Elecironic properties of quantum wells in perturbing fields
R.T. Collins, L. Vifa," and W. I. Wang

IBM T. J. Waison Research Center, P. O. Box 218
Yorkiown Heights, NY 10598

C. Mailhiot

Xerox Webster Research Center, 800 Phillips Road, 0114-41D
Webster, NY 14580

D. L. Smith

Los Alamos National Laboratory
Los Alamos, NM 87545

Abstract

Studies of the response of excitonic transitions in quantum wells to external
periurbatiops have proven useful in undersianding the electronic properties of
quantum wells. This paper discusses the use of two such perturbations, electric
fields and uniaxial stress, in photocurrent and photoluminescence excitation
spectroscopy measurements on GaAs/ALGa, As quantum wells. When an
electric field is present in a square quantum well, forbidden excitonic transitions
become visible. The excitons also exhibit a Stark shift 1o lower energies. Since the
Stark shifts for different excitons are not the same, it is possible to tune the en-
ergy separations between the excitons. By applying eleciric fields to a 160 A well,
an anticrossing between the excited states of the first heavy hole exciton and and
the 1s ground state of the first light hole exciton has been observed. The effect
of a uniaxial stress on a quantum well is found to depend strongly upon the axis
along which the stress is applied. This is in contrast to bulk GaAs. The applica-
tion of a uniaxial stress 10 a quantum well can help determine the valence band
symmelry of a particular exciton, since heavy and light hole excitons exhibit dif-
ferent energy shifts in a stress. This fact has been used in conjunction with
polarization and electric field dependent measurements 1o identify exciton peaks
which arise from mixing between the second heavy and first light hole valence
subbands.
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The electronic properties of semiconductor quantum wells and superlattices
have been a subject of considerable interest. When a guantum well exists in the
conduction or yalence band of a semiconductor heterostructure, the confining
polential gives rise to bound states in the well. Betause the carriers are free to
move parallel to the well, each bound states becomes a subband and a sequence
subbands is formed. In a superlattice, multiple quantum wells are grown with the
confining barriers sufficiently thin that the subbands in adjacent wells couple. In
the simplest approximation each of the subbands in a quantum well or superlattice
arises from a particular band in the bulk semiconductors from which the wells
were made. Thus, the conduction subbands can be viewed as arising from the
zone center states of the conduction bands of the bulk matenals, and two se-
quences of valence subbands (one associated with the heavy hole and one with
the light hole valence bands of ‘the bulk semiconductors) are present in the well.
In reality, the situation is more complicated. In the case of the valence band,
considerable mixing between states of heavy and light hole symmetry has been
predicted to occur (see for example Ref. 1-4). This mixing is expected to have a
large effect on the properties (such as binding energy and oscillator strength) of
the excitonic trapsitions between the valence and conduction band subbands {see
for example Ref. 5-8). In the conduction band of a superlattice, the periodic po-
tential introduced by the layers can lead to the presence of subbands which are
derived from states at other locations in the Brillioun zone of the bulk materals
(such as the X — point).*!° One method for obtaining information about the band
structure and associated electronic properties of a quantum well system is to place
the well in a perturbing field and study the effect that the perturbation has on the
excitonic transitions in the well. Some of the more commonly used perturbations
are hydrostatic pressure, magnetic fields, electric fields, and uniaxial stress.

When GaAs and Al Ga, As are placed under hydrostatic pressure, the
T-point and X-point conduction band energies shift with respect to one another.
Excitation spectroscopy of GaAs/Al Ga, As quantum wells and superlattices
under hydrostatic pressure has been used to identify conduction subbands which
arise from the X-point of the GaAs wells and Al,Ga, _As barriers.!! In the proc-
ess, a measurement of the band offsets between GaAs and Al Ga 1.xAs was ob-
tained. Similar measurements of GaAs/Al Ga, As wells in a magnetic field have
revealed Landau leve] structure in the excited state continuum of the
excitons.!?)* Based on these measurements, binding energies for the excitons
bave been obtained and compared to the theoretically predicted binding energies.
Stark shifts, changes in lifetime, and changes in oscillator strengths have been
observed for excitons in the presence of an electric field (see for example ref.
14-18). Recen! work on excitons in GaAs/ALGa, ;As quantum wells under
- uniaxial stress have shown evidence for the valence band mixing mentioned
above.!?2¢ Although these examples do not provide 1 comprehensive list of the
ways in which periurbation studies of quantum wells have been used, they do in-
dicate the power of these techniques in studies of the properties of quantum wells.
This paper will deal primarily with the use of electric fields and uniaxia! stress in
studies of valence band mixing in single quantum wells. In the first section the



samples and experimental technique will be presented. Next a discussion of the
effects of electric fields will be given. A section on uniaxial stress follows. Ex-
amples of how the two techniques have been used will be presented in these
sections. The final section is a summary of the results of this study.

