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We have determined the pressure dependences of the band offsets in the GaAs/Al, Ga,_, As hetero-
junctions by measuring the pressure dependences of the harmonic-oscillator-like electron-energy-level
spacings fiw, of two Al,Ga,_,As parabolic quantum wells at hydrostatic pressures up to ~26 kbar at 2
K using photoluminescence-excitation spectroscopy. We found that the conduction-band offset for
x =~0.3 increases with pressure at a rate of 0.73+0.25 meV/kbar. Using this result and the finding that
the pressure coefficient of the direct-band-gap energy of Al, Ga,_, As is independent of x for x =0—0.4,
we found that the fractional conduction- (valence-) band offset Q. (Q,) of GaAs/Al,Ga,_, As increases
(decreases) with pressure at a rate of 0.002020.0007 kbar ~'. From this result, we conclude that the pre-
vious determinations of the band-offset values of GaAs/Al,Ga,_,As by high-pressure measurements
overestimated (underestimated) the fractional conduction- (valence-) band offset by 0.06+0.02, and the
corrected Q. value at atmospheric pressure should be 0.63+0.04.

I. INTRODUCTION

Among the most important parameters for understand-
ing semiconductor heterostructures are the conduction-
and valence-band offsets AE, and AE, at the junction be-
tween the constituent materials. There have been many
efforts to understand the origin of the offsets theoretically
and to determine the offset values experimentally. How-
ever, theories for the band offsets are not yet capable of
predicting the offset values with desired accuracy (e.g.,
the thermal energy at room temperature, ~25 meV), and
the experimental determinations have large uncertainties
for most heterostructure systems, although there has
been some success in determining the band offsets for the
GaAs/Al,Ga,_,As system. For this system, there have
been numerous measurements of the band offsets using a
wide variety of methods, and the majority give values in
the range Q, =AE, /AE, =0.60-0.65," where AE, is the
difference in the band-gap energies of GaAs and
Al ,Ga,_,As. However, most of these methods are in-
direct, involving fits to models.

The band offsets can be determined directly by the use
of hydrostatic pressure. In this method one exploits the
known changes in the band structures of the constituent
materials due to pressure, and measures the critical pres-
sure at which the photoluminescence (PL) intensity of a
quantum well drops dramatically as the energy of the X
states in the barrier (Al,Ga;_,As) drops below the
lowest-energy electron level in the quantum well. Using
this technique, Venkateswaran et al.? and Wolford
et al.® obtained Q, =0.70+0.04 and 0.69+0.03, respec-
tively, for GaAs/Al,Ga,_,As (x ~0.3). However, they
made one critical assumption in these determinations,
namely that the band offsets are independent of pressure.
If this assumption is incorrect, their values represent only
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the offset values at the critical pressure, and the correct
offset values at atmospheric pressure will be different.
Therefore, it is necessary to determine the pressure
dependences of the offsets and correct their offset values
for these dependences to obtain the correct atmospheric-
pressure offset values. Also, the determination of the
pressure dependences of the band offsets would provide a
compelling test of the band-offset theories as these are
refined further to be able to predict the offsets and their
pressure dependences with better accuracy, and would
give insights leading to a better understanding of the
offsets in strained layer superlattices.

There have been several attempts to determine
the pressure dependences of the offsets in
GaAs/Al_Ga,_,As. In most cases," ® the pressure
dependences of AE, in type-II superlattices [x =1 (Refs.
4 and 5) or in materials with x ~0.3 at pressures higher
than the [-X crossover pressure®] were determined from
those of their PL energies, and small positive pressure
dependences (e.g., ~0.5-1.1 meV/kbar for x =1) of
AE, were found. For the type-I case, tunneling-current
measurements in GaAs/Al, ;Gay ¢As double-barrier het-
erostructures at 77 K by Mendez, Calleja, and Wang’
suggested that AE, decreases with pressure at a rate as
high as 3 meV/kbar, while AE, is pressure independent,
which implies that the pressure coefficients of the direct-
band-gap energies of GaAs and Al, ;Ga, (As differ by as
much as 3 meV/kbar. They obtained these results by
comparing their data with the calculations of the energy
of the confined electron level as a function of pressure in
the presence of the electric field due to the bias voltage.
However, their analysis was complicated by the existence
of several different tunneling mechanisms, and their
overall pressure range was limited to ~8.5 kbar.

