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We report experiments and theory on the effects of electric fields on the optical absorption near
the band edge in GaAs/AlGaAs quantum-well structures. We find distinct physical effects for
fields parallel and perpendicular to the quantum-well layers. In both cases, we observe large
changes in the absorption near the exciton peaks. In the parallel-field case, the excitons broaden
with field, disappearing at fields -104 V/cm; this behavior is in qualitative agreement with previous
theory and in order-of-magnitude agreement with direct theoretical calculations of field ionization
rates reported in this paper. This behavior is also qualitatively similar to that seen with threedimensional semiconductors. For the perpendicular-field case, we see shifts of the exciton peaks to
lower energies by up to 2.5 times the zero-field binding energy with the excitons remaining resolved
at up to -105 V/cm: This behavior is qualitatively different from that of bulk semiconductors and
is explained through a mechanism previously briefly described by us [D. A. B. Miller et al., Phys.
Rev. Lett. 53, 2173 (1984)] called the quantum-confined Stark effect. In this mechanism the quantum confinement of carriers inhibits the exciton field ionization. To ·support this mechanism we
present detailed calculations of the shift of exciton peaks including (i) exact solutions for single particles in infinite wells, (ii) tunneling resonance calculations for finite wells, and (iii) variational calculations of exciton binding energy in a field. We also calculate the tunneling lifetimes of particles in
the wells to check the inhibition of field ionization. The calculations are performed using both the
85:15 split of band-gap discontinuity between conduction and valence bands and the recently proposed 57:43 split. Although the detailed calculations differ in the two cases, the overall shift of the
exciton peaks is not very sensitive to split ratio. We find excellent agreement with experiment with
no fitted parameters.

I. INTRODUCTION

The electrie-fi~ld dependence of optical absorption
(electroabsorption) near the optical band edge in semiconductors is a subject which has been extensively studied
both theoretically and experimentally. In bulk semiconductors, the resultant shift and broadening of the band
edge absorption is usually known as the Franz-Keldysh effect.1•2 In relatively pure semiconductors especially at low
temperature, the absorption edge in direct-gap semiconductors can b~: dominated by the exciton absorption resonances corresponding to the creation of an electron and
hole in a hydrogenic orbit. To model the electroabsoq,tion properly, these excitonic effects must be includ~
(see, for example, Dow and Redfield3). At relatively low
fields, the electroabsorption can actually be dominated by
excitonic resonance effects; the 1S peak initially shifts to
lower energy and broadens.3•4 This behavior can be explained as a S·:ark shift of the 1S hydrogenic exciton level
coupled with a broadening. The analogy between Stark
shifts in real atomic systems and the shifts seen in excitons is formally exact within the effective-mass approximation. One practical difference is that, with the exciton,
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we measure the true shift of the 1S ground state, not the
difference in the shifts of two atomic states as is common
in atomic spectroscopy. The 1S peak can shift by only
- 10% of the exciton binding energy before the broadening becomes so severe that the peak becomes unresolvable
at a few times the classical ionization field. This (Stark)
broadening (see, for example, Vrehen4) is essentially due to
the reduction of lifetime of the exciton resulting from
field ionization by the applied electric field; with a uniform applied field there are no longer truly any bound
states of the electron-hole system as the particles can tunnel through the resulting distorted Coulomb potential barrier. 3
In recent years, semiconductor growth technology has
advanced to such an extent that it is now possible to grow
thin-layered semiconductor structures of very high quality. These layers can be controllably so thin that particlein-a-box confinement of electrons and holes can readily
be seen (see, for example, Dingle et al. 5). With the
GaAs/AlGaAs material system, because the larger bandgap AlGaAs "barriers" have both lower valence-band
edges and higher conduction-band edges than the GaAs,
the alternate thin layers result in confinement of both
1043
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electrons and holes within the GaAs layers (or "wells").
Consequently, excitons m·ay also be confined within the
GaAs layers. If the AlGaAs barriers are sufficiently
thick, and have a sufficiently large Al concentration so
that the potential barriers are high, then penetration of the
wave functions from one GaAs layer (or quantum well) to
another may be neglected at least for the low-energy states
within the quantum well; then we may refer to the structure as a multiple quantum-well structure (MQWS). The
physics of such a MQWS for these low-energy states is for
many purposes the physics of a single quantum well although it is convenient for optical-absorption studies to
grow a MQWS to obtain sufficient optical absorption. (If
the wave-function penetration is significant, then superlattice effects become important and the physics is qualitatively different.)
The MQWS growth can be of such high quality that exciton resonances can be clearly seen even for layer
thicknesses much less than the usual three-dimensional
(3D) exciton diameter (- 300 A in bulk GaAs). The question therefore arises as to what will be the electroabsorptive effects in such MQWS's. Clearly because of the
quantum confinement the physics may be qualitatively
different. It is also immediately obvious that there are
two distinct physical configurations in the MQWS compared to the bulk, namely (i) electric field parallel to the
quantum-well layers and (ii) electric field perpendicular to
the layers, and we may expect different physical effects in
each case.
One remarkable phenomenon which makes the MQWS
electroabsorption of further interest is that in both
GaAs/AlGaAs MQWS's6 - 8 and very recently in
InGaAs/InAIAs MQWS's9 the exciton resonances can be
clearly observed at room temperature. This is remarkable
because in GaAs (and most other bulk semiconductors)
the exciton resonance is all but unresolvable at room temperature and in InGaAs it is barely resolvable even at low
temperature. The physical reasons for this are interesting
in themselves (see, for example, Refs. 6 and 10) but the
observation is of potential practical importance as it may
enable the development of room-temperature optical devices utilizing excitons. Indeed, some nonlinear optical
devices have already been demonstrated 10- 15 and, more
importantly for the !-resent discussion, several speculative
optical modulators 1 - 18 and switches 19 have already been,
demonstrated utilizing electroabsorptive effects in
GaAs/AlGaAs MQWS's.
The aim of this paper is therefore to investigate both
experimentally and theoretically the parallel- and
perpendicular-field electroabsorptive effects in MQWS's.
We will use GaAs/AIGaAs MQWS's throughout (at room
temperature) although the theoretical models are of more
general applicability. We will find that the parallel-field
case is qualitatively similar to the electroabsorption in
bulk materials, but the perpendicular-field case is significantly different, and appears to be best described as a
separate mechanism, at least for wells that are thin compared to the 3D exciton diameter. This new mechanism
we call the quantum-confined Stark effect (QCSE). We
have briefly discussed this mechanism 20 before. It can explain the remarkable persistence of the exciton resonances

to very high fields (- 50 times the classical ionization
field, Ei) with correspondingly large energy shifts (up to
2.5 times the zero-field exciton binding energy), which
empirically distinguishes this electroabsorption from the
bulk electroabsorptive effects described above. The general theoretical formalism we use is all within the'
effective-mass approximation, so the theoretical discussion ""ill reduce largely to a treatment of a hydrogenic
system with quantum confinement and an applied electric
field (hence, the title QCSE for the perpendicular-field
electroabsorption). In principle, much of the theory extends therefore to the hydrogen atom, and the large size
and small binding energy of the exciton enables us to test
the theory at relative fields (e.g., 50E;) and quantum confinements (e.g., confinement within
of the 3D hydrogenie diameter) which are currently unattainable for an
actual hydrogen atom.
The effect of electric fields on the optical properties of
MQWS's has previously been considered by several authors both experimentally 16•20- 25 and theoretically.16·20·25-28 Prior to our own first observations of
electric-field dependence of optical absorption in
MQWS's, 16 measurements were made of the changes in
luminescence with electric field at low temperature. 21 · 22
Insight was gained into impurities using this technique22
and quenching of luminescence was observed at very
moderate electric fields. 21 •22 Partly in an attempt to explain the luminescence quenching, variational calculations
were made26 of the changes in wave functions and energies of the particle-in-a-box envelope functions with applied field. The quenching of the luminescence, which
may in fact be due to the sweeping out of carriers by the
applied field, 26 unfortunately limits this technique to low
fields, and luminescence techniques at room temperature
are often more difficult anyway. The variational theory 26

