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Electron mobility in Ga, ,A1, As alloys
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Hall mobilities in high-purity epitaxial layers of n-type Ga, „Al„As with room-temperature electron
concentration in the range (5-10))& 10"cm ' have been measured for alloy compositions x in the range 0 &x & 0.78
and in the temperature interval 15 5 T & 300 K. Models for the variation of various material parameters with x are
developed and it is shown that the alloy scattering potential is -0.3 eV and is weakly dependent on x. The data
have been analyzed and it has been shown that alloy, space charge, and intervalley scatterings play an important role
in limiting the electron mobility. The data suggest that the deep energy levels in Ga, ,Al„As behave as space-charge
scattering centers.

I. INTRODUCTION

It is well known that Ga,.„Algs is a potentially
important semiconductor material for many opti-
cal and microwave devices because of the contin-
uous variability of the band gap and band structure
with alloy composition arid a good control over the
energy levels and the electrical properties. ' ' The
electron mobility in this material and its dependence
on the alloy composition are very important device
parameters but they have received considerably
less attention in the past as compared to other ma-
te rial parameters. Particular attention has been
paid to the study of Ga&.+lgs properties as com-
pared to other ternary alloys because of the '.owest
lattice mismatch (-0.16 %) between the end com-
pounds GaAs and AlAs. 5

The task of evaluating the electron mobility in

Oat „Al„As is more difficult as compared to any
binary compound because of the continuous varia-
tion of the band structure and material properties
with alloy composition. Before an attempt is made
to calculate the electron mobility, it is rather im-
perative to exploit the band structure and electri-
cal properties in this alloy. The second major
problem arises from the fact that although some
mobility data is available in the literature, either
the Al distribution is inhomogeneous in the layers
or the data are limited to too small a range of x
values~ ~ to make any reasonable study of the mo-
bility behavior. Neumann and Flohrer' have in-
vestigated the composition dependence of the elec-
tron mobility at 300 K in liquid-phase epitaxial
crystals over the composition range 0 &x & 0.78.
Special growth conditions were chosen to over-
come the problem of inhomogeneous Al distribu-
tion over the layer thickness. However, they did
not make any measurements on crystals with x
values in the range 0.35 zx z 0.45, where the in-
tervalley scatterings may be significant due to the
close proximity of the direct and various indirect

minima. ' In the light of the new assignment of
the band structure of Ga,.„Al„As on a three-band
F, L, X model as established by Saxena, ' 4 there
is a reason to doubt the results of analysis of mo-
bility data in Ref. 10, where a two-band I', X mod-
el was considered for this alloy, as proposed by
Casey and Panish. " For low-alloy compositions
0 &x &0.32, the I' minimum is the lowest-energy
minimum and the effect of electrons in the L and
X minima on the measured Hall mobility can be
neglected to a good approximation. Similarly for
high-alloy compositions 0.60 &x & 1.0, the X min-
ima are the lowest in energy and the contributions
from the I' and L minima electrons can be ig-
nored. For intermediate alloy compositions
0.32 & x & 0.60, the contributions from all three
minima are to be considered, since they lie close
to each other in energy. For three-valley conduc-
tion, the Hali-to-drift mobility ratio (which will
be referred to here as the scattering factor) peaks
near the direct (I')-indirect(X) crossover compo-
sition x=0.43 (Refs. 1-4) and can be as large as a
factor of -4 at this composition. ' Due to the lack
of knowledge of exact variation of the scattering
factor with x, it is not justified to compare the
measured Hall mobilities with the calculated drift
mobilities. . However, this condition could be safe-
ly overlooked for the alloy compositions in the
ranges 0 ~ x ~ 0.32 and 0.60 &x ~ 1.0, since for
these compositions the scattering factor is found
to lie between 1.0 and 1.1.4 The last problem
arises due to the fact that the strength of the inter-
valley scattering is found to vary with the alloy
composition from the pressure dependence of the
Hall mobility in Ga&.„Al„As.' Unless the various
coupling constants are known as a function of x,
it will not be worthwhile to explain the mobility
data for the alloy compositions in the range 0.32
& x & 0.60, where the contributions from the inter-
valley scatterings will be significant. Also for
these alloy compositions, the analysis of the mo-
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bility data should include the effect of electrons in
the L minima. At present not much is known about
the various parameters of the L minima in
Ga& „Al„As. Recently I,ee et al."have reported
the measurement and analysis of temperature de-
pendence (296 & T & 503 K) of conductivity and Hall
coefficient in Te-doped Ga, „Alps (0.08 & x & 0.95}
with room-temperature electron concentration in
the range 8.5&10'6 to 1.5~10" cm ' over most of
the composition range. To our knowledge, no data
on the composition dependence of mobility at room
temperature and its variation with temperature
are available for intentionally undoped Ga~„„A1„As
over the entire composition range of the alloy.

