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We have measured the IngsAly43As valence-band hydrostatic deformation potential from the
hydrostatic-pressure dependence of the Ing 5,Al, 43As/InP valence-band offset which was measured from
0 to 35 kbar at room temperature. Due to the type-II band lineup, the radiative recombinations across
the InP band gap and between the InP conduction band and the Ing 5,Al, 43As valence band were both
observed in the photoluminescence spectra. This enables us to measure directly the changes of the
valence-band offset under pressure. The hydrostatic-pressure derivative of the valence-band offset was
measured to be 0.010.4 meV/kbar. The predictions of the pressure dependence from band-offset models
(dielectric midgap and model-solid theories) agree with the measurement to within 1 meV/kbar. The
Ing 5,Alg 43As valence-band hydrostatic deformation potential is found to be —0.8 eV which compares
well with the dielectric midgap theory. Using the reported pressure dependence of the GaAs/AlAs
valence-band offset, the valence-band hydrostatic deformation potentials of In,Al;_,As (0<x <0.52)

are linearly interpolated as —1.9x +0.2 eV.

I. INTRODUCTION

The Ing s5,Alg 43As/InP heterostructure has received
much attention recently because the high electron satura-
tion velocity and mobility of the InP channel make it
suitable for high-power electronic device applications.’
Further improvement is possible by varying the alloy
composition such that strain in In,Al,_, As raises the
conduction-band offset to increase the two-dimensional
electron density. However, the intrinsic band offset of
the In, Al,_, As/InP heterostructure also changes with
the alloy composition. In order to achieve an optimum
design, it is necessary to accurately determine
In, Al,_,As strain-induced band-edge shifts, which are
proportional to band-edge hydrostatic deformation po-
tentials. Although the band-gap hydrostatic deformation
potential can be accurately measured from the band-gap
hydrostatic-pressure dependence by optical absorption or
photoluminescence (PL) techniques, individual band-edge
potentials are more difficult to measure because of the
difficulty of finding a pressure-insensitive reference level.
Indirect measurements of GaAs and InP conduction-
band hydrostatic deformation potentials, obtained from
analysis of the electron mobility, spread over a range as
large as the band-gap values.?® Based on the experimen-
tal observation*® that energy separations of transition-
metal defect levels are independent of host materials, it
was proposed that transition-metal defect levels are fixed
relative to the vacuum level and independent of bulk ma-
terials. Using transition-metal defects as reference levels,
band-edge hydrostatic deformation potentials of GaAs
and InP have been directly measured by deep-level tran-
sient spectroscopy.’ Since the band-edge shift induced by
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hydrostatic pressure is proportional to the hydrostatic
deformation potential, the band-edge hydrostatic defor-
mation potential of a III-V compound lattice matched to
GaAs or InP can be accurately measured using the
hydrostatic-pressure dependence of the corresponding
valence-band (conduction-band) offset and GaAs or InP
band-edge hydrostatic deformation potentials. The mea-
surement of Ing5,Al; 43As deformation potentials from
the pressure dependence of the Ings,Alj 3As/InP
valence-band offset gives a more reliable value than does
the fitting of the measured electron mobility to a theoreti-
cal model because alloy-disorder scattering is the dom-
inant mechanism influencing the electron mobility at low
temperature, rather than acoustic-phonon-deformation-
potential scattering.>®

The lattice-matched Ing 5,Alj 43As/InP heterostructure
has a type-II band lineup, in which the conduction- and
valence-band energy positions of Ing s5,Alg 4gAs are both
higher than those of InP (see the inset in Fig. 1). Three
peaks were observed in low temperature PL studies.”°
Two of them are related to transitions arising from the
bulk semiconductors, and the lowest-energy peak near 1.2
eV is identified as the interface transition from the InP
conduction band to the Inys,Aly 44As valence band.!”
This feature of the spectrum enables us to directly mea-
sure the hydrostatic-pressure dependence of the
Ing 5,Al, 43As/InP valence-band offset by monitoring the
shifts of the InP and interface peaks under pressure.
From the pressure dependence of the Ing 5,Alj 4gAs/InP
valence-band offset, we have measured the Ing 5,Al; 43AS
valence-band hydrostatic deformation potential and com-
pare it with the predictions from band offset models
(dielectric midgap? and model-solid theories!'!). Together
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FIG. 1. PL spectrum at room temperature and atmospheric
pressure. The inset shows the band diagram.

with the reported pressure dependence of the
GaAs/AlAs valence-band offset,'? the valence-band hy-
drostatic deformation potentials of In Al,_,As
(0<x <0.52) are linearly interpolated from those of
AlAs and Ing 5,Alj 43As.