+

itself is of more general use, and we will use and extend
some of its results as part of the theory in this work. Independently of our own work, 20 this theory was also recently27 extended to attempt to fit our early electroabsorption data. 16 Absorption measurements 16•20 have the advantage that they can conveniently be made at room temperature and also we find in practice that they give useful
information up to much higher fields than the first
luminescence studies. 21 •22 Other luminescence studies
have also been performed24•28 under conditions designed
to prevent the sweeping out of carriers encountered in the
previous luminescence work. 26
The reasons why we should expect to see interesting
physical phenomena with moderate electric fields become
clear from simple order-of-magnitude argument~. For
typical quantum-well widths (e.g.,
100 A) in
GaAs/AlGaAs MQWS's, both the exciton and the individual electrons and holes have envelope functions and energy levels of comparable magnitudes. Exciton binding enIO meV; the confinement energies of the first
ergies are
subbands are =5-50 meV for electrons and holes. The
radial exciton envelope wave functions are 100 A diameter and the envelope functions of the carriers in the wells
have an extent perpendicular .to the layers comparable to
the well width (e.g., ~100 A). Consequently, applying
10 meV/100 A (i.e., I V/µm or 104 V/cm)
fields
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should produc.e large perturbations of these wave functions.
The structure of this paper is as follows. In Sec. H, we
discuss the samples and other experimental details. In
Sec. III the experimental results are presented. In Sec. IV,
we discuss the theory of the various effects and compare
this with the (:xperimental results. Section V presents the
conclusions of the work. Several theoretical models were
developed to t:xplain the results, and the detailed derivations and gent:ral results of these models are discussed in
the four Appendixes. Appendix A treats the field ionization of a two-dimensional exciton in a parallel field. Appendix B derives the exact theory of the perpendicularfield dependence of confined states in a well of infinite
depth. Exact calculations by a tunneling resonance
method of the shifts and widths of energy levels in realistic finite wells (with perpendicular field) are presented in
Appendix C for an effective-mass model. Finally in Appendix D the change in exciton binding energy (for perpendicular fie1ds), due to the separation of electron and
hole, is calculated variationally.
II. EXPERIMENTAL DETAILS
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FIG. 1. Schematic of the sample used for parallel-field experiments (not to s,~ale). The 2-µm superlattice (SL} buffer consisted of layers, 14 A thick, of GaAs separated by 182-A.
Alo. 32Gao. 68As layers. The MQW region consisted of 60 layers,

cases, the samples have been designed to minimize electrical heating which could otherwise complicate interpretation of the spectra. They were grown with substrate temperatures of 700 °C under arsenic-rich growth conditions
employing an As2 beam.
The material for the parallel-field sample consists of a
superlattice etch stop layer and a set of active quantum
wells' grown on a semi-insulating, Cr-doped GaAs substrate. The superlattice material is primarily AlGaAs but
contains very thin layers of GaAs. The use of superlattice
material rather than simple AlGaAs may help to reduce
the background concentration of impurities and also improve the quality of the first few quantum wells. The exact parameters of the material itself are given in Fig. 1.
This material has no intentional doping.
To apply electric fields parallel to the quantum-well
layers, we applied electrodes to a 3 X 6 mm piece of material as shown in Fig. 1. Zinc-doped gold electrodes were
evaporated and alloyed into the material. More gold was
electroplated and evaporated around the sides and onto
the back of the material so that the sample could be electrically contacted after being glued down. Then, the material was epoxied to a sapphire substrate and a 2' mm
wide strip of the GaAs substrate above the electrode gap
was removed by the selective etch 29 to leave good optical
access to the =25X25 µm electrode gap. The resulting
sample was electrically ohmic at low voltages with a resistance 15 Mil. Since the sample is Ohmic this suggests
that the background doping in the MQWS is p type because the zinc-doped gold should give p-type contact regions. This sample overcomes several problems encountered with previous samples. 23 The high resistance of the
sample combined with the relatively high thermal conductivity of the sapphire substrate reduces any thermal effects. The alloyed contacts eliminate Schottky barriers
which can confuse the estimation of field magnitude and
direction.
To apply fields perpendicular to the quantum-well
layers we initially simply applied semitransparent electrodes above and below MQWS material. However, even
with high resistivity material, we found that such a structure has low resistance unless the area of the device is
made very small. We were able to resolve some effects on
optical absorption which we believe were due to electric
fields, but the Ohmic heating was large and interpretation
of the results was unreliable. Consequently we designed
material. in which the MQWS was contained primarily
within the depletion region of a p-i-n diode so that substantial fields could be applied by reverse biasing the
diode without significant conduction and electrical heating.
The final material parameters for the perpendicularfield sample are given in Fig. 2. p- and n-doped AlGaAs
layers form the outer parts of the p and n regions of the
diode, with the n-AlGaAs layer also acting as the etch
stop layer. Initially we were concerned that the field in
the depletion region might be so large as to destroy the absorption features of interest, so we inserted buffer layers
which could enable us to move the highest field part of
the depletion region outside the MQWS material. To al-

95

low for the background doping being either lightJy n or

A. Samples

Two sample, were grown by molecular-beam epitaxy on
(100) GaAs substrates, one for each field configuration.

In both cases, the active MQWS material consists of alternate thin layers of GaAs wells and AlxGa 1 -xAS barriers
with sufficient GaAs layers to give about one opticalabsorption length of optical thickness in the spectral range
of interest neru· to the optical-absorption edge. In order to
be able to see· through the sample in this region, it is
necessary to remove the GaAs substrate over at least some
fraction of the· sample area. Hence, a layer consisting either totally or predominantly of AlGaAs is grown in each
case next to the GaAs substrate to serve as an etch stop
layer when using a selective GaAs etchant. This layer itself is transparent at the wavelengths of interest. In both
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law behavior in forward bias. This sample is similar to
that used by us in modulator experiments. 16
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FIG. 2. Schematic of the sample used for perpendicular-field
experiments (not to scale). The lower portion of the figure
shows the calculated electric-field strength, E, as a function of
position within the device for two applied voltages, using the depletion approximation. Sample parameters are MQWS active
region: thickness 0.97 µm (50 periods 95 A GaAs and 98 A
AlGaAs). Mole fraction of Al in AlGaAs is 0.32. Total thickness 3.9 µm. AIGaAs etch stop and top contact layers each 0.98
µm thick. Super lattice consists of 29-A GaAs layers alternating with 69-A AlGaAs layers. SL buffers: thickness (each) 0.29
µm (30 periods). SL contacts: thickness (each) 9.2 µm (20
periods). Substrate: Si-doped mesa diameter: 600 µm. Top
contact opening diameter: 175 µm.

lightly p in the MQWS, we grew buffers on both sides of
the MQWS. Again to reduce background impurity concentrations and improve the quality of the first few wells,
we used superlattice material for the buffers and also carried this material on _into the contact regions. The structure of the final perpendicular-field sample is shown in
Fig. 2. A 600-µm-diameter mesa was etched. down
through the p-i-n diode material and this was contacted
with a gold electrode with a
100-µm-diameter hole in
the center to allow optical access. Then, a hole was
etched in the substrate from behind using the selective
etch to give optical access from this side. All the contact
and cyuffer regions are transparent at the wavelengths of
interest. The other contact on this structure was taken off
the substrate which was n doped.
. One disadvantage of the p-i-n configuration is that the
electric field is not totally uniform within the i region due
to finite background doping. Using C- V measurements,
we deduced a background impurity concentration
=2X 10 15 cm- 3 in the i region and the resulting calculated field distribution for two voltages is shown in Fig. 2.
All fields quoted below for this sample are simple (linear)
average fields in the MQWS. This structure behaved well
as a diode with = 100-nA reverse leakage and =40-V reverse breakdown, although it was far from the ideal diode

=

All the optical measurements were made using a
continuous-wave infrared dye laser, pumped by a krypton
ion laser and using LDS 821 dye, as the light source. This
could be scanned over the wavelength region of interest.
The use of a laser makes it easy to focus to the necessary
small spot sizes, and the tunability of the source is particularly important for photocurrent spectra. Optical detection was by silicon photodiodes; for high-speed and/or
high-sensitivity measurements an avalanche photodiode
was used. Absolute powers were measured using a UDT
161 power meter with a calibrated silicon detector. Photocurrents were measured directly using a Keithley 195
digital multimeter. Differential absorption spectra were
measured by using a square wave oscillator as the voltage
source driving the samples and synchronously detecting
the change in transmission of the samples with a lock-in
amplifier; a portion of the input beam was split off,
mechanically chopped, and detected on a reference detector using another lock-in amplifier to give a reference signal both for the differential spectra and photocurrent
spectra. Absolute absorption spectra were measured using
a dual-channel boxcar with one channel for the transmitted signal and the other for the reference. For spectra
taken with a de bias voltage, the optical beams were
mechanically chopped and the boxcar was synchronized
to the chopper. For spectra taken with a pulsed bias, the
boxcar was synchronized to the pulse generator. All the
spectra with perpendicular fields were measured with a de
bias. The spectra given here for the parallel field were
taken with a pulsed bias to minimize heating effects and
reduce the risk of damage to the sample given the high
voltages sometimes used for these spectra. Spectra were
also measured with de bias at the lower bias for the parallel field sample to check the consistency of the results.
All the spectra were taken with series resistors to protect
the samples. The voltage drop across the resistor was
kept below 1 V for the parallel field and below 0.1 V for
the perpendicular field.
III. EXPERIMENTAL RES ULTS
A. Parallel field