In the present paper, we report the results on
the variation of the Hall electron mobility for alloy
compositions in the range 0 & x & 0.78 and in the
temperature interval 15 ~ T s 300 K on high-purity
epitaxial samples. Particular attention is paid to
the measurements on the samples with x values
near the direct-indirect crossover composition.
Models describing the variation of various mater-
ial parameters with composition are developed.
The experimental procedure is described in Sec.
II and the experimental results in Sec. III. Section
IV reviews the major scattering mechanisms. The
results are discussed in Sec. V and the conclusions
drawn from the present work are presented in
Sec. VI.

II. EXPERIMENTAL PROCEDURE

The high-purity Ga, „Al+s layers used in these
experiments were grown on Cr-doped semi-insul-
ating GaAs substrates by liquid-phase epitaxy and
had thicknesses of 5-10 pm and room-temperature
electron concentrations of (5—10) x 10" cm ',
which are approximately two orders of magnitude
lower than in the samples used in Refs. 6-10 for
most of the compositions. The alloy compositions
were determined from a measurement of the ca-
thodoluminescence band-gap energy and converted
to compositions by using the energy-gap-composi-
tion curve given by Panish. " The compositions
were also cross-checked by electron-beam micro-
probe analysis and were found to be consistent
with the previous measurements to within + 0.5%.
The Al composition was found to be fairly con-
stant over the layer thickness.

Standard van-der Pauw samples were used for
the Hall measurements. The Ohmic contacts were
made with Sn and subsequent alloying at 550'C
for 2 min in H, atmosphere. Before making any
measurements, the contacts were checked for
Ohmic characteristics. A correction was made to
the measured Hall mobilities for the finite size of
the contacts relative to the sample. " For low-
temperature measurements a liquid-He cryostat

The experimentally measured Hall mobilities
p,„at 300 K and as a function of alloy composition
x are shown in Fig. 1. Also shown by the full

. square is the Hall mobility for epitaxial AlAs. "
Qualitatively, the mobility variation can be ex-
plained as follows: It is known that the electron
mobility p, ~ in the I" minimum of GBAs is limited
by polar optical scattering" and varies inversely
as m'„', where m~ is the electron effective mass
in the I conduction-band minimum. With increas-
ing x (0&x & 0.3), the energy of the I" minimum
and hence mr increases. This reduces p, r and,
therefore, p,„with increasing x. As x is further
increased (0.3 (x s 0.45), the energy separations
between the high mobility and low density-of-
states I' minimum, and the low mobility, high
density-of-states subsidiary L and X minima de-
crease. ' ' Thus with increasing x more electrons
are transferred to the subsidiary minima from
the I" minimum, which causes p.„ to decrease
sharply with x. For higher values of x (x&0.6},
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FIG. 1. The Hall mobility p,„ofGa~ „Al„As as a
function of alloy composition x. The full circles are the
measured values and the continuous lines shower the cal-
culated results.

(Air product DE-202) was used which could stabil-
ize the temperature of the sample within + 0.1 K.
All the measurements were done in a magnetic
field strength of 5 kgauss and with the samples in
the dark since these were found to be highly pho-
tosensitive at low temperatures. Care was taken
to eliminate the spurious effects of the contact re-
sistances.

III. EXPERIMENTAL RESULTS
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the electron transfer to the X minima is almost
complete and p,„saturates with x to the value
characteristic of the electron mobility in the X
minima. It will be shown that the minimum in p,„
at x=0.47 occurs due to intervalley, alloy, and
space-charge scatterings. The temperature var-
iation of p, „for various alloy compositions has
been measured and the results for a typical com-
position x= 0.32 are shown in Fig. 2 by full cir-
cles.

