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H. J. Lee,* L. Y. Juravel, ~ and J. C. %oolley
Physics Department, University of Ottawa, Ottawa, Ontario K1N 6N5, Canada

A. J. SpringThorpe
Bell Northern Research Laboratories, Ottawa, Ontario, Canada

{Received 18 May 1979}

Measurements of electrical conductivity o. and Hall coefficient RH have been made as a function of
temperature in the range room to 230 'C on epitaxial n-type samples of Ga, ,Al„As with carrier
concentrations in the range 5 g 10" to 1.6 X 10' m . Theoretical calculations of o. and R~ have been made
on a three-band {I,L, X}model using the method of Fletcher and Butcher, and the resulting values fitted
to the experimental data by using the band-energy differences and various parameters in the electron-
scattering equations as adjustable parameters. Thus the relative energy values of the three bands have been
determined as a function of composition x, and values of such parameters as dielectric constant,
deformation potentials, intervalley and interband couphng coefficients have been found, Different parameters
dominate the results in different composition ranges, e.g. , for 0&x &0.20, the I and L bands have greatest
effect, while for 0.7 &x & 1.0 the X band is of major importance. However, the requirement that the various

parameters vary smoothly with x has been used to extend the composition ranges for which the various
parameters have been determined.

INTRODUCTION

Ga, „Al„As alloys have important optoelec-
tronic applications, and hence various electrical
and optical properties have been extensively in-
vestigated. Band-gap values have been deter-
mined from measurements of diode emission, '
optical. absorption, ' ' Schottky-barrier photo-
response, ' electroflectance, ' and electron micro-
probe cathode luminescence. ' In most of this
work, the energy E, of the I" conduction-band
minimum relative to the valence-band maximum
(I'„-I'») has been the parameter of main interest
with the +i I'i5 energy separation also being
measured in the indirect-gap range and hence the
composition at which the direct-indirect gap
transition occurs being determined. However,
the values of band gaps reported show consider-
able scatter differing by up to 150 meV. Little
information is available about the X,-I „separa-
tion in the direct-gap range, and no data have
been obtained on the I., —I'„separation, al.though
the electroreflectance measurements' give values
of the vertical transition energies at the L, and X
points. Various earlier experimental electron-
transport data' "were analyzed in terms of
electrons in the I", and/or 2C, bands. However,
the revised band structure of GaAs (Ref. 12)
indicates that the L band can play an important
part over a considerable composition range,
particularly at temperatures above room temper-
ature and, hence, analysis of electron-transport
data must include the effects of electrons in the
I band. " At present, no values of scattering
parameters are available for the I. band.

Here, data for electrical conductivity and Hall
coefficient as a function « temperature for
values of x across the whole composition range
have been fitted to calculated theoretical values,
including I'-, I--, and X-band contributions, the
energy-band separations, and various scattering
parameters being treated as adjustable.

EXPERIMENTAL MEASUREMENTS AND RESULTS

The Ga, ,AI„As alloys used here were in the
form of epitaxial layers grown on Cr-doped semi-
insulating GaAs substrates. '4 The uniformity of
the layers has been careful. ly checked, and no
variation in Al content has been observed in the
direction of crystal growth, a (100) direction.
The all.oy compositions have been determined from
photoluminescence and electron-probe micro-
analys is.

TweIve different alloy compositions have been
investigated, doped with tellurium to produce
suitable electron concentrations. The Hall co-
efficient R& at 0.3T and the conductivity have
been measured as a function of temperature from
room to 230 C using the van der Pauw method. "
The apparatus, accuracy of measurement, etc.,
were as described previously for similar mea-
surements on GaAs. " It was found that removal
of the substrate from a specimen made no dif-
fer ence to the measured values, and, in the
present temperature range, the room-tempera-
ture values obtained at the beginning of a tempera-
ture run agreed with those obtained when the
sample was cool.ed down to room temperature
again. Corrections for the effects of electrode
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TABLE I. Boom-temperature values for the twelve samples of Ga& „Al„As alloys. The Hall
coefficients were measured at 0.3T, and the values of N~ were obtained with the assumption
that Ncc =n t +2'.