Samples and experimental technigque

The samples used in this study were grown by molecular beam epitaxy (MBE).
They consisted of a layer of o+ GaAs grown on an n+ GaAs substrate. Foliowing
this a layer of AL,Ga,,As with a thickness of from 500 to 10,000 A was grown,
This layer was usually undoped although in some instances the first few hundred
angstroms were doped n+. One or more undoped GaAs quantum wells were then
grown separated by Al,Ga,  As barriers with approximately 230 A thickness. A
layer of Al.Ga, As with the same thickness as the {irst layer was grown on top
of the wells. For these samples the aluminum composition was usually 30 per cent
{(x=0.3). The structure was capped with either a semitransparent layer of metal
to form 2 Schottky barrier or a layer of p+ GaAs to form a p-i-n diode. By
changing the bias on the resultant diode, the eiectric field perpendicular o the
quantum well could be varied. In some instances, the thickness of the Al,Ga, As
layers and number of quantum wells were chosen to form a leaky waveguide
structure?! allowing illumination from the edge of the wafer. Compressive
uniaxial stresses were applied to these samples by cleaving the wafers and
mounting them in a stress apparatus similar to that diagrammed in Rel, 22. The
stress was applied along a [110] axis which was perpendicular 1o a growth axis.

Excitonic transitions between the conduction and valence band subbands
were studied using photocurrent and photoluminescence excitation spectroscopy.
For these measurements the sample was mounted in a variable temperature
cryostal. In the photocurrent measurements the sample was illuminated with the
Light from a grating monochromator using a tungstien lamp source. Ilumination
intensities were less than 10 pWem-2. A bias was applied to the sample and ihe
photocurrent coming from the diode was collected as a function of wavelength to
obtain a pholocurrent spectrum. As long as the internal quantum efficiency of the
diode is nol a strong function of wavelength, the photocurrent spectrum is pro-
portional to an absorption spectrum. For the excitation spectroscopy measare-
ments, a Kr+-jon laser was used to pump an L3700 dye which was used 1o excite
the sample optically. Power densities less than 500 mWcm-2 were used. A 3/4-m
spectrometer was set at the wavelength of the heavy hole emission from the
gquantum well, and the photoluminescence signal from the sample was detecied
as a function of excitalion wavelength with a photomultiplier tube. Excellent
- agreement between the two techniques was obtained.



Quantum wells in electric fields

Figure 1 shows a sequence of photocurrent spectra taken on a sample with 80
A wide quantum wells.'* Each spectrum was taken with a different applied bias
which is given 1o the left of the spectrum. The width of the intrinsic region in this
sample was approximately 2100 A and the built-in voliage was 1.5 V. The four
lowes! energy peaks have been identified as h,, 1, h,,, and h,, (where b, and |,
correspond to 1s ground states of excitonic transitions from the n=1 heavy or
light hole valence subbands to the n=1 conduction subband, and b, is the
excitonic transition from the n=j heavy hole subband to the n=i conduction
subband). In this figure two features stand out. First, as the electric field in the
well is increased, the exciton peaks Stark shift to longer wavelengths. Second, as
the field is increased, the number of peaks visible in the spectrum increases. The
new peaks which become visible are associated with forbidden transitions
(An#0). The perturbing field distorts the wavefunctions of the electrons and
holes in the wells and changes the overlap of the wavefunctions. Forh, and 1, this
should lead 1o a decrease in absorption coefficient.!* but, for forbidden transi-
tions such as h,,, the field breaks the symme1ry of the well and increases the ab-
sorption coefficient.