IV. ANALYSIS

In the analysis, the following assumptions are
made:

(a) Each scattering process is described by a
relaxation time 3.,(y) which depends upon the elec-
tron energy y in kT.

(b) The electrons are scattered in a parabolic
band. This allows the use of simpler formulations
for the various scattering processes.

(c) For each scattering process an average re-
laxation time (7,) is calculated from the equation

O

Eo 4
~ ){}

p, = e(r,.)/m, (2)

where e is the electronic charge and m the elec-
tron effective mass in one minimum.

(d) The various scattering mechanisms are in-
dependent of each other. The resultant mobility
is defined as

(r,) = ~, (y)y3~3e "dy . (1)
7l p

The electron mobility is then calculated from the
equation
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PEG. 2. Temperature dependence of the mobilities
for a Ga& „Al„As crystal with x=0.32. The full cir-
cles are the measured Hall mobilities and the continu-
ous lines show the calculated results. The unlabeled
solid curve is the Hall mobility. Labeled solid curves
are for ionized-impurity scattering only (p» ), optical-
phonon scattering only (ppo), piezoelectric scattering
only (pp~;) deformation potential scattering only (poz),
alloy scattering only {p„), and space-charge scattering
only (p ).

For alloy compositions in the ranges 0 &x g 0.32
and 0.60gx &1.0, since the scattering factor is
nearly unity, the nonequivalent intervalley scat-
tering has been neglected in the analysis. The
following scattering mechanisms have been con-
sidered:

A. Optical polar scattering

The temperature dependence of the electron mo-
bility due to polar optical scattering follows the
analysis of Fortini" and is given by the expression

16N&,(2vkT)'~3(e '& ] )
PPQ (g )3/2(1/ 1/ )

~(~t l)

where $, = T»/T and m, = kT» /f3, T» being the
optical phonon temperature. Eo and &„ are the low-
and high-frequency dielectric constants of the ma-
terial, respectively, and &, the permittivity of
free space. The infrared reflection spectra of

& = x&A~A, + (1 —x)c&,&, (5)

where Yp]„and 4G,„,are the average phonon ener-
gies for the two phonons. Similarly, the integral
in Eq. (4) is expressed as

G=xc „+(1-x)G„„,. (6)

Using Eqs. (5) and (6), we get from Eq. (4),

25.54T'~ G

(m/m )'"(1/e„—1/e, )
(7)

in units of cm3/V sec.
The LO-phonon temperature at the X point (TLo)

Ga, „Al„As mixed crystals at the I' point have been
given by Ilegems and Pearson" and contain two
branches, one due to GaAs-like and the other due
to AlAs-like crystals. The term T„o/(e» —1)
in Eq. (4) is the average phonon energy e per
mode. We have considered the total phonon energy
as
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in GaAs (Ref. 20) and Gap (Ref. 21) are 345 and
580 K, respectively, and has been considered the
same in A1As as in GaP. To calculate the varia-
tion of TLO with x, a linear extrapolation is as-
sumed between its values in GaAs and GaP.

B. Deformation-potential scattering

The relaxation time for deformation-potential
scattering based on the theory of Bardeen and
Shockley22 is given by Wolfe et al."as

4 17 y 1p19 1 T3/2 1/2 (8)

Using Eqs. (1), (2), arid (8), we get,

C,T '/
p ~ = 3.17 x 10

again in cm'/V sec, where C, = pu'„p and u, being

the material density and sound velocity, respect-
ively. E, is the deformation potential in eV. The
values of p for GaAs and AlAs are given by Rode24
and Mead and Spitzer" as 5.37 and 3.60 gm/cm',
respectively. For calculating p as a function of x,
a linear extrapolation between these values has
been assumed. The potential E, of 8.6 eV for the
F minimum in GaAs is taken the same for compo-
sitions 0 ~ x ~ 0.32, as the majority of the electrons
occupies this minimum. For compositions in the
range 0.60 ~x ~1.0, since most of the electrons
stay in the X minima the value of E, of 13.0 eV has
been taken from GaP."

C. Equivalent intervalley scattering (X-X)

Fawcett and Paige" have given the following ex-
pression for the scattering rate for scatt .ring
from state k in valley i to a state in vali. y j.