The principal results of the experiment for electric
fields parallel to the quantum-well layers are summarized
in the set of absorption spectra in Fig. 3. With increasing
applied electric field, the absorption spectrum changes
progressively from the low-field situation where the lightand heavy-hole exciton peaks are clearly resolved to the
high-field situation where the exciton resonances are
clearly destroyed and absorption has increased below and
above the former position of the exciton resonances. By
inspection of the spectra in Fig. 3 it is apparent that the
dominant effect is a broadening of the absorption features
with applied field. Large changes in the form of the spectrum are clearly seen with = 1. 6 X 104 V/cm (40 V). This
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50-µs pulses spaced 700 µs apart with the optical
transmission sampled by the boxcar ,:::, 15 µs after the
start of the pulse. Under these electrical conditions, the
sample was Ohmic up to ,:::, 60 V; above this voltage the
current started to rise steeply reaching 10 µA with 80 V
applied and above 100 V the cunent showed clear instabilities developing during the bias pulse. With de bias,
significant nonlinear increase in the current was seen
above ,:::,30 V. Although the details of this electrical
behavior are not yet understood, we believe that electrical
heating is not responsible for the observed changes in
spectra for several reasons. First, we know from independent experiments that heating produces primarily a shift
of the spectrum in contrast to the observed broadening.
Second, we find the same effects within experimental error for de and pulsed bias, although we restricted the de
measurements to :s; 20-V bias to avoid any possibility of
damaging the sample. Third, we have tested the optical
response of the sample down to a pulse-generator-limited
risetime of ,:::, 10 ns with no measurable change in the degree of modulation of the transmitted light; even with 80V bias where we measure currents of 10 µA, the total
dissipated energy in 10 ns (,:::,8 pJ) would only be sufficient to raise the temperature of the volume of material in
the 25-µm square between the electrodes by =20 mK
even neglecting any further heat conduction, this is insufficient to make any large change in the spectra. The optical power is negligibly small in the measurements (400
n W) and we saw no significant changes in behavior as the
spot size was altered from
3 µm diameter up to ,:::, 20
µm diameter or as the spot was moved within the ,:::, 25
µm square between the electrodes except for some overall
changes which we ascribed to Fabry-Perot effects (the
sample has no antireflection coatings).
The spectra of Figs. 3 and 4 were taken with the static
electric field and the optical electric-field polarization perpendicular. However, we were not able to resolve any s1.gnificant differences in electric-field dependence of absorption with the other optical-field polarization despite the
fact that the symmetry is broken by the applied field.
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FIG. 3. Abwrption spectra at various electric fields for the
parallel-field sample. (a) 0 V /cm; (b) l.6X 104 V /cm; (c)
4. 8 X 104 V/ cm . The insert shows schematically the distortion
of the Coulomb potential of electron and hole with applied field.
The zeros are displaced for clarity as show_n by the dashed lines.

can be seen more clearly in the differential spectrum
shown in Fig. 4 which is taken with ,:::,8 kV/cm. We will
discuss the detailed fitting of this differential spectrum in
Sec. IV, but it is clear by inspection that broadening is
playing a major role; we see increases in transmission at
the exciton p,eak positions and decreases both above and
below each peak as expected for broadening.
The spectra in Fig. 3 were taken with pulsed bias in
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The principal optical consequence of applying an electric field perpendicular to the quantum-well layers can be
seen in Fig. 5. As increasing reverse bias is applied to the
p-i-n diode, the whole band edge absorption shifts to
lower energies, with the exciton peaks remaining resolvable, at least up to the fields shown in Fig. 5. The exciton
105 V/cm.
peaks finally become unresolvable above
The movement of the peaks with :field was measured from
an extended set of spectra like those of Fig. 5. The positions of the peaks were estimated by eye from the spectra;
no model was assumed for the form of the spectra (and
hence no fitting procedure was used to find the peak
shifts), because it is not clear "a priori" what effect the
field inhomogeneity will have on the spectral shape, and
the fields used clearly go well beyond any small signal
analysis. The results of these measurements of the positions of the exciton peaks are shown by the points in Fig.

6. We also ran the p-i-n structure in forward bias to
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check that there was negligible further shift of the exciton
below 104 V/cm. The measurement error increases from
-1.5 meV at low fields to -4 meV at 105 V/cm as the
peaks get broader. In general, however, the shift is clearly
nonlinear, being relatively smaller for low fields. The two
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excitons move at similar rates, the heavy-hole exciton energy moving more than the light-hole exciton energy., It is
not possible to deduce directly from our results whether
the broadening of the spectra is due to the field inhomogeneity in the sample giving different shifts for different
wells or due to some other more fundamental physical
cause. Because of the experimental uncertainty over
broadening we also make no attempt to deduce from this
data whether the area of the exciton peaks is reducing
with field.
The shift of the spectrum observed in these experiments
is of .course approximately the same type which would be
expected for a simple heating of the sample, so some care
must be taken to eliminate thermal causes. There are
several reasons for discounting thermal effects. First, the
form of the spectra is not exactly the same as we observe
on heated samples; for the degree of shift seen in our
electric-field experiments (e.g., ::::::20 meV), simple heating
(e.g., by 50 K) shows much less broadening of the excitons, with the peaks remaining clearly resolved. Second,
we find that we can make the changes in transmission of
the sample on an RC time-constant-limited time scale of
=2 ns (Ref. 8) when the sample is driven with a 50 fi
load. (The calculated capacitance of this sample is :::::: 20
pF.) During the 2 ns, even the total energy involved in
the entire process (e.g., < 700 pJ for a 4 V, 2 ns pulse into
a 50 fi load) is insuffici~t to heat the sample by anything
nearly enough to explain the observed shift; for example,
700 pJ, if totally dissipated in the 100-µm-diameter clear
aperture of the device, would raise the device temperature
by a calculated =0.1 K neglecting all heat conduction.
This is clearly too small, as such a temperature rise would
only produce =40-µeV band edge shift. Recently, we
have also verified optical modulation down to 133 ps with
smaller samples. 17
The operation of this structure as a photodetector was
also checked. Within experimental error we find that
above 2-V reverse bias the p-i-n diode appears to have
100% internal quantum efficiency in the MQWS absorption region, i.e., there is one carrier pair collected for each
photon absorbed in the MQWS material. A typical
responsivity spectrum is shown in Fig. 7. Empirically the
internal quantum efficiency is the same whether the absorption is at the exciton peaks or in the interband absorption region at higher photon energies. This is in agreement with previous discussions of the MQWS absorption
at room temperature6 • 10 which suggested that although
absorption at the exciton peaks would initially create excitons, these would ionize into free electrons and holes on a
sub- picosecond time scale by collisions with optical phonons. In fact, this ionization process has recently been
time resolved directly using femtosecond laser techniques30 implying an ionization time of - 300 fs.
The transport of the generated photocarriers will not be
discussed in any detail in this paper. However, the observation that all the generated photocarriers are swept out
of the MQWS material confirms that efficient transport
does take place for both electrons and holes, despite the·
presence of the quantum-well barriers. A likely mechanism for this transport is thermionic emission of carriers
over the barriers. 31
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same unit cell.
We can write the Hamiltonian as
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+HKEreh+Ve-h(r,ze,zh)+er·F11'

I-

>
<n
25

(2)

where we have the following:
(i) Ze and zh are the coordinates perpendicular to the
plane of the layer of electron and hole, respectively.
(ii) r is the relative position of electron and hole in the
plane of the layer.

~ 0.10

(iii)
PHOTON ENERGY {eV)

FIG. 7. Responsivity of the perpendicular-field sample (p-i-n
diode) at 2-V reverse bias.