Figure 2 shows a plot of the energies of h, 1,, and h,, as a function of bias
voltage. Backgrounds have been subtracted from the curves so that the energies
will be approximately zero when the electric field in the well is zero. Also included
in the figure are calculations of the énergies of the excitons as a function of bias
using the resonant tunneling technique of Ref. 15. In this figure we note that the
Stark shifts of h, and |, are considerably larger than the shifts of h,,. This can ac-
tually be seen in Fig. 1. The reduced shift of h,, is due to a reduction in the shift
of the n=2 heavy hole valence subband toward the valence band edge in com-
parison to the n=1 heavy and light hole subbands. Qualitatively, this difference
follows from an argument based on a second order perturbation theory analysis
of Stark shifts of the states in 2 one-dimensional quantum well.’s The calculations
shown in Fig. 2 do predict a reduced shift for the n=2 heavy hole subband and,
hence, for h,,. Figure 2 also shows that h, shifts more than I,. The fact that dif-
ferent excitons exhibit different shifts in an electric field can be used to cause
crossings between exciton peaks.2? This will be discussed next.

Figure 3 presents an excitation spectrum for a sample with 160 A quantum
wells. The depletion region was approximately 3100 A wide and the buili-in
vollage was around 1.75 V. The spectrum was taken with the diode forward bi-
ased to flat band conditions (no electric field in the weil). The I, peak and the high
- energy side of the h, peak are visible. Two additional peaks with considerably
smaller amplitudes have been labelled h{* and 1!™*'. They correspond to the 2s and
2p states of the k, and |, excitons. (It will be shown below that both the s and the
p excited states may be contributing to h{™ so x represents either s or p.) This
assignmenl is based on a comparison with previously published spectra and on
agreement of the energy separations of h{™ and 1" from h, and 1,, respectively,



with calculated values (see for example Ref. 24,25). The peak h,,, which is also
visible in Fig. 3 will be discussed below. Figure 4 is a sequence of excitation
spectra for this sample taken in the energy range of the I, and h'* peaks. The bias
voltage at which each spectrum was obtained is given beside the spectrum. For
this well width the separation between |, and h, in a square well is less than the
binding energy of h,, so, h{** appears at a higher energy than 1, at zero electric
field. As the field is increased, h, and, therefore, h{** shift 1o longer wavelength
faster than |, and an anticrossing between h'* and 1, occurs. This is clearly seen
in Fig. 5 where the energies of hi** and ], are plotted as a function of bias. Also
included in Fig. 5 are calculations of the energies in the effective mass approxi-
mation neglecting any mixing. The insert to Fig. 4 shows that fipe structure ac-
tually becomes visible in the h!* peak as it crosses 1,. This fine structure is
attnbuted to the appearance of the 2p excited state of h,.23 In a two dimensional
system the reduction in symmetry splits the degeneracy between the 2s and 2p
states of a hydrogenic exciton. The separations observed here are in agreement
with calculations of the 2s and 2p splitiing.26%7

Quanium welis under uniaxial stress

In bulk GaAs uniaxial stress splits the degeneracy at k=0 between the heavy
and light hole valence bands.?? Similarly, heavy and light hole valence subbands
in a quantum well exhibii different shifts under a uniaxial stress. In contrast to
bulk GaAs, the axis aiong which the stress is applied bas a large effect on the re-
sults in a quanium well. Figure 6a is 2 calculation of the shifts of h, and 1, for a
compressive uniaxial stress applied along the [001] growth axis (perpendicular to
the plane of the well). Figure 6b is a calculation for the siress applied along a
[100] axis which is paralle! to the plane of the quantum well. The calculations
were done using a k.p theory¢ and do not include apy corrections for changes in
the exciton binding energy as a function of stress. In both cases the exciton peaks
shift to longer wavelength, but for an [001] stress the heavy hole peak shows the
largest shift while for a {100] stress the change in energy of the light hole peak is
greatest. This difference is due to the fact that for stress along [001] the strain
and quantum confinement terms in the Hamilionian can be simulianeously
diagonalized, while for [100] stress they cannot be. In the first case, a strain
produces essentially the same shifts as are observed for the heavy and light hole
excitons in bulk GaAs. In the second case the strain causes a mixing between the
excitons and different shilts are observed. The calculations in Fig. 6 indicate that
the shifts of the excitons are dependent on the width of the quantum wells. For
[001] stress, the shifts in h, are essentially width independent. The width de-
pendence for |, is due to stress induced coupling with the split-off valence band.
For a[100] stress, the shiftsinl, and h, both depend on well width. Thisis a result
- of the fact that the stress induced mixing betweenr heavy and light hole subbands
which was mentioned above is a function of well width. Koteles et al.2¢ recently
reported the observation of a dependence of the shifis of h, and |, on well width
for [100] stress. The calculations presented here are in excellent agreement with
the results presented in Rel. 20. Calculations were also performed for a uniaxial