(N 1)(pp )&/2D2 Nq~[e(k) + hm (,. ] ~ absorption
x(k) = — '

+&P&g@ (N(~+ 1)[e(k) —hzv)~]'~' emission, (10)

where w, &
and D,.&

are the frequency of the phonon and the intervalley coupling constant, respectively, and

N, J = 1/(e""u~" r —1). N, is the number of equivalent minima with m~ as the mass in a single minimum. In
the approximation e = 2kT and using Eqs. (1), (2), and (10), we get

27re&kTC (T/T, + —')' ' (T/T, -a)' ' ' T
&3(N —1)(m )'~'D' (e 4~ —1} (1 —e 4~ )

=0 for
T 2

C

with p, v in units of cm'/V sec where hw, , = kT,
According to Birman ef a). ,

"only LO phonons are
considered for X-X scattering (Mv&M, «) and,
therefore, T =Tgp The coupling constant D, &

of
1.2x 10' eV/cm has been considered the same as
in GaP."

D. Piezoelectric scattering

PE

4 3 m= 1.05 x10'xa,2, —+ r'/2y '/'
t (12)

where h„(= e„/c,co) is the piezoelectric constant
in volt/cm and C„C, the transverse and longi-
tudinal elastic constants in dynes/cm2, respect-
ively, and are given by the equations"

C, ——,
' (Cxx+ 3C44 —C„)

The relaxation time for piezoelectric scattering
as determined by Zook" is given by the expression

Bode has given e„= 0.16 C/m2 and Fletcher and
Butcher" quote the following values for the elas-
tic constants in GaAs: C11 1 188 &'10 C12
= 0.538 x 10", and C44= 0.594 x 10'2 dynes/cm'.
From Eqs. (1), (2), and (12}, we get

30p 1/2 g2

(4/~, )3i.
in units of cm'/Vsec. All the elastic constants
have been considered independent of x since these
are not known for Ga, „Al„As except for g =0.

. Since the contribution of this scattering mechan-
ism to the resultant mobility is found to be ap-
preciably smaller than that due to other scatter-
ing processes considered here, the uncertainty
in the material parameters involved results in a
negligibly small error.

E. Ionized-impurity scattering

C, = —,
' (3C„+2C„+ 4C44).

It has been shown that deep energy levels are
present in the band gap of Ga, QI,As. ' ' As the
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where

6kTm
0 v2/3@2(N N )2/3

The value of the net impurity concentration (ND

-N„) for each composition to be analyzed here
was determined from the analysis of temperature
dependence of the Hall electron concentration. '
For alloy compositions where the multiconduction
band transport becomes significant, the net im-
purity concentration was determined experimen-
tally from the measurement of the Hall electron
concentration at high pressure where only the X
minima are involved in the transport mechanism
and the deep energy levels are almost ionized. '

F. Space-charge scattering

Weisberg" has discussed the mobility due to
space-charge scattering which is given by the
equation

3 2 x 10s T-~/2

~k/m, (N, A)
'

where N, and A are the density and area of cross
section of scattering centers, respectively.

(i5)

G. Alloy scattering

The relaxation time due to alloy scattering is
given by Hauser et al. ' as

(m)'/'x(1 —x)a'1 3g 1
4 8025

x (ma)'y(c)'/2 (/2T)'/'
dc (16)

where y(c) = e +en' (a is the nonparabolicity of
the band). The lattice constants (a) for GaAs and
AlAs (Ref. 5) at 300 K are 5.6419 and 5.6611 A',
respectively. Taking a mean value for the lattice
constant and assuming a = 0, Eqs. (1), (2), and
(16) give in units of cm'/Vsec,

52.83T '/"

(m/m, )3/2x(1- x)(~,)2
(1,7)

temperature decreases, the thermal energy of
the electrons decreases linearly while the density
of ionized impurities decreases exponentially with
temperature. As the temperature approaches
zero, the density of conduction electrons approach-
es zero and the density of the ionized donors ¹~
approaches the acceptor density N„. Under these
conditions, the electron potential remains finite
and large at low temperatures. Falicov and
Cuevas" have derived an expression for the elec-
tron mobility in this limit as

27/2v 3/2(/ -T)3/2f 2 e3( m)-1 2/( 2N)-1
0 A (14)[In(1+ n 0) + 730(1 + n 0)]

—1+hz + (i6)

The energy E~ of the 1 minimum at a particular
temperature has been obtained from the data of
Dingle et al."at 2 K and the Varshini equation. "
Here &» and &0 are the energies related to the
momentum matrix element and the spin-orbit
splitting of the valence band, respectively. In
the present work the values for E r and &0 are
taken as V.51 and 0.341 eV, respectively, as given
by Aspnes" for GaAs, and have been kept constant
as a function of x.