The internal quantum efficiency appears to remain
within experimental error for all reverse bias
voltages above 2 V up to ~40V when avalanche gain appeared to become significant. The responsivity spectra are
therefore an equally good measure of the shifts of the exciton peaks and we obtained good agreement with the
transmission spectra. Our calculations from the C- V
measurements show that 2 V is approximately the reverse
bias for which the depletion region just extends all the
way through the MQWS material. The observation that
the responsivity and internal quantum efficiency fall off
for reverse bias less than 2 V is also consistent with. tbi.s
calculation since, when the depletion region does not extend all the way through the MQWS, there will be absorption in low-field regions where the carriers may not be
swept out before recombining.
~
It is worth pointing out here that the fact that the saEle_
MQWS material can function simultaneously as an .absorptive modulator and a photodetector offers some intriguing practical applications in novel nonlinear optical d~vices.18· 19
~
~ 100%

are the kinetic energy operators for electron and hole,
respectively, in the z direction (perpendicular to the
layers) with m:1 and m'i;1 being the effective masses of
electron and hole, respectively, in the z direction.
(iv) Ve (ze ) and Vh (zh) are the built-in rectangular
quantum-well potentials for electron and hole.
(v) F 1 is the electric-field component perpendicular to
the plane of the layers and F 11 is the field in the plane of
the layers.
(vi)

---rz2

is the kinetic energy operator of the relative motion of the
electron and hole with

*
menmhll
µ

*
*
meu+mhll

being the reduced effective mass in the plane of the layers
(m;11 and mZ 11 are the effective masses of electron and
hole, respectively, in the plane of the layers).
(vii)

.Ve-h (r,ze ,zh) =
IV. THEORY AND DISCUSSION

As mentioned in the Introduction, all of the theory we
will discuss will be within the effective-mass approximation. As we are considering the optical transition which
creates an ele::tron and hole, the interaction between them
should be included, regardless of whether true bound
electron-hole states (or excitons) exist. In fact, it has been
shown3 at least within the effective-mass approximation
that the strength of the optical absorption at photon energy Eis proportional to I '1/J(O) I 2, where '1/J is the solution
of
(1)

with H as the effective-mass electron-hole Hamiltonian
euen in the presence of electric fields. (In fact, this remains
true in the p;:-esence of any external potential, except the
photon field itself.) I 1/J{O) 1 2, when properly normalized,
is the probability of finding the electron and hole in the
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H KEreh = 2µ ar2

£

( I -.

-e2

Ze-Zh

12

+r

2)1/2

is the Coulomb potential energy of electron and hole due
to each other.
In writing the Hamiltonian H as in Eq. (2), we have already transformed the in-plane motion of electron and
hole into center..:of-mass coordinates using the usual
transformation, and we have dropped the kinetic energy
operator for center-of-mass motion; this is because we are
only interested in solving for states which can be accessed
optically and under optical excitation the center-of-mass
motion can be neglected as the photon momentum is too
small to create states of significant center-of-mass kinetic
energy. Otherwise, H is a complete statement of the
Hamiltonian of an electron and hole in the envelope function effective-mass approximation and the eigenvalues of
H are the energies of exciton states relative to the bulk
band-gap energy. In what follows we will generally only
be interested in the lowest energy OS-like) excitonic state.
His also the form of the Hamiltonian of any (stationary)
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confined hydrogenic system, generalized here to include
'the different effective masses in different directions in the
semiconductor. We have implicitly assumed simple constant masses m * in defining µ above. Recent work suggests that the masses in the valence band may have a
much more complicated behavior32, 33 although we will
not consider this further here.
In the parallel-field case (F1 =0) we, like previous authors,34 will consider only the two-dimensional limit of H;
here only the terms on the third line of Eq. (2) are retained, with Ze and zh set to zero. In the perpendicularfield case (F 11 =0) we will attempt to solve for the entire
Hamiltonian of Eq. (2).
A. Parallel field

The principal conclusion from the experimental results
is that the primary effect of parallel fields on the OP,ticalabsorption is to broaden the exciton resonances. Given
past theoretical work on three- 3 and two- 34 dimensional
excitons, this is to be expected due to field ionization
shortening the exciton lifetime, and it is also in qualitative
agreement with data on three-dimensional excitons in
GaAs4 where such broadening can also be resolved at
room temperature in differential spectra. Several practical problems prevent a direct comparison of experiment
and the prior theory. First, the experimentally accessible
situation with GaAs/AlGaAs quantum wells is not near
to the ideal two-dimensional limit. The. excitons in our
sample will have binding energies ~ 10 meV rather than
the two-dimensional limit of~ 17 meV (4Ry) 35 (the actual
Rydbergs for light- and heavy-hole confined excitons are
slightly different from that of the 3D case because of the
slightly different hole masses in each case),36 and the exciton diameter is correspondingly not in the twodimensional limit either. Samples with thinner wells can
be made but inhomofeneous broadening due to layer
thickness fluctuations 3 and increased penetration of the
wave functions into the barriers limit their usefulness in
approaching a two-dimensional limit. Second, the available theories neglect any broadening mechanism for the
exciton lines other than field ionization. In practice, both
homogeneous broadening due to optical-phonon collisions6' 10• 37 and inhomogeneous broadening due to layer
thickness fluctuations 38 are both present; while the former
could be reduced by cooling the latter cannot. In our
sample at room temperature the two contributions are approximately equal. Third, the GaAs/AlGaAs quantum
wells show two separate excitons due to the existence of
light and heavy holes of different masses and consequently different confinement energies and reduced effective
masses.
With these caveats, the comparison between our spectra
(Fig. 3) and the theoretical spectra of Ref. 34 is qualitatively good (compare, for example, Fig. 5 of Ref. 34). Our
spectra show broadening of the peaks with clearly increased absorption below and above the zero-field heavyhole (lower energy) peak, this increase extending well
above the band. Also the lowest energy peak in the absorption spectrum shifts slightly to higher energies when
the broadening is strong in both our experimental results

32

and those of the two-dimensional theory of Ref. 3. The
quantitative comparison is also reasonable when the initial
broadening in our data is taken into account. The field
units in Ref. 34 correspond to ~3 kV/cm for a twodimensional exciton in GaAs. Therefore, spectrum (c) of
Fig. 3 corresponds to 16 units; it is clearly similar to (although somewhat more severely broadened than) the spectrum for 17 units of field of Ref. 34. We should expect
that the broadening should be more severe in our case
compared to the two-dimensional case since the binding
energy of our exciton is smaller and the exciton is larger,
therefore, field ionization should require a smaller field
although tunneling will take longer through the correspondingly thicker barrier in our larger exciton. Certainly
when one compares two- and three-dimensional excitons,
the three-dimensional one is much more readily
broadened,3 a fact that can be ascribed primarily to the
lower binding energy and larger size of the threedimensional exciton. 3
To allow for further comparison of theory and experiment, we have fitted the differential spectrum shown in
Fig. 4 semiempirically in a manner similar to that previously described. 10 The zero-field absorption is first fitted
with two Gaussians (one for each exciton) and a
broadened continuum; then the parameters are changed to
generate differential spectra. The fit shown as the solid
line in Fig. 4 corresponds to (i) broadening the heavy-hole
exciton from 4.6-meV half-width at half maximum
(HWHM) to 5.0-meV HWHM with 6% loss of area; (ii)
broadening the light-hole exciton from 4.7-meV HWHM
to 5.0-meV HWHM with no loss of area; (iii) no movement of the heavy-hole peak; (iv) movement of the lighthole peak by 0.1 meV to lower energy; (v) no change in
the continuum parameters. The dominant effect appears
to be broadening.
One limitation of the calculations as presented in Ref.
34 is that they do not give directly an actual field ionization rate for the exciton although their calculations do
also extend to fields where such a concept is too naive.
We have attempted to calculate a first approximation to
this rate in Appendix A for two-dimensional excitons and
to compare this with the three-dimensional case, so as to
give us an alternative approach to estimating the exciton
broadening. Taking a specific field such as that used for
the differential spectrum of Fig. 4 (8 kV/cm} our twodimensional model predicts a mean time to field ionization of ~ 380 fs which would correspond to a half-width
at half maximum of a simple (Lorentzian) line of 1. 7
meV. Although our theory predicts a direct number for
the field ionization broadening and the fit of the experimental differential spectrum yields numbers for the
broadening it is not clear a priori how to compare the two
because it is not obvious how to deconvolve the existing
linewidth due to other causes. In principle, such a deconvolution can only be carried out when the physical models
for the actual line shapes and their interactions are fully
understood which is not the case here. The line shape of
excitons in MQWS's has been studied by several authors.6• 10•38-40 The low-temperature linewidth is thought
to be due to layer thickness fluctuations 38 and a Gaussian
line shape has been predicted due to such inhomo-
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geneities. 40 Additionally, a homogeneous broadening
component, st'.lall on the low-energy side and large on the
high-energy side, has been measured at low temperature
and has been associated with the greater mobility of the
higher-energy excitons. 39 The broadening with temperature has been measured6• 10 and is well· described as
optical-phonon broadening; 6• 10 the linewidth at room temperature appears to be due approximately equal to pho. homogene1ty
.
b road emng.
. 610
The roomnons and m
'
temperature line shape is still better described as a Gaussian rather then a Lorentzian. 10 Two simple deconvolutions are the Lorentzian case in which the linewidths
r A and r B due to two mechanisms add linearly
(r = r A + r B) and the Gaussian case in which r A and
rB add in quadrature [r=(r~+r1)ll2 J. Relating
HWHM r to lifetime T through r=li/r we obtain r= 1.6
ps for the Lorentzian deconvolution and r=230 fs for the
Gaussian case for the differential spectrum measurement
of the heavy-hole exciton. Clearly both of these are in
order-of-magnitude agreement with the theory, although
the Gaussian case is better. Moreover,· it is easier to rationalize measured times shorter than the theory as the actual exciton should be easier to ionize than the extreme
two-dimensional case of the theory.
The general conclusion from this comparison of theory
and experiment is that the behavior of the GaAs MQWS
absorption spt:ctra near the band edge with field parallel
to the layers is in good qualitative agreement with
broadening due to field ionization. The quantitative comparison shows behavior much closer to the twodimensional limit than the three-dimensional limit with
the excitons apparently taking much longer to field ionize
than would a three-dimensional exciton.
B. Perpendicular fields

