artificial semiconductors where the periwas present for low electric fields; for higher fields, the wave
odic modulation of conduction and valence band in one spafunction began to localize within one well and the ladder
tial direction (usually chosen as thedirection leads to pe- disappears from the optical spectrum. For samples with
riodic potentials for the electrons and holes, similar to BlochStrong coupling, neither the electronic spectrum nor the
electrons in natural crystatsin contrast to natural crystals, transport properties have been explored experimentally. This

s : : is surprising since the coupling to higher bands leads to Ze-
properties like the potential depth and the coupling betweetlrf‘er tunneling predicted long agb.

the wells can be anUSted by growih and material parameters. Recently, we have presented studies of the continuous na-
Furthermore, the time, space, and energy scales of superlgfjre of the spectrum in strongly coupled shallow superlat-
tice excitations are mesoscopic making many phenomengees, where only the first miniband is within the potential
(that would require extreme conditions in crysjatsadily  wells1213 Here, the transition from the discrete to the con-
accessible to experiments in these heterostructures. Superlghuous spectrum with increasing electric field is accompa-
tices are thus ideal model systems to study the basic elegied by a drastic increase of the spatial extension of the
tronic and transport properties of periodic potentials. For in-eigenfunctions. This delocalization effect can be interpreted
stance, if an electric field is applied parallel to the growthas Zener tunneling between discrete resonances from below-
axis, Wannier-Stark laddeérd and its pendant, Bloch barrier states and the continuum of above-barrier states. We
oscillations? are observed in linear and nonlinear optical ex-have observed that the increase of the transition line broad-
periments. However, superlattice are not true 1D systemsning directly follows the predictions for the tunneling rate
Since their elementary excitations exhibit to dispersiox in in Zener’s original paper Unfortunately, the effect is some-
andy direction they behave as quasi-3D systems. how masked by Fano interference that appears owing to the
The fact that the spectrum of a Bloch electron in an eleccoupling between the discrete exciton resonance and the in-
tric field consists of equally spaced energy levels has beeplane x-y continuum of energetically lower Wannier-Stark
predicted decades ag8.This was followed, however, by a transitions, and extensive theory is necessary to distinguish
long controversy on the nature of the spectrum, discrete resdetween the two broadening mechanisms.
nances vs entirely continuous, when the coupling to higher In this Rapid Communication we present the experimental
bands is accounted fért has been shown analytically that evidence for the Zener effect in a true 1D system: a super-
the spectrum is continuodshut shows equally spaced reso- lattice in a magnetic field parallel to thedirection. Hereby,
nances in the density of states. This is confirmed by numerithe Landau quantization produces discrete energy eigenval-
cal calculations, based upon discretization of the Stihger  ues for the motion in the-y plane and removes the associ-
operator in real space, which reveal a continuous density dadted continuum. If Zener tunneling plays a major role, a
states and eigenfunctions with an infinite extensidh. discrete resonance will turn into a continuum of states as the
In contrast to the extensive theoretical studies, there haslectric field increases and the continuous spectrum were to
only been limited experimental investigations. The Wannierhave its origin in the electron motion along thealirection
Stark ladder has been studied for quasi-3D case superlatticesly. If, on the other hand, the picture of discrete Wannier-
(Refs. 2,3 and otheyon samples with rather deep wells and Stark ladders were to remain true, for any finite electric field
weak coupling, so that the coupling to higher bands wad- the optical spectrum should entirely consist of discrete
negligible. In these experiments, the Wannier-Stark laddetransition lines.
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FIG. 2. Line width (FWHM) of the diagonal transition foB
1.58 =0,4, and 10 T as a function of electric field.
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2 156 applied in thez direction. The linear absorption measure-
> ! ments were performed in transmission geometry using a
S 454 \ halogen lamp as continuum source. The transmitted beam
w was spectrally resolved in an optical multichannel analyzer
— comprising a monochromator and a CCD camera. The trans-
: mission spectra were corrected for the spectrum of the light
source and Fabry-Perot interferences within the sample. The
1.50 b R internal electric field= was calibrated using the splitting of
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In the absence of a magnetic field we observed a good
FIG. 1. Gray-scale plots of the absorption as a function of ap-?huointﬁar?]\;e sgtr e_er)r:ei:ltnbetwecfrn th:ao:%/ a:nd exp_ei_r 'ﬁ?ffma tail
plied electric field(2) B=10 T; o* polarization.(b) B=4 T; o~ gh magneto-exciton spectra are more sensitive fo detalls
polarization. of the band.s.tructure such as nonp_arabollcny, mass revers_al,

