
PHYSICAL REVIEW B VOLUME 44, NUMBER 7 15 AUGUST 1991-I

Pressure dependence of the indirect band gap of
Al„Ga, „As alloys (x =0.70 and 0.92) at low temperatures
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We have measured photoluminescence and Raman spectra of liquid-phase-epitaxy-grown
Al Ga& „As under hydrostatic pressure (0&I' (6 GPa) at low temperatures (T(10 K). The X-point
exciton shifts with pressure to lower energies, for an aluminum concentration of x =0.70 at a rate of
—16.2(5) meV/GPa, for x =0.92 at —16.5(5) meV/GPa. Taking into account the pressure dependence
of the exciton binding energy, we determine the pressure shift of the indirect gap in these two a11oys.
For x = 1 (pure AlAs), an extrapolation leads to a rate of —15.3(5) meV/GPa for the indirect gap. Us-

ing this value, data on the pressure shift of the valence-band offset in GaAs/AlAs superlattices are reex-
amined. This shift approaches a value of 4.7 meU/GPa for large superlattice periods ( )20 monolayers).

I. INTRODUCTION

Although A1As is widely used as a constituent of semi-
conductor superlattices and quantum-well structures,
comparatively little is known about its physical proper-
ties because of the difficulties encountered preparing
high-quality bulk material. This situation also holds for
the ternary alloy Al„Ga& „As with a high aluminum
content (x )0.5).

For low aluminum concentrations (x &0.42 at low
temperatures) Al„Ga, „As is a direct-gap semiconduc-
tor with the top of the valence band and the bottom of
the conduction band both at the I point of the Brillouin
zone. At higher concentrations the bottom of the con-
duction band moves to the X point so that the gap is now
indirect. As of now there exist no measurements of the
pressure dependence of indirect- and higher-lying direct-
band-gap energies under hydrostatic pressure in these
materials. Due to the lack of data, it has therefore been
assumed that the band gaps of A1As and Al Ga, „As
(x )0.5) have the same pressure dependences as the cor-
responding band gaps of GaAs. ' For the interpreta-
tion of measurements on GaAs/A1„Ga, As and
GaAs/A1As superlattices under pressure, ' however, it
is necessary to know precisely the properties of the bulk
constituents. Accurate values for the indirect gap of
A1As are especially important for the determination of
the dependence of the valence-band offset' ' in
GaAs/A1As superlattices on pressure. *' The reason for
this is that the pressure dependence of the valence-band
offset is determined as the (small) difference between the
pressure shifts of the measured transition energy and of
the AlAs indirect gap, so that even small errors in the
pressure-induced energy shifts result in large relative er-
rors for the valence-band offset.

We report here' on photoluminescence measurements
of the indirect gap of Al Ga& As alloys and on Raman
measurements at low temperatures ( T ( 10 K) under hy-
drostatic pressures up to 6 GPa. The samples studied
had aluminum concentrations of x =0.70 and 0.92 so

that it is possible to obtain the pressure dependence of
the indirect band gap of A1As by extrapolation to x =1.
This result is then used to determine the pressure depen-
dence of the valence-band offset in GaAs/A1As superlat-
tices.

II. EXPERIMENT

The samples were grown by liquid-phase epitaxy 1 —2
pm thick on semi-insulating GaAs(100) substrates. Their
aluminum concentration was determined by double-
crystal x-ray diffraction. By mechanical polishing most
of the substrate was removed to a final thickness of —30
pm. Pieces of —100X100 pm size were loaded into a
gasketed diamond-anvil cell' with helium or xenon as
the pressure medium. The cell was held in a cryostat at
temperatures below 10 K. Although the cryostat used
permits changing the pressure at low temperatures, pres-
sure changes were always done with the cell heated to
room temperature to ensure hydrostatic conditions.
Pressure calibration was done both by the ruby lumines-
cence method using the scale of Mao et al. and by the
shift of the GaAs substrate band gap. ' These two pres-
sure readings agreed to within 0.03 GPa.

