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Observation of Wannier-Stark localization by electroreAectance spectroscopy
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Wannier-Stark localization in strained-layer In Ga& As-GaAs superlattices is measured using
electroreAectance {ER) spectroscopy at 4.5 K. Analysis of the ER data reveals third-derivative line
shapes for two samples biased near Aat band, which become more first-derivative-like at high applied
fields. The exciton transition energies obtained from the line-shape analysis are in good agreement with
both photocurrent measurements and exciton Stark ladder calculations for fields greater than 5 kV cm
The Aat-band ER spectra of the two superlattices reveal distinct features due to their finite sizes, not pre-
dicted by the Kronig-Penney model.

INTRODUCTION

Derivative techniques such as photorefiectance' (PR)
and electrorefiectance ' (ER) are increasingly being used
to characterize quantum-well and superlattice structures,
where both techniques provide an increased sensitivity to
optical features with respect to the more common photo-
current measurements. Both ER and PR utilize an
electric-field-induced perturbation to the samples' dielec-
tric function to generate measurable optical features at
critical points in the semiconductor band structure. We
present the results of a combined first and third-
derivative line-shape analysis of electroreAectance data
for two superlattices at successive electric fields ranging
from Hat band to 25 kV cm '. The exciton transition en-
ergies obtained from this line-shape analysis are found to
be in good agreement with photocurrent measurements
and exciton Stark ladder calculations.

The electroreAectance line shape for a single transition
under low-field conditions is given by

AR ie . —m.

R
=Re(e 'IE —A'co —iI I '),J J

where E. is the energy of the transition, Ace is the in-
cident photon energy, I is the line-shape broadening pa-
rameter, and 0 is a phase factor. The parameter m de-
pends upon the critical point type for the transition, and
order of derivative used. A first-derivative line shape,
m = 1, is expected for quantum wells, though strong exci-
ton transitions can result in m =2. The extended states
existing in superlattices under Hat-band conditions are ex-
pected to result in third-derivative line-shape functions,
m =3, though indications are that superlattices are best

fitted as a mixture of first- and third-derivative line
shapes. ' In spite of the refIectivity being a nonlinear
function of the dielectric function of the material, a sim-
ple summation of the real component of Eq. (I) has yield-
ed good results for the analysis of superlattices. '

A simple, single-particle, tight-binding model for the
Wannier-Stark ladder was presented by Bleuse, Bastard,
and Voisin. This model shows the extended states of the
superlattice at fIkat band as gradually localizing with in-
creasing electric field, to become single quantum-well-like
(Stark ladder states) at large applied fields. The interband
transition energies between the Stark ladder states in the
conduction and valence bands at large fields are given by

E =Eo+pqFd, (2)

where Eo is the isolated quantum-well transition energy,
F the electric field, d the superlattice period, and p the
Stark ladder index. This equation breaks down at weak
fields where the individual Stark ladder states converge to
a series of discrete levels at Oat band, distributed between
the superlattice minizone center ( I ) and edge ( II )

points. The high-field Stark ladder result IEq. (2)j can be
improved by the inclusion of the exciton binding energy
which may be calculated variationally, yielding values of
8.5 and 4 meV for the p =0 and p = —1 Stark ladders for
our samples. This allows for a comparison between the
measured exciton and calculated interband transition en-
ergies.

However, the exciton Stark ladder calculations of
Whittaker' and Dignam and Sipe"' oAer considerable
improvement. In the latter case, striking success has
been achieved in the analysis of the data of Agullo-Rueda
et al. for an Al Ga& „As-GaAs superlattice, "' and it is
this calculation method that we employ here. Briefly, we
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use a tight-binding basis of localized two-well exciton
states to form the "exciton Wannier function. " The cal-
culation is performed for an infinite superlattice but the
maximum electron-hole separation is limited to 51
periods. No appreciable change in the results was found
when a larger basis set was used. A smaller basis set will
result in changes to the calculated weak-field exciton
transition energies, particularly for energies less th th

=0 Stp = tark ladder. Hence, the small number of periods
10) in our superlattices is expected to be observed in the

weak-field spectra, as discrepancies between the measured
and calculated exciton transition energies for the —p
Stark ladders.

EXPERIMENTS

Two In Ga A -G„Ga, As-GaAs strained-layer superlattices
were grown by low-pressure metalo-organic vapor-phase

then fabricated into Schottky diode. The induced strain
in the In„GaI As layers results in splitting of the light-
hole and heavy-hole valence bands so that they may be
treated separately in our calculations. The grown layers
consist of an undoped GaAs buffer layer, ten-period

p=0

TABLE I. Sample structures.