stress applied along 2 [110] axis (which was the experimental configuration used
in this study). The results were essentially the same as for Fig. 6b. The calcu-
lations also showed that higher energy heavy and light hole excitons exhibited
nearly the same siress dependent shifts as h, and 1, respectively. From this we
conclude that a uniaxial stress can be used (o identify the symmetry of the valence
band from which an exciton arises. For stress along the [110] axis, a heavy hole
exciton should exhibit a2 much smaller shift than a light hole exciton.

We have used these uniaxial stress results in combination with polarization
dependent photocurrent measurements to identify a second example of mixing
between heavy and light hole excitons in 2 GaAs quantum well.!? In Fig. 7 we give
a set of photocurrent and photoluminescence excitation spectra for the same
sample as was used in Fig. 3. The spectra were recorded in the wavelength range
where the h,, }; and h,, peaks were expected to be seen. Each spectrum was again
taken with a different electric field applied to the sample. The field is given to the
left of each spectrum. The range of fields used here is much jarger than that of
Figs. 4 and 5. As the field in the well is increased, the peak labelled h,,, {which
was seenin Fig. 3) grows in amplitude. A new peak, h,,,, also becomes visibie and
grows in amplitude until at 44 kV/cm four peaks of approximately the same in-
tensity are visible in the spectrum. Calculations in the effectiive mass approxi-
mation have been carried out for this sample. The calculations indicate that in the
presence of an electric field only the h), ], and h,, excitons should have appreci-
able absorption coefficients for the wavelength range of Fig. 7. Every sample
we have studied which had a well width greater than approximately 120 A has
exhibited two exciton peaks (h,,;, and h,,,) in the epergy range where h, is ex-
pected Lo occur. For smaller well widths only a single h,, peak was observed as
can be seen in Fig. 1. As the electric-field increases further, the amplitude of h,,,
decreases relative 1o the rest of the peaks until it is only a shoulder on the high
energy side of 1,. It should also be noted that when h,,, first becomes visible it
coincides in energy with the continuum edge of |, while at higher fields hm dis-
appears at the approximate energy of the |, continuum.

To help determine the origin of the extra h,, peak, polarization and uniaxial
stress dependent photocurrent measurements were made. The symmetries of the
valence subbands at zone center are such that for light polarized perpendicular
to the [001] growth axis (XY polarized), transitions from the heavy and light hole
subbands to the conduction subbands are both dipole allowed. For light
polarized parallel to the growth axis (Z polarized), only light hole transitions
should be seen.?! Polarization dependent measurements for a sample with 130 A
quantum wells imbedded in a waveguide are given in Fig. 8a. The exciton peaks
are broader than in Fig. 7, because the measurements were made at a higher
temperature. Nevertheless, k), 1;, h,,, and h,,, are all visible in the XY polarized
spectra. In the Z polarization a small h, peak is seen: possibly due to XY
polanzed light scattered in from the face of the sample. A large |, peak is visible,
but any structure that could be attributed to h,,, or h),, is much smaller relative
to |, than in the XY polarized specirum. This allows us to conclude that the



oscillator strengths of h,, and h,,, arise primarily from the heavy hole valence
band. A compressive uniaxial stress was applied to the same sample along the
[110] crystal axis. In agreement with Fig. 6b above, h, showed a small shift
compared tol,. Fig. &b gives photocurrent spectra for the sample with no applied
stress and for a stress of about 1 kbar. The h, peaks have been aligned in Fig. 8b,
therefore, we expect heavy hole excitons to show little or no shift while light hole
excitons show a large shift. 1,-and h,,, both exhibit shifts greater than 2.25 meV
while the shift in h,,, is less than 0.6 me V.