For excitation of the x =0.70 sample the 514-nm line
of an argon laser was used. Although the photon energy
of this line (2.4 eV) is smaller than the direct gap of this
sample (2.51 eV at ambient pressure), the phonon-assisted
and alloy-disorder-induced absorption ' is large enough
to obtain a good signal. For the x =0.92 sample the al-
loy disorder is much smaller, so that it was necessary to
excite above the direct band gap (2.90 eV at ambient
pressure). This was done with the 413-nm line (3.0 eV) of
a krypton laser. Since the direct gap shifts rapidly to
higher energies with pressure, it was only possible to ob-
tain reliable data for pressures below 3 GPa for this sam-
ple. The emitted light was dispersed by a 0.85-m-focal-
length double monochromator and detected by a pho-
tomultiplier with a GaAs cathode in photon-counting
mode.
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III. PHOTOLUMINESCENCE AND RAMAN
MEASUREMENTS
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FIG. 1. Low-temperature photoluminescence spectra for
AlQ 9QGao O8As at several pressures. The spectra at 1.27 and 0.36
GPa were shifted upwards for clarity.

Figure 1 shows photoluminescence spectra of
Ala 9zGao 08As at several pressures. With increasing pres-
sure one observes a shift of the luminescence peaks to the
low-energy side and a decrease of luminescence intensity,
the latter caused by the increasing direct gap. This in
turn reduces the absorption at the laser wavelength and
the efficiency of the phonon-assisted luminescence. This
efficiency is inversely proportional ' to the square of the
energy difference between the direct and the indirect
band gap (second-order perturbation theory).

To identify the origin of the three peaks seen, we have
studied the dependence of the photoluminescence spectra
on laser intensity (Fig. 2). The intensities of the peaks la-
beled D, and Dz stay constant for a fourfold increase in
laser intensity, whereas the intensity of the peak labeled
E&„ increases in proportion to the laser intensity. This
identifies D, and Dz as defect-indeed peaks (D, is prob-
ably due to a transition from a shallow donor to the
valence band and Dz is its phonon replica) and Ei„as an
intrinsic luminescence, in this case the phonon-assisted
recombination of n =1 (principal quantum number) X-
point excitons. The same assignment was found by time-
resolved measurements for samples near the direct-
indirect crossover.

This assignment is further supported by the asym-
metric line shape of the luminescence. For the phonon-
assisted recombination of excitons one expects a line
profile of the form

II„(E)=(b,E)' exp( b,E/k~ TI„)—,
convoluted with the instruinental response (here taken to
be Gaussian), with b,E =E EI„,kz Boltzm—ann's con-
stant, and T&„ the temperature of the exciton gas. One
should note that for this line shape E&„ is not the energy
at the peak maximum (compare Fig. 2). The square root
in Eq. (1) stems from the density of states (assuming par-
abolic bands near the band minima), the exponential from
assuming Maxwell-Boltzmann statistics for the excitons,
which is a very good approximation at low densities.
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FIG. 2. Photoluminescence spectra for A109QGaop8As at a
pressure of 1.27 GPa and a temperature of 6 K for different
laser intensities (X=413 nm, Io = 10 W cm ).

The line shape of the observed intrinsic luminescence is
well described by Eq. (1), as can be seen from Fig. 2.
Here, the solid lines represent fits to the experimental
spectra, using the luminescence profile of Eq. (1) for the
intrinsic luminescence (with the indicated values of TI„)
and Gaussian lines for the defect-induced peaks. The en-

ergies which were obtained from these fits are shown in

Fig. 3. The exciton temperature T,„ is higher than the
temperature of the diamond cell (6 K), due to two effects,
namely, incomplete thermalization of the excitons and
the increase of the lattice temperature because of laser
heating.

The energy E&„ is equal to the exciton energy E„
minus the energy of the phonon involved (fico), the exci-
ton energy is the difference between the band-gap energy
E and the exciton binding energy R„.

E~um x Au =E Rx Ace ~ (2)

Symmetry considerations show that in GaAs and A1As
the phonon, which takes part in the phonon-assisted
luminescence, is the LO phonon at the X point. For the
high aluminum concentrations in our samples only
A1As-like phonons are of importance. To obtain the fre-
quency and pressure dependence of phonons in

