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Hall-effect measurements have been made as a function of hydrostatic pressure on ri-

type Ga~ „AI„As (0.23 &x & 0.78) epitaxial layers at 300 K. The Hall —to —drift-
mobility ratio has been derived from the experimental results for the alloy compositions

investigated and is found to show a maximum near the pressure for the direct (I"}and in-

direct (X) conduction-band minima crossover. The peak value of the ratio increases with

the alloy compositions in the range 0.23 &x & 0.38, showing that the strength of the in-

tervalley scattering among the indirect {L}and (X) minima increases with the alloy com-

position. For x=0.78, this ratio is found to be close to unity and remains unchanged

with increasing pressure.

I. INTRODUCTION

It is known that the conduction-band structure
of Gai „Al„As alloys can be continuously

changed by controlling the alloy composition x.'
In GaAs the higher energy subsidiary minima I.
and X lie 0.285 and 0.485 eV, respectively, above
the lowest energy I minimum. %hen controlled

amount of Al is added to GaAs, the energies of the
the I, I., and X minima increase with x. The
changes in the minima energies with x are such
that the first lowest energy direct (I ) and indirect

(X) crossover occurs at x=0.43, and the energy of
the direct band gap increases up to this composi-
tion. For x p 0.43, although the energy of the X
states increases, the band gap is indirect. In addi-

tion, a non-I deep level is also present in the alloys
and its activation energy changes with x. Because
of the significant changes in the band structure of
the alloy with composition. , magical changes in the
transport properties are expected, which could be
useful for optical and microwave devices of
Ga~ „Al„As. Particular attention has been paid to
the study of the properties of this alloy as com-

pared to other ternary alloys because of the mini-

mal lattice mismatch (- 0.16%) between the end

compounds GaAs and A1As. ~

For careful device design, the electron mobility
is a very important parameter, but it has received

considerably less attention as compared to other
material properties. The problem arises due to the
fact that it is the Hall mobility which is experi-

mentally measured. Because of the multiconduc-

tion band structure of Gai, A1„As alloys, it will

be different than the true drift mobility which can

be theoretically calculated. Hence a knowledge of
the Hall —to —drift-mobility ratio as a function of
x is essential. In turn, this will require a detailed

knowledge of the band structure of the alloys. For
high-field devices of Gai „Al„As, it is necessary
to know the velocity (u) and field (E) characteris-

tics of the alloys for each composition. Immorllca
and Pearson and Sugeta et al. have determined

the U-E characteristics in Gal Al„As from mea-

surements of the current (I) and voltage (V) charac-
teristics of typical Gunn devices. To derive the U-E

characteristics from the I-V, the value of the
Hall —to —drift-mobility ratio must be precisely
known. Saxena has recently shown that at atmos-

pheric pressure, this ratio is found to be close to
unity for alloy compositions 0 (x ( 0.30 and 0.6
(x ( 0.78, but attains a maximum value of 3.8 at
x=0.42 due to the multiconduction Hall effect.
The results, however, do not give any information
about the dominant scattering process near the I -X
crossover and the variation of scattering parame-
ters with the alloy composition, which could also

play a significant role in the high-field transport
for low-alloy compositions.

In the present work, we have measured the Hall

electron concentration and mobility as a function
of hydrostatic pressure for high-purity

Gai „Al„As samples (0.23 (x ( 0.78). The ex-

perimental details are presented in Sec. II and the
results in Sec. III. The conduction-band structure

used in the calculations is described in Sec. IV and
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the experimental data are analyzed in Sec. V. The
results derived from the analysis are discussed in
Sec. VI and the main conclusions are reported in
Sec. VII.

II. EXPERIMENTAL PROCEDURE

The high-purity layers with room temperature
electron concentrations in the range {5—10) X 10"
cm, used in the experiments were grown on Cr-
doped semi-insulating GaAs substrates by liq-
uid phase epitaxy. The alloy compositions were

determined by converting the measured room-
temperature cathodoluminescence band-gap ener-
gies into compositions by means of the energy-

gap —composition curve given by Panish. Ohmic
contacts to Van-der Pauw samples were formed by
deposition of Sn and alloying at 600'C for 2 min
in H2 atmosphere. A small correction (- 5%) was
made to the measured values to account for the
finite size of the contacts relative to the sample. '

Care was taken to avoid spurious effects of contact
resistances and the ohmic heating of the samples
during measurements. Hydrostatic pressures were
applied by using a magnesia filled epoxy resin"
and liquid' pressure transmitting medium for
high-pressure (up to 70 kbar) and low-pressure (up
to 18 kbar) measurements, respectively.