V. DISCUSSION

The comparison between experimental and cal-
culated Hall mobilities p,„as a function of alloy
composition x is shown in Fig. 1. The temperature
dependence (15 ~ T &300 K) of the Hall mobility for
alloy compositions in the range 0 ~x&0.32 and

0.60& x&1.0 has also been successfully explained
and the results for a typical sample with x= 0.32
are shown in Fig. 2. The agreement between the
experimental and calculated results is satisfac-
tory. In Fig. 3, we have plotted the (N, A) product
due to the space-charge scattering and the ratio
of mobilities pA/p, 2c due to alloy and space-charge
scattering, which resulted in the best agreement
of the calculated and measured Hall mobilities.
It is evident that the contribution of the alloy scat-
tering compared to the space charge increases
with the alloy composition. In other words, for
low alloy compositions 0 &x& 0.32, the alloy
scattering is relatively less important than for
composition x ~ 0.61. The (N,A) product, increases

In Ga, QI,As the variation of the alloy scattering
potential /2E, with x is given by the equation (Ap-
pendix A)

~,= 0.3+ 0.0011x.

Rode' has given a, and E„ for GaAs as 12.91
and 10.91, respectively, and Fern and Onton"
for A1As as 10.06 and 8.16, respectively. The
values of c, and c„as a function of x have been
calculated taking a linear extrapolation for eo and

e„ in GBAs and AlAs.
Since the variation in the X-minima energy with

x is negligible compared to the 1" minimum, ' ' the
electron mass in the X minima has been consider-
ed independent of x. For alloy composition 0.6
~x & 1.0, three equivalent X minima' and the mass
in a single minimum 0 3582p are considered, as-
suming it to be the same as in the X minima of
GaP." The variation of electron mass in the I;
miriimum as a function of x is calculated from the
standard k ~ p theory and is given by the expres-
sion"



3300 ASHOK K. SAXENA

Ga& )(Al„AS

TE
5+ 10—

/.
/

/
q/

/
/

/
/

/
/

/
/

/

)04
0

I

0.2 0.4 0.6 0.8

10%

C)

X
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of space-charge scattering centers, and the ratio of
mobilities (pA//ps&) due to alloy and space-charge scat-
terings as a function of alloy composition x.

with the composition in the range 0& x&0.32 and
is found to decrease for alloy compositions x
o 0.61. It may, therefore, be expected to show a
peak at a composition x —0.5 as is shown in Fig. 3.
The electron mobility due to alloy scattering has
been found to vary inversely with [(m)' 'x(1 —x)]
for alloy compositions investigated in the present
work and, therefore, may have a minimum value
in the composition range 0.32&x&0. 60. Kaneko
et al. ' also found it necessary to include the space
charge and alloy scatterings in their analysis in
order to explain the temperature dependence (80
& T &300K) of Hall mobility for Sn-doped Ga, „Al„
As (0&x &0.15). We have compared our results
for compositions 0.19 &x & 0.32 with the extrapo-
lated results for these compositions as suggested
by Kaneko et al. ' A comparison shows that the
mobilities p. „and p.sc are in good agreement with
those suggested by Kaneko et al. ,' although the
mobilities in the crystals studied here are approx-
imately a factor of two higher. Stringfellow' has
also reported that the space-charge scattering
must be considered in order to explain the mo-
bilities in Te-doped Ga, Ql+s (0&x&0.35).