The experimental results (Figs. 5 and 6) show that a
strong effect of the electric field perpendicular to the
quantum-well layers on the optical absorption near the
band gap is to shift the absorption to longer wavelengths
(lower photon energies). Although there may be some
broadening of the absorption; it is apparently much less
than that seen at comparable fields in the parallel direction; with parallel fields the exciton peaks are unresolvable
by ~ 1.6X 104 V/cm whereas the peaks are resolvable up
to ~ 105 V/ct'.l for perpendicular fields. We will attempt
to model the shifts in energy of the exciton peak with
field and to explain this remarkable persistence of the
peaks to very high fields.
Various pru1s of the Hamiltonian of Eq. (2) have already been treated separately. First we consider the zerofield parts. H KEze + Ve (ze) (and the equivalent for holes)
is just the Hamiltonian of a particle in a one-dimensional
rectangular potential well and the solutions of this are
well known.41 One complication in actually solving these
"particle-in-a-box" problems for the GaAs/~GaAs sy~tem is the relative size of Ve and vh. Until recently, It
was believed that the discontinuity in the band gap at the
GaAs/AIGaAs interface was split 85:15 (Ref. 41) between
conduction (Ve) and valence ( Vh ) bands. However, recently there bas been considerable evidence that the split
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TABLE I. Effective masses and well potentials for 85:15 and
57:43 conduction: valence potential ratios as used for calculations. x is the aluminum mole fraction.
·~

rn.*

ml-h
mth
Ve (meV)

Vi,

(meV)

85:15

57:43

0.0665 +o. 0835x
0.45+0.31x
0.088+0.049x
340
60

0.0665 +0.0835x
0.34+0.42x
0.094+0.043x
228
172
~

is more even. 42 -

46 Most of these results suggest a split ratio within a few percent of 60:40 (Refs. 42-44 and 46).
We will consequently do all our calculations for both
85:15 and 57:43 (Ref. 42) split ratios (see Table I).
With a finite field applied perpendicular to the wells,
several approaches can be taken to solve for the effect on
the individual particle-in-a-box energies [i.e., the Hamiltonian HKEz + Ve<ze)-eF1 ze and the equivalent for
e
.
26
f.
holes]. Variational methods have been used for both 1nite and infinite wells with simple solutions for the
infinite-well case. In Appendix B of this paper we solve
exactly for the infinite-well case; the resulting wave functions are Airy functions. In Appendix C of this paper we
solve numerically using a tunneling resonance method for
a particular finite well designed to model the conditio~s in
our sample. The comparison between these vanous
models is interesting. We find as discussed in Appendix B
that the variational model for infinite wells is remarkably
close in the calculated energies to the exact Airy function
model. Infinite-well models using the true physical
thicknesses do not model the behavior with field well
quantitatively when compared to the numerical model in
Appendix C; this can at least in part be attributed to the
fact that such an infinite-well model is not a good model
even at zero field because the energies of the first confined
states are significantly different from the infinite-well results. However, we find that if we use effective widths,
Leffe, Leffh-h• and Leffl-h (for electron, heavy hole; ~d
light hole, ·respectively) for infinite wells so that we obtam
the correct zero-field energies, then we obtain remarkably
good agreement between the tunneling resonance numerical calculations and this effective infinite-well model.
The effective widths used are given in Table IL This
comparison is made in greater detail in Appendix C. Of
course, the effective widths, Lerr, which are all greater
than the physical widths, are different for electron, heavy
hole and light hole. However, this larger effective width
mer;ly approximates the fact that there is significant
penetration of the wave functions into the barriers. The

TABLE II. Effective infinite-well widths used when calculating finite-well properties with infinite-well models.
85:15

57:43

CA>

(Al

126

133

121

114

155

129
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important physical insight derived from this effectivewell-width model is that as far as these perpendicular
electric field shifts are concerned the primary consequence
of finite wells is simply to make the wave function larger;
this might not seem so remarkable were it not for the fact
that this remains true up to ,::::; 105 V/cm where the electric potential drop across the wells is ,::::; 100 meV, considerably larger than the confinement energies of any of the
states at zero field and comparable to or greater than the
zero-field well depths.
This comparison of the various models therefore shows
that in practice we may use any of them to obtain a
reasonable approximation to the behavior of the particlein-a-box levels as the box becomes skewed by applied field
provided only that the appropriate effective widths are
used for the infinite-well models. The tunneling resonance calculations of the shifts of the single-particle states
are summarized in Fig. 8(a). For the detailed comparison
of the various calculations of single-particle energy shifts,
see Appendices B and C.
Now we consider the effects of electron-hole interaction;
HK.Erek+ Ve-h(r,ze,zh

40

------ ----
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.............

---- ------})""

--------

--
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-20

0
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10
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15

5
10
ELECTRIC FIELD (104 V/cm)

15

10

)+HKEz, + Ve<ze)+HKEzh + Vh(zh)

is the Hamiltonian of the electron-hole system with no
field in a rectangular potential well. By solving for the
eigenvalues of this Hamiltonian and subtracting the onedimensional particle-in-a-box energies of the separate particles, the zero-field binding energy of the exciton can be
calculated. This has been attempted variationally, 36•47- 49
perturbatively50 adiabatically, 51 and using a combined
variational-perturbative technique. 52
Now we will attempt to evaluate all of the terms in H
simultaneously. There is one obvious physical effect (contained in H) which, as yet, has not been addressed; specifi~
cally, as the field is applied, electrons and holes move to
opposite sides of the quantum wells and as a consequence
the Coulomb attraction between electron and hole is reduced, reducing the binding energy of the exciton and
thereby acting to increase the energy of the exciton resonance. To attempt full solution of Eq. (2), we will use a
variational method with the separable trial function,

(3)
where t/Je<ze) and ifJh (zh) are the "exact" wave functions of
the individual electrons and holes in the one-dimensional
quantum wells with an applied field [i.e., the lowest eigenfunctions of HKEz + Ve(ze)-eF1 ze and the equivalent for
•
holes] and

r!
12

¢e-h(r)= [ :

(a}

32

exp [ -;_r J

(i.e., we choose a simple IS-like orbital for the in-plane radial motion) with 'A, the amplitude radius of the exciton
orbit, as an adjustable parameter. This wave function is
probably about the simplest that can be chosen while still
preserving the principle features of the actual wave function; the separability makes the whole problem much
more tractable. This wave function is not valid for wells
comparable to or thicker than the three-dimensional exci-

T
0

T

FIG. 8. (a) Energies of the first electron, heavy-hole, and
light-hole states relative to the potentials at the center of the
quantum well as calculated using the tunneling resonance
method (Appendix C). (b) Exciton binding energy (Ref. 53) contribution E 0 as calculated variationally in Appendix D. The
solids lines use the 57:43 discontinuity split and the dashed lines
use the 8.5:15 split. The final exciton energy is calculated by
adding the appropriate hole energy, the electron energy and the
band-gap energy, and subtracting the exciton binding energy;
the light-hole energy also has a fixed strain shift to be added (see
the text).

ton diameter (- 300 A) as it does not tend to the threedimensional wave function in the limit. However, it is
a good approximation for the thin wells (- 100 A) used
here as can be checked "a posteriori" by evaluating the
zero-field binding energy and comparing the result with
other methods. This wave function will also include effects of finite-well depth.
Formally evaluating the expectation value of H we obtain
(4)

where Ee and Eh are the energies of the individual elec-

32

ELECTRIC FIELD DEPENDENCE OF OPTICAL ABSORPTION ...