III. EXPERIMENTAL RESULTS

The experimentally measured Hall electron con-
centration nq and mobility pI, normalized to their
atmospheric values are shown in Fig. 1 for a typi-
cal alloy composition x=0.23. Qualitatively and
for the sake of simplicity, the results can be ex-

plained on a two-conduction-band model involving
the I and a subsidiary minima at higher energy.
With increasing pressure (0 & P & 15 kbar), the en-

ergy separation between the low density of states
and high mobility I minimum and high density of
states and low mobility subsidiary minima de-
creases, thereby lowering nI, and pI, due to elec-
tron transfer from the I to the subsidiary minima.
At 3'=40 kbar, the subsidiary minima are consider-
ably lower in energy than the I minimum and al-
most ail the electrons are transferred from the I
minimum to the subsidiary minima. With further
increase in pressure (P &40 kbar), ni, and p~ satu-
rate, since the electron transfer is almost complete.
If the pressure is slowly decreased {P& 40 kbar),
the energy separation between the two minima
again decreases and more electrons are transferred
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FIG. 1. Pressure dependence of the Hall electron
concentration nI, (P) and mobihty pi, (P) normalized to
their atmospheric values, i.e., n~(0) = 1.2 g 10' cm
and pI, (0) = 3350 cm /V sec for Ga~ „A1„As
(x = 0.23) crystal at 300 K.

to the I minimum from the subsidiary minima,
thereby lowering ns (15 & P & 40 kbar) and increas-
ing ps (15 &P&28 kbar). The minimum in nq at
I'= l5 kbar occurs when the conductivities in both
the minima are approximately equal and a few
kbar before the states are equal in energy (Ref.13).
As will be shown later, the minimum in pI, at I'
26 kbar occurs due to the intervalley scattering
mainly among the L and X minima.

IV. CONDUCTION BAND STRUCTURE
OF Gag „Al As ALLOYS

It has been shown that in Gal „Al„As, the
minimum 1n Pli with plessure occuls mainly due to
the carrier redistribution between the I and X
minima, ' while the thermal electron-transfer pro-
cess and the current saturation in Gunn de-
vices' involve the I and I. minima. For a full
analysis of the results, one must consider all the
electrons involved in the conduction process and
they must satisfy the charge neutrality condition,
1.e.,

where Nq is the net density of donors and n~ that
of the electrons on the donor sites, which is given
by the equation'
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1+ gg;exp[(EF —E;)/kT]

where g; is the degeneracy of the ith level (g; = 2
is assumed), E; is the activation energy of shallow
and deep levels in GR1 „Al„As, and E~ is the Fer-
mi energy. The terms n~, ni„, and nx are the den-
sities of electrons in the I, L, and X minima,
respectively.

With pressure a linear change in the energies of
the I, L, and X minima is considered according to
the cquRtlons

Ez (P}=Er(0)+aP,

E,(P)=E,(0)+PP,

Er (P)=Ex(0} yP, —

where a, p, and y are the corresponding pressure
cocff1c1cnts. Considering thc I minimum as the
energy reference, the density of electrons in the 1"

minimum and the ratios of densities of electrons in
the X and I. minima relative to the I minimum
are given by the equations

3/2
2am I-kT

nz ——2
2 exp( EFIkT), —

where Ezq and b,O are the energies related to the
momentum matrix dement and the spin-orbit split-
ting of the valence band, respectively, and mo is
the free-electron mass. The density of states mass
in the I. minima is calculated from the equation

/ /Pl L — Pal g P72 I

where N is the number of equivalent I. minima
and m„rnI are the transverse and longitudinal
mass of the minima, respectively. The mass m,
has also bccn calcUlRtcd from thc k'p theory and
is given by the equation

Pl 0 = 1+19.3
m, (P) Ei (P) EI (P)+61

Ilx
pr 1+

/fp

'2
px +

Ilp Pp

where 61 is the spin-orbit splitting of the valence
band.

The Hall electron mobility p~ and concentration

ns for a three-conduction-band semiconductor are
given by the equations

fix
' 3/2

PRx

3/2
PPlL

expI [bErx(0) —5P]/kTI, —(4)

exp[ —[~&r~(0)—P')/kTI

~x
n~ 1+

El I pp

px IlL. pL,+
pp

r

px 8L pL+
respectively. Here g = (a —p) and 5 = (@ + y}
are the pressure coefficients in eV/bar for EErL,
and AE~x, the subband gaps between the I -I. and
I -X minima, respectively.

