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Coexistence of Wannier-Stark Transitions and Miniband Franz-Keldysh Oscillations
in Strongly Coupled GaAs-AIAs Superlattices
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Using differential photocurrent spectroscopy we have studied the field dependent absorption in a
GaAs/A1As superlattices, which have only one monolayer A1As barriers, with unpreceded dynamical
resolution. We are able to resolve a symmetric Wannier-Stark (WS) fan up to an index of ~9 and for
the first time Franz-Keldysh (FK) oscillations across the whole energy width of the lowest combined
miniband. A modulation of the WS transitions by FK oscillations (and vice versa) is clearly visible. We
also present results of theoretical calculations which describe in detail this coexistence of the linear WS
fan and the nonlinear fans of the FK oscillations.

PACS numbers: 73.20.Dx, 73.20.Jc, 78.20.3q, 78.66.Fd

In semiconductor bulk material the wave functions of
the valence and conduction bands are extended Bloch
functions. The three dimensional combined density of
states determines the absorption spectra resulting in a
square root line shape of the three dimensional Mn and
M~ critical points if excitonic effects are neglected. By
the application of an electric field F the plane wave en-
velope functions transform into Kane functions [1,2].
Near the lower and upper band edges the Kane functions
resemble Airy functions. The alternating constructive
and destructive interference of the valence and conduc-
tion band Airy functions results in the well known
Franz-Keldysh (FK) oscillations at the M„critical points
(v 0, 1,. . .) in the absorption spectra [3]. The oscilla-
tions shift inside the band region with increasing field ac-
cording to
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where x is the mth zero crossing of the Airy function
Ai(x), ps the effective mass at the critical point M„in

field direction, E„the energy of the critical points M„,
and F the applied field. Because of a lattice constant a of
only several A (aG,&, 5.66 A) the energetic difference
eFa between the Kane states or the separation of the
Wannier-Stark (WS) ladder states [4,5] is small and a
fine structure due to WS transitions [6] cannot be
resolved at normal applied fields. The FK oscillations
with an oscillation period much larger than eFa dominate
the absorption spectra, reflecting the three dimensional
character of the joint density of states in semiconductor
bulk material.

ln a superlattice (SL) consisting of many identical
wells and thin barriers adjacent wells couple and the reso-

nant subbands transform into minibands with a width 5
of a few hundred meV or less [4,7,8]. As a result of a
miniband width which is about a factor of 10 (or more)
smaller than in bulk material the localization length A of
the Kane states, given by A =lJ/eF, is strongly reduced at
correspondingly low electric fields. Considering a super-
lattice period d of several nm the energetic difference eFd
between the Kane states is about 10 times larger as com-
pared to bulk material. The well known WS fan charac-
terizing optical transitions between valence and conduc-
tion minibands becomes correspondingly widely spaced
[5,9,10]:

hta„E~ InIeFd, n =0, ~ 1, + 2, . . . .

Here, n is the index of the %S transitions and E is the
"center of mass energy" from which the WS fan origi-
nates. The WS levels refiect the two dimensional charac-
ter of the localized Karie states resulting in a steplike ab-
sorption curve.

However, if there is no fie)d applied the superlattice
joint density of states of the minibands is three dimen-
sional with Mn and Mi critical points at the lower and

upper miniband edges EI and E„,respectively. In analo-

gy to bulk material FK oscillations should occur in the
SL absorption at weak applied fields reflecting the three
dimensional character of the miniband. They can be
clearly distinguished from WS transitions by their non-
linear field dependence and their energetic position [cf.
Eqs. (I) and (2)].

The subject of this Letter is a theoretical and experi-
mental investigation of the gradual transition from the
"miniband" or "FK" regime described by a three dimen-
sional joint density of states to the WS regime reflecting
the two dimensional character of the localized Kane

0031-9007/94/72(17)/2769(4)$06 00
1994 The American Physical Society

2769



VOLUME 72, NUMBER 17 P H YSICAL R EV I E% LETTERS 25 APWL 1994

states. Using differential photocurrent spectroscopy
(DPCS) we are able to resolve WS transitions with in-
dices n between —9 and +9 (cf. [8]). In addition we
identify FK oscillations originating from the lower (cf.
[8,11,12]) and for the first time from the upper miniband
edge. The modulation of the WS transitions by FK oscil-
lations (and vice versa) is in very good agreement with
our calculations.

