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We review the effects of a longitudinal electric field on the optical properties of semiconductor quantum wells and
superlattices, emphasizing recent developments on the latter, such as the observation of the Stark ladder, field-induced
localization, and change in dimensionality of superlattice excitons.

1. Introduction

The application of an external electric field to a
semiconductor affects drastically its optical prop-
erties, by broadening interband transitions and
producing oscillatory structure in their neighbor-
hood (Franz-Keldysh effect), and by weakening,
and even destroying, the binding of electrons to
impurity or excitonic states. This field-induced
ionization of excitons and the subsequent spatial
separation of both types of carriers limited for
many years optical studies of semiconductors un-
der high fields, especially radiative-recombination
processes.

The realization that the confinement of elec-
trons and holes provided by the potential barriers
of a quantum well can overcome those limitations
[1] has made possible to application of longitudi-
nal fields (perpendicular to well interfaces) larger
than 10° V/cm, offering new vistas in semicon-
ductor physics and providing opportunities for
novel electro-optical devices. More recently, the
observation of Stark ladders in superlattices under
electric fields and the field-induced localization of
electronic carriers [2] has brought new momentum
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to the field of semiconductor electro-optics, open-
ing the door, once more, to new applications.

This article highlights the major effects of a
static longitudinal electric field on the optical
properties of quantum wells and superlattices, em-
phasizing the latest developments. Since several
papers have already reviewed the effects of a field
in isolated quantum wells [3-5], we limit ourselves
to a summary of the main results in section 2. The
formation of Stark ladders and field-induced lo-
calization in superlattices, as demonstrated by
optical experiments, is considered in sect. 3. Fi-
nally, sect. 4 discusses important consequences of
these effects, namely, variable quantum coherence
of the electronic wavefunctions, ‘“blue” shift of
the emission and absorption spectra, and a change
in the dimensionality of excitons.

2. A quantum well in an electric field: the Stark
effect

An electric field, &, perpendicular to the
material interfaces of a quantum well couples
states of opposite parity, producing second-order
effects in their energies and wavefunctions. Thus,
the ground-state energy is decreased and the elec-
tron (hole) wavefunction is polarized opposite to
(along) the direction of the field, as indicated in
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fig. 1. As in atomic physics, we refer to this double
effect on an isolated quantum well as Stark effect,
because of its analogy with that of an electric field
on an isolated atom. Perturbation-theory calcula-
tions that assume infinite barrier height yield for
the shift of the ground state [6],

s m*e’&’L* (1)

ﬂé—

where m* is the effective mass and L is the well
width. This approximate result, although valid
only for weak fields (e€L < h’r%/2m*L?), il-
lustrates the direct dependence of the Stark shift
on the effective mass and, most of all, on the well
width,

Calculations applicable to a broader range of
fields, whether vanational [6] or quasi-exact treat-
ments based on transmission-probability [7] or
transfer-matrix [8] formalisms, confirm that
qualitative dependence and show that the finite-
ness of the potential barrier drastically enhances
the effect of the field. As an example, a field of
10° V /cm shifts the electron (hole) states of a 100
A GaAs-Gag Al 3sAs quantum well by —6
meV (—15 meV); the shift becomes as large as
—55 meV (—81 meV) for a 250 A well.
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Fig. 1. Schematic representation of the conduction- and va-
lence-band quantum wells of a typical semiconductor double
heterostructure such as GaAlAs-GaAs—GaAlAs, showing the
wavefunctions and energies of the ground states in the absence
of (left) or in the presence of (right) an electric field perpendic-
ular to the heterostructure interfaces. The figure is scaled to
show the effects of a field of 10° V/cm on a 100 A
GaAs—Gag g5 Al 35 As quantum well.
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Fig. 2. Photoluminescence spectra of a 230 A GaAs-Gaggs
Al 35As quantum well for various electric fields applied via a
Schottky-barrier configuration. The field induces large shifts of
the luminescence peaks to lower energies and decreases their
intensities as a result of the Stark effect (adapted from ref. [8]).