Al„Ga& As we have also performed Raman measure-
ments under pressure at low temperature. Two spectra
for the x =0.92 sample are shown in Fig. 4. At a pres-
sure of 2.09 GPa the direct gap is above and at 0.36 GPa
below the laser energy (A, =413 nm ="E=3.0 eV). This
results in much smaller absorption of the laser light at
the higher pressure, which in turn gives a larger effective
volume for the Raman scattering process. Therefore the
LO-phonon peak has a much higher intensity in the spec-
trum at 2.09 GPa compared to the 0.36-GPa spectrum.
For the x =0.92 sample the phonon energies as a func-
tion of pressure are given in Fig. 5; results of linear fits
for both samples are given in Table I. The pressure
coefficients are typical for III-V semiconductors. The
same applies for the decrease of LO-TO splitting with
pressure, which results from a decrease of the effective
charge. Raman measurements only give phonon energies
at the I point. However, in A1As the LO-phonon disper-
sion along I -X is sma11 such that LO phonons at I and
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FIG. 3. Indirect gap (Eg ), X-point exciton (E~), intrinsic luminescence energy (E1„),and defect peaks (D&,D2) vs pressure for
Alp 7pGap»As (left) and Alp»Gap pgAs (right).

X have almost the same energy. This should also hold at
higher pressures, since the pressure shift of the X point
LO phonons in tetrahedral III-V semiconductors is usual-
ly larger than that for r-point phonons, ' which even
decreases energy difference between LO(l ) and LO(X)
phonons under pressure.

A second, independent check on the phonon energy is
given by the energy difference between D& and D2, since
Dz is the phonon replica of D, . Because Dj, being a
shallow donor, is situated in k space near the X point, the
phonon involved is also the LO phonon at the X point.
Comparing (see Table I) this difference (D, D2) with-
the values from Rarnan scattering (Iiico), one finds agree-
ment within the experimental uncertainties. Since the
values derived from Raman scattering have much smaller
experimental errors, we will use these in the following.
The sum of the phonon energy and the luminescence en-
ergy gives the energy of the X-point exciton in
Al„Ga, As (Fig. 3); the results of linear fits and an ex- p '=m, '+m„' . (4)

trapolation to pure AlAs (x = 1) are given in Table I.
To obtain the indirect gap from Eq. (2), the last term

missing is the exciton binding energy R„. Since excitons
with n ) 1 were not seen in our measurements, which
would have allowed the experimental determination of
the exciton binding energy, we have calculated R„. A hy-
drogenlike model gives

(3)
mp

with R~ the Rydberg energy of hydrogen, mp the mass of
free electrons, and e the relative dielectric constant. In
our case e is equal to the static dielectric constant e„
since the exciton binding energy is smaller than the LO-
phonon energy in all Al Ga& As alloys. The exciton re-
duced mass p is given as a function of electron (m, ) and
hole (mz ) masses by
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44 46 48 50 52 54

36GPa

I I I I I I I

360 380 400 420 440
Raman shift (cm )

420
6

400

380

I
I

I I I I

A10.92~a0.08AS

0
TO.-0

g.-O

2 3
Pressure (GPa)

52

6

50 oo

48 c
C4

, —46

FIG. 4. Raman spectra (A, =413 nm) for Alp 92CJappgAS for
different pressures.

FIG. 5. Pressure dependence of LO and TO phonons in
Alp 9pGap pgAS.
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TABLE I. Intrinsic luminescence (E&„), defect luminescence (D&,Dz), phonon energies (Am), X-point excitons (Ex), exciton
binding energy [R„calculated from Eqs. (3)—(9)], and indirect gap (Eg ) in Al„Ga& „As. The values for x =0.70 and 0.92 are mea-
sured; the vales for x = 1 are obtained from extrapolation. Numbers in parentheses denote the experimental error.

x =0.70 x =0.92

E (eV)
dE meV
dP GPa

E (eV)
dE meV
dP GPa

E (eV)

r

dE meV
dP GPa

D,
D2

D) —D2
Ace (LO)
Ace (TO)

Ex
R
Ex

2.084(1)
2.117(1)
2.068(1)
0.049(1)
0.0488(2)

2.133(1)
0.014
2.147(1)

—16.8(5)
—15.9(5)—16.6(5)

0.7(5)
0.56(5)

—16.2(5)
1.2

—15.0(5)

2.136(1)
2.179(1)
2.130(1)
0.049(1)
0.0502(1)
0.0464(1)
2.186(1)
0.016
2.202(1)

—17.0(5)
—16.9(5)
—17.2(5)

0.3(5)
0.56(4)
0.74(7)

—16.5(5)
1.2

—15.3(5)

0.0507(5)