Another way to determine the pressure dependences of
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the offsets, which can be used up to higher pressures in
the type-I regime, is to measure the pressure dependences
of the energy-level spacings of quantum wells. Square
quantum wells are not very useful here, since for this
structure the energy-level spacings are affected by
changes in the band offsets only indirectly through their
effects on the barrier heights, and the energy-level spac-
ings are fairly insensitive to small fractional changes in
these. For parabolic well structures, however, the har-
monic energy-level spacings are strongly dependent on
the band offsets, since the harmonic-oscillator spacings
are directly determined by the parabolic curvatures and
these are proportional to the offsets, as shown below. ®
Parabolic wells are fabricated in such a way to produce
parabolic band-edge profiles in the conduction and
valence bands, as shown in Fig. 1. At a given pressure, in
a simple model where the electrons and the holes are as-
sumed to have constant masses and the parabolic well is
assumed to be effectively infinitely deep, the energy levels
for electrons and holes are evenly spaced, and the
electron-energy-level spacing is given by
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where K, is the curvature of the parabolic conduction-
band-edge profile, L, is the width of the parabolic well,
AE_ is the conduction-band-offset energy between the
center and the edge of the well, and m} is an average
electron effective mass to be discussed later. The energy-
level spacings for the light and heavy holes have similar
expressions. This model, despite its apparent simplicity,
has been demonstrated® ! to quantitatively describe the
energies of the parabolic quantum-well states fairly well
for energy levels near the bottom of the wells. 1
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FIG. 1. Schematic of the parabolic band-edge energy profiles
in the conduction and valence bands, with the resulting energy
levels and several optically allowed transitions. Only the
heavy-hole levels are shown for the valence band. Optically al-
lowed transitions occur only between conduction- and valence-
band states with quantum numbers differing by an even number.
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In principle, Eq. (1) can be used to determine AE,
directly from the energy-level spacings obtained from ab-
sorption, photoluminescence excitation (PLE), or light-
scattering measurements. However, since the uncertainty
in L, due to the molecular-beam epitaxy (MBE) growth
variation across the wafer is quite large, it is impractical
to determine the offset in this way with the needed accu-
racy.>!13 Nevertheless, the pressure dependence of AE,
can be obtained from the observed pressure dependence
of #iw, if AE, for zero pressure is known with reasonable
accuracy, since Eq. (1) then “fixes” the value for L,: the
band-offset values determined using the high-pressure
technique can be used initially to fit the observed iw, to
Eq. (1), using L, as the fitting parameter. Then the pres-
sure dependence of AE, determined through pressure
measurements of #iw, can be used to correct AE, for zero
pressure, and this corrected offset value can be used to
refine the zero-pressure value and the pressure depen-
dence of AE, iteratively.

In principle, the pressure dependence of the valence-
band offset AE, also can be determined in this way if the
energy-level spacings for the holes can be determined ex-
perimentally. In practice, these cannot be obtained
directly with high accuracy because, as will be discussed
later, the needed light-hole transitions are not usually ob-
served and the energy-level spacings for the heavy holes
have large relative uncertainties since the spacings are
much smaller than those for the electrons. Instead, since
the valence-band offset is given by AE, =AE, —AE,, the
pressure dependence of the valence-band offset can be
determined from that of the conduction-band offset if the
pressure dependence of the gap energy difference AE, is
known.

In this paper, we report the determinations of the pres-
sure dependences of the band offsets in the
GaAs/Al,Ga,_,As heterojunctions by measuring the
pressure dependences of the energy-level spacings in par-
abolic wells.

II. EXPERIMENT

Two parabolic well samples with nominal widths
L,=1000 (sample 1) and 500 A (sample 2) were mea-
sured. The samples were grown on GaAs substrates by
molecular-beam epitaxy at the University of California at
Santa Barbara, as described by Sundaram et al.!* The
parabolic band-edge profiles were generated by alternate
deposition of thin layers of GaAs and Al ;Ga, ;As with
varying thicknesses. The relative thicknesses of the
Alj ;Ga, ;As layers increased quadradically with distance
from the well center, with the total thickness of each pair
of GaAs and Al ;Ga, ;As layers kept constant at w, (20
and 10 A for samples 1 and 2, respectively). This resulted
in an average Al content x varying quadratically from x,
(=0) at the center to 0.3 at the edges, generating the par-
abolic band-edge profiles. These sample parameters are
summarized in Table I.

The samples were thinned down to thicknesses of
~25-40 um by chemically etching the GaAs substrates
in a 3:1:1 mixture of H,80,4:30% H,0,:H,0, and then
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TABLE 1. Growth parameters for the two samples mea-
sured.