The Stark effect was first proposed to explain
the field-induced shift and quenching of the pho-
toluminescence of narrow GaAs-GaAlAs quan-
tum wells [1]. Since then, a variety of optical
experiments (absorption [9], photoconductivity
[10], Raman scattering [11], photoluminescence
excitation [12], etc.) have confirmed the Stark shift
and polarization effect and shown their signifi-
cance in wide wells, in which shifts in the funda-
mental interband transition of over 100 meV have
been observed, as exemplified in fig. 2 by the
photoluminescence spectra of a 230 A GaAs
quantum well imbedded in a Schottky diode. The
strong dependence of the Stark shift with well
width is shown in fig. 3, where experimental re-
sults for three different thicknesses are compared
with variational and transfer-matrix calculations
[8].

The electric field shifts not only the ground
level of the quantum well but also its excited
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Fig. 3. Comparison between experimental Stark shifts (circles)

of GaAs—Gag g5 Al 35 As quantum wells of various widths with

calculated shifts. Continuous lines correspond to transfer-ma-

trix calculations whereas discontinuous lines are for variational
results (from ref. [8]).

states, although the sign of the shift of the first
excited state is generally opposite and the magni-
tude smaller. Infrared absorption [13] experiments
in 120 A wells under €< 3.5 10* V/cm, have
shown positive shifts of up to 1.5 meV for the
inter-subband transition involving the ground and
first excited states, as a result of the opposite
Stark shift of both levels.

The polarization, without complete separation,
of electrons and holes induced by the field has two
important consequences: an increase of the radia-
tive recombination lifetime and a decrease of the
exciton binding energy. The former effect is sig-
nificant, as demonstrated by time-resolved lumi-
nescence experiments [14] in wells wider than 100
A. (A competing effect, the tunneling of carriers
out of the quantum well, dominates the time con-
stants for thin wells, causing an apparent reduc-
tion of the decay time [15]). The effect of the field
on the exciton binding energy is also appreciable

for wells over 100 A, reducing its value by almost
50% for L =200 A at &=10° V/cm (ref. [16]).

The capability of excitons in quantum wells to
sustain high electric fields, together with their
large binding energy, has made possible novel
applications that take advantage of the Stark shift
in the absorption coefficient, to produce room-
temperature modulators [9] with switching times
down to 131 ps (ref. {17]) and self-electro-optic
devices formed, for example, by a modulator con-
nected in series with a resistor to produce optical
bistability [18]. Similarly, frequency and am-
plitude-tunable lasers have been proposed [1,19]
and some of them have already been dem-
onstrated experimentally [20]. Ultrafast optically
nonlinear structures have also been suggested, em-
ploying wells subject to an electric field and ex-
cited by photons of energy below the fundamental
energy gap, which screen the field by virtual elec-
tron—hole polarization [21,22].

The fundamental effects of an electric field just
summarized, although originally demonstrated in
GaAs—GaAlAs wells, have been observed in other
III-V material systems that may be advantageous
for certain optical applications, such as InGaAs—
InAlAs [23], InGaAs-InP [24], InGaAsP-InP [25]
and GaSb-GaAlSb [26], and in wide-gap 11-VI
compounds like ZnSe—ZnMnSe [27].

3. A superlattice in an electric field: the Stark
ladder

The effects of an electric field on the optical
properties of superlattices are best understood by
considering first the simple case of a double
quantum well. The degeneracy of the states of a
system formed by two identical wells is broken if
there is coupling between them. Thus, the ground
state of an individual well is split into “bonding”
and “antibonding” states, whose corresponding
wavefunctions are spread throughout the double-
wall structure. In practice, such a coupling exists
when the barrier between the wells is narrow
(typically less than 50 A), so that the electronic
wavefunction of either well has a significant am-
plitude in the barrier.
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An electric field perpendicular to the well planes
reduces and eventually destroys that coupling,
producing an increase of the energy-level sep-
aration, linear with &. Simultaneously, the wave-
functions are gradually localized [28], until at very
high fields, once localization into individual wells
is complete, the quadratic Stark effect may be-
come significant. These effects have been dem-
onstrated experimentally by absorption [29] and
luminescence excitation [30] spectroscopy, which
has revealed interband transitions between “bond-
ing” and “antibonding” states of the valence and
conduction bands and their dependences with &.