No.
Sample

(10 ~ m )

nq
(1023 m 3) (1023 m 3)

1
2

3

5
6
7
8
9

10
11
12

0.08
0.11
0.13
0.23
0.27
0.30
0..34
0.40
0.52
0.60
0.71
0.95

126.2
0.405
0.525
0.512
0.729
2.U J
2.55
7.39
3.58
2.30
1.725
1.80

0.329
51.50
39.60
29.89
17.20
5.26
4.32
1.09
1.16
1.85
l.925
3.0&3

0.052
15.84
12.23
13.20
8.80
3.90
3.57
1.41
1.68
2.58
3.29
3.41

0.22
2.30
1.90
4.13
5.10
7.15
6.20

0.45

size on the measured values have been made
according to the analysis of Chwang et al.'

The room-temperature data for all compositions
are given in Table I, and the curves of R& and
versus temperature for six samples of different
composition are shown in Figs. 1-6. The varia-
tion with composition of the graphs of P& and o

versus temperature is shown by this set of curves.
With @=0.106 (Fig. 1), the curves are very sim-
ilar to those for doped GaAs, " indicating that all
donors are fully ionized at room temperature and
that the increase in RH with temperature ean be
attributed to transfer of electrons to the I and X
bands. For the case of x=0.95 (Fig. 6), the only
band occupied is the X band, and the decrease in

A& with temperature is attr ibuted to the activa-
tion of electrons from deep donor levels. The
other figures show the transition from one con-

ditto", . to the other, the increase in A& due to
deep donor effects being observed for the eases
with 0.3 &x&1.0.

0= ng&e,

~D,
i

B (PA, ) +(PD;)
where

A, =n; p, ;e/(1+v 2~ E~p', B'),

(2)

THEORY

In the multiconduction-band ease, the zero-field
conductivity and the Hall coefficient R~ may be
expressed as"
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FIG. l. Experimental values of Hall coefficient and
conductivity as a function of temperature and theoreti-
cally fitted curve for sample No. 2 (x= 0.11).

FIG. 2. Experimental values of Hall coefficient and
conductivity as a function of temperature and theoreti-
cally fitted curves for sample No. 4 (x= 0.23).
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FIG. 3. Experimental values of Hall coefficient and
conductivity as a function of temperature and theoreti-
cally fitted curves for sample No. 6 (x=0.30).

FIG. 5. Experimental values of Hall coefficient and
conductivity as a function of temperature and theoreti-
cally fitted curves for sample No. 10 (x=0.60).

D& n&1J2er, —-F& B/(1+r j Fli12&B')

i runs over all bands considered, with n; the
carrier density, p~ the drift mobility, r& the Hall
scattering coefficient, E; the anisotropy factor
given by

2Z;(E;+ 2) m„.

and 8 the magnetic field.
In the present analysis, it has been assumed that

the I" band has spherical constant-energy surfaces
and has a nonparabolic form given by the Kane
equation'8

each, and, in consideration of transport and
electron concentration, equations with spherical
symmetry used with the density-of-states ef-
fective mass m„written as (m, m', )'' and the
conductivity effective mass given by

The temperature variation of the energy of each
conduction-band minimum relative to the valence-.
band maximum has been assumed to be of the
form"

2me 2 - ~8 &p kmo

where E,* is the effective-mass band gap, m, the
bottom-of-the-band effective mass, and m, the
free-electron mass. In the case of the I and X
bands, a parabolic form has been assumed for

The variation with temperature of the bottom-of-
the-band effective mass mo for the I' minimum
has been taken asks
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FIG. 4. Experimental values of Hall coefficient and
conductivity as a function of temperature and theoreti-
cally fitted curves for sample No. 8 (x=0.40).

FIG. 6. Experimental values of HaQ coefficient and

conductivity as a function of temperature and theoreti-
cally fitted curves for sample No. 12 (x= 0.95).
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TABLE II. Parameter values for GaAs and AIAs assumed in the present analysis.