L, Wo Xg
Sample 1 1000 A 20 A 0.005
Sample 2 500 A 10 A 0.02

cleaved to ~ 125X 125 um? squares. In separate experi-
ments a cleaved piece of each sample was loaded into a
cryogenic diamond anvil cell (DAC) (Ref. 15) together
with ~20-um ruby chips. Since this experiment moni-
tored very small changes (~1 meV) in the PLE peak
spacings, it was extremely important to achieve nearly
perfect hydrostaticity inside the pressure chamber of the
DAC. To this end, we used He as the pressure medium!®
and warmed up the DAC to room temperature, where He
is liquid in the pressure range used,!’ for each pressure
change. The pressures were determined with an accuracy
of +0.3 kbar at 2 K using the luminescence of the ruby
chips excited by the 5145-A line of an Ar™ laser. The
PLE spectra were taken at 2 K using as the tunable-
energy excitation source either a Ti:sapphire laser or a
dye laser, scanned by an IBM PC. The illumination
power at the sample was ~2 mW, focused to a diameter
of ~50 um. The shapes of the PLE spectra were found
to be independent of power up to this level. The lumines-
cence was dispersed by a double monochromator and
detected with a cooled GaAs photomultiplier tube. The
data were acquired using conventional photon-counting
electronics and recorded by the PC. The spectral resolu-
tion, limited by the linewidth of the tunable lasers, was
<0.1 meV.

III. RESULTS

A typical PLE spectrum of sample 1, here taken at 7.1
kbar, is shown in Fig. 2. The calculated transition ener-
gies are indicated by the vertical lines below, with the
identifications of the peaks shown above the peaks using
the notation of Fig. 1. Only the transitions with the
quantum numbers of the initial and final states differing
by an even number are observed, as expected from the
parity selection rule. For a given pressure the calculated
transition energies include the conduction-band parabolic
well energy levels using Eq. (1), the heavy- and light-hole
valence-band parabolic well energy levels using similar
equations, the exciton binding energies (~6.5 meV, ap-
proximated by those for a ~250-A square well, which
has similar zero-point energies'®), and the GaAs band
gap, which has a pressure dependence of 10.7%0.1
meV/kbar. (The lowest calculated transition energy is
aligned with the lowest-energy peak, by shifting the cal-
culated transition energies rigidly by ~3 meV, which is
within the uncertainty of the band-gap energy due to the
uncertainty in pressure.) The heights of the vertical lines
give the calculated relative peak intensities based on the
square of the dipole matrix elements, involving the en-
velope function overlap integrals and the atomiclike di-
pole matrix elements. The best fit, shown here, required
a 4% increase in the nominal L,, within the uncertainty
of this parameter. Comparison of the peak energies and
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FIG. 2. PLE spectrum of a 1000-A-wide Al,Ga,_,As para-
bolic well (sample 1) at 2.0 K and 7.1 kbar. The vertical lines
below give the calculated transition energies, and their heights
give the calculated relative intensities. The labels above the
peaks give the assignments of the peaks to the transitions using
a notation indicated in Fig. 1. The peak labeled 2sE, corre-
sponds to the first excited state of the h1-e1 exciton.

intensities with these calculations gives unambiguous as-
signments of the peaks, except that labeled h#3-el. Vari-
ous other authors have observed that this peak, in both
square and parabolic wells, often does not fit the £3-el
transition energy calculated using the parameters that
give good fits for other peaks.'® However, it has been
pointed out that peculiarities of the 43-el exciton transi-
tion make the calculation of its energy especially unreli-
able.?°
From the spectrum shown, the electron-energy-level
spacing can be determined from the energy difference be-
tween the 4 1-e3 and & 1-e 1 peaks by:?!
fiw, = HE" S —EM-) 2)

e

where E"1¢? is the energy of the h1-e3 peak. The light-
hole energy-level spacing cannot be determined directly
from this spectrum since such light-hole transitions as
13-e1 or /4-¢2 are not observed. In principle, the heavy-
hole energy-level spacings can be determined directly
from E"3¢'—E*¢l. However, the narrow spacing in the
heavy-hole levels, the difficulty in fitting the h3-el peak
energy, and the uncertainty in the pressure dependence of
the heavy-hole effective mass result in large relative un-
certainties, making the direct determination of the energy
spacing unreliable.