Sample

In go well
Well (nm)
Barrier (nm)
Buffer (pm)
Cap (nm)

H145

12.8
2.5
9.0
1.8

10

L073

6.5
5.1

5.0
0.5

120

strained In„Gal As-GaAs superlattice, and an undoped
GaAs cap layer. Ohmic contacts were alloyed onto the

substrates, while 15-nm
transparent gold Schottky contracts were evaporated
onto the cap layers. The device structure properties are
listed in Table I.

The electroreAectance measurements were performed
with the samples maintained at 4.5 K in an exchange-gas
cryostat. A conventional electr or eAectance apparatus
was used except that the static reAectivity R was not
recorded, being smoothly varying over the spectral range
of our measurements. The ratio AR/R was t icall
1X10 4 and the modulated electric field was kept near
500 V cmcm peak to peak ensuring a small perturbation
to the superlattices.

la
e material parameters used in the exciton St kar

adder calculations are obtained by interpolation of the
material parameters for the two binaries InAs d

13
n s an

GaAs. The alloy composition of the wells and layer
thicknesses of the superlattices were determined from x-
ray measurements, as well as by fitting the near Aat-b d

h
an

p otocurrent data using a one-band Kronig-Penney mod-
el. The in-plane electron and heavy-hole masses diffi er
rom the simple linear interpolation due to strain effects.

Here we use an in-plane mass of 0.067mp for the elec-
tron, and estimate the heavy-hole masses as 0. 16mp and
0. 19mp for L073 and H145, respectively. '
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FICx. 1. Bi'as-dependent electroreAectance spectra for
In„Gal „As-GaAs superlattices. Wannier-Stark ladders are in-
dicated by solid lines. (a) Sample H145, (b) sample L073.
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FIG. 2. Measured (solid lines) and calculated ER line-shape

(open circles) electroreQectance spectra for L073. Curve a, un-
der Hat-band conditions V =0.8 V fitt de using third-
derivative line-shape functions. b at 0.2-V bias, using a mixture
of first- and third-derivative functions. c, at —1-V bias, using
predominantly first-derivative functions. Stark ladder transi-
tions are indicated by their indices.
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RESULTS

The bias-dependent electroreP. ectance spectra for H145
and L073 are shown in Figs. 1(a) and l(b), respectively.
In both cases the near Hat-band spectra, or lower curves,
reveal a number of third-derivative-like line shapes. The
Rat band is taken to be at 0.8 V. Increasing the reverse
bias causes the structures to split away from each other

1510

as the Wannier-Stark ladder transitions marked by solid
lines. The line shapes appear more first-derivative-like at
high applied fields indicating Stark localization.

The near flat-band spectra for the two samples reveal
several intense oscillatory structures reminiscent of the
expected I and H point interband transitions of the su-
perlattice. The remaining structures are then unexpect-
ed. However, the finite size of the superlattices, 10
periods, causes the zero-field eigenstate energies of the 10
wells to form discrete levels. The electron levels associat-
ed with the conduction-band superlattice potential for
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FICx. 3. (a) Field-dependent Stark ladder transition energies
for H 145, as measured using photocurrent (solid circles),
electroreflectance (open circles), and calculated (solid lines)
data. Measurements were performed at 4.5 K. The feature la-
beled 2 is believed to be due to a monolayer thinner well in the
superlattice. (b) Calculated oscillator strengths (proportional to
circle size) and transition energies for H145.

1440
0 10 20 30
Electric Field (kV crn )

FICz. 4. (a) Electric-field-dependent Stark ladders for L073,
from photocurrent (solid circles), electroreflectance (open cir-
cles), and calculated (solid lines) data. (b) Calculated oscillator
strengths for L073.
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both samples are separated by 2—5 me V when the
Coulomb interaction is ignored. This is close to the ob-
served spacing between the peaks.

Our line-shape analysis using Eq. (1) allows both first-
and third-derivative line-shape functions to be used for
each transition. These are coupled by the same transition
energy E, while the remaining parameters 0 and I are
left uncoupled. E., 0, and I are varied in a least-
squares fitting algorithm until a minima is achieved. Up
to 18 line-shape functions are used in our fits, with two
functions being used per transition. The results of this
fitting process for the Aat band or 0.8, 0.2, and —1.0 V
bias spectra for L073 are shown in Fig. 2, curves a, b, and
c, respectively, where the calculated spectra are shown as
open symbols, and the experimental data as solid lines.
The fitted transition energies are labeled by their Stark
ladder indices. The flat-band spectrum (Fig. 2, curve a)
has been fitted using only the third-derivative line shapes,
while the 0.2- and —1.0-V spectra (curves b and c) have
been fitted as mixtures of first and third-derivatives. The
magnitude of the first-derivative component in the spec-
tra becomes greater with increasing reverse bias, though
the fraction of first- and third-derivative portions is not
the same for each Stark ladder transition.