GaAs Ref. AlAs Hef.

EpI.'0)

mp&0&

mp (room temp)
~p

Pp

&p

mgL,

m

Ep2

mgx
mix

s
A&p

h~;-
c,
P

1.519 eV
0.066me
0.0638m,
5.405 x10 eV/K

204 K
0.34 eV
3.04 eV
0.22 eV
0.0754me
1.9me
0.462 eV
0.23me
1.3me

10.91
12.91
0.0362 eV
0.8kmp

1 397 x10&& N/m2

5307 kg/m

32
50, 51
50
32
32
52
52
52
52
12
12
53

56
56
27
54
57
59

0.275 eV

0.2 eV
0.15m,

me

0.19m
1+1me

10.0
0.0474 eV
0.8h~p
1.34x10 /m

3598 kg/m3

33
41
41

55
55

45
27
54
58
58

where the matrix element I'~& has been deter-
mined from the parameter values at absolute zero
(see Table H), and the effective-mass band gap

en as20

&.(o) —&.(&)

2m' r'"
0 B ~ 5

+ ( , ", r)—P'—&,—y.(q)

—(l+ .' r)P'+—,g.(n)],

where a is a constant independent of T. The
values of E, and &, have been taken from electro-
reflectance data. '

The variation of m, i, for the L band has been
21o22

and

x dx
exp(x —f)+ 1

'

m, , 1 1= 1+I'~ —+
E, ++, '

I. and X bands:

2~gf kBT
n& = 4'( —, E, g~(q

—$)),

where E, is the vertical gap and +1 the spin-
orbit splitting at the I point, and the matrix
element I'~ again is determined from the va. lues
at absolute zero. The room temperature values
of E, and &, have been obtained from electro-
reflectance data, ' and the temperature dependence
of E, assumed to be given by Eg. (3). The value
of m» for the I band has been assumed tempera-
ture independent"'" while, because the associated
vertical band gap is large, ' the values of m» and
m« for the ~ band have been assumed to be
temperature independent also, the same assump-
tion as was made for the case of QaAs. '

The carrier concentrations in the three bands
have been taken as (in Ref. 20)
I' band:

where

«-&o
kBT

E; is the energy of the minimum of the ith band
relative to the top of the valence band, and N~

is the multiplicity of the ith band. The neutrality
equation has been taken as

n t = Q n& =Nso+Nnn -Nn„- N~,

where N~ is the shallow donor concentration,
N» the concentration of deep donors, N„ the
concentration of compensated acceptors, and N»
the concentration of un-ionized deep donors given
by22
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Nns ——Non jfl +g exp[(- E~ —Eon)/kent]), (11)

g being the degeneracy factor, and E» the activa-
tion energy of the ground state of the deep donors,
the excited states of the donors being ignored.

'The calculation of mobility values has been
carried out as described previously for GaAs, "
using the Fletcher and Butcher (FB) method 2'

For the I' band, the FB iterative solution of the
Boltzmann equation has been used to calculate
polar-optical-scattering effects, the effects of
other scattering mechanisms being determined as
relaxation time values and included in the iter-
ation. For the L and X bands, a slightly easier,
more approximate method has been employed by
using the FB analysis to give an effective relax-
ation time for polar optical scattering and then
including this in a standard relaxation-time ap-
proximation. '4

METHOD OF ANALYSIS

A large number of parameters are unknown
and hence must be assumed or treated as adjust-
able in the analysis, and hence the question arises
of whether a unique set of parameters satisfying
all. the results can be obtained. However, because
of the differences in band structure across the
alloy range, in certain ranges of composition
and temperature only a small number of param-
eters is involved and these can be determined with
good accuracy. As was the case for QaAs, for
alloys in the range 0&x&0.15 at the lower temper-
atures only the I' band has effect with the L band
coming in at higher temperatures and the L band
having a small effect only at the highest tempera-
tures investigated here. Thus, guided by the
values for GaAs, I' and L parameters c@n be de-
termined in this composition range. At the other
end of the alloy range, only the &band contributes
when 0.6&x&1.0, and hence here parameters ap-
propriate to the ~band are determined. Since
al. l parameters can be expected to vary smoothly
with x, extrapolation of the I' and L parameters
from the GaAs™richvalues and interpolation of
the X parameters from the Al As-rich values to
those of QaAs give a good guide to all parameter
values in the central composition range where all
three bands contribute. A continued iteration
between the calculations at the various composi-
tions thus has resulted in a set of parameters
which give a consistent fit to the experimental
data over the whole composition range.