In a material system formed by a periodic array
of N identical, interacting wells, with periodicity
D, the energy spectrum is formed by N discrete
energy levels whose separation decreases with the
number of wells. In the limit of very large N
(superlattice) the spectrum is quasi-continuum,
forming a miniband centered around the eigenen-
ergy E, of an isolated well and with an energy
bandwidth A, while the electronic wavefunctions
are extended throughout the entire superlattice
(see fig. 4(a)).

An electric field & along the axis of the super-
lattice decreases coupling between quantum wells,
which is at the origin of miniband formation, and
produces a splitting of each miniband into discrete
states with energies given by Ej+ neéD (n=
0, £1, £2,...), which constitute the so-called
Stark ladder. The reduced coupling produces a
partial localization of the extended superlattice
states to a region A/eé& and an oscillatory motion
of frequency e&D/h (Bloch oscillation). These
ideas, explicitly stated long ago for crystalline
solids in general [31], so far had evaded observa-
tion. Indeed, some of the concepts stirred con-
troversy for some time, and, for example, the very
existence of the Stark ladder had been disputed
[32]. Several groups have suggested that those
effects, were they to exist, should be more easily
observable in semiconductor superlattices [33-35].

In a three-dimensional solid, in which D is of
the order of A and A of eV, respectively, the
electron is confined, for any realistic field (&< 10°
V/cm), to a region that would include many
atomic sites. In contrast, in a superlattice, with a
period of ~60 A and A around 0.06 eV, the

or| |0

Fig. 4. Conduction- and valence-band profiles for a
GaAs-Ga, _,Al, As superlattice in the absence (a), or in the
presence of an electric field (b), (c), along the superlattice
direction. At & =0, the electron and hole wavefunctions are
delocalized and interband transitions take place between
minibands. At moderate fields (b), electron and light-hole
states are partially delocalized whereas heavy holes are fully
localized. Interband transitions involve Stark-ladder states like
the ones represented here for the conduction band. For sim-
plicity we have not included in the figure the Stark-ladder
states associated with light holes. At high fields (c), all states
are completely localized and transitions take place between
levels corresponding to isolated quantum wells. The diagrams
are scaled for a 40 A-20 A superlattice with x = 0.35, and
fields of 2X10* V /cm (b), and 10° V /cm (c).

electronic motion can be restricted to distances of
the order of D for moderately high electric fields,
&~10° V/cm.

Optical experiments are most suitable to study
the formation of Stark ladders, since each level
gives rise to an interband transition with a char-
acteristic energy, which in turn varies linearly with
electric field. The energies of interband transitions
between conduction- and valence-band Stark states
of indices » and m, respectively, are given by [2]

E, (&)=Eun(&)Y+ (n—m)e&D
(n, m=0, +1, £2, ...), (2)

where E, is the intrawell (n — m = 0) transition
energy in the isolated-well limit.
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Photoluminescence and photocurrent measure-
ments in GaAs—GaAlAs heterostructures have re-
cently provided the first observation of the Stark
ladder in semiconductor superlattices [2]. In that
system, as in most other I1I-V heterostructures,
the valence-band ground state corresponds to a
heavy-hole state, so that the corresponding mini-
band has a bandwidth A, much smaller than
either the electron or light-hole minibands’ widths.
Consequently, the localization field, &, = A/eD, is
considerable lower for heavy holes than for elec-
trons, and there is a field range in which heavy
holes are fully localized while electrons are par-
tially extended.