Since the energies of the 1 and I minima in-

crease with x and pressure, the electron effective
masses in these minima also increase. The variation
in m 1-, the mass in the I minimum, is calculated
from the standard k.p theory and is given by the
equation

~x Px
pI 1+ +

Ilp Pp

Ilx
1+ +

Il1

pr

Thc drift mobility pg 1s glvcn by thc equation
(Ref.16)

Pl 0

mf(P)
2 1

Er(P) Er(P)+60
Therefore, from Eqs. (8) and (10), it follows that

1+

pr
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where

nz. =n p+ni. +ng ~ (12)

and

g=+(7.1+0.4) y10 ',

The mobilities IM~, pl, and IMx are the electron
mobilities in the I, L, and X minima, respectively.

V. ANALYSIS

dsx
dP

= —1.5)& 10

5=+(14.1+0.2) X10-',

(13)

The energy Er(0) of the I minimum for compo-
sitions 0 &x & 1 was obtained from the data of
Dingle et al. ' at 2 K, converted to 300 K using
the Varshini equation, ' and the mass m ~ was then
obtained from Eqs. (3} and (5). We have used Ezr
= 7.51 eV and 60 = 0.341 eV for Qa, „AlzAs
as given for GaAs. ' The energy separation
bEr»(0) and hence E»(0) as a function of x has
been determined from the pressure dependence of
nI, . ' For a given value of x the mass ml" was
calculated using Eqs. (6) and (7) with E = 4, m~
= 1.9mo, and 51 = 0.22 eV as given for GaAs. '

A value of 0.55mo was obtained for this mass in
GaAs. The pressure dependence of mI was simi-
larly calculated using Eqs. (3), (6), and (7). The
mass m~ in the X minima was taken as 0.73mo
considering N = 3 and the mass in a single
minimum of 0.35mo. ' The mass mz was kept
constant as a function of x and pressure since the
variation in the X minima energy is negligible as
compared to that of the I and L minima.

The pressure coefficients for the energies of the
I, L, and X minima used in the calculations have
been determined from the pressure dependence of
nI, and are given by the equations'

dEp

dP
=+(12.6+0.2) &&10 ',

dEI

P
=+(5.5+0.2)X10 ',

in units of eV/bar.
The activation energy E; of the shallow and

deep levels in Gal, A1,As (0 &x & 0.78}has been

determined from low-temperature Hall measure-
ments, while the energy separation ~EzI. from
measurements of n» at temperatures where signifi-
cant number of electrons are transferred to the L
minima from the I minimum. The energy
separation b,Er» has been determined from the
pressure dependence of n~ and the donor concen-
tration N~ was obtained from the saturation value
of n» at high pressures when most of the electrons
occupy the lowest energy X minima and almost all
the centers in the deep level are ionized. '

At I'=0 kbar and for a given set of parameters,
Eq. (1) is solved iteratively for Ez, and in turn nr,
ni. , and n» are calculated from Eq. (4). Finally
p,», n», and (p»lp~) are calculated from Eqs. (8),
(9},and (11), respectively. Next the energies of the
various minima and subband gaps are varied in ac-
cordance with Eq. (13) and the data calculated as a
function of pressure.

The unknown parameters in the calculations are
the electron mobilities pl- I x. We have theoreti-
cally calculated these mobilities as a function of
pressure and for various alloy compositions using
Matthiesan's rule. The following mobilities were
considered: (i) polar-optical scattering p~„(ii)
deformation-potential scattering pq~, (iii) alloy
scattering p,„(iv) space-charge scattering p„, (v)
equivalent intervalley scattering among the X mini-
ma p»», and (vi) nonequivalent intervalley scatter-
ing among the L and X minima plx. Since at
room temperature, the mobilities due to ionized
impurity and piezoelectric scatterings are found to
make negligible contributions to the resultant mo-
bility, these have been neglected in the present
analysis. The relevant equations and the various
parameters involved in the calculations have al-
ready been discussed before. ' The equations are

T'i (
' —1)G

p~ ——25.54
(m "/mo)'~ (1/e„—1/e'0)&,

dp
——3.17X10-'