1053

EPEr is also of course dependent on the variational parameter A. The evaluation of the integrals in Eq. (7) is not
straightforward. The fact that the wave function 'II is separable is of less use here because the potential Ve-h couples all the variables. However, this can be integrated
partly analytically and partly numerically and the details
of this and the variational minimization of the resulting
EB are discussed in Appendix D. For the calculation of
26
EPEn we actmJly use the variational wave functions of
the infinite well for t/Je (ze) and tf,h (zh) as there are no analytic wave functions available from the tunneling resonance calculatLon and the variational wave functions ·are
much simpler to use than the Airy functions of the exact
infinite-well solution in Appendix B; the discussion above
showed that all three methods are in good agreement provided that the correct effective well widths Leff are used.
The resulting ,;alculations of the shift in exciton binding
energy are shown in Fig. 8(b).
One further energy is required before making the comparison with experiment, namely, the strain shift of the
light-hole exci1on peak. For our sample, we calculate using the data o:: Dingle and Wiegmann 54 that the built~in
strain in the ~ample will shift the light-hole exciton to
lower energy by 4.5 meV. Finally, using the roomtemperature b2.nd-gap energy 1.424 (Ref. 55) and adding
the calculations in Fig. 8 (together with the strain shift)
we obtain the solid line shown in Fig. 6 for the 57:43 split
calculations; this fit has no adjustable parameters and the
energies are in absolute values, not relative shifts. The
discrepancy between the light-hole exciton peak shift and
the theory is well within the width of the light-hole peak
as can be seen from Fig. 5. Therefore, we have excellent
agreement between experiment and theory for the positions of the exciton peaks with field. The 85:15 split
(dashed lines ht Fig. 6) gives nearly as good a fit, although
there is a discrepancy of 2 meV in the zero-field position
of the excitons.
The fact that the 57:43 and 85:15 split ratios give very
similar overall shifts for the exciton peaks is surprising in
view of the V(:ry different single particle shifts in each
case [Fig. 8(a)]. Apparently, the sum of electron and hole
energies is approximately equal for the two split ratios
even though the individual energies are significantly different. This compensation .makes the exciton energy insensitive to split ratio even with strong fields. The zerofield binding energies for the excitons are incidentally in

sophisticated wave functions; 36•48, 49, 52 this therefore provides further justification for the use of the simple wave
function of Eq. (3).
It is apparent from Fig. 8 that the dominant contribution to the exciton shift at high fields is the shift of the
particle-in-a-box energies of the individual electron and
holes Ee and Eh. The dominance of the shifts of Ee and
Eh at high fields comes about because the shift of exciton
, binding energy EB saturates out somewhat at high fields
as is discussed in Appendix D. However, at low fields
(e.g., < 3 X 104 V/cm), the effect of the shift of EB is very
important as it can reduce the shift of the exciton peaks
by factors ~2; our experiments are not, however, particularly sensitive at these fields.
Thus far, we have shown that we can explain the magnitude of the shift of the exciton pe.aks with field very accurately for the perpendicular fields. However, we have
not yet addressed why it is that we can still observe exciton peaks in the perpendicular-field case at fields which
correspond to - 50 times the classical ionization field of a
three-dimensional exciton of comparable binding energy,
with associated shifts - 2. 5 times the zero-field binding
energy; by contrast in the parallel-field experiments the
excitons disappear at a few times the ionization field and
the shift is ;S 10%. To understand. this persistence of the
peaks, we must reexamine why it is that the exciton peaks
normally broaden with field. As discussed in the introduction, the broadening essentially results from the rapid
field ionization of electron and ho:le, or, equivalently, the
tunneling of electron and hole away from one another.
There are two separate processes which are relevant in
considering this tunneling for the quantum-well structures. First, the electron and hole tend to separate within
one well when the perpendicular field is applied; the electron moves towards one wall and the hole moves towards
the other. This reduces the Coulomb energy of the electron and hole. Our binding energy calculations show,
however, that the exciton is still strongly bound even at
high fields (e.g., 6-7 meV at 105 V/cm). This is bec~use
the well is thin (e.g.1, 100 A) compared to the 3D exciton
diameter (e.g., 300 A). If the well was thick (e.g., 1000
A) compared to the 3D exciton diameter, then the electron
and hole could tunnel through the Coulomb potential barrier which binds the exciton, resulting in a state with the
electron and hole separated to opposite sides of the well
with very little Coulomb interaction between electron and
hole and the exciton would be effectively field ionized; in
this extreme situation, the absorption spectra would be
essentially those of the 3D system. Of course, the walls of
the wells only inhibit the field ionization if the individual
electrons and holes do not tunnel rapidly through the
walls of the wells, i.e., through the heterostructure barriers. A simple way to estimate the strength of this
second tunneling process is to estimate the rate of tunneling of an individual electron or hole out of the well (i.e.,
through the heterostructure barrier). This is a slight
overestimate of the actual field ionization rate as it
neglects the additional confining effect of the Coulomb
attraction of electron and hole, although usually this attraction is small compared to the confinement due to the

good agreeme11.t with other calculations which use more

heterostructure for the fields we use here. We can deduce

trans and holes already evaluated and EB, which we will
refer to here as the exciton binding energy,53 is given by

(5)
where EK.En the kinetic energy of relative electron-hole
motion in the layer plane is given by

-r?-

EKEr= (</>,i-h I HKEreh I</>e-h) = µ;_2 '

' (6)

2

and EPEr, the Coulomb potential energy of the electronhole relative motion, is given by
(7)

0

this single-particle tunneling rate from the widths of the
tunneling resonances of the single-particle states; if the
resonance has a half-width at half maximum of !J.E, then
the lifetime of a particle in the state is -fz/!J.E. The resonance widths as calculated from the tunneling resonance
method of Appendix Care shown in Fig. 9. The 85:15
split shows comparatively strong tunneling for the holes
as would be expected due to the shallow valence-band well
in this case. However, even these 85:15 split hole level
widths are consistent with the data, as the resonances just
become experimentally unresolvable at -105 V/cm which
is where the light-hole tunneling resonance width becomes
comparable with the binding energy. Of course there are
other sources of broadening (such as, apparent broadening
due to the field inhomogeneity in the quantum wells) and
so this da,ta should not be taken as evidence for the 85:15
split; the point is rather that even the most pessimistic
calculation confirms that the tunneling of the individual
particles out of the wells is not sufficiently strong to destroy the exciton resonances at the fields used here. Hence,
we can conclude that the consequences of (i) (quantum)
confinement of the exciton within much less than the bulk
exciton diameter and (ii) inhibition of electron and hole
motion by the heterojunction potential barriers, inhibit the
field ionization of the exciton, allowing it to exist to very
high fields.
As mentioned before, the Hamiltonian Eq. (2) is basi10
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FIG. 9._ Half widths at half maximum of the tunneling resonances as a function of the field. Solid lines, 57:43 split.
Dashed lines, 85:15 split. e represents the first confined electron
level; l-h and h-h represent the first confined levels of light hole
and heavy hole, respectively. The electron in the 85:15 split and
the heavy hole in the 57:43 split have half-widths less than 1
µe V for all fields shown here. At fields above - 6 X 104 V / cm,
the light-hole resonance for the 85:15 split becomes asymmetric;
we use the smaller of the two half-widths, corresponding to the
low-energy side of the resonance. The half-width on the highenergy side becomes undefined because of a rising background
tunneling current.

cally that of a hydrogenic system with a confining potential in one direction and an applied electric field. The
shift in the energy of the system with field can therefore
be viewed as a Stark shift. However, it is clear from our
experiments and theory that the quantum confinement
leads to qualitatively different phenomena (i.e., persistence
of resonances to high fields and very large resonance
shifts). Hence, we have called this perpendicular-field
electroabsorption the quantum-confined Stark effect. 20 In
principle, it should also be observable in other hydrogenic
systems, although the fields required to observe it in actual hydrogen atoms are not readily accessible experimentally.
V. CONCLUSIONS

We have investigated the dependence of band edge optical absorption in GaAs/AlGaAs quantum-well structures.
We find distinct effects for fields parallel and perpendicular to the quantum-well layers.
For parallel fields, we find that the band edge absorption broadens with increasing field in a manner at least
qualitatively consistent with field ionization (Stark
broadening). Detailed quantitative agreement with theory
is not possible, but order-of-magnitude agreement is
found.
For perpendicular fields, we find that the absorption
edge shifts to lower photon energies with increasing field;
the exciton peaks remain resolved at up to 50 times the
classical ionization field and shifts as large as 2.5 times
the zero-field binding energy are found. The shifts are explained very well without any fitted parameters by theory
which treats the entire Hamiltonian of the exciton in the
quantum well in the effective-mass approximation. The
explanation of the persistence of the peaks to such high
fields is that (i) the field ionization is impeded because the
individual electrons and holes do not tunnel rapidly out of
the wells and (ii) even when the electron and hole are substantially pulled to opposite walls of the well by the field,
the Coulombic binding of electron and hole is still strong
because the well thickness is small compared to the threedimensional exciton diameter. This mechanism truly requires quantum confinement of carriers in thin layers; as
such it is distinct from the Franz-Keldysh effect of bulk
semiconductors. Because the theoretical formalism· is
simply that of an electric field applied to a confined hydrogenic system we refer to this mechanism as the
quantum-confined Stark effect.
Although reported here for only one physical system we
expect the physical effects to be applicable to other layered semiconductor systems and more· generally to other
confined hydrogenic systems; in this regard the
GaAs/AlGaAs quantum-well system has proven to be an
excellent physical testing ground for the physics of confined hydrogenic systems in very high fields.
APPENDIX A: FIBLD IONIZATION
FOR A TWO-DIMENSIONAL EXCITON

