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Zener tunneling effect of excitons in shallow superlattices
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The Zener effect in the optical absorption of shallow superlattices is studied theoretically and experimen-
tally. The comparison between the Kane approximation, which is the widely accepted picture so far, and a
numerical calculation including all subbands, provides clear evidence for the Zener effect. The experimental
spectra are in good agreement with the theory. The measured line broadening as a function of the electric field
behaves as predicted by the Zener theory, and is of the same order of magnitude as calculated from the sample
parameters. We also suggest absorption measurements in a magnetic field in growth direction, which would
provide an even clearer demonstration for the transition between discrete transitions and the continuum due to
Zener tunneling.
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[. INTRODUCTION on the coupling of a finite number of minibands, also known
as resonant Zener tunneling. A recent theoretical analysis

The electronic structure of a periodic potential under apredicts a sharp decrease of the lifetime of Wannier-Stark
static electric field is of high interest due to its importancestates for level crossings between different Wannier-Stark
for carrier transport in solids. Key theoretical contributionsladders:*
were already made at the beginning of last century by Bloch [n the original paper, the Zener effect describes an open
and Zener. Of particular interest are effects at high stati®yStem with tunneling between one band and the continuum
field, leading to oscillatory motion due to Bragg reflectionsf all other bands under the influence of an electric field
of electrons at the latticéBloch oscillations and to the F->'° The tunneling ratey for interminiband transitions is
transfer of electrons to higher ban@@ener breakdown A~ €dual to
detailed experimental investigation of these effects based on
bulk solids was not possible since their observation requires _ e[F|a mea(AE)?
extremely high fieldstypically MV/cm) and is often masked YT 2wk xR - 4h%e|F|
by other effects.

However, there were long-standing theoretical debatewherem, is the effective electron masa,is the superlattice
about the electronic structure of periodic potentials withperiod, andAE is the gap between the first and second mini-
static field. It was already mentioned in Wannier’s original band. This result was derived for nearly-free electrons, under
paper that the energy spectrum should be continddsv-  the assumption that the other gaps are significantly smaller
ertheless, various authors claimed that there should be lathan AE. Thus tunneling is considered between the first
ders of discrete states. In 1977, Avron and co-workergniniband and the bulk of all other minibands. The quantity
proved analytically that the spectrum is absolutelyzy can be considered as the imaginary part of the eigenval-

, @

continuous> ues, which leads to an exponential decrease of the wave
The experimental situation was decisively changed by théunction and to a broadening in the optical spectrum.
introduction of the semiconductor superlattice these sys- In order to detect Zener tunneling in the optical absorp-

tems, the bandwidths are rather small, requiring only comtion, iy needs to be larger than or equal to the homogeneous
paratively low fields to observe the above-mentioned effectdine broadeningie, which results from electron-phonon in-
The electronic structure of semiconductor superlattices cateraction. Furthermore, without magnetic fieltty should
be adjusted over a wide range to achieve the desired propeexceed the natural linewidth of the Fano resonances. This
ties. Linear absorption measurements yielded the observatioonresonant Zener tunneling has been observed in the optical
of the Wannier-Stark ladder in these systems. Bloch oscillaabsorption of strongly coupled superlatti¢ésnd has been
tions have also been investigated in detail in semiconductoexplained mainly in term of interaction-free electrons and
superlattices. holes®

Traditionally, these experiments have been described in A major complication in the theoretical modeling is the
terms of Wannier-Stark ladders. It was shown that thefact that the optical absorption near the band gap, as well as
Wannier-Stark ladder picture suffices to explain absorptiorthe nonlinear optical properties, are dominated by excitons.
measurements® as well as nonlinear optical The absorption spectrum, including excitons, is very differ-
experiments:*° For high electric fields, Zener tunneling is ent from the spectrum calculated with interaction-free elec-
expected to take place. Signatures of Zener tunneling haveons and holes. For a quantitative agreement with the ex-
been reported in recent yedfs13These papers mainly focus periment it is necessary to include Coulomb interaction.
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TABLE I. Material and sample parameters, dimensionless units.

Parameter Symbol, Formula Value
Electron effective mass me 0.0670mg
Hole perpendicular effective mdss m,, 0.377mq
Hole in-plane effectivécyclotron mas$ mp,, 0.491m,
Hole sphericaldensity-of-statgsmass Mps 0.5m,
GaAs band gap at 10K Eq 1.515eV
Band discontinuitie® He 790x meV
Hh 460x meV
Static dielectric constant e 13.1
Al content X 8%
Superlattice period a 115A
Barrier thickness b 39A
Homogeneous broadening he 1meV

8Reference 29.
bReference 30.