The electric-field-dependent transition energies ob-
tained from the ER and photocurrent (PC) spectra for
H145 are plotted in Fig. 3(a) as open and filled circles, re-
spectively. Good agreement is seen between the mea-
sured PC, ER data, and the calculated exciton transition
energies (solid lines) for applied fields greater than 5 kV
cm ', with the exception of the peak labeled A. We are
unable to unambiguously identify the origin of this peak,
though a monolayer thinner well in the superlattice yields
the same transition energy. At fields less than about 5 kV
cm ' the measured transition energies no longer follow
the calculated data as precisely. In fact, the ER data
shows the Stark ladders converging to discrete levels at
zero field, whereas the exciton Stark ladder calculations
show a11 of the oscillator strength being transferred to the
I point of the superlattice miniband, Fig. 3(b). We be-
lieve that these discrete levels arise from the finite num-
ber of periods (10) used in the two samples.

The calculated oscillator strengths for H145, shown as
the diameter of the open circles in Fig. 3(b), for the
p = —1 Stark ladder tend to be greater than for the +1
Stark ladder. This is observed in the ER data shown in
Fig. 1(a) where the amplitude of the p = —1 ER peak is
somewhat larger than the p =1 ER peak. The absorption
strength asymmetry for these superlattices is partially
due to the excitonic and single-particle asymmetry
effects. " The electron minband width for H145 is 25
meV, less than the conduction-band-confining potential
of 95 mV, making this an intermediate-period superlat-
tice where excitonic effects should dominate giving an in-

creased oscillator strength to the negative index ladders.
L073 in contrast has a 42-meV electron miniband width,
almost as large as the 49-mV confining potential, making
this a short-period superlattice. Here the asymmetry is
less pronounced, and is due to the overlap of localized
wave functions centered on different wells. "

The field-dependent transition energies obtained from
the ER and PC spectra for L073, Fig. 4(a), also show the
formation of Stark localization with good agreement to
the calculated Stark ladders, again for fields greater than
5 kV cm '. In this case, however, 6 meV has been sub-
tracted from the calculated Stark ladder transition ener-
gies. This 6 meV can be accounted for by the +0.5% un-
certainty in the indium composition in the wells making
up the superlattice. The calculated oscillator strengths,
Fig. 4(b), for the p = 1 Stark ladder are stronger than the

p = —1 ladder for fields greater than 20 kV cm ', while
the measured ER peaks in Fig. 1(b) show the opposite
behavior. The minus-index PC and ER data both show
anticrossing behavior similar to the calculated transfer of
oscillator strength from the p =0 through p = —3 Stark
ladders as the field is reduced below 10 kV cm '. The
ER data also reveal the finite size of the superlattice as
discrete levels at zero field.

The agreement between the calculated and measured
exciton transition energies is poorer for the negative-
index ladders for both samples as the field is reduced to
zero. This is in part due to the choice of line shapes used
in the fitting process of the ER data. We find that using a
second-derivative line shape can shift the transition ener-
gies by several meV, though the first- and third-derivative
functions yields results in better agreement with the PC
data. In addition, the fine structure of the calculated ex-
citon transition energies and oscillator strengths at weak
fields are dependent upon the number of wells used in our
calculations. Our calculations are performed for an
infinite superlattice and do not consider edge effects
which may become important in the small period (10) su-
perlattices studied in this work. Hence a 10-well calcula-
tion is expected to yield better agreement between the
measured and calculated exciton transition energies.

In conclusion we have demonstrated the ability to ex-
tract the Wannier-Stark ladder transition energies using
electroreAectance spectroscopy at liquid-helium tempera-
ture. We find that the ER structures are best modeled as
a mixture of first- and third-derivative line shapes,
though second-derivative line-shape functions will pro-
vide a fit but with slightly different transition energies.
The determined energies are found to be in good agree-
ment with results from PC data and exciton Stark ladder
calculations over a large range of applied fields. The ER
data reveals features due to the finite size of the superlat-
tice at very weak fields which were not observed in our
PC data, due to the increased sensitivity of ER.
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