and hole mixing, theory and experiment should have quali-

As in Refs. 12,13, we used a 35 period 76/39 Atatively the same behavior when the magnetic field is
GaAs/Ap oGay gAs  shallow superlattice, grown by present. Although the main results are readily understood by
molecular-beam epitaxy. The sample was designed so thdirect inspection of the experimental data, we also present a
there is only one below-barrier electron minibdhdaving a ~ comparison with a two-band model, with and without Zener
band width of 28 meV. The barrier height for the electron istunneling, based on the theoretical approach of Ref. 13.
63.2 meV. The lower and upper edges of the first miniband, Figure 1 gives an overview over the excitonic transitions
relative to the GaAs conduction-band edge are 19.1 meV anith the presence of an electric and magnetic field. The optical
35.2 meV, respectively. The gap between fjlstlow barriey ~ absorption as function of the photon energy and the electric
and secondabove barrier miniband is 33.3 meV. field is shown as a gray-scale plot for fixed magnetic fields

With the effective electron mass of,=0.067n, and the B=10 T(a) andB=6 T (b). A plot for zero magnetic field
in-plane cyclotron masses for heavy hdfd) and light hole  can be found in Ref. 12. One can clearly see the Wannier-
(Ih), Mpn=0.49Im, andmy,.=0.0857m,, respectively® the  Stark ladders associated with the first=(0) and second
cyclotron energy for the hh and Ih transition is about(n=1) Landau level. Furthermore, the spectrum in Fig,1
1.96 me\X B/Tesla and 3.08 meXB/Tesla, respectively. which is taken witho™ polarization, shows a Zeeman
These energies are not directly observed due to hole mixingplitting*® This feature is absent in Fig(d), which is taken
and interference between Wannier-Stark and Landau quantivith ¢~ polarization. We also notice an increase of the line
zation. broadening with increasing electric field, which is a signature

The superlattice is embedded in several buffer layers witlof Zener tunneling.
high lateral conductivity to ensure both homogeneity and The line width[full width at half maximum(FWHM)] for
constancy of the electric field over all wells. The GaAs sub-the first and second Landau level as function of the electric
strate was partially removed by selective wet etching to alfield is shown in Fig. 2. The line width shows an overall
low for optical transmission measurements. A reverse-biancrease with electric field for all values of the magnetic
dc-voltage was applied via an Ohmic and a semi-transpareffield. For F=60 kV/cm, the line width of the second Lan-
Schottky contact. dau level at 10 T has increased by a factor of ten, compared

The sample was held at liquid Helium temperature in ato F=0. We also observe strong resonances in all curves at
split-coil magnet, and magnetic fields up to 10 Tesla wereabout F=28 kV/cm andF=43 kV/cm, which is due to

161307-2



ZENER TUNNELING IN SUPERLATTICES INA . ..

(a) (b)
1 ~ 60kviem 1 60 kV/em
1 50 kviem 1 50 kV/cm
T T 1 +— T 1 c
L
£ 40 kv/icm § 1 40 kV/em g
gl EE——— B e 2
% |0 Klem g 1 AL A30KViem §
g 20 kV/em © 1 /\ 20 kV/cm .GE,
i [ -
£ ] c
a 4

.. 10kViecm
D AN

Y PO

L
1

0 kV/iem WCm
152 154 156 1.58 1.60 152 154 1.56 1.58 1.60
Energy (eV) Energy (eV)
FIG. 3. Absorption spectra forB=9 T and F
=0,...,60 kv/icm.(@) o~ polarization.(b) o* polarization. Ex- F=

periment: solid line, theory: dashed line.

anticrossings with other Wannier-Stark ladders.
In the following, the underlying physics is discussed on
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FIG. 4. Experimental absorption spectra &or polarization and

0,...,60 kvV/icm.(a) B=6 T.(b) B=4 T.

is entirely discrete, in direct contradiction with the experi-
me
For completeness, in Fig. 4 we show absorption spectra

nt.

exemplary spectra in detail: experimental spectra obtaine‘ebr o~ polarization and lower magnetic fieldB=6 T ()

for a magnetic field ofB=9 T are shown in Fig. 3 for
left-circular (a) and right-circular(b) polarization and for
electric fieldsF=0, ... ,60 kV/cm. Forcomparison, the re-
sults of a numerical calculation are shown by the dashe
lines. ForF=0, the lowest resonance is an isolated peaks

andB=4 T (b). The results only show some minor differ-
ences as compared to the high fied9 T, case of Fig. 2.

he absorption fol-=10 kV/cm no longer goes to zero
etween the resonances simply because the Landau levels
eparation is now smaller. Furthermore, the onset of the Ze-

with a small homogeneous broadening. The departure froma; preakdown is shifted to lower electric fields, because the

the Lorentzian form results from the degeneracy betwee%xciton binding energy

heavy- and light-hole transitions. In the  spectrum it can

which increases with magnetic field,

is reduced by the electric field.

be seen that indeed the lowest peak actually consists of tWo |, 5 recent paper, Bauet al. studied photocurrent spec-
closely spaced lines. Still &=0 the higher resonances are {5 o superlattices in Faraday geoméftyihe fixed electric

broadened by Fano interference with lower Landau level
direction continu¥’ and the characteristic asymmetric Fano
line shape can clearly be seen in the spectrum.