2 xE, (m "/m o)

z
—1/2

pal=52. 83 x 5/(m "/mo)'~'x(1 —x)(0.3)'

(14)

(15)

(16)
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pg~=3. 2+ 10

1/2
I 1Y 4( i )

(Z 1) PdP
J

where hE is the subband gap among the minima
involved in the process. For equivalent intervalley
scattering, since all the X minima are at the same
energy, AE = 0 and p;, = p~~. For nonequiva-
lent intervalley scattering among the I. and X
minima, p;„= pLz, (Zj —1) ~ ZJ, and the mass
in Eq. (15) corresponds to the electron mass in the
I. minima. For the I minimum the equivalent in-

tervalley scattering will be absent since there is
only one minimum, and the nonequivalent scatter-
ings have also been neglected since the density of
states in this minimum is very small compared to
that in the I. and X minima.

In addition to the relevant discussion already
covered in a previous article by the author, ' the
value of E1 of 8.6 eV for the I" minimum has been
assumed the same for all the alloy compositions.
Its value in the X minima and as a function of x
has been obtained from an analysis of the tempera-
ture dependence (14 (T& 300 K) of ph for the
electrons in the X minima of Ga1 „Al„h.s. To
mention a typical result, a value of E1 of 6 eV has
been determined for x = 0.23. The calculated re-
sults of p~ and pz are shown in Fig. 2 for x =
0.23, together with pL. Since not much is known
about the scattering parameters for the 1.minima
ln Ga1 ~ALAS, wc have kept pl as an adjustablc
parameter in the calculations. Using the values of
pz L z shown in Fig. 2 and those of nr, (nx/nr),
and (ni. /nz ), we have calculated ns and ps as a
function of pressure and compared these with the
experimental data shown in Fig. 1. An excellent
agreement is found between experimental and cal-
culated values. Once the experimental results are
explained, the ratio (ps/p~) is calculated from Eq.
(11) and the results for a few compositions are
shown in Fig. 3.

responding to the minimum in nI, which, in turn,
occurs at a pressure a few kbar lower than needed
for the I -X minima crossover. VA'th increasing
composition (0.23 (x ( 0.38), the peak value of
the ratio is found to increase and the pressure for
this value to decrease with x. This is justified
since with increasing x, the energy separations

LE~& and EE~I decrease. Hence the pressure
needed for the I -X crossover also decreases. This
lo~ers the value of the pressure for the occurrence
of maximuin in the ratio (ps/p~). For the alloy
composition x = 0.78, the ratio maintains the
value close to unity as a function of pressure be-
cause even at I' = 0 kbar, the majority of the elec-
trons occupy only the lowest energy X minima.
VAth further increase in pressure, the I and L
minima move further away from the X minima
and their effect on nI, and pI, can be safely neglect-
ed. Our results are consistent with similar mea-
surements on n-GaAs by Pitt and Lees, ' where the

u 10—

VI. DISCUSSIQN

Prom Eq. (11) it is evident that for a given den-

sity of total conduction electrons, the ratio (ps/pq)
is inversely proportional to nI, , Thus the max-
imum in the ratio (Fig. 3) occurs at a pressure cor-

20

P(k bar)

FIG. 2. Pressure dependence of the calculated elec-
tron mobilities pl-, pl, and p~ in the I, I., and X mini-

ma, respectively, for the alloy composition x = 0.23.
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FIG. 3. Pressure dependence of the Hall —to —drift-
mobility ratio for various alloy compositions.
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minimum in nI, was observed at a pressure of
32—33 kbar. Therefore, for GaAs, the maximum
in (pl, /pq) should occur in this pressure range.

The value of the ratio (pl, /pd) depends on two
factors (1) the conduction-band structure through
the ratios of electron population in the various
minima, i.e., nxlnr and nl /nr, (2) and the ratios
of the electron mobilities, i.c., px/pr and pl /pr.
Since the band structure of the alloys is nearly the
same for each alloy composition subject to the
liiessure for the minimum in nl, .and, therefore, the
maximum in the ratio (pl, /JMd), the contribution of
the band structure is nearly the same for all the
compositions. This clearly means that the values
of the ratios (px/LMr) and (pL /LMr) must decrease
with the alloy composition (0.23 &x & 0.38) in or-
der to increase the peak value of the ratio {p,l, /pq}.
This 1s lndccd thc case and thc mobilitics pp ~ ~
needed to explain the data (Fig. 1}for various com-
posltlons at thc prcssure corrcspondlng to thc
1111Illlllulll 111 ng alC showll 111 Flg. 4. ThC valllC Of

the ratio (II,X/pz) decreases from 0.095 to 0.055 for
x = 0.23 to x = 0.38, while that of p, l, /pr
changes from 0.28 to 0.11, thus increasing the peak
value of pl, /pz with composition x.