In multiband transport calculations, the energy
separations of the various bands are of major
importance, and in the present work the energy
values of the I', L, and X minima relative to the

valence-band maximum have been treated as
adjustable parameters, the chosen values being
guided by the known values for GaAs and AlAs
and, for the I' band, by the published results dis-
cussed above. ' ' Monemar et al. ' showed that,
for the I', and X, minima, the temperature coef-
ficients of the minima are to a good approximation
independent of x and hence here the temperature
coefficients of the band gaps determined for GaAs
(Ref. 13) have been assumed as starting .points.
With regard to the value of E,*, the a parameter
in Eq. (4) has been assumed to have the value used
for QaAs, i.e., a=1.6." With these various en-
ergy-gap values, the temperature variations of
the different effective masses are given by Eqs.
(5)-(7). The mass values at absolute zero have
been assumed to show a linear variation with x
between the values for the two compounds, which
are given in Table II.

In the calculation of mobility values, polar-
optical scattering is very important in all three
bands, and hence the dielectric constant & is an
important parameter in the calculations. No data
are available on values of K for these alloys, and
the published experimental values for AlAs show
show considerable scatter (e.g., Refs. 25 and 26).
Hence, here the value of K has been assumed to
vary linearly with x from the value determined
for GaAs (Ref. 13), but the rate of variation with
x and hence the value at AlAs has been treated as
an adjustable parameter. For the static dielectric
constant K„ it has been assumed that this varies
linearly between the values for the two compounds
(Table II).

For these alloys, Ilegems and Pearson" ob-
served two longitudinal phonon branches of dif-
ferent energies, corresponding to those of the two
compounds. For all. oys near to a compound, the
phonon intensity corresponding to the other com-
pound is negligible. Thus for the three samples
with 0&x&0.15, the phonon energy for GaAs has
been used here, while for x =0.95 the value for
A1As has been used. Two-phonon effects are to
be expected for other compositions but the present
theory cannot deal with this. Hence in this compo-
sition range, a single-phonon energy has been
assumed, linearly interpolated between the values
for the compounds. Ehrenreich' used the same
approximation for calculations on InAs, „P„
alloys and concluded that it was reasonable. The
phonon energy responsible for interband and inter-
valley scattering has been assumed to have the
value of 0.8 Sero as in the case of QaAs.

Other required scattering parameters are the
acoustic deformation potentials (E», ED~, and
E»), the interband-scattering coupling coefficients
(Dr&„Dr», and D~x), and the intervalley-scatter-
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ing coupling coefficients (DI I, and Dxx). To sim-
pl. ify the analysis, it has been assumed that at any
given x Eg)g = EDx =EDz y Dpx =Drys and Dxg =Drys
which appear reasonable assumptions in view of
the results of the analysis of the GaAs data. "
The values of E~r (or ED+ depending on the range
of x concerned), D», and D» have been treated
as adjustable with the initial assumption that each
varies linearly with x. In the acoustic-scattering
analysis, it has been assumed that fhe elasfic
constant C, also varies linearly with x.

One ofher scattering mechanism which needs to
be considered here but did not apply for GaAs
is a, lloy scattering. "" Because of uncertainty in
the exact theoretical forID for the relaxati~n. time,
here v„has been written as

(12)

where A.~ is a constant independent of x, and m;
the effective mass of the electrons in the partic-
ular band considered. In the analysis if, has been
found that this scattering mechanism need be
considered only for the X band in the indirecf, -
gap range. Thus A~ has been treated as an
adjustable parameter to be determined from
fitting to samples with 0.5&x&1.0.