Our theoretical approach is based on a superlattice
crystal momentum representation of the wave functions
[7] including the lowest electron and heavy hole mini-
band. The wave function and the miniband energies have
been obtained from a Kronig-Penney model using the
design parameters of the experimentally investigated su-
perlattice (given later). Because of the very thin AlAs
barriers the energy dispersion even of the lowest conduc-
tion miniband differs strongly from a tight binding band.
In particular, the effective mass for the lower miniband
edge p(~ is larger than that for the upper one pP~ and the
origin of the WS fan E is below the (arithmetic) center of
the miniband. Neglecting the inAuence of the Coulomb
interaction the SL absorption is proportional to the
square of the overlap between the electron and hole wave
functions. Since the heavy hole wave function can be
considered to be localized already at weak fields (hhh =50
meV) the strength of an individual WS transition is
determined by the squared amplitude of the electron
wave function in the corresponding well (lower part of
Fig. 1). In order to understand the field dependence of
the SL absorption it is sufficient to investigate the shape
of the electron wave function (Fig 1) wh. ich consists of a
SL periodic and an envelope part.

At low fields the transition strengths corresponding to
the individual WS ladder states are modulated by the
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FIG. I. Squared amplitude of the superlattice wave func-
tions for various electric fields. In the lower part of the figure a
schematic drawing of the band modulation and the square hole
wave function are included. The arrows mark the Wannier-
Stark transitions.
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slowly varying field dependent envelope function. Close
to the lo~er and upper miniband edges the square of the
envelope function is similar to the square of an Airy func-
tion resulting in a modulation of the %S transitions by
FK-like oscillations. The energetic distance eFd between
the individual WS transitions is small, thus adding only a
fine structure to the wide FK oscillations.

With increasing field the FK oscillations move away
from the edges towards the center of the miniband
~F . Because of a higher eAective mass the oscillation
period at the lower miniband edge is smaller compared to
the upper one [cf. Eq. (1)]. At the same time the WS
fan, originating from F., widens cx: F, making the WS fine
structure increasingly coarse. The coexistence of WS lev-

els and FK oscillations within a wide field range produces
the checkered pattern of the field-induced absorption
changes displayed in Fig. 2(a) [13]. At high fields when

the first FK absorption maxima corresponding to the
lower and upper miniband edges would formally merge
with each other the "FK picture" becomes meaningless.
Obviously this is the well known extreme high field or
WS limit where the absorption spectra change from being
dominated by the n + 1 WS levels to spectra which ex-
hibit mainly the n 0 transition [4,5,7,9].

To prove our theoretical findings we investigated a
GaAs/AIAs superlattice which consists of 80 periods of
11 monolayer (1 ML 2.83 A) GaAs wells and only one
monolayer A1As barriers to get a large combined mini-
band width of 380 meV. The SL is embedded between
two 0.6 pm wide A104sGao. ssAs n and p-do-ped regions,
followed by 0.2 pm Si-doped GaAs on the n side and 300
A Be-doped GaAs layers on the p side of the sample.
The whole structure is grown by molecular beam epitaxy
on a (100) GaAs n+ substrate.

Since it is much more difficult to study the transition
from miniband to the WS regime with conventional ab-
sorption techniques such as excitation or photocurrent
spectroscopy [4,5,8] we used differential photocurrent
spectroscopy (DPCS), a special wavelength modulation
technique. This new technique which has been described
in detail elsewhere [14] is much better suited for such in-

vestigations because the large background signal, which

usually dominates the absorption spectra, is eliminated.
Because of its first derivative character the interpretition
of the spectra becomes very straightforward because each
transition or critical point of the miniband (square root
line shape) as well as of the WS regime (steplike absorp-
tion) causes only one peak in our modulated spectra when

excitonic eA'ects are neglected.
Figure 3(a) shows the photocurrent (PC) measured at

77 K and an applied voltage of 0.12 V. Only the funda-
mental heavy hole miniband edge and slowly varying field

independent Fabry-Perot (FP) oscillations above the
band edge are observable. In the DPC spectra of Fig.
3(b) a sharp structure at the miniband edge and FP oscil-
lations above the gap energy are observable again. But a
closer look reveals a fine structure caused by %S transi-
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FIG. 2. Calculated (a) and measured (b)
wavelength derivative of the field induced

change of the photocurrent lph«e(U, A. )—
lph&&i (U —AU, lk) (hU =0.02 V) depicted

in a grey scale graphic [small amplitude
=white high amplitude=black; cf. Fig. 3(c)l.
The linear WS fan is labeled by black numbers