Kaneko et al. ' and Stringfellow' have concluded
that in Ga, Ql+s, the product (V„A) increases
with the alloy composition in the ranges 0 &x
&0.15 and 0&x &0.35, respectively, and has al-
most the same value for compositions in the range
0&x & 0.15. They, however, could not analyze the
data for higher compositions due to multi-conduc-
tion-band transport. The results in Fig. 3 also
show that the product (N„A) increases with the
alloy composition in the range 0 & x & 0.32, but

the value of this product is lower than reported
by Kaneko et al.' and Stringfellow. '

It has been shown that the electrical properties
of Ga, „Al+s are strongly controlled by the pres-
ence of complexes involving defects in the crys-
tals. ' The result that (V„A) product is higher
for crystals studied by Kaneko et al. ' and String-
fellow' than obtained in the present work may be
due to the fact that the impurity and hence the de-
fect concentration in the crystals studied here is
much lower. It is not very surprising that the
defect concentration may show a maximum at x
= 0.5 due to the random distribution of Ga and Al
atoms, which may effectively increase the scat-
tering area. %e can, therefore, suggest that the
electron scattering by the deep energy states also
results in the space-charge scattering, showing
a maximum (Ã„A) product at x=0.5 (Fig. 3).
This product is found to be approximately an order
of magnitude larger for AlAs-like crystals (x
= 0.78) than for GaAs (x= 0), which reflects the
present state of art of crystal growth.

From measurements of the Hall mobility as a
function of pressure for various alloy composi-
tions and the Monte Carlo simulations of the re-
sults, it has been shown that the minimum in p,„
occurs at a pressure corresponding to the direct
(I')-indirect (I ) crossover. ' Since the contribu-
tions from alloy and space-charge scatterings are
not expected to change with pressure for a fixed
composition, the minimum primarily occurs due
to intervalley scatterings as the various minima
come close in energy to each other. Since vary-
ing the pressure on a crystal with a particular
value of x is equivalent to varying the apparent
composition of the crystal, it has been suggested
that the minimum in p,„at x=0.47 (Fig. 1) occurs
due to the combined effects of alloy, space-charge,
and intervalley scatterings. " A minimum in the
Hall mobility as a function of alloy compositions
has also been found in GaAs, „P„(Ref.37) and
Ga,, „In+s (Ref. 38) alloys at x= 0.55, but the da-
ta remained unexplained.

Lee et al."could explain their data without in-
cluding the space-charge scattering in their an-
alysis. For compositions 0&x &0.4, they used the
acoustic deformation potential for the I' minimum
as given by the equation E, = 16.1 —13.5 x eV.
Thus the extrapolated value in GaAs should be 16.1
eV, which is larger than the accepted value of 8.6
eV." Since for alloy compositions in the range 0
&x&0.32, the band structure is similar to that of
GaAs, it is expected that there will not be any
appreciable change in the value of E, for these
compositions. Secondly the mobilities at 295 K
measured by Lee et al. ' are much lower than
those reported in the present work over most of
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the composition range, partially due to large im-
purity concentration in their samples. For exam-
ple, we have determined N~ = 2.37' 10 cm and
N„= 8.30?&10"cm 3 for x= 0.32 from a rigorous
analysis of the temperature dependence of the Hall
electron concentration, ' and used these values to
calculate the mobility due to ionized impurities
for the same sample (Fig. 2). Thus the total im-
purity concentration Nl for x= 0.32 is 3.2x 10"
cm '. %e have estimated from the data of Lee et
al. ' that for x = 0.32 the free-electron concentra-
tion should be -2.7x 10"cm ', with N„=6.7x 10"
cm ', using a linear extrapolation for their values
for the neighboring compositions. This means that
pfD= 9.4x10" cm ', giving N, = 1.6x10" cm ' for
x=0.32. Using these values and E,=11.8 eV for x
= 0.32 as reported by Lee et al. ,

' we calculated the
resultant mobility as 1090 cm'/V sec at 300 K with-
out considering the space-charge scattering. The
calculated mobility is very close to the measured
value of -1080 cm'/Vsec as measured by Lee et
al." It thus appears that in the crystals studied
by Lee et NE. ,"the effect of space-charge scat-
tering is overshadowed by the large contributions
from the impurity and acoustic-mode scatterings.
It is evident from the results shown in Fig. 3
that compared to space-charge scattering, which
is found mainly to limit the electron mobility in
Ga, Ql+s, the alloy scattering is relatively un-
important for low alloy compositions. The con-
tributions from the alloy scattering become com-
parable to that due to space-charge scattering for
high alloy compositions (x) 0.6). This result is in
agreement with that of Lee et al. ,

"since they
also found it necessary to consider the alloy scat-
tering for compositions in the range 0.5&x&1.0
only, and not for crystals with x& 0.5.