This intermediate-field range is illustrated in
fig. 4(b) for &=2x10* V/cm applied to a
GaAs-GaAlAs superlattice with 40 A wells and
20 A barriers. The electron wavefunction associ-
ated with well 0 spreads significantly, although
with decreasing amplitude, to several adjacent
wells. Similarly, states with wavefunctions centered
in neighboring wells (e.g., + 1, +2) have apprecia-
ble amplitudes at 0. In contrast, the corresponding
hole wavefunctions are confined to individual
wells. Then, a hole localized in one particular well,
let us say 0, can undergo an optical transition not
only with an electron entered in the same well
(intrawell transition), but also with other states of
the electronic Stark ladder, centered in different
wells (interwell transition). These transitions,
sometimes called “non-vertical”, are characterized
by shifts relative to the intrawell transition in
units of e€D (veéD, v=0, £1, +2, +£3...), and
their observation constitutes the clearest demon-
stration of the Stark ladder.

Figure 5 shows low-temperature photocurrent
(PC) spectra of a 60 A superlattice for various
electric fields. In the intermediate-field regime up
to seven structures equally separated in energy can
be identified simultaneously, corresponding to an
intrawell and six interwell transitions. Their labels
in the figure represent the Stark-ladder indices
relative to the intrawell transition. With increasing
field, the higher-index structures decrease in inten-
sity and eventually disappear, as a reflection of
the increasing confinement of the electron wave-
functions.

The energy positions of the PC structures of

T T T T

&(kv/cm)

1
12 /
13 2N 0 H 42 g

15

-,

Photocurrent

27

31 .
Oh

T
>
1

35
0l

x0.5

! 1 1 1 Il

1.50 1.64 1.68
Energy (eV)

167
{

Fig. 5. Low-temperature (7 = 5 K) photocurrent spectra (offset
vertically for clarity) of a 60-A-period GaAs-GaggsAlgsAs
superlattice at various electric fields. The labels at intermediate
fields represent the indexes of the Stark ladder for electrons,
and at very high fields indicate the transitions between fully
localized hole and electron states (from ref. [43]).

fig. 5 are summarized in fig.6 as a function of
field, for transitions involving both heavy and
light holes. In the former set up to nine branches
are observed at low fields, emerging from the
spectral region covered by the miniband (between
full squares) at zero field and with slopes propor-
tional to their Stark index. Although not as com-
plete, a “fan chart” of similar characteristics is
obtained for light-hole transitions. It should be
noted that in this case some difference exists from
the heavy-hole transitions, since both the electrons
and light holes are partially delocalized at mod-
erate fields.

As observed in fig. 5, at very high fields the PC
spectra consist of two structures, labelled Oh and
01, on a step-like background. These two features,
corresponding to intrawell transitions for heavy
and light holes, respectively, are the only ones that
remain at fields well above the localization field of
electrons and holes ( ~ 120 kV /cm for the hetero-
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structure of fig. 5), that is, when both types of
carriers are fully confined to individual wells, as
sketched in fig. 4(c). At such high fields, even for
wells as narrow as those that form a superlattice,
the quadratic Stark effect of an isolated well be-
comes appreciable and leads to small “red” shifts
of the Oh and !1 transitions, appreciable in fig. 5.

Although the intensities of the high-index struc-
tures in fig. 5 decrease monotonically with increas-
ing & at high fields, the behavior is much more
complicated at low fields. For example, at 6= 13
kV/cm the —2 transition dominates the spec-
trum, whereas at 20 kV/cm — / is dominant.
Tight-bonding calculations of the superlattice
wavefunctions under a field have predicted the
general behavior of the absorption spectra, with
their multiple steps for the various transitions [36].
However, since those calculations did not include
the coulombic interaction between electron and
holes, a direct comparison with experimental spec-
tra, in which excitonic features are dominant, is
not possible. A more recent calculation that in-
cludes that interaction, although subject to some
approximations, represents a first attempt to
estimate the relative strength of the exciton struc-
tures [37].
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Fig. 6. Experimental interband transition energies as a function
of electric field for the superlattice whose photocurrent spectra
are shown in fig. 5. Full (empty) circles correspond to transi-
tions between heavy-hole (light-hole) and conduction band
states. Full (empty) squares indicate the edges of interband
transitions at & = 0 that involve electron and heavy- (light-)
hole minibands. Straight lines are least-squares fits to the
experimental points (adapted from ref. [43]).
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Fig. 7. Raman intensity of the LO GaAs phonon as a function

of electric field for a 30 A-35 A GaAs—Gag ¢ Alg 35As super-

lattice, for an incident photon energy of 1.751 eV. The strong

enhancement of the Raman intensity at ~ 55 kV /cm is due to

a double-resonance condition induced by the n, =0 and n, =

—1 states of the Stark ladder, sketched in the inset in sim-
plified form.