2.205(7)
0.017
2.222(7)

0.56(5)

—16.6(7)
1.3

—15.3(7)

Since the conduction band is not spherical at the X point,
the electron mass to be used is a combination of longitu-
dinal ( m

l ) and transverse ( m ~ ) mass:

m, '=(m~~ '+2m' ')/3 . (5)

mi, '=(mhh'+m)h')/2 . (6)

Following k.p theory the only pressure-dependent
mass in Eqs. (5) and (6) is the light-hole mass m&h with a
pressure coefBcient of

For the valence band one has to take the heavy (mhh)
and the light (m&h) hole into account; this results here
in"

The pressure dependence of the indirect gap of A1As
( —15.3 meV/GPa) is significantly larger than the corre-
sponding value for GaAs ( —12.6 meV/GPa, calculated
from the measured pressure dependence of the X-point
exciton of —13.4 rneV/GPa and the pressure dependence
of the exciton binding energy of 0.8 meV/GPa). Al-
though this difference is not very large, it has a significant
effect on the pressure dependence of valence-band offsets
in superlattices and quantum-well structures, if the stan-
dard procedure' ' for the evaluation of the valence-band
offset is applied. This makes it necessary to reexamine
values for valence-band offsets in GaAs/A1As superlat-
tices obtained from photoluminescence measurements.

dm 1h

dp
momlh m 1h dEd2

moEd dP

IV. PRESSURE DEPENDENCE OF THE
VALENCE-BAND OFFSET IN GaAs/AlAs

SUPERLATTICES

de„5(e„—1)
(0.9—f;) . (9)

Bo is the bulk modulus and f; the ionicity of the materi-
al'.

From Eqs. (3)—(9) one can now calculate the binding
energy of X-point excitons and its pressure dependence.
The input parameters needed were taken from Adachi,
apart from the pressure coefficient for the direct gap,
where we used the value' for GaAs for all compositions.
If necessary, linear interpolation between x =0 (GaAs)
and x = 1 (A1As) was employed. Since the pressure
dependence of the exciton binding energy is small, uncer-
tainties in the input parameters (e.g., the pressure shift of
the direct gap of A1As) only slightly affect the final re-
sults, which are shown in Table I.

Ed being the energy of the direct gap. For the pressure
dependence of the dielectric constant we use the
Lyddane-Sachs-Teller relation

co (LO)
co (TO)

and the equation by Goni, Syassen, and Cardona:

The valence-band offset is an important parameter for
all types of quantum wells and superlattices. As shown
first by Venkateswaran et aI., ' photoluminescence mea-
surements under hydrostatic pressure provide a simple
way to measure this parameter. Contrary to first expec-
tations, the valence-band offset is not independent of well
width and pressure.

Figure 6 shows an energy-band diagram noting the
relevant energies in a type-II superlattice. The valence-
band offset AEz is given by

bEy=Eg (A1As) —Eh'h+h~+b, „„—Rst . (10)

E (A1As) is the indirect gap of A1As, Ehh is the observed
photoluminescence energy (zero-phonon line), bhh and
Az are the confinement energies for a heavy hole and an
electron in the X valley, and R sL is the superlattice exci-
ton binding energy. This binding energy is a joint prop-
erty of electron and hole; in Fig. 6 it is drawn only for
convenience in the conduction band.

The Kronig-Penney model shows that the
confinement energy of a particle in a superlattice depends
on its mass, the barrier, and well widths and the well
depth. Under pressure the masses of X-point electrons
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FIG. 6. Band structure of a type-II GaAs/A1As superlattice.
Ehh is the type-II photoluminescence transition, E~ is the in-
direct gap for the respective bulk component, EEv is the
valence-band offset, Ahh and 5& are the confinement energies for
the heavy hole and the electron in the X valley, and R& is the
exciton binding energy.