The IQobllltlcs IMI- I g decrease vAth x ln thc
lallgc 0.23 &x & 0.36 {Flg.4), and lt Is llllportallt
to identify the scattering processes which lower
these mobllities. For alloy compositions 0 & x
&0.32, the temperature dependence (14 & T & 300

FIG. 4. Composition dependence of the electron
nobilities ln the I, I, and X minima fol' the minimum
in the Hall. electron concentration fkg(P) (Fig. l).

K) of II,I, has been successfully explained and it is
shown that at atmospheric pressure mainly the al-
loy and space-charge scatterings limit the electron
mobility at 300 K and no intervalley scattering is
required to explain the data. ' VAth change in
pressure on the crystals, neither the mobilities due
to alloy [Eq. (16)] nor the space-charge scattering
[Eq. (17)] and hence Pr 1.x are exPected to change
appreciably. Near the pressure for the 1 -I cross-
over, the low-electron mobility in the X minima
(Fig. 2) is found to be limited mainly by the
polar-optical scattering but the contributions from
thc I -X nonequivalent intefvallcy scattcrlng cause
the miniIQum in p~ at P= 18 kbar. %ith increas-
ing prcssure, p~ makes an increasing contribution
to the measured p& due to large density of states in
the X minima compared to the I minimum. But
the contributions become significant only for I' &
26 kbar (x =- 0.23) due to the fact that most of the
electrons occupy the X minima, and that only a
few electrons are left in the I minimum. Thus the
X IQlnlIQR IQoblllty vRnation ls rcAcctcd ln the
minimum in pI, at I' 26 kbar as shown in Fig. I.
It has bccn found that ln Gal ~A,lgAS RHoys vf1th
compositions in the range 0.0 (x & 0.30, the elec-
tron mobilities in the I and X minima are limited
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mainly by polar-optical scattering and the contri-
butions of p„p, pd&, and p~x to the total mobili-
ties in these minima are very small compared to
other scattering mechanisms. It is difficult to
make a similar argument for pl since it could not
be calculated theoretically. It has earlier been
shown that the L minima do not play any signifi-
cant role in the transport in GaAs at high pres-
sures. ' Since the band structure of Ga~ „Al„As
is similar to that of GaAs under pressure, the same
argument holds and is found to be true for
Ga, ,A1„As. Hence it becomes obvious that the
decrease in pr L x with x (0.23 &x & 0.34) shown

in Fig. 4 mainly occurs due to increasing contribu-
tions from the nonequivalent intervalley scattering
among the L, and X minima, which in turn means
that the values of the various scattering parameters
increase with x in this range. For x & 0.36, the
mobilities increase with x, probably due to the
reason that the coupling constants decrease with x.
But at the same time the ratios (px/pr) and

(Pt /lsr) decrease, resulting in larger Peak value for
(@hip~). Since the minimum in np, disappeared for
x ~ 0.38, the maximum value of (ph/JLtd) could
not be obtained for these compositions. For the
reason that the various coupling constants for the
intervalley scattering change with x, the Hall mo-

bility data for alloy compositions in the range 0.32

p x & 0.61 could not be analyzed. ' For these
compositions the I.-X minima intervalley scattering
will make a significant contribution to the mea-

sured JM& because of the close proximities in the en-

ergies of the various minima, and must be con-
sidered in the analysis of the data. The present
data should be useful for deriving the various

scattering parameters for Gal „Al„As alloys,
which are largely unknown.

The Hall —to —drift-mobility ratio has been de-

rived for various alloy compositions (0.23 &x &

0.78) from the experimental results on the pressure

dependence of the Hall electron concentration and

mobility. For the alloys investigated, the ratio is
found to show a maximum near the pressure need-

ed for the I -X minima crossover and the peak
value of the ratio increases with x (0.23 &x &

0.38). For x = 0.78, the ratio ls found to be in-

dependent of pressure and close to unity. It is con-

cluded that the strength of the I.Xmin-ima inter-

valley scatterings increases with x for alloy compo-

sitions in the range 0.23 &x & 0.38.
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