Especially for shallow superlattices, the calculation of thein Sec. Il we specify the sample parameters and explain the
optical spectrum, including excitons, is a particular chal-calculation of the absorption spectra in real space and by
lenge. Field-induced broadening of the absorption spectraxpansion into Wannier functions. Some experimental de-
has been studied in quantum wells with weak and strongails are given in Sec. Ill. In Sec. IV, we discuss the numeri-
confinement a couple of years ago, where the theoreticalal results without and with magnetic field, compare experi-
model was based upon quasi-localized stétéRecently, a mental and theoretical spectra, and compare the line
similar approach was used to calculate optical spectra dfroadening with the tunneling rate predicted by Zener's
shallow superlattices in an electric fiéfliin both cases, the theory. A summary is given in Sec. V.
experimentally observed line broadening was reproduced by
the numerical calgulation_. _ Il. THEORY

The Coulomb interaction between excitons and the con-
tinuum of different Wannier-Stark states also leads to Fano The theory is based upon the effective-mass approxima-
interference and to a natural linewidth, which overshadowgion. The physical constants and material parameters are
the Zener effect. In order to distinguish between both mechasummarized in Table I. Unless otherwise noted, we use di-
nisms, it is desirable to compare the experimental data witlmensionless parameters, defined by mgmypg/(mg+ my,y)
those calculations that include, and those that neglect, Zenere?/4mege =e=1.
tunneling. A magnetic field applied in the growth direction  The optical susceptibility is given B§?*
suppresses the Fano effect and the continuum states. Then
the in-plane motion is subjected to Landau quantization. A 1 (= (ot +L/2 +L/2

. . . . - wtie)t ’

measurement in a magnetic field would provide clear-cut x(w) ih fo dte LffL/zdszL/de
evidence for the Zener effect, because all line broadening
results from Zener tunneling.

In this paper, we calculate optical spectra of shallow su- X
perlattices in electric fields, including Coulomb interaction.
The computational method uses finite differences in realvith the electron-hole Hamiltonian
space, does not rely on single-particle eigenstates, and is not

Ht
exp|(p=02,Z; p'=02'.2"), (2

limited in the number of minibands. We compare the nu- 1 1 42 1 2

merical exact result for the electron-hole Satirger equa- H=— Z_A"_ M. 2 om 2 +Uu(ze) +Up(zn)
tion with calculations including only one pair of minibands. m, Me gzg  <Mhz 9z

This allows us to clearly distinguish between the effect of 2

Fano interference and Zener tunneling. We also carry out +F(ze—2z)+ p2— 1 3)
calculations for perpendicular magnetic field, which show a e 8m, \/Pz+(2e— zh)f'

line broadening exclusively on the account of Zener tunnel-

ing. Furthermore, we show absorption spectra measured onTdhe superlattice potentiald, and U}, describe the modula-

shallow superlattice in a perpendicular electric field, whichtions of the band edges with the periagind are calculated

are in good agreement with the theoretical calculations. A fifrom the parameters in Table |. The radius of the relative

of the measured linewidth to the Zener tunneling rate furthein-plane motion is denoted by and the reduced in-plane

supports the interpretation as Zener tunneling. mass ism,=mem;,/(Mme+mp,). A magnetic fieldB in
The paper is organized as follows. After this introduction,growth (z) direction acts as an effective parabolic potential
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and leads to Landau quantization of the in-plane motion. Wenass is twofold: the increase of the real part reduces the
always consider an ideally periodic structure in the lilnit wavelength for a fixed energy and the imaginary part leads to
—o0, The photon energfw is defined relative to the funda- the damping of the wave packet. The Hamiltonian is no
mental gap. Some prefactors are omitted in the definition ofonger Hermitian and the equation of motion is solved by a
X, because we are not interested in the absolute numbers.combination of leap-frog and Euler scheme for the