The analysis of the data. on the fwelve samples
investigated indicates that fhe eighf. samples with
0&x&0.4 show direct-gap behavior while the ofher
four have indirect gaps with the main contribution
fo the fransport behavior from the X band. The
details of the analysis can now be discussed for
different ranges of x values, but, as indicated
above, the analysis of each set of data, had to be
carried out many times with paramefers contin-
ually adjusted in the light of values obtained at
other x values, until a consisfent fit to a,ll the
data was obtained.

For the three sampl. es with A&x&0.15, the dafa
are very similar to those for GaAs indicating
that the effect of the X band is negligible except
at the highest temperatures investigated. It has
been found that the fit is more sensitive to small
changes in the energies of the I' and L, minima
than to small changes in the scattering param- .

eters, and the experimental data have been initial-
ly fitted using the scatfering parameters of GaAs
and treating the energy values of the I and I
mimima and N&, the compensated acceptor con-
centration, as adjusfable. The best fit to the
data gave values of E„which are in good agree-
ment with the earlier optical data"" and which
are up to 50 meV lower than the recent values of
Monemar et al.4 Slight adjustment of the scaf.-
tering-parameter values to be consistent with
those at higher values of x made very little dif-

E, = 1.425+ 1.155x+0.37x' eV. (13)

As indicated above, this is lower than the values
of Monemar et al. ,

~ and the bowing parameter
is considerably higher than the theoretically pre-
dicf, ed values of 0.03 eV,"0.05 eV,"and zero."
A similar discrepancy between experiment and
theory has been obtained for Qa, „Al„Sb alloys. "
Recent results by Casey'8 give E, (24'C) = 1.424
+1.247x in the direcf, -gap region, which at com-
positions close fo the band crossover value
(x 0.4), would place the I', minimum about 20
meV below the value given by Eq. (13).

The behavior of the four samples with an
indirect-band gap is dominated by the effects of
the X band. Since in this case the conduction band
is parabolic and the effective mass assumed in-
dependenf, of temperature, the energy of the X
minima does not enter the analysis. Thus the
transport values have in this case been fitted by
adjusting the four parameters x„, Dxx, E», and
A~. For the samples with x=0.71 and x=0.95,
good fits have been obtained. However, in the
case of samples with x =0.52 and x =0.60, the
results of a one-band (2C) calculation gave con-
ductivity values a little small, er than fhe mea, -
sured ones af. the higher temperatures. Some
contribution from the L band is to be expected
in this range, and thus these higher temperature
data have been fitted us'ing a two-band (X and L)
model adjusting onl.y the energy of the L minima
to give a fit, the values of aH. other parameters
being estimated by extrapol. ation from the other
x values.

In the case of the sampl. es with 0.20&x&0.40,
all three conduction bands play important roles
in defermining the transport properties. In this
composition range, the energy of the I' minimum
has been taken as given by Eq. 13, and the posi-
tion of the L-band minima determin d mainly by
extrapolation from the values for the samples of
lower x, only small adjustments being made to
the assumed values. For the various scattering
parameters, again the values were guided by fhe
corresponding values at lower and higher x
values. This left as adjustable parameters the
energy of the X-band minima, guided by pre-
viously published values of the indirect-band
gap""" and the value determined for GaAs, "

ference to the values of E, obtained in the analysis.
Thus in the fitting of data for samples with x
greater than 0.15 values of Ep which were the
mean of three previous publications, ""were
used. A least-squares fit was made to these
data plus the values obtained here for 0&x&0.15,
the values for GaAs (Ref. 32) and that for AlAs
(Refs. 33) giving the relation for 22'C as
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and also the scattering parameters E~r, D~x,
&rz, and DI.J.. The values obtained for these
various parameters are discussed below.