Figure 3 shows the pressure dependence of the
electron-energy-level spacing of sample 1, as determined
by Eq. (2). The pressure dependence of the conduction-
band offset AE, can be determined from these data using
Eq. (1) if the pressure dependences of L, and m]
are known. For the pressure dependence of L,, we
assumed a compressibility of 1.325X 107 3/kbar for
Al ,Ga,_,As,? independent of x. For the pressure
dependence of the electron effective mass, we used”’
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FIG. 3. Pressure dependence of the electron-energy-level
spacing of a 1000-A -wide parabolic well (sample 1), determined
from Eq. (2). The curves give the calculated pressure depen-
dences of the energy spacing, using Eq. (1), for various assumed
values for the linear pressure coefficient a, of the conduction-
band offset, indicated to the right of the curves. The solid curve
represents the best fit.

mS(P)
mJ(0)

=1+6.15X1073pP , (3)

where P is the pressure in kbar. m*(0) is an average?* of
the x-dependent Al ,Ga,_,As electron effective mass at
atmospheric pressure, given by 0.069, only slightly
different from the pure GaAs effective mass of 0.067.
The value of Q. used for the initial calculation was 0.69.
Using these parameters and assuming a linear pressure
dependence of the band offset, AE (P)=AE_(0)+a_ P,
we obtained a least-squares fit to the data:

_dAE, _
¢ dP

For this value the calculated pressure dependence of the
electron-energy-level spacing is given by the solid curve
in Fig. 3. For comparison, the calculated pressure depen-
dences of #iw, for other assumed values of @, are shown
by the dotted curves. It should be noted that a more
rigorous theory for the energy levels than Eq. (1), includ-
ing band nonparabolicity and the x dependence of the
electron effective mass,!? gives corrections to Eq. (4)
much smaller than the error bars. The corrections can
therefore be ignored.

The pressure dependence of the conduction-band offset
can be written as

dAE, dAE, dQ,
- ——(QCAE =0, +AE

dpP & dp
The first term is due to a change in the band-gap energy
difference AEg, and the second term due to a relative
shift in the band lineups. dAE, /dP can be obtained from
the x dependence of the pressure coefficient dE, /dP of

4)

(5)
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the direct-band-gap energy of Al,Ga,_, As: for example,
if dE, /dP is independent of x for the x values of interest,
AE, would not change with pressure. Therefore, it is
necessary to know the x dependence of dE, /dP, in order
to further analyze the data. To the best of our
knowledge, there has been only one systematic set of
measurements of dE, /dP for Al,Ga,_, As alloys report-
ed in the literature. Lifshitz et al.?® obtained dE, /dP for
Al ,Ga,_,As alloys with x =0-0.5 for pressures less
than 10 kbar by measuring the pressure shift of the iso-
transmission energy of optical transmission spectra at
room temperature. They found a strongly nonlinear and
nonmonotonic x dependence of dE, /dP, with a cusplike
maximum at x =~0.25. There has been no report of such
measurements at low temperatures. However, our recent
measurements®® of PL and PLE of 200-A
Al ,Ga,_, As/AlAs square quantum wells at 2 K at pres-
sures up to 30 kbar found that dE, /dP is independent of
x for x =0-0.4. This method takes advantage of the
high luminescence efficiency of the quantum-well struc-
ture and the fact that the pressure coefficient of the
lowest-energy transition of a wide (> 100 A) square well
is the same as that of the bulk band gap of the well ma-
terial (Al,Ga,_, As, in this case) within the experimental
uncertainties. QOur result directly contradicts one of the
conclusions of the aforementioned tunneling measure-
ments by Mendez, Calleja, and Wang’ that dE, /dP for
GaAs and Al ,Ga, ¢As differ by as much as 3 meV/kbar,
which amounts to about 25% of dE, /dP for GaAs (10.7
meV/kbar). It is possible that this contradiction is a re-
sult of large error bars in their determinations of
dAE,/dP and dAE,/dP due to the limited pressure
range or the complications in their analysis.

Using our result of the x independence of dE, /dP, we

31.5
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FIG. 4. Pressure dependence of the electron-energy-level
spacing of a 500- A-wide parabolic well (sample 2). The curves
give the calculated pressure dependences of the energy spacing,
for various assumed values for the linear pressure coefficient of
the conduction-band offset, indicated to the right. The solid
curve represents the best fit.
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obtain dAE, /dP =0, as discussed above. Then from Eq.
(5), we obtain

9. _ 1 dAE =0.0020+0.0007 kbar " 6
dP_AEg p +0. bar ' . (6)

These results were confirmed by measurements of sample
2, which has energy-level spacings that are twice as large.
Figure 4 shows the pressure dependence of #w, for this
sample, with curves indicating the calculated pressure
dependences of AE, for several assumed values of a..
The value of a, obtained by a least-squares fit was
0.8+0.3 meV/kbar, corresponding to dQ,/dP
=0.0023+0.0009 kbar ~!, which is well within the error
bars of the result for sample 1.