We first numerically solve Eq2) by discretizing the dif-  Schralinger- and diffusionlike parts ofi. In the present
ferential operatof3) in real space. To take advantage of thecase, a radius of the active regiBa= 15 and an outer radius
translational symmetry in the growth direction, we introducer, =20 gave satisfactory results. The step sizes used for the
center and relative coordinates, generally definedZas calculation wereAp=1/8 andAz=a/28. . .a/14.
=CeZe T Chzy and z=z,—z, with c,,cp, real andce+cy The approximation by Wannier or Kane functions has be-
=1. Then the Hamiltoniari3) is periodic in the coordinate come a standard method in the treatment of superlattices in
Z. The commonly used center-of-mass and relative coordielectric fields1%?! The optical spectra calculated with this
nates withce=mg/(Me+my,,) andcy,=mp,/(Me+my,) are  method show a reasonable agreement with the experifffent.
not the first choice for the numerical calculation, because=or a fixed miniband, all Wannier functions can be obtained
they do not lead to equally spaced and z,. We useZ  from one function byw,(z) =wy(z—na), wheren is the site
=2, andz=2,—z; so thatz, andz, are equally spaced and index. In the following, we will consider only the lowest
are on the same mesh Zsandz miniband. In principle, it is possible to take into account a

The exponential of the operator in EQ) is calculated by  finite number of minibands. In this case, one would observe
the equation-of-motion method. We solve the Sdimger interaction between different Wannier-Stark ladders and

equation for the exciton wave function resonant Zener tunneling. However, this expansion is not
convergent with respect to the number of minibands and is
iﬁg\lf= A 4) not suitable to describe nonresonant Zener.tunnelin.g.
dt If we expand Eqs(2) and(3) into symmetric or antisym-

metric Wannier functioné*2®carry out the limitL —, and
exploit the periodicity with respect to the center coordinate,
s(p) the optical susceptibility becomes
V(p,Z,2,t=0)= m&z)- )

with the initial condition

1 ([~ R
T | X = | drerenoZ S g
Because of the periodicity i# it is sufficient to consider the ifiJo a v

interval Ze[ —a/2,+a/2]. The optical susceptibility then

ht
takes the form x| exp— (p=0,p"=0) )y, 8
1 0 X . 1 +al2 n
xo=rp [Catereno [ oz where
ihJo al-anr
+ oo
X(p=0,Z,z=0,t=0) ¥(p=0,Z,z=0t). (6) lpne,nhzf dz Ve, (2) Wiy, (2) 9

The discretization of thé function and the radial part of . .
the Laplacian is explained in Ref. 22. The operator of thed'® the overlap integrals between electron and hole Wannier

kinetic energy does not need to be transformed to the centdynetions and
and relative coordinates. Instead, the derivatives can be di-

rectly applied to theZ,z) mesh. To avoid the singularity at ﬁnn,:iAp 5nn,+f dz w;(2)
the origin, the Coulomb potential is discretized by means of 2m,
the ground-state methdd. 1
In order to model continuum states far above the absorp- X — +Uu(2) | Wep (2)
tion edge, the domain for the in-plane motion needs to be 2me 47
huge, with a radius typically in the order of 100. The numeri- )
cal effort and storage can be reduced by means of absorbing +J dzm{: (2) Ld_jLU 2| wi(2)
boundary conditions. Their usefulness in the calculation of n’ 2Mp, 42 " hn
optical spectra has recently been demonstrated by Ahland
et al?® For this purpose, we replace the operator of the ki- 2 5
netic energy by +FRanogy + 8m,” S
~ 1 d P d + o0 1 + o0
Hklnp_ pap 2mp)\(p) &p (7) _f_m dzm§ . dZVVZn

Inside the region &p<R; (active laye), \ is equal to
unity. For R;<p<R, (absorber it holds that G<arg\ <
and|\|—= asp—R,. The effect of the complex effective are the matrix elements of the Hamiltonian.

X(Z+2) We N/ (Z+2) Wy (Z) Wi (Z) - (10)

085307-3



S. GLUTSCH, F. BECHSTEDT, B. ROSAM, AND K. LEO PHYSICAL REVIEW B3 085307

For weakly coupled superlattices, the tight-binding ap- *7 %

proximation gives satisfactory resuftdn the present case, @ ©

because of the strong coupling, we took into account cou- F = 60 kViom 6 F = 50 kviem

pling between five neighbors. The numerical effort is much 2 ——""{~""""""

smaller than for the solution in real space and it was notg z o~ oM

necessary to implement absorbing boundary conditions. Thei E T

domain radius for the numerical calculation was 128. 5 3 _Mm
The upper limit of the time integratiof®, 8) was replaced  ° ¢ sl

by 5.5k. The convergence was checked with respect to time me

integration, the discretization in real space, and the boundany ’ i £ = 10 Ve

conditions. Therefore, the results in the next section can be VAR M

considered as numerically exact solutions. F=0 M

P P T V) A P P PR Y S
lIl. EXPERIMENT E V] E V]