The Stark-ladder states of a superlattice can
also be probed by Raman scattering. The cross
section for Raman scattering is enhanced by
several orders of magnitude when the energies of
the incident and scattered photon both coincide
with two electronic transitions, thus achieving
double resonance. This condition requires the ex-
istence of three states, two of them separated by
the energy of a phonon. Two Stark-ladder states,
combined with a valence-band state, can provide
such a resonance whenever the separation of Stark
states of indices n; and n, equals a phonon
energy K, (see inset of fig. 7), that is, when

&(kV/em) =100E,,.,(MeV)/D(A)(ny — n,),
(3)

Light-scattering measurements in 60 A-period
GaAs—GaAlAs superlattices have demonstrated
this field-induced double resonance [38]. A
summary of the results is shown in fig. 7, where
the intensity of the peak corresponding to a GaAs
longitudinal optical phonon is plotted as a func-
tion of the electric field for an incident photon
energy of 1.751 eV. This energy corresponds to the
separation between the n, =0 Stark state of the
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conduction band and the heavy-hole valence state
(which is fully localized at small fields), so that
Raman scattering is at least singly resonant at all
fields. When & satisfies eq. [3] for n, =0 and
ny= —1, that is, when &=55 kV/cm, the
double-resonance condition produces a drastic en-
hancement of the Raman intensity, as seen in fig.
7. A similar resonance for n,= —2 at £=27.5
kV /cm, although in principle possible, has not
been observed.

Photoluminescence {2], photoluminescence ex-
citation [2] and electroreflectance [39] measure-
ments have also revealed the Stark ladders in
GaAs-GaAlAs superlattices. However, the com-
plex nature of those processes masks in part the
beauty and simplicity of absorption (or absorp-
tion-like) spectra. A smaller number of the mem-
bers of the Stark ladder has been observed by
absorption experiments in GalnAs—GaAllnAs
[10]. Non-optical techniques, such as deep-level
transient spectroscopy [41] and tunneling [42], have
also provided limited evidence of Stark states in
superlattices.

4. Consequences of the Stark localization

The Stark-ladder states give rise to features in
the absorption or photocurrent spectra that shift
linearly with &, and eventually disappear at high
field. But, in addition, a comparison between
high-field and zero-field spectra (see fig. 5) reveals
a shift to higher energies of the absorption edge.
Such a “blue” shift is a direct consequence of the
breakage of the superlattice minibands into local-
ized states in the high-field limit [33]. At &= 0, the
energies of the interband transitions T; and T,
(see fig. 4(a)) for heavy and light holes, respec-
tively, correspond to the differences between the
bottom of the conduction miniband and the top of
the valence minibands. On the other hand, when
&> &, the corresponding transitions involve states
localized in uncoupled wells (fig. 4(c)). Since the
energies of these levels are to first approximation
at the center of the superlattice minibands, the
transition energies at high fields will increase by
(A.+A)/2 and (A, + Ay,)/2, respectively.

The “blue” shifts in fig. 5 amount to 15 meV
and 26 meV, values that, although quite signifi-
cant, are less than those to be expected, once we
consider that in that case A, =70 mev, A, =4
meV and A, =58 meV when the following
parameters are used in a simple Kronig-Penney
calculation: 0.31 eV (0.19 eV) for the conduction
(valence) band barrier heights, and 0.067 (0.089),
0.34 (0.51), and 0.094 (0.12) for the effective masses
of electrons, heavy holes, and light holes in the
well (barrier), in units of the free-electron mass.
The origin of the differences is at least two-fold.
On the one hand there is the quadratic Stark shift,
that becomes increasingly important at high fields,
reaching 13.8 meV (17.4 meV) for the heavy (light)
hole transitions at 250 kV /c¢m. On the other hand,
there is a localization-induced increase of the exci-
ton binding energy.