For weak electric fieldsi-=10 kV/cm, we observe dis-
crete lines for excited states as clearly seen indliespec-

field was relatively smal(10 kV/cm) and the superlattice
was weakly coupled17 A barriers, Al content 309 in
comparison to our work. The spectra show distinct reso-
nances the evolution of Landau fans with increasing mag-
netic field.

trum. The structure of the spectra is very complicated due to |, order to make a comparison to Ref. 19, we present
the interference between different Landau and Wannier-Starksorption spectra for several magnetic fields at fixed electric

states and also because of the mixing of light and heavyie|q For the electric field, we choose a value below the

holes.

For intermediate fields K=20,...,30 kV/cm), the
spectra become simpler, because only vertical transitions
with the same Wannier-Stark indedh=0) remain in the
energy region of interest. At the same time, the line width
increases, compared to the casd=ef 10 kV/cm.

In the high-field limit =40 kV/cm), the excited
Wannier-Stark states loose their identity and transform into a
flat continuum with a small modulation of the absorption
profile. The lowest peak can still be distinguished from the
rest of the spectrum. Its line width is considerably larger than
in the low-field limit. The evolution of the lowest resonance
is similar to what is observed for bulk semiconductors in
electric fields®

As already mentioned, the evolution of the experimental
absorption spectra is qualitatively similar to that deduced
from the two-band model when Zener tunneling is included.
The agreement between theory and experiment is better at
high fields. In contrast, the calculation without Zener tunnel-
ing (Fig. 3 of Ref. 13, dashed lingives a spectrum, which B=

-
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Zener threshold= =10 kV/cm, and above the Zener thresh- larger fields, the line narrows again. Thus we conclude that
old, F=50 kV/cm. The results are shown in Fig(& and  the line width at large magnetic field is mainly due to scat-
(b). For small electric fielda), the spectrum is discrete at tering. The line width aB=9 T (FWHM) is about 2.2 meV.
any magnetic field8+0, in accordance with Ref. 19. The In the caIcuIauons,.whlc_h were mad.e prior to the experiment,
situation is very different in the high-field cagb). At B We used a Lorentzian line broadening of 2 meV.

=0, we observe a single line, which is strongly broadenedde:]réec?)?céisr:g?,b?gz;kg)é\?vennmegttjale:;s{?i(l:sg\x//i?h C;eal'ere\élr-]
and a flat continuum. AB increases, no distinct lines emerge P PErp

from the continuum. Only for large magnetic fields, when thedlcular magnetic field, which directly manifests itself by the

; tﬁansition from discrete to continuous spectra in a true 1D
cyclotron energy exceeds the Zener broadening, a SM&System. The evolution of the absorption spectra with mag-
modulation of the continuum can be observed. y ) P b 9

It is worthwhile to discuss the effects of homogeneousnetlc fields is in qualitative agreement with a two-band

. . model when Zener tunneling is accounted for, but in com-

and inhomogeneous broadening on the results. In the absencF . h : . .
; . " . . plete contradiction when this effect is not included in the
of Zener tunneling, the optical transitions experience inho- X X
- ; numerical calculations.

mogeneous and homogeneous broadening due to interface
roughness and scattering. The exciton localization increases We acknowledge support by the Deutsche Forschungsge-
with magnetic field, because the extension of the excitommeinschaft, contract No. LE 747/30, computing resources
wave function in lateral direction is proportionalB *2 At~ from the John von Neumann Center for Computing, Fors-
the same time the dimensionality of the semiconductor ichungszentrum Jigh. The work in Berkeley was supported
reduced from 3 to 1, which means that the scattering is reby the Director, Office of Science, Office of Basic Energy
duced. One can see this picture to be confirmed in K@. 5 Science, Division of Material Sciences and Office of Sci-
The broadening of the lowest resonance near 1.54 eV irence, U.S. Department of Energy under contract No. DE-

creases with magnetic field in the range-0, ... 4 T.For ACO03-76SF00098.
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