[cf. Eq. (2), F=(Ub; —U)/d;, E =1.772 eV,
built in voltage Ub;=1.7 V, intrinsic region

d; =2748 AI. The FK oscillation zero cross-

ings, indicated by white numbers, are calculat-
ed according to Eq. (I) with the values

F.I =1.621 eV and pII =0.065mp obtainedl

from the Kronig-Penney model. The small

lines at the upper miniband edge are only
guidelines for the eye (here the effective mass

approximation is no longer valid).

tions. In order to obtain more detailed information about
the field dependent optical behavior of the sample we sub-
tract two DPC spectra measured at slightly different ap-
plied electric fields. In these spectra [Fig. 3(c)] the whole
field independent structure like Fabry-Perot oscillations
has disappeared. They reflect immediately the first wave-

length derivative of the field induced change of the ab-
sorption which is proportional to d a/dFd)k. Figure 3(c)
shows clear features between 1.58 and 1.96 eV caused by
heavy hole to conduction miniband WS transitions. As a
result of a 3 times smaller oscillator strength and a much

field (k V/cm)

50 ioo iso 200

larger localization length of the Kane states, no light hole

transitions are observable.
To investigate the field dependence of our spectra it is

useful to have a synoptic of many spectra taken at
different fields in a single figure [Fig. 2(b)). WS levels

with indices from —9 to +9 are observable shifting linear-

ly towards the energy E. The transitions can be traced
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FIG. 3. Comparison between PC (a), DPC (b), and DDPC
(c) spectra (hU 0.02 V). The calculated WS transition ener-
gies are indicated in the lower part of (c).
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FIG. 4. Measured wavelength derivative of the field induced
change of the PC Ipkpko(U l. l V, X) —lpkpio(U( I.I V, k) de-
picted in a grey scale graphic. The lower and upper miniband

edge and the FK oscillations (labeled l to 6 and I' to 6', respec-
tively) are clearly visible.
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down to U =0.6 V. The WS transitions are clearly
modulated by miniband FK oscillations, which move

away from the spatially direct transition towards the
miniband edges with decreasing field.

In order to see more clearly the FK oscillations and the
critical points at the miniband edges it is advantageous to
relate DPC spectra measured at higher fields to a DPC
spectrum taken in the very low field limit by investigating
the difference of these two spectra (Fig. 4). In such
difference spectra the low field WS transitions are not
resolved and FK oscillations dominate. The lower and

upper miniband edges (El =1.621 eV, E„=1.960 eV) are
also clearly observable because each diA'erence spectrum
contains the quasi zero field DPC spectrum with its
characteristic peak at each miniband edge. At higher ap-
plied fields WS levels appear.

The calculated lower heavy hole miniband edge energy
EI and the origin E of the WS fan are in very good agree-
ment with the experimental data (cf. Figs. 2 and 4). For
higher fields the experimental spectra contain a Stark
shift [10] which is not included in the theory. The experi-
mentally observed upper miniband edge energy E„is

smaller than expected from our theory. This deviation is

attributed to the conduction band nonparabolicity or de-
viations from the ideal rectangular shape of the superlat-
tice potential.

In conclusion we have investigated the coexistence of
WS transitions and FK oscillations in a strongly coupled
GaAsii/AIAsi SL from the theoretical and experimental
point of view. Using DPCS, which shows the first deriva-
tive of the photocurrent with respect to the wavelength, a
symmetric WS fan with indices up to 9 is observable.
Our calculated as well as measured spectra clearly
demonstrate the interplay of the linear WS fan, originat-

ing at the "center of mass" E of the miniband with the
nonlinear fans of the FK effect evolving from the lower

and upper miniband edges. This causes a modulation of
the intensity of the WS transitions by FK oscillations and

vice versa. Because of an asymmetric miniband disper-
sion the FK oscillation periods at the lower band edge are
smaller than those observed at the upper one and the ori-
gin of the WS fan is found at an energy E below
the (arithmetic) center of the miniband.
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