Although the band structure of Ga, „Al+s alloy
has been established, ' ' we have not tried to ex-
plain the mobility data for compositions in the
range 0.32&x &0.60 due to the various parameters
involved in the calculations, which are unknown

for the I minima. Although Lee et al."could ex-
plain their results with good consistency, they had

many adjustable parameters which could fit their
data over the entire composition range. For alloy
compositions 0.32 &x &0.6, the band structure of
the alloy had to be assumed as precisely known be-
cause of the large contributions from the interval-
ley scatterings. However, the various subband

gaps proposed by Lee et aE. ,
"do not agree well

with the results obtained by Saxena. ' 4 For exam-
ple, at x = 0.43, Lee et al."suggest that the X
minima lie 32 meV below the I' and I minima.
This does not agree with the band structure obtain-
ed by Saxena, who finds that at this composition
the L minima lie 33 meV above the l" and X min-

ima. ' ' Such significant differences in the band
structure may lead to large errors in the inter-
pretation of the experimental results.
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APPENDIX: CALCULATION OF ALLOY-SCATTERING
POTENTIAL IN Ga& „Al~ As

In past studies the alloy potential was considered
to be either the band-gap difference" or the dif-
ference in the electron affinity4' of the unalloyed
components. The band gap and electron affinity
can be considered as the properties determined
for a bulk material. It is hard to justify that the
misoccupation of Ga and Al atoms due to the dis-
order causes the difference in the bulk-material
properties near the misoccupied lattice site.

Here the alloy-scattering potential is considered
that which is due to the polarization deviation
caused by the deviation of Callen's effective charge
due to the deviation in electronegativity of atoms
caused by the deviation of the covalent radius.
III-V group semiconductors have ionic bonding
and have a net charge Q. In GaAs and AlAs (Ref.
42) this is given in units of eV by

Qo,„,= 0.46

(A1)

The net charge in Ga, QI„As can be approximated

Q, = (1 —x)Qo,~+ xQ „ (A2)

VI. CONCLUSIONS

The electron mobility in Ga, QI+s is drastic-
ally reduced near the direct-indirect crossover
composition due to alloy, space-charge, and in-
tervalley scatterings. To explain the Hall mobil-
ity data for compositions in the range 0.32 &x
&0.60, further work is necessary to evaluate the
various coupling constants and the Hall-to-drift
mobility ratio as a function of alloy composition.
The alloy-scattering potential in this alloy is
found to be -0.3 eV, which is weakly dependent
on the alloy composition. It is suggested that deep
energy states in Ga, „Al„As act as space-charge
scattering centers.
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n~ = —6.67 —6.81Q,

oo, = —6.93 —6.90Q, (A4)

respectively. Then in Ga, Ql+s, we have from

Putting Eq. (Al) in (A2), we get

Qo, ~ „,= 0.46+ 0.01x. (A3)

The energy which is needed to take away one
electron from the atom in such ionic-bonded crys-
tals is given by the integral n. For Al and Ga
atoms these integrals are given by the equations'

Eqs. (A3) and (A4)

a~ = —9.80 —0.0681x

nG, = —10.10 —0.059x . (A6)

Therefore, the alloy-scattering potential AEa, the
difference between n~& and nG„ is given by the
equation. ,

4Ea = n~ —o.G, = 0.3+ 0.0011m

which is weakly dependent on x.

*Present address: Department of Electronics and Com-
munication Engineering, University of Roorkee, Roor-
kee {U. P.) India 247672.

A. K. Saxena, Phys. Status Solidi B 96, K77 (1979).
2A. K. Saxena, Appl. Phys. Lett, 36, 79 (1979).
A, K. Saxena, J. Phys. C 13, 4323 {1980).

4A. K. Saxena, Ph.D. thesis, Sheffield University, 1978,
unpublished.

5M. Neuberger, Handbook of Electronic Materials, III-V
Semiconducting Compounds (Plenum, New York, 1971),
Vol. 2, p. 8.
J, F, Black and S. M. Ku, J. Electrochem. Soc. 113,
249 {1966).