E„=1.911+0.005x+ 0.245x' eV . (15)

RESULTS AND DISCUSSION

The final curves fitted to the experimental
data are shown in Figs. 1-6. For samples close
to the two compounds, the data were fitted at
all points to better than 1.5%. The worst fits,
showing differences between calcul. ated and ex-
perimental values of up to 3%, were for the
samples with x=0.335 and 0.52. In both cases
al. l three conduction bands contribute to the mea-
sured values, and the fitting problem is compli-
cated. However, it is considered that, overall,
the fit to the experimental data is good. From a
consideration of the effects of changing the various
parameters by small amounts from the final
values, it is estimated that the errors in the en-
ergy values of the I- and X minima will not exceed
20 meV at any composition. In the case of the
scattering parameters, such as deformation po-
tentials, interband and intervalley coupling co-
efficients, etc., when the relevant scattering
mechanism is one of the dominant ones, the
error in the scattering parameter will be rel-
atively small and should not exceed 10%. How-
ever, if the scattering mechanism makes only a
small. contribution to the total scattering effect,
the errors in the parameter can be up to 50%.
The separate cases will be discussed below.

The final form for the variation of E, with x
given by Eq. (13) has been discussed above. As
was indicated there, it has been necessary to use
the values given by Refs. 5, 6, and 31 to obtain
a satisfactory fit to the experimental data. The
energy values of the I, minima have been de-
termined for ten samples in the range 0&x&0.60,
and a least-squares fit to the values obtained
gives for 22'C

EI.= 1.734+ 0.574x+ 0.055x' eV. (14)

The bowing parameter in this case is considerably
smaller than that for E, given in Eq. (13). The
value of EI, for GaAs is 1.734 eV in good agree-
ment with the value of 1.728 eV previously de-
termined, ' while the value for AlAs is 2.363 eV.
This is a little higher than the estimated value

by Dingle et al. (quoted in Ref. 38) of 2.25-2.35
eV but lower then the theoretically calculated
values of 2.57 eV (Ref. 40) and 2.76 eV."

The energy of the X, minima has been deter-
mined for the samples with 0.20&x& 0.40, and a
least-squares fit to these data plus the values for
GaAs (Ref. 13) and AlAs (Ref. 42) gives for 22'C
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FIG. 7. Band-gap and deep donor energy as a function
of x at 22 'C. The curves are given by Eqs. (1'3), (14),
{15), and (20).

This gives values in good agreement with the ex-
perimental data of Neumann and Junge" for the

indirect-gap range, but in the range of band cross-
over (0.4&x&0.5) the values are about 20 meV

l.ower than those of Dingle et af. (quoted in Ref. 38).
The final values of E„E~, and E, used in the

present analysis are shown in Fig. 7 together
with the curves for Eqs. (13)-(15). With these
values, the band crossover points at 22 'C can be
shown to be

r -L: x = 0,432, E, = 1.992 ev

I' —X: x=0.405, E0=1.953 eV

I -X: x=0.350, EI, =1.942 eV.

Previous data indicated that the I'-X crossover
occurred in the range from x=0.31(Ref. 36) to
0.5.' Carey's estimate" from quoted data gives
the I'-X crossover at x=0.45 and the other two

at values of x slightly higher than those obtained

here.
With regard to the temperature variation of the

band gaps, in the analysis the values of the o.' and

p parameters for GaAs (Ref. 13) were used initial-

ly for all of the alj.oys in view of the results of

Monemar et al. Since the values of Eo had little
effect on the fit over most of the range of x, no

attempt was made to adjust the temperature de-
pendence of ED. In the case of the I band, it was

found that changes in the temperature coefficient
of EI, spoiled the fit to the experimental data,
and best results were obtained with the param-
eters corresponding to GaAs, i.e., nI,
=(-7.80+0.10) x 10 ' eV/K and p~ =490+ 5 K.
However, for the X band in the composition range
0.2'7&x&0.60, lt was found that the variation
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with temperature of the X, minima had to be smal-
ler than that for GaAs to give the best fit. Thus
the values of Pxwas taken as that of GaAs, i.e.,
550+10 K, but nx was taken as -(6.2+0.2)
x 10 ~ eV/K in this composition range.