The polarization dependent measurements indicate that h,,, arises from the
heavy hole valence band while the uniaxial stress indicates it is light hole in char-
acter. This contradiction is resolved by realizing that the polarization dependent
measurements only give information about the part of the wavefunction contrib-
uting to absorption. Itis clear from this that h,,, has a mixed heavy and light hole
character and that the light hole component is not contributing to absorption.
Since b,,, and b5, both increase in amplitude with increasing field, and since they
are in the energy range where h,, is expected to occur, they must be associated
with the n=2 heavy hole valence subband. From the fact that h,,, first becomes
visible at the I, continuum edge and that h,,, disappears at high fields at the energy
of the ], continuum, we can associate the two peaks with the n=1 light hole va-
lence subband. We conclude that the two peaks arise from a mixing between the
n=1 light hole and n=2 heavy hole valence subbands. Strong mixing between
these two subbands bas been predicted for well widths in the range of 160 A in
Ref. 2. This would explain why only one h,, peak is seen in Fig. 1, since as the
well width is decreased the subbands separate and mixing is reduced.2 It would
also account for the reduced amplitude of h,,, as the field is increased, because
the subbands separate as the field is increased (Fig. 2) and mixing again de-
creases. In the high [lield limit, h,,, becomes the true h,, exciton. We speculate
that this mixing takes the form of an interaction between an excited state of i, and
the 1s ground state of h,,. The excited states have considerably smaller oscillator
strengths than the ground states but would become visible when mixing with b,
occurred. Recent work by Chan® suggests that such mixing should occur between
the p-like excited state of I, and the s-like states of k.

Summary

We have shown that in the presence of an electric field forbidden excitons
{An#0) become visible. Also, the excitons show a Stark shift in the field, and,
because different excitons exhibit different shifts, the energy separations of the
excitons change. The latier fact allowed us to observe an anticrossing between
the I, and h{®™ exciton peaks. In contrast to bulk GaAs, the axis along which a
uniaxial stress is applied has a large effect on the relative shifis of the heavy and
light hole excitons. If the stress is applied along the growth axis, h, and [, move
closer together. Stress perpendicular to this axis causes h, and !, to separate. We
also found that the symmetry of the valence subband from which an exciton arises
can be identified by applying a uniaxial stress. A umniaxial stress was used in con-



junction with electric field and polarization dependent measurements to identify
an example of valence band mixing in quantum wells with widths greater than
approximately 120A. An extra exciton peak which was observed in the energy
range where the h,, exciton is predicied to occur was shown to have a mixed heavy
and light hole character. It was attributed to mixing between the n=2 heavy and
n=1 light hole valence subbands.
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Fieures

Fig. 1. Photocurrent spectra for an 80 A wide quan-
tum well at different bias voltages. The baselines of
the spectra have been offset for clarity.

Fig. 2. Energies of the three lowest energy exciton
peaksin Fig. 1 as a function of bias. The energies have
been offset by approximately the flat band exciton
energies. The solid lines are calculated values using
the envelope funclion approximation and assuming
binding energies between 5.0 and 9.0 meV.

Fig. 3. A Photoluminescence excitation spectrum for
a 160 A quantum well. The electinic field in the well is
less than 3 kV/cm.

Fig. 4. Exculation spectra for the sample of Fig. 3 in
the spectral range of the |, and h{** exciton peaks. The
bias voltage at which each spectrum was obtained is
given beside the spectra. The insert follows h{™®
through bias voltages at which a splitting between 2s
and 2p states is resolved. The dashed lines are a visual
aid to help follow the {wo peaks.

Fig. 5. Energies of the |, and h!™ peaks in Fig. 4 as a
funcnion of electric field. The solid and dashed lines
are calculations of the Stark shifts of the peaks in the
effective mass approximation neglecting changes in
the binding energy and excitonic coupling. The error
bar gives the uncertainty in the field.

Fig. 6. Calculated shifis of the h, and I, excilons as a
function of uniaxial stress (X) {or the stress applied
along the a) [001] growth axis and b) along a [100]
axis which is perpendlcular to the growth axis. Two
well widths were used (40 A and 220 A) The Alumi-
pum composition was 30 per cenl.



Fig. 7. Photocurrent (dashed) and photoluminescence
excitation (solid) spectra for the 160 A guantum well
sample of Fig. 3 as a function of electric field. The
field is given beside the spectra. The baselines of the
spectra have been offset for clarity.

Fig. 8. a) Polanzauon dependent photocurrent
spectra for a 130 A quantum well imbedded in an
Al Ga, ,As waveguide. b) Uniaxial stress dependent
photocurrent specira for the same sample. The h,
peaks have been aligned. In both a and b the electric
fields in the well are given beside the spectra.
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