The measurement was done on a shallow superlattice with FIG. 1. (&) Absorption spectra foB=0 and different values of
sample parameters given in Table I. The sample consists dpe _ele_ctric_ fieldF=0,. .. ,_60 kvicm. Th_e ngmical exact_result
35 periods, embedded in various buffer layers in order tdsolld line is co_mpared with _the apprOX|mat|_on by Wannier-Stark
ensure a linear behavior of the electric field with the applied©Ve!s (dashed ling (b) Experimental absorption spectra B0
voltage. On the front side, a semitransparent Schottky cornd the same values &t
tact was deposited, on the back side, an Ohmic contact w _ _
applied andpthe substrate removed by selective etching tasO%ectra for8=0 andF=0,...,60 kV,
perform the measurements in transmission geometry. Th@h

high quality of the Schottky contact allows us to perform the solution from the one-miniband approximatittashed

measurements in a Iarge field range. . line). For F=0, the spectrum of the superlattice without
Transmission experiments were carried out at a tempergyy, i reproduced. The height of thi2, 2) exciton is very

ture 0f_10_ K in a standard setup using a halogen lamp. Thgmall due to Fano interference with the first subband. There

transmission spectrum was.corrected for the spectrum of thg also a very small feature related to the weakly allowd

lamp and for Fabry-Perot interference caused by multlpl%) transition

reflection inside thg samplg. This was done using a Fabry- For small fields, the typical Wannier-Stark ladder appears.

Perot transfer function obtained from the transmission SPECHhis effect is very pronounced at 10 kv/cm. The transition

trum in the nonabsorptive gap region. n=0 is located in the middle of the first miniband and tran-

The determination of the internal field is somewhat 'n'sitions with n=0 show the typical Fano line shape. This

volved due to field screening effects. We determined theeffect has been predicted by Whittaeand was observed

fields by comparison of the experimentally observed positiorby Holfeld et al” The one-miniband approximation has a

of the Wannier-Stark-laddgiVSL) peaks to theory. In the smaller oscillator strength than the numerically exact result,

smgle_—partlcle picture, the peak positions of one pair OfwhiIe the peak positions are about the same. The reason is
Wannier-Stark ladders are of the form

that the Wannier functions of a single miniband are not a
complete orthonormal system. This projection reduces the
oscillator strength, which is proportional to the exciton wave
wheren is the ladder index. This picture breaks down in thefunction atp=z=0. This effect is generally observed in
low-field limit due to interference with Franz-Keldysh oscil- calculations based upon subband expansions. Furthermore,
lations and the dominance of excitofisas well as in the the oscillator strength of the continuum, relative to the single
high-field limit due to the Zener effect and the nonlinearpeaks, is smaller for the approximate solution than for the
current-voltage characteristics of the Schottky contact anéxact solution.
the superlattice itself. For this reason, we used a small inter- For F=20 kV/cm, both spectra are still very similar. The
mediate field range to calibrate the internal field. main difference is the position of the peaks. The main peak
The used shallow superlattice structure has only onef the full solution is shifted to lower energies. This is pri-
below-barrier electron miniband, Therefore, the assumptiongarily an effect of the single-particle energies, which depart
of the Zener theory are nearly fulfilled and the shallow con-from the Kane approximation. This behavior is also observed
finement should allow the observation of Zener tunnelingin the optical density of states, which does not take into
already at moderate electric fields. Furthermore, sharp res@ccount Coulomb interactioff. The linewidth is slightly in-
nances due to anticrossing of Wannier-Stark ladders, whichreased, in comparison with the approximate solution.
mask the Zener effect, are effectively suppressed. A different behavior of exact and approximate solution is
observed for large field$;=30 kV/cm. In the one-subband
approximation, the line narrows and the spectrum becomes
nearly independent of the electric field. The half width at half
First, we study the Zener breakdown without the magnetianaximum (HWHM) has narrowed to 1 meV, which is the
field. Figure 1 compares calculated and measured absorptiaralue of the homogeneous broadening. This is because the