~J. M. Blum and K. K. Shih, Proc. IEEE 59, 1498 (1971).
8K. Kaneko, M, Ayabe, and N. Watanabe, in Proceedings

of the 6th International Symposium on GaAs and Rela-
ted Compounds, Edinburgh Conference, edited by
C. Hilsum (The Institute of Physics, London, 1977),
p. 216.

G, B.Stringfello, J.Appl. Phys, 50, 4178 (1979).
H. Neumann and U. Flohrer, Phys. Status Solidi A 25,
K145 (1975).

~~H. C. Casey and M. B. Panish, J.Appl. Phys. 40, 4910
(1969).
T. Sugeta, A. Majerfeld, A K, Saxena, P. N. Hobson,
and G. Hill, Proceedings of the Cornell Conference on
Active Microzvave Semiconductor Devices and Circuits

(The Institute of Electrical and Electronic Engineers,
Inc. , Ithaca, 1977), p. 45.
A, K Saxena, Appl, Phys. Lett. , inpress.
H. J.Lee, L. Y. Juravel, J. C. Wooley, and A. J,
Springthorpe, Phys. Rev, B 21, 659 (1980).

5M. B.Panish, J.Appl. Phys. 44, 2687 (1973),
6L. J.van-der Pauw, Phillips Tech, Rev, 20, 220
(1958/59).

~YA, J.Whitaker, Solid State Electron. 8, 649 (1965).
~8A. Fortini, J.Appl. Phys. 41, 3121 (1970).
BM. Ilegems and G. Pearson, Phys. Rev, 1, 1576 (1970).

20J. L. T. Waugh and G. Dolling, Phys. Rev, 132, 2410
(1963).
D. L. Rode, Phys. Status Solidi B 53, 245 (1972).

~2J. Bardeen and W. Shockley, Phys. Rev. 77, 407
(1950).
C. M. Wolfe, G. E. Stillman, hand W. T. Lindley, J.
Appl. Phys. 41, 3088 (1970).

24D. L. Rode, Phys. Rev. 2, 1012 (1970).
25C. A. Mead and W. G. Spitzer, Phys. Rev. Lett. 11,

358 (1963).
W. Fawcett and E. G. S.. Paige, J. Phys. C 4, 1801
(1971).

~~J. I .Birman, M. Lax, and R. Loudon, Phys. Rev.
145, 620 (1966).

28J. D„Zook, Phys. Rev. 136, A869 (1964).
29K. Fletcher and P, N, Butcher, J.Phys. C 5, 212

(1972).
L. M. Falicov and M. Cuevas, Phys. Rev. 164, 1025
(1967).
I .R. Weisberg, J.Appl, Phys. 33, 1817 (1962).
J.R. Hauser, M. A. Littlejohn, and T. H. Glisson,
Appl. Phys. Lett. 28, 458 (1976).
R. E. Fern and A. Onton, J. Appl. Phys. 42, 3499
{1971),

+A, S. Epstein, J. Phys. Chem. Solids 27, 1611 (1966).
5D, E. Aspnes, Phys. Rev. B 14, 5331 (1976).
6R. Dingle, R. A. Logan, and A. Arthur, in Proceed-
ings of the 6th International Symposium on GaAs and
Related Compounds, Edinburgh Conference, edited by
C. Hilsum (The Institute of Physics, London, 1977),
p. 210.

YM. G, Craford and W. O. Groves, Proc. IEEE 61, 862
(1973),
R. W. Conard, P. L. Hoyt, and D. D. Martin, J.Elec-
trochem. Soc. 114, 164 (1966).
D. L. Rode, in Semiconductor and Semimietals, edited
by R. K. Willardson and A. C. Beer (Academic, New
York, 1975), Vol. 10, p. 85.
M. Glicksman, R. E, Enstrom, S. A, Mittleman, and
J.R. Appert, Phys. Rev. B 9, 162 (1974).

4~J. W. Harrison and J.R. Hauser, J.Appl. Phys. 47,
292 (1976).
C. A. Coulson, L. B.Redei, and D. Stocker, Proc.
R. Soc. London 270, 357 (1962).