II. EXPERIMENT

The sample consisted of a 500-A InP buffer layer and
7500-A Ing 5,Aly 44As grown on the n ™ InP substrate by
metalorganic chemical vapor deposition. The details of
the growth have been described elsewhere.!> After thin-
ning down to ~ 100 um from the InP substrate side, por-
tions of the wafer were cleaved into ~ 100X 100-pzm?
chips for the pressure measurement. A Merrill-Basset di-
amond anvil cell with an Inconel gasket was used, with a
pressure-transmitting medium of a 4:1 mixture of
methanol and ethanol. The hydrostatic pressure was
determined from ruby fluorescence using the A3 scale.!*
The PL measurement was excited with the 488-nm line of
an Ar-ion laser at 300 K. The laser beam was focused to
a spot of about 1-mm diameter with an excitation power
0.3 W. The luminescence from the sample was dispersed
and detected by a 0.22-m spectrometer and a liquid-
nitrogen-cooled Ge detector using standard lock-in
amplification techniques. The energy resolution was
better than 6 meV. The ruby fluorescence was analyzed
using a 0.85-m spectrometer and a photomultiplier.

III. RESULTS AND DISCUSSION

A. Pressure dependence of the valence-band offset

The PL spectrum at room temperature and pressure is
shown in Fig. 1. The peaks at energies 1.175 and 1.333
eV are associated with the recombination across the in-
terface and the InP band-to-band transition from the sub-
strate. The band-to-band transition from Ing s,Aly 43As
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was not observed at room temperature (its band gap is
1.439 eV at room temperature'®). The pressure-induced
changes of the PL spectra and peak energies from 0 to 35
kbar are shown in Figs. 2 and 3. The hydrostatic-
pressure derivative of the InP peak is linearly fitted as
8.0x0.3 meV/kbar. The hydrostatic-pressure derivatives
of n-type (Np=5X10" cm™3) and heavily doped
(Np=4X10'® cm™3) InP have been reported to be 8.4
(Ref. 16) and 7.9 meV/kbar (Ref. 17), respectively. This
discrepancy is accounted for by the doping-dependent
variations of the electron effective mass and the dielectric
constant under pressure.!” Our value is consistent with
that of heavily doped InP. This is also supported by the
free-carrier concentration of 5X10'® cm™3, estimated
from the full width at half maximum (73 meV) of the InP
peak at atmospheric pressure.'® The interface peak fol-
lows the InP peak closely as the pressure is changed and
its hydrostatic-pressure derivative is linearly fitted to be
7.9+0.5 meV/kbar.

Although InP and Ings,Alj 3As are closely lattice
matched at atmospheric pressure, the elastic constants of
the two are different and a lattice-mismatch strain will
develop when they are compressed. This influence on the
valence-band offset has to be taken into account in addi-
tion to the hydrostatic-pressure effect. Since the InP sub-
strate is much thicker, the Ing s,Alj 43As layer will ac-
commodate to the InP lattice and suffer a tetragonal dis-
tortion. The change of the lattice constant under hydro-
static pressure can be determined from the Murnaghan

equation'’
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FIG. 2. Typical PL spectra under pressure.
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FIG. 3. PL peak energies vs pressure.

where a,, p, By, and B, are the lattice constant at zero
pressure, the hydrostatic pressure, the bulk modulus, and
the first pressure derivative of the bulk modulus,? respec-
tively. The material parameters for InP and
Ing 5,Alg 4gAs are listed in Table I. The in-plane strain of
the Ing 5,Alj 4gAs layer is given by

a InP __ a InAlAs

P P

£= InAlAs ’ )
9

where a, denotes the lattice constant under pressure. € is
found to be smaller than 0.002 at 35 kbar. (Note that the
lattice constant of In, s,Al, 43As is changed by 1.5% as
the pressure is increased from O to 35 kbar.) The strain-
induced shift of the band gap (from the conduction to the
heavy-hole band)!}?! is

12 2¢yy

c
1__
11

e—b |1+

AEstrain =2a hy €, 3)

1

where ay, b, and c;; denote the band-gap hydrostatic de-
formation potential, the valence-band shear deformation
potential, and the elastic constants, respectively. Using
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FIG. 4. Pressure dependence of the valence-band offset. The
predictions from dielectric midgap and model-solid theories are
shifted up to match the difference between the energies of the
peaks in the PL spectrum at atmospheric pressure.

the parameters for Ing s,Al, 43As given in Table I, the
pressure derivative of the strain-induced shifts AE ;. is
estimated to be —0.2 meV/kbar. Since the hydrostatic-
pressure derivative of the band gap of Ing 5,Alj 45As has
been reported as 10.1 meV/kbar,?? the influence of
different lattice compression between InP and
Ing 5,Alg 43As is much less than the hydrostatic-pressure
effect and can be ignored.