In the absence of an electric field, since the
electrons and holes are itinerant throughout the
superlattice, the binding energy of the excitons is
not very different to that of bulk semiconductors;
for D =60 A it is about 6 meV. The field-induced
localization reduces the spatial extent of the elec-
trons and holes, producing an increase in the
excitonic energy, and, under complete localization,
the exciton becomes quasi-two-dimensional [43].
Such a change in dimensionality is illustrated in
fig. 8 for a 40 A-40 A superlattice, where the
binding energy, measured from the difference be-
tween the exciton peak and the continuum of PC
spectra, is plotted against the electric field. Varia-
tional calculations of the intrawell excitonic en-
ergies [36], within the envelope-function ap-
proximation, have been able to reproduce the ob-
served three-to-two-dimensional transition, as
shown in fig. 8.

Another important consequence of the forma-
tion of Stark ladders is an oscillatory behavior of
the optical absorption as a function of the electric
field, for fixed photon energy hw. According to
eq. [2], whenever & is such that

ho=E,+ved,D(v=+1, +2, ...), (4)

there is an enhancement in the absorption coeffi-
cient produced by the transition of index ». Such
an increase, which is periodic in the reciprocal of
the field, leads to several regions of strong nega-
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Fig. 8. Exciton binding energy as a function of electric field in
a 40 A—40 A GaAs-Gag 4 Alg s As superlattice. Full (empty)
circles are for heavy- (light-) hole excitons. The solid (dashed)
curve represents the calculated values for the heavy- (light-)
hole exciton. The shaded area depicts the expected range for
the heavy-hole exciton binding energy: between the super-
lattice (SL) and the isolated quantum well (QW) limits at zero
field.

tive differential resistance in the photocurrent—
voltage characteristics of p-i-n structures, as dem-
onstrated recently [43].

Finally, the observation of Stark-ladder transi-
tions provides a direct measurement of the quan-
tum coherence of the superlattice wavefunctions.
In real superlattices, even in the absence of any
electric field, there is a certain degree of wavefunc-
tion localization created by deviations from per-
fect periodicity, caused, e.g., by well-width or bar-
rier-height fluctuations. Under strong localization
the wavefunction coherence can be reduced to a
few periods and even to a single well. As has been
described above, in the presence of an electric
field the number of interwell transitions involving
heavy holes measures directly the spatial extent of
the electronic states at that field, and consequently
extrapolation to zero-field gives their maximum
coherence.

For the 60 A-period superlattice of fig. 5, the

electron wavefunctions remain coherent at =0
for at least ten periods, in view of the ten different
transitions that can be resolved at very low fields.
(Although only nine heavy-hole transitions are
represented in fig. 5, a tenth one, corresponding to
v = —6, was resolved as a negative-resistance fea-
ture in the photocurrent characteristics [44}.) This
large coherence is maintained for temperatures of
at least up to 200 K, suggesting that it is not
restricted by inelastic scattering. The actual limit
may be due to the small fluctuations in layer
thickness or alloy composition, which seem to
affect much more to superlattices with long period,
once inhomogeneous broadening becomes com-
parable to the superlattice bandwidths. Indeed,
measurements in heterostructures with 60 < D <
85 A have demonstrated that coherence is gradu-
ally reduced with increasing D, to two or three
periods [44].

The observation of coherence even at room
temperature makes Stark-ladder effects attractive
for applications. Thus, the localization-induced
blue shift has been used recently to obtain large
absorption modulation in a self-electro-optic de-
vice [45].

The developments of the last few years re-
viewed here have contributed to a better under-
standing of very basic ideas in the theory of solids
under electric fields, and have proved concepts
that were once quite controversial, such as the
Stark ladder. To a large extent these advances
have been possible by a dramatic improvement in
material’s quality, as attested by the demonstra-
tion of long electronic coherence in artificial su-
perlattices. Novel structures based on them that
take advantage of their reduced Brillouin zones
will undoubtedly follow, not only for optical ap-
plications but also for devices based on transport
along the superlattice direction.
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