The problem of an hydrogen atom whose motion is restricted to a plane but with particles still interacting
through the l / r Coulomb potential, can be solved exact-
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ly. 56- 58 It is found that the ground-state energy and wave
function are

usual technique. 60 Using inside the well the unperturbed
wave function

1/2

Eis= -4Ry, 'Il1s=

[1..
1T

1

4
'II= _r,:.- exp[ -(~+77 )] ,

.2_exp(-2r /ao),
ao

V 21T

where the Rydberg energy and Bohr radius are
Ry=µe 4 /2-rt-ii and a 0 =efz2/e 2µ. A detailed discussion
of two-dimensional excitons is found in Ref. 35. The
analysis of the effect of a static field on such a system can
be transposed directly from the well-documented case of a
three-dimensio::ial hydrogen atom. 59•60 In this appendix
we will use the atomic units which are a 0 for the lengths,
E 0 =2Ry for the energies E, and F 0 =E0 /eao for the
fields F 11 . We choose the y axis along the direction of
the field and, to separate the variables, we use
two-dimensional
parabolic
coordinates:
x ='~,
y=f(s-77), and r=t<s+77). TheSchrodingerequation
in normal units is
2
-- ~-eF y lt/;=Et/;
11
[_Kv
2µ
Er

and
(A4)
where
112

1 l 17
p= - 1 +1- + -3-2 + [
2'l]
l 677
4 II

(A5)

The broadening induced by the field is
r20
64
Ry
1/2
,
~--~- -~exp
Ry - v-ir [ eF11 a 0
,
1

[v +2 [E+ !+l11Y Il'l'=O ·
2

For the ground state, i.e., Eis= -4Ry it transforms in
parabolic coordinates to

a22 1 a 77 a22 1 a
at +2 at + a 77 +2 a77
+

[-4+

(Al)

it is found that g+(s) and g_(77) are solutions of onedimensional Schrodinger equations

1

4-f11s

I

32Ry
3eF11 a 0

(A6)

I

(A7)

w

(A2)

2 --

-

-~-~- = 16 [-eF_R_l~-o exp [- -3-~-R~,~-o-] '

Taking for the wave function the form

2

[

r=w:

compared to the three-dimensional resuit60

I

S:1/ + l11<s-77) ]w=O.

d
1
3
[ a;2 -1+ 2; + 16;

1

the ionization rate is found by calculating the probability
current in the y direction, }.e.,

and in a.u. withl11 =F11 /Fo,

4
[
s+77 ;
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,

g+(s)=O,

12

(A3a)

2

d
1
3
1
]
[ d772 -1+ 277 + 16772 +411177 g_(77)=0.

where for clarity we have returned to the usual units.
We see that the field induced broadening is smaller in
2D not only because of the increased energy of the ground
state but also because the reduced dimensionality modifies
the first term functional form, from Fij'"' 1 in 3D to Fij'"' 112
in 2D. In Fig. 10 we have plotted the field-induced
broadenings for 2D and 3D excitons qsing the GaAs parameters, i.e., Ry =4.2 meV, a 0 = 140 A.

(A3b)

These equations can be interpreted as describing the onedimensional motions of two independent particles, one
moving on the potential
1
3
1
u+=- 2;"- t6;2 +4:f11s

i

I

-..s
~

I
I
I
I
I

8

l

,

:c

I

b

I

I

?:
w
z 4
....J

I

I

I
I
I

I

and the other in the potential

1

U_=-

3
1
27i~- l67J2 -411177.

0 ....___,__
0

_._..::::::,...,__---''----'---'---'----'---'--....J

4

8

12

16

20

STATIC FIELD (103 V/cm)

The former is always bounded and only the latter can
field ionize. The wave function outside the potential well

FIG. 10. Linewidth contribution r for two-dimensional
(solid line) and three-dimensional (dashed line) excitons due to
field ionization by a static electric field as calculated in Appen-

is connected to the wave function inside the well by the

dix A.
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APPENDIX B: EXACT SOLUTION FOR A PARTICLE
IN AN INFINITE WELL IN THE PRESENCE
OF A UNIFORM STATIC FIELD

The problem of a charged particle in a uniform static
field has been considered in a number of articles 61 - 63 and
text books. 60 It is found that if in addition the particle is
restrained to stay within an infinitely deep well, an exact
solution can be obtained for any value of the static field.
This is a consequence of the very simple and severe
boundary conditions imposed upon the wave function
~(z ), i.e., t( ± Lz) = 0 for any field. The Schrodinger
equation can be written

f

.,,2

-

2

d2

m* dz 2 s(z)-( W +eF1z)s(z)=O.

(Bl)

The zero-field solutions are known, i.e.,

.,,2 [n...!!._ ]2

W =--.n 2m*

ll/2cos [n Lz z l .

Sn(z)= [ ·2
Lz

'TT

2

Wi= 2m*

[

~1

and as the unit of field F 1 such that eF 1Lz = W 1 •
In order to transform Eq. (Bl) into the Airy differential
equation it is convenient to use the new variable Z:

Z=-

2 *
m
[ (elif'i) 2

l

1/3

(W+eF1 z).

(B3)

Note that W +eF1 z represents the kinetic energy and that
[ (eM1 )2/2m*]1 13 has the dimensions of an energy. Z is
therefore a normalized kinetic energy. The new form of
Eq. (B 1) is written

d\ ~(Z)-Zs(Z)=O .

dZ

(B4)

APPENDIX C: TUNNELING RESONANCE
CALCULATIONS OF ENERGY LEVELS
AND LEVEL WIDTHS IN A FINITE WELL
WITH APPLIED ELECTRIC FIELD

~(Z)=aAi(Z)+bBi(Z) ,

In this appendix, the energies of the electron and hole
states in quantum wells with an applied field perpendicular to the wells are calculated by an exact computer solution of the Schrodinger equation in the effective-mass approximation for particle transmission through the
quantum-well potentials. 65 We also calculate the widths
of these resonances to deduce the broadening due to particles tunneling out of the wells. The electron or hole energies in the GaAs quantum well are computed by calculating the transmission of electrons or holes through a well
and two barriers as shown in Fig. 12. At energies of the
quantum-well bound states, the particle transmission is
maximum. The positions of the particle transmission resonances thus identify the quantum-well energies. The

1

~

w
z
w

whose solutions are of the form

w

(B5)

where a and b are two constants and Ai(Z) and Bi(Z) are
the Airy functions. 64 The boundary conditions are

(B7)

which completely determines the eigen energy. Note that
in the normalized form the effective mass and the well
thickness have disappeared. Equations (B6) and (B7) are
therefore universal. Two limits are easily analyzed using
the asymptotic forms of Ai(Z) and Bi(Z ). 64 For F -o
one finds w 2 =n 2 in agreement with Eq. (B2a). For
F 1 -oo one finds w-+f/+[f(n-t)fl 213 with
n >> I. For other values of F 1 , Eq. (B7) can be solved numerically to the desired accuracy using the series expansion of the Airy functions. 64 The universal curve w (f)
obtained by this method is given in Fig. 11. For comparison we have extended the infinite-well variational calculations of Ref. 14 to higher energies and plotted these also
in Fig. 11. It can be seen that the variational method also
remains accurate up to very large fields.

(B2b)

It is therefore natural to use as the unit of energy the energy of the ground state
ft2

O=AHZ+ )Bi(Z_)-Ai(Z_ )Bi(Z+),

(B2a) .