TABLE II. Type-II emission energy Eh'h and its pressure
dependence for several GaAs/A1As superlattices at low temper-
atures (T~ 80 K) and the pressure dependence of the valence-
band offset AEv, calculated with the new value for the pressure
coefficient for the indirect gap of A1As. m and n are the num-
bers of monolayers of GaAs and A1As, respectively, and a and b
are the layer thicknesses.

mXn

a, b

{nm)

Ehh
II

{eV)

dEhh

dp

rneV

GPa

dbEv
dp

meV
GPa

4X4
6x6
6x6

7.2X5.2
10x3
8X7
9X9

12X8
11x11
12X 12
7 X 22

15x15
17x17

10.6x24

1.1,1.2
1.5,1.6
1.7,1.7
2.0,1.5
2.8,0.85
2.3,1.9
2.5,2.5
3.4,2.3
3.1,3.0
3.4,3.4
2.0,6.4
4.2,4.2
4.8,5.0
3.0,6.8

2.012'
1.854'
1.935
1.87'
1.869'
1 799'
1.805'
1.78'
1 751'
1.761
1.824"
1 701
1.694'
1.75~

—12'
—17'

—17 0
—18'

—17 5
—18'
—20'
—21'
—20'

—20. 1b
—20 9
—20.4b
—22'
—24g

—5.1

1.8
1.6
2.7
3.1

2.4
4.2
5.2
4.0
4.0
5.0
4.1

5.7
7.9

'Reference 15.
Reference 13.

'Reference 9.
Reference 14.

'Reference 15.
Reference 10.
Reference 6.

and of heavy holes stay constant, as can be seen from k.p
theory. The widths of barrier and well decrease because
of hydrostatic compression, thus increasing confinement
energies. For the X-point electrons the well depth Vz is
given by (see Fig. 6)

V~=E~ (GaAs) Eg (AIAs)—+bEv .

The well depth VI, for the holes is equal to the valence-
band offset AEv. Since the indirect gaps of GaAs and
A1As have different pressure coefficients and EEv

10 15 20 25 30 35
Superlattice period (monolayer)

FIG. 7. Pressure coefficient of the valence-band offset in
GaAs/A1As superlattices as a function of the superlattice
period. The dots are experimental points {for references see
Table II); the solid line is a guide to the eye.

changes with pressure, the well depths Vz and V& are
pressure dependent, too. Using the Kronig-Penney mod-
el one can now calculate the confinement energies for
X-point electrons and heavy holes. Because the
confinement energies depend on the well depths and
therefore on the valence-band offset, Eq. (10) is an impli-
cit equation for 4E~, which can be solved by iteration.

To our knowledge there exist no measurements or cal-
culations on the value of the type-II exciton binding en-
ergy RsL, so we shall use in the following the pressure
dependence of the bulk exciton energy instead, since we
expect both binding energies to have the same depen-
dence on masses and dielectric constants.

Table II lists values for the pressure dependence of the
type-II photoluminescence energy of GaAs/A1As super-
lattice from the literature together with the pressure
shifts of the valence-band offset, calculated [Eq. (10)] with
the value for the pressure shift of the indirect gap of
A1As as determined in the present article. If one assumes
(wrongly), that the indirect gaps of A1As and GaAs have
the same pressure dependence, one gets for the pressure
shift of the valence-band offset for a 15 X 15 superlattice'
7.4 instead of 4.1 meV/GPa. For shorter periods the
difference is even larger; for a 6 X 6 superlattice' one gets
5.1 instead of 1.6 meV/GPa. These large differences
show the importance of using precise values for the bulk
components in evaluating superlattice properties.

One can see from Table II that the valence-band offset
is not only pressure dependent, but that the pressure
coefficient also depends on the superlattice structure.
Figure 7 clearly shows that there is a correlation between
the superlattice period and this pressure shift. The pres-
sure shift increases with increasing period, tending to-
ward a value of 4.7 meV/GPa for long periods. For
very-short-period superlattices the valence-band offset
may even decrease with pressure. The reason for the de-
crease of the pressure shift of the valence-band offset with
decreasing period length is not known. One possibility
could be that the concept of a valence-band offset in su-
perlattices with very short periods is not meaningful any
more.
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V. CONCLUSIONS

We have measured the pressure dependence of the in-
direct gap in aluminum-rich Al Ga, As at low temper-
ature. We find that this pressure dependence is markedly
larger for A1As compared to GaAs, so that the pressure
dependence of the valence-band offset in GaAs/A1As su-
perlattices is smaller than previously assumed. Further,
this pressure shift shows a dependence on the superlattice

period. For large periods ( ~ 20 monolayers) it ap-
proaches a constant value of 4.7 meV/CsPa, for shorter
periods it decreases and may even become negative for
very short periods (( 11 monolayers).
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