The valence-band offset can be obtained from (see Fig.
1)

AEVBO =EgInP_Einterface +Ec0nﬁnement , (4)

where E;“P, Einterface apg fconfinement genite the InP band
gap, the transition energy across the interface, and the to-
tal configuration energies of the electron and heavy hole.
Because the difference of the band-gap hydrostatic-
pressure derivatives between InP and Ing 5,Alj 45As is 2.1
meV/kbar (see above) and the valence-band (conduction-
band) offset is larger than 200 meV (300 meV),”%?? the
pressure dependence of the confinement energies can be
ignored. The hydrostatic-pressure dependence of the
valence-band offset is obtained from

TABLE 1. Material parameters of InP, In, 5,Al, 43As, InAs, AlAs, and GaAs.

By® ag® e’ e’ b® Ay
(kbar) B,? (A) (kbar) (kbar) (eV) (eV)
InP 710 4.93 5.869 —6.35¢
Ing 5, Al 43As¢ 682 3.44 5.867 1032 488 —1.66 —6.7°
InAs 600 3.60 6.058 830 450
AlAs 770 3.26 5.660 1250 530
GaAs 748 3.36 5.653

2From Ref. 20.
®From Ref. 21.
°From Ref. 16.

9Linear interpolation from InAs and AlAs.

‘From Ref. 22.
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dAEygo _d (EJPP — pinterface)
dp dp

As shown in Fig. 2, the full widths at half maximum of
the PL peaks remain almost constant as the pressure is
increased. The hydrostatic-pressure dependence of the
InP band gap and the transition energy across the inter-
face can therefore be replaced by the dependence of the
corresponding PL peaks. The difference between the en-
ergies of the peaks in the PL spectra from O to 35 kbar is
shown in Fig. 4 and the hydrostatic-pressure derivative of
the valence-band offset is linearly fitted to be 0.0+0.4
meV/kbar.

(5)

B. Hydrostatic deformation potential

Because the Inj s5,Alj 43As/InP interface shares neither
a common anion nor cation, an interface strain®~2¢ can
exist due to the difference of the P-In and In-As bond
lengths as shown in Fig. 5. Although an As P,_, inter-
mixed interface is more realistic due to the P-As ex-
change during the growth,?’ theoretical calculation of the
In, 53Ga, 4;As/InP interface?® showed that the valence-
band offset is independent of the chemical composition at
the interface. In the following, we use the abrupt inter-
face P-In-As as shown in Fig. 5 to estimate the influence
of the interface strain under pressure. First-principles
calculations?*?* have shown that the interface strain is
confined in the interface layer and can be well described
by the elastic theory, i.e., the InAs layer biaxially strained
on InP. Since the bond length (one-fourth of the lattice
constant) changes with the hydrostatic pressure, the
influence of the interface strain on the pressure depen-
dence of the Ing 5,Al, 43As/InP valence-band offset needs
to be considered in order to evaluate the valence-band de-
formation potential. The change of the valence-band
offset with the interface strain g is!'!2426

AEIS=S‘EIS N

InAs InAs InP
£y = 2 S [ B (6)
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FIG. 5. Illustration of the
Ing 5,Alg 43As/InP abrupt interface.

interface strain for the

14 685

where a, and c;; denote the lattice constant under pres-
sure and the elastic constants as before. g is found to
change from 0.067 to 0.061 in the pressure range O to 35
kbar. The slope s was calculated to be 1.95 eV for the
In, 53Ga, 4;As/InP abrupt interface.?* Since the abrupt
interface configurations of Ings3Gag4;As/InP  and
Ing 5,Aly 43As/InP are similar, we use the same value for
the Ing 5,Al; 43As/InP abrupt interface. s is estimated to
be 1.9£0.2 eV for the Ing 5,Aly 43As/InP abrupt inter-
face, allowing a 10% uncertainty?® from the change of
the InP lattice constant under pressure. The influence of
the interface strain on the pressure dependence of the
Ing 5,Al; 43As/InP valence-band offset is determined to be
—0.3%0.1 meV/kbar.

The shift of the valence-band edge under hydrostatic
pressure!® is

AE,, =3auﬁ—: , ™

where a,, a,, and Aa are the valence-band hydrostatic de-
formation potential, the lattice constant at zero pressure,
and the pressure-induced change of the lattice constant,
which is determined from the Murnaghan equation.
Therefore, the valence-band hydrostatic deformation po-
tential of Ing ;,Al, 43As is obtained from the pressure
dependence of the bulk valence band AEy,,
Ing 5,Alj 4gAs/InP valence-band offset AEygy, and the
influence of the interface strain AE g,

dAEvgo d nAlAs P
T=E(AE%"” —AEy, +AE) . (8)

a, is determined to be —0.810.4 eV for Inj 5,Al; 45As,
using the material parameters in Table I and the InP
valerslce—band hydrostatic deformation potential (—0.6
eV).