IV. DISCUSSION

Since the results for the two samples are virtually iden-
tical, we will use the result for sample 1, which has small-
er error bars, for discussion. Using Eq. (6), we can
correct the previous determinations of the band offsets
using the high-pressure technique. For example, Wolford
et al. obtained Q, =0.69 for a GaAs/Al, ,3Ga, 1,As sam-
ple by observing a I'-X crossover at ~30 kbar. Our re-
sult indicates that this determination overestimated the
conduction-band offset at atmospheric pressure by
~0.0020 kbar !'X30 kbar =~0.06. Therefore, the
corrected conduction-band offset value is
Q,=0.69—0.06=0.63. This Q, value for atmospheric
pressure can be used to further refine our fitting of the
data. When Q,=0.63 was used in fitting the data to Eq.
(1), we obtained a,.=0.73 meV/kbar, virtually the same
as the initial fit. This indicates that the choice of the ini-
tial @, value is not critical in determining the pressure
dependence of Q_, and the iterative procedure described
earlier is unnecessary.

Our corrected Q. value 0.63 is more in line with the
values 0.60-0.65 obtained in the majority of other deter-
minations by less direct methods. In comparison, if we
use the results for type-II GaAs/Al Ga,_,As superlat-
tices, e.g., dAE, /dP =1.1x meV/kbar for x ~1 obtained
by Lambkin et al.,* the corrected zero-pressure Q.
would be ~0.71. It is conceivable that the difference be-
tween these two results is due to differences in the materi-
als properties of Al,Ga,_,As for different x: for exam-
ple, the slight biaxial strain due to the lattice mismatch
between GaAs and Al Ga,_, As, albeit small, may affect
dAE, /dP differently for different x. If this is the case, it
would be inappropriate to use the result for GaAs/AlAs
to obtain the correct zero-pressure offsets for
Al Ga;_,As(x~0.3).

It should be pointed out that we have determined
dQ. /dP rigorously only for the range of x £0.2. Since
the n =3 electron wave function for sample 1 (sample 2)
extends only ~600 A (~400 A), corresponding to
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x £0.11 (x £0.2), our measurements probe the curva-
tures of the parabolic wells only for this range. The
above application of this result to the correction of the
band-offset values is based on an assumption that our re-
sult also applies to x values out to x =0.3, which we
think is reasonable in light of the fact that the pressure
coefficient of the band gap is also independent of x for
that range.

In principle, our rigorous result for x £0.2 can be used
to test the existing theories on the band offsets. While
several theories may predict correctly the band offsets at
atmospheric pressure, a valid theory should also be able
to predict the effects of pressure on these offsets if the
pressure-induced changes in the constituent materials are
appropriately included. Unfortunately, the existing
theories are not accurate enough to calculate such small
pressure coefficients of the offsets.?” However, as the ac-
curacies of these theories are further improved, the pres-
sure dependences we have found will provide a powerful
test of their validities.

V. CONCLUSIONS

By measuring the harmonic-oscillator-like electron-
energy-level spacings 7w, of two Al ,Ga,_,As parabolic
quantum wells at pressures up to ~26 kbar at 2 K using
PLE spectroscopy, we have determined that the
conduction-band offset AE, of the GaAs/Al Ga,_,As
heterojunctions has a pressure dependence of 0.73%0.25
meV/kbar for x =0.3. Using this result and the finding
that the pressure coefficient of the direct-band-gap energy
of Al,Ga,_,As is independent of x, we have found that
the fractional conduction- (valence-) band offset Q. (Q,)
of GaAs/Al, Ga, _, As increases (decreases) with pressure
by about 0.0020+0.0007 kbar ~!. From this result, we
conclude that the previous determinations of the band-
offset values of GaAs/Al,Ga,_,As by high-pressure
measurements overestimated (underestimated) the frac-
tional conduction- (valence-) band offset by 0.06t0.02.
The corrected Q, value at atmospheric pressure should
be 0.63+0.04, which is in line with 0.60-0.65, obtained
in the majority of other determinations by less direct
methods. Further, the pressure dependences of the
offsets obtained in these measurements provide a compel-
ling test of the validity of any band-offset theory.
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