Lz
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0

1

~
0
z
: ) -2
0

a::

C)

t<Z+ )=s(Z_)=O,
where Z± =Z(±tLz). If we measure the energies and
field in units W 1 and F 1, i.e.,

and

ct

:E

a::

-4

-5

W1

z±=

:J

~

w

w=--,

then

-EXACT
--- VARIATIONAL

w -3

0

N

i-; r/3( +

w ± f)

(B6)

30
25
20
10
15
NORMAL! ZED ELECTRIC FIELD
FIG. 11. Universal curve for the energy of the first state in
an infinite quantum well in the presence of a uniform electric
field perpendicular to the walls of the well. Solid curve is the
exact solution. Dashed curve is th~ variational calculation (Ref.
26).
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electrons and holes in an electric field are, in fact, quasibound, and th(: strength and width of the resonances indicate the lifetimes of the particles.
We have pe1formed the calculations for two sets of parameters, one for the 85:15 split of the conduction- and
valence-band discontinuities and the other for the 57:43
(Ref. 42) split. Different masses are appropriate in each
case; the masses are those which allow best fits to zerofield absorption spectra in each case. We summarize the
parameters in Table I. Ve and Vh are the actual discontinuities at the interfaces.
The Al content, x, is zero in the GaAs well and
x =0.3~ in the AlxGa 1 _xAs bar.;rier. The potential for
the 95 A quat1tum well with 98 A barriers is repres~nted
in the calcuJati on as a series of 30 steps in the well and 20
steps in the b2rriers. The form of the model potential is
shown in Fig. 12; this is an approximation to the real potential of the multiple well system, but it includes the major consequences of the first finite barriers around a given
well. The field extends through both barriers and the well
and is constant throughout. The band-gap difference
between Ga.As and AlxGa 1_xAs is taken as
l.425x-0.90x 2 + 1. lx 3•
The energieii of the electron, heavy-hole, and light-hole
states with respect to the potentials at the center of the
quantum well are shown as a function of applied field in
Fig. 8. The n = 1 electron level shifts superlinearly ·with
electric field. In the 85:15· case the heavy-hole and lighthole levels shift strongly but become broad at high fields
as their energies approach the energy of the lower confining barrier and they become less confined (see Fig. 9); In
the 57:43 case, the shifts are more equal although the sum
of electron and hole shifts is very close to that of the
85:15 split. The stronger shifts for the holes in the 85:15
case result from the high mass of heavy holes and the
strong penetradon of the relatively low hole barrier by the
light holes. In the 57:43 case the broadening is very small
at all fields accessed experimentally (see Fig. 9). In both
cases, tunneling between wells produces negligible shifts
with the present barrier thicknesses.

FIG. 13. Comparison of the tunneling resonance calculation
(solid line) and exact infinite-well calculation with appropriate
effective-well width (dashed line) for the extreme case of the
heavy-hole energy level for the 85:15 band-gap discontinuity
split.
'

The tunneling resonance widths for the extreme case of
the 85:15 split also show some other incidental features.
The light-hole resonance on the 85:15 split shows a finite
width at zero field; this is presumably the start of the superlattice bandwidth, although the model used here does
not include true superlattice effects as only one well and
two barriers are considered. Another way of expressing
this is to say that tunneling of the light hole between wells
at zero field is significant on this scale. The kink in the
HWHM near 105 V/cm for the heavy-hole resonance in
the 85:15 split calculation is not itself important for our
conclusions but is physically intriguing. At these fields,
the barrier seen by the holes on one side is essentially triangular, with the width being simply dependent on field.
One possible explanation for the kink is the formation of
a resonance due to the reflection off the far (sloping) side
of the barrier interfering constructively with the wave
function inside the well; such a resonance tends to confine
the particle increasing the time before it tunnels completely out of the well and tending to reduce its resonance
width.
In Fig. 13, we compare the results of two models: (i)
the tunneling resonance finite-well model and (ii) the exact
infinite-well model using the effective infinite-well-width
approximation, both for the rather extreme case of the
heavy-hole level shift with the 85:15 split. As can be seen,
both methods agree remarkably well. The variational
infinite-well model with effective-well widths also agrees
with both of these models within the same accuracy (see
Fig. 11). We presume that the tunneling resonance calculation is best as it most completely includes the effects of
finite wells. However, · the good agreement justifies· the
use of the effective finite-well approximation for the calculation of the exciton binding in Appendix D.
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APPENDIX D: EXCITON BINDING ENERGY WITH STATIC FIELDS PERPENDICULAR TO THE LAYERS

The evaluation of the binding energy of an exciton in a quantum well with an electric field perpendicular to the
quantum-well layers has been discussed in general terms in Sec. IV, where the rationale behind the present method has
been discussed. The most difficult part of the variational calculation is the evaluation of the potential energy, Ep£, as
defined in Eq. (7). Written explicitly this becomes

(Dl)

Here, we have used the variational wave functions for
electron and hole26 as discussed in Appendix B and Sec.
IV because they are analytically simple and give the
correct energies for electron and hole states provided we
use the effective-well widths appropriate for the wells in
question. These are different for each electron and hole
and for each of the two splits of the band discontinuity
{85:15 and 57:43); the effective widths used are given in
Table II. The normalization factors of the electron and
hole wave functions are
N2(/3)=

4/3
L [ 1-exp( -2[3)]

[32+,il

{P

where L is the appropriate effective-well width.

·~
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J

15

FIG. 14. Exciton radius as a function of electric field perpendicular to 95-A GaAs quantum wells with Al,u2Gllo.6sAs barriers for heavy-hole excitons and light-hole excitons as deduced
from variational calculations. Solid lines, 57:43 split. Dashed
lines, 85:15 split. Upper curves, heavy-hole exciton. Lower
curves, light-hole exciton.

e

The integral over
in Eq. (DI) is trivial and the integral over r can be performed, yielding
G ( r) = ~

A

f ""
r=O

r exp( - 2r /')., )dr

V r2+r2

=¥ {I [H1 [¥]-Ni[¥] ]-1},
(D2)

where H 1(u) is the first-order Struve function and N 1 is
the first-order Neumann function or Bessel function of
the second kind. The function G ( r) limits to l as r tends
to zero although both H 1 and N 1 are singular for r=O.
H 1 was calculated directly by a power-series expansion,
and N 1 was calculated using the zeroth- and first-order
Bessel functions of the first kind and the zeroth-order
Bessel function of the second kind 39 to give a look-up
table for G(y). Using the look-up table for G(y) the final result for EpE for given f3e, {3h, and A was evaluated
by numerical double integration over Ze and zh.
Our procedure for calculating the binding energy EB
for a given field was first to deduce f3e and {3h for that
field (from a separate variational calculation) then to
evaluate EpE (as discussed) and EKE, adjusting A variationally to minimize E 8 • Our calculation differs from
most others in that it attempts to account for the effect of
finite-well depth by using effective-well widths; the comparison of our results and others (which are mostly
infinite-well calculations) is good only if we use a mean
well width for the other calculations which is approximately an average of our electron and hole effective-well
widths.
The results of our calculations using the parameters
given in Appendix C and a dielectric constant €= 12.15
are summarized in Figs. 8(b) and 14. The exciton binding
energies decrease in magnitude (this contribution is a positive energy shift overall) with applied field, with associated increases in the exciton radius a ==.').,/2.
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function [Eq. (3)] also makes the problem of the definition of
exciton binding energy deceptively simple, as the energy of
the system as a whole then separates into the sum of three energies, E., E,., and E 8 • However, this is an artifact of the approximation; it encourages us to think that we can always
conceive of the total shift of the exciton resonance as being
the shift of the band gap (E~ +Eh) plus the change of exciton
binding energy. In reality, the shift of the band gap and the
shift of the exciton peak position are separate problems; it just
happens that with this separable wave function the solution of
the exciton problem involves the solution of the band-gap
problem. Furthermore, the high-lying exciton states are probably not bound in any sense in the presence of the fields used
here; hence, if we use the definition of binding energy as being
the separation of the lowest bound state and the first unbound
state, the first unbound state would not be the original lowest
continuum state and Es as used here would not be the binding energy. We refer to Es as the exciton binding energy here
for brevity and because it has a simple correspondence with
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the zero-field case. One physical paradox which arises from
the separation of the problem is that the binding energy Es
actually reduces with field, tending to shift the exciton energy
upwards. This is paradoxical because for a physical system of
this symmetry the first consequence should be a reduction of
energy. (If the exciton wave function were to remain totally
unchanged in the presence of the uniform perpendicular field,
its energy would not change because of its mirror symmetry;
hence, given that the physical system always seeks the lowest
energy state, the energy of the system cannot increase.) The
resolution of this paradox is that the energy of the exciton as
a whole does decrease; there is no requirement that an arbitrary contribution to that energy should decrease. Because of
the arbitrariness of the binding energy, it is important to emphasize that the (Stark) shifts, which we discuss, are the total
shifts of the exciton peaks, not the shifts in binding energy;
there is, thus, no physical problem in having Stark shifts
larger than the zero-field binding energy.
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