The pressure dependence of the GaAs/AlAs valence-
band offset has been reported as 1.1 meV/kbar.!? Since
the GaAs/AlAs interface shares the common As atom,
there is no interface strain. a, is found to be 0.2 eV for
AlAs, using the material parameters in Table I and the
GaAs valence-band hydrostatic deformation potential
(—0.7 eV).> The valence-band hydrostatic deformation
potentials of In, Al;_, As (0<x <0.52) are linearly inter-
polated as —1.9x+0.2 eV from those of AlAs and
Ing 5,Alp 45As.

C. Comparison with band offset models

Two band offset models, dielectric midgap2 and model-
solid!! theories, have been developed to predict the
band-edge hydrostatic deformation potentials and the
pressure dependence of the band offset. The dielectric
midgap theory determines the band offset by lining up a
bulk level similar to Tersoff’s charge-neutrality level.?®
The model-solid theory puts the band positions on an ab-
solute energy scale by modeling the solid as a superposi-
tion of neutral atoms to define an absolute average elec-
trostatic potential within the solid. As shown in Table II,
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TABLE II. Valence-band and band-gap hydrostatic deforma-
tion potentials of InP and Ings,Alj 43As calculated from the
dielectric midgap and model-solid theories.

Dielectric
midgap Model-solid
theory theory Experiment
a, V) ayy €V) a, (V) ay, V) a, V)
InP —04 —55 127 —6.31 —0.6*
Ing 5,Alp 43As® . —0.9 171 —7.05 —0.8¢

*From Ref. 3.
®Linear interpolation from InAs and AlAs.
“Present study.

the calculated valence-band hydrostatic deformation po-
tentials of InP and Ings,Alj43As from the dielectric
midgap theory agree better with the experiments than do
those from the model-solid theory. It is interesting to
note that the band-gap hydrostatic deformation poten-
tials calculated from the model-solid theory are in better
agreement with the measured values than are the band-
edge ones (see Tables I and II). This indicates that the
model-solid theory predicts well the difference between
the band-edge hydrostatic deformation potentials, but not
the individual ones. The pressure dependence of the
valence-band offset predicted from models is simply the
difference of the pressure-induced shifts of the two bulk
valence-band edges.’® The pressure-induced shift of the
valence-band edge is given in Eq. (7). The hydrostatic-
pressure dependence of the In s,Al, 43As/InP valence-
band offset is calculated to be 0.7 and —0.7 meV/kbar
for dielectric midgap and model-solid theories respective-
ly. These predicted pressure dependences are plotted in
Fig. 4. In order to compare with the experiment, the
values are uniformly shifted up 0.158 eV to match the
difference between the energies of the peaks in the PL
spectrum at atmospheric pressure.

The hydrostatic-pressure dependence of the valence-
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band offset of some other heterostructures have also been
reported. Similar to our result, the values of
GaAs/AlAs,'? GaAs/InP,*! and Cdg 39sZn, ¢sTe/ZnTe
(Ref. 32) are about 1 meV/kbar or less and compare well
with the dielectric midgap and model-solid theories.
Since it was indicated®!! that the calculated valence-band
hydrostatic deformation potentials are small and similar
in magnitude to one another, this could account for the
observed weak dependence of valence-band offsets under
pressure. However, the pressure dependence of the
InAs/GaSb valence-band offset, where the conduction-
band edge of InAs is at a lower energy than the valence-
band edge of GaSb, has been measured to be about 4
meV/kbar (Refs. 33, 34) and deviates from predicted
values more than 2 meV/kbar.>!!

IV. CONCLUSION

The hydrostatic-pressure  dependence of the
Ing 5,Alj 4gAs/InP valence-band offset has been measured
using PL at room temperature. The valence-band offset
remains almost unchanged from O to 35 kbar, a range in
which the lattice constant of Ing 5,Al, 43As is changed by
1.5%. The pressure dependence is in good agreement
with the dielectric midgap and model-solid theories. The
valence-band hydrostatic deformation potential of
Ing 5,Al, 4gAs is found to be —0.840.4 eV, which agrees
well with the value calculated from the dielectric midgap
theory. Using the pressure dependence of the
GaAs/AlAs valence-band offset, the valence-band hydro-
static =~ deformation  potentials of In Al,_ As
(0=<x <0.52) are linearly interpolated as —1.9x+0.2
ev.
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