Figure Xa) shows the results of the numerical calculation.
e full solution in real spacésolid ling) is compared with

E,=Ey+neFd n=0,£1,*2,..., (11

IV. RESULTS
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Fano coupling decreases with the fiélEventually, one ob- ° T
tains a spectrum of a two-dimensional semiconductor. In °
contrast, within exact treatment the linewidth increases with /
field, because of Zener tunneling. At 30 kV/cm the linewidth ~ * ° | L
(HWHM) is 3 meV. While it is difficult to experimentally oo%:ﬁo
decide whether the line broadening is due to Fano interfer< , - 9007
ence or Zener tunneling, the theoretical calculations are help€ /
o]

ful for a clearer distinction. As the Fano linewidth decreasesz
with field, but the Zener linewidth increases, the turnaroundZ = s
of the linewidth as a function of the electric field can be /
interpreted as the onset of Zener tunneling. The same can b A ol°
said for the height of the peaks. The reduction of Fano cou- ' P-4
pling leads to an increasing maximum, while the Zener effect
tends to reduce the amplitude. Thus, a maximum in the
height of the absorption signals the beginning of the Zener 0 10 20 30 40 50 60
breakdown. F [kVicm]

Figure Xb) shows the measured absorption spectra for the o o )
FIG. 2. Linewidth (HWHM) vs electric fieldF. Open circles:

same electric fields as in Fig(a). Despite the limitations of X o ! "
the two-band model and the uncertainties of the field meat_sxperlmental values. Solid line: fit to E@L2). Fitting parameters:

surement, the general agreement between theory and expéfi= 8-09 "M.B=21.8 kv/cm,C=0.632 meV.
ment is very good. This holds true for the structure of the
spectrum, i.e., the number of peaks seen and their relativbonal to 1F. This effect was also described in a recent pub-
heights, the position of the peaks and evolution of the linedication by Glick, et al,'* where the tunneling rate is calcu-
width with field. In fact, there is hardly any feature that can-lated on the basis of an analytically solvable model. The
not be explained by the theory. Even very small featurespscillations are rather small in shallow superlattices, because
such as a saddle-point exciton on the upper edge ofith®  the line broadening is dominated by nonresonant Zener tun-
miniband transition at about 1.56 eV are seen both in experineling. In contrast, for strong confinement, almost all tunnel-
ment and theory. The homogeneous linewidthFat0 is  ing js resonant. This point will be studied in more detail in a
smaller than the value assumed in the numerical calculatlorgubsequem publication. Apart from resonant tunneling, the
The small line broadening at zero field also demonstrates fyerall behavior of the linewidth with field should be linear,
a very high quality of the sample. There is no doubt that thgynich is confirmed by experiment. Interestingly, the high-
experimental data do not support the Kane picfufashed  fie|d Iimit is determined solely by the superlattice period, as
line in Fig. (@], which does not take into account any Zenerggen in formulgl). Therefore, the fitting parametérshould
tunneling, but confirm the result of a full numerical calcula- g in the order of the superlattice period, which is the case.
tion, including all subbandsolid line in Fig. 1a)]. There-  Ajsp, the parameteB is close to the theoretical value. With
fore, the experimental spectra provide clear evidence for thg,e numerical value of the first miniband gA[E =33.3 meV
Zener breakdown. and Eq.(1), this number should be 28.2 kV/cm. The param-
Having found a good agreement between theory and eXsterC cannot be predicted, but depends on the sample. Tak-
periment for the evolution of the optical absorption with ing into account the approximate character of Ef, the
electric field, it is interesting to see whether a quantitativegjmpiifications involved with the effective-mass theory, the
analysis of the linewidth confirms the prediction of Zener's gisturbances by resonant Zener tunneling, and uncertainties
theory. Ideally, the linewidth should be given by Ed).  jth the interpretation of the linewidtkin experiment, the
However, there are additional scattering mechanisms, whicly,e shapes tend to be more Gaussian than Lorentziae
are not related to the Zener effect and lead to a line broadagreement between theory and experiment is excellent.
ening already afF =0. Hence, we should be able to describe ~Eyen though the measurements so far provided over-
the measured linewidth by the following formula: whelming evidence of Zener tunneling, the analysis involved
some theoretical backgrourtdr biag. A magnetic field per-
pendicular to the superlattice plane would provide a fool-
proof way of detecting the Zener breakdown, because the
spectrum of the in-plane motion is completely discrete due to
Figure 2 shows the measured linewidibpen circles and  Landau quantization and the only source of a continuous
result of the fit to Eq.(12). The fitting parameters ar&  spectrum is Zener tunneling. So far, no experimental data are
=6.09 nm,B=21.8 kV/cm, andC=0.632 meV. The fitted available at the moment. Calculated spectra for a magnetic
curve reproduces the onset of the Zener breakdown and aleld of B=9 T are shown in Fig. 3 for the same valuesof
the trend for high fields. The oscillations of the line broad-as in Fig. 1. AtF=0, the spectrum is rather similar to the
ening with field result from anticrossing with other Wannier- spectrum of a bulk semiconductor in a magnetic field where
Stark ladders. This behavior is seen in Fig. 3 of Ref. 18different Landau levels appear and excitons of excited Lan-
where the optical density of states is plotted versus field fodau levels are changed into Fano resonaftdis is be-
the same sample. The number of anticrossings is propocause, in the vicinity of the band gap, the optical density of

e B
HWHM = >— AF exp( -=

5 F +C. (12
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48 - reduction is in the order of 4 kV/cm and depends on the
magnetic field as well as on the Landau level.

At 30 kV/cm, we observe a drastic increase of the line-
width for the lowest Landau level due to Zener tunneling.
Another feature can be seen observed for the higher Landau
levels. Their peaks show a slightly asymmetric line shape.
Besides the removal of the Wannier-Stark states, the Zener
tunneling also leads to an increase of the density of states
between the Wannier-Stark resonances. The quantum inter-
ference of the higher Landau levels with this continuum re-
sults in the asymmetric line shapes. This continuum always
exists, but its oscillator strength is negligibly small before
the Zener breakdow??.

For higher fields, the broadening of all peaks increases
and the peaks of the excited Landau levels eventually disap-
pear, leaving a small modulation of the spectrum. As the
Landau quantization removes the Fano effect of the in-plane
motion, the observed broadening is entirely an effect of Ze-
ner tunneling in the growth direction.

F =60 kV/icm

A

o [arb. units]
N

V. SUMMARY

In this paper we presented calculations of the absorption
spectra of a shallow superlattice in an electric field, including
Coulomb interaction. The results of the full numerical calcu-
lation show a strong influence of Zener tunneling with in-
E[eV] creasing electric field, which is not observed in the solution
based upon the Kane approximation. This comparison also
allows us to distinguish between broadening due to Zener
tunneling and broadening due to Fano interference.

The experimental spectra confirm the picture in great de-
states for a shallow superlattice behaves like the optical dertail. The Zener effect is observed for the same field range as
sity of states of a bulk semiconductor. predicted by theory. The comparison with both the full nu-

For F>0, Wannier-Stark quantization takes place in themerical calculation and the Kane approximation definitely
growth direction. For low fieldsk =10 kV/cm, the spectrum  supports the assumption of Zener tunneling. o
is entirely discrete and has a complicated structure due to The measured linewidth as a function of the electric field
intermixing of Landau and Wannier-Stark quantization. Theessentially behaves as predicted by Zener theory. The fitting
approximate solution is very similar to the exact solution,Parameters are in reasonable agreement with the prefactors in

and the difference consists mainly in the oscillator strength&d- (1), calculated from the sample parameters. The picture
of the transition, as observed already B0. is somewhat distorted by oscillations of the linewidth, which

Starting afF = 20 kV/cm, approximate and exact solutions &€ attributed to crossings with other Wannier-Stark ladders.

behave already differently. With increasing field, the ap- We also suggest an experimental detection of the Zener

proximate solution changes into the spectrum of a tWo_effect for a magnetic field applie(_j in the growth_ direction.
dimensional semiconductor in a magnetic figldthe line- For the sample under consideration the theoretical calcula-

width does not change and is entirely determined by théions predict a strong line broadening due to Zener tunneling

homogeneous broadening. The lines that belong to high t intermediate _electric figld; starting with the higher Lan-
Landau levels show a pronounced level broadening. In ConBau levels. At high electric fields, the Landau levels should
trast, for the lowest Landau level, the difference of the line-°€ almost washed out.
width between exact and approximate solution is small, even
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FIG. 3. Absorption spectra for a magnetic fieRE=9 T in
growth direction. The other parameters are the same as for (@ig. 1
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