The absolute-zero values of the effective mass
for the I' band were initially taken from Rode's
estimate. " However, ' for good fits to the data,
slightly higher values were needed and the final
values obtained were

mp(0)/m, =0.066+ 0.088x, (16)

any bowing effect being neglected in view of the
very small values of effective-mass bowing pa-
rameter for the various ternary alloys. '4 The
above result gives a value of 0.154+ 0.008 for
A1As in good agreement with the theoretical
values of 0.15."'"

Turning to the analysis of the various scatter-
ing mechanisms, values for seven different pa-
rameters involved in the scattering process have
been determined over different composition and
temperature ranges. Values of the dielectric
constant w were determined in the composition
range 0.5&x&1.0, and these values together with
that for GaAs were fitted to a linear variation in
x giving

z„=10.9 —2.3x . (17)

This result agrees with that of GaAs, of course,
and gives a value of 8.6+0.1 for A1As which is in
good agreement with the experimenta, l value of
8.5 obtained by Monemar. " The values from
Eq. (17) were used in the analysis of the data for
all other samples.

The deformation potential for the I' band (Epr)
was determined in the range 0&x&0.4. Within
the experimental scatter of +0.3 eV, in this
composition range the results can be fitted to a
linear variation of the form

Epr =16.1-13.5x eV (0&x& 0.4}. (18)

However, in the composition range close to x =0.4
there is some indication of curvature above this
straight line, so that extrapolation of Eq. (18)
beyond x=0.4 may not be val. id. As indicated
above E&I, was assumed to have the same values
as E&r as is the case for GaAs. However, ED~
was determined separately in the range 0.5&x
&1.0 and again, within that range, the values ob-
tained could be fitted to the linear form

EDx ——12.5 —10.7x eV (0.5 &x& 1.0) . (19)

In this case, the extrapolated value at x=0 is in
good agreement with the value for GaAs of
12.5+0.3,eV. The value for AlAs is thus given as
1.8 which appears very small but agreeing with

the value determined in the fitting to the data, for
the sample with x =0.95. However, polar-optical
scattering dominates in this range and the con-
tribution of acoustic scattering is relatively small.
Hence, as was indicated above, small errors in
the fitted values of other parameters could lead
to an appreciable systematic error in the values
of E» given by the above equation.

With regard to the band-coupling coefficients, '

values of D«were determined in the range
0.5&x&1.0 and fitted to the relation D~~
= (5-x)10"eV/m. It has been assumed in the
analysis that D» has the same values. Values
of D» were determined in the range 0.20&x
& 0.40, giving a linear fit of D~x = (11.0- 10.5x)10"P

eV/m in this range and agreeing with the value
for GaAs. " Onl. y in the case of DrL could the
values obtained not be fitted to a linear variation
in the range investigated. In the range 0&x&0.25
the values of Drz, fell smoothly from that of
(8.0m 1.0}x10'p eV/m for QaAs but leveled out in
the range 0.3 &x&0.4 at a value of (2.5+ 0.3)
x 10"eV/m. This latter value is similar to that
of 3 x 10"eV/m quoted by Neumann and Flohrer4'
from Hall mobility calculations in the direct-
indirect transition region. This type of variation
w'ith x may be due to the assumption that D~J.

Thus in the range 0&x&0.25, ef-
fectively, the value of Drl, is being determined
while in the range 0.3&x&0.4, DI,~ plays the
most important role.

Finally, for the case of alloy scattering the
constant value A~ introduced in Eq. (12) was
found to be A~ = 4,6 x 10"mks. If Eq. (12} is
compared with that given by Makowski and Glick-
man, this value of A~ corresponds to an energy
difference

~ E„-Es~=0.23 eV. It has been sug-
gested in earlier work that

~
E„-EJ3~ should be the

difference between the energy gaps of the two
compounds concerned, and clearly the present
value is far lower than this. However, as indicat-
ed by Makowski and Glickman it is not at all clear
how

~
E„-Es~ should be interpreted in a multiband

problem. In the case of the sample with x =0.52,
the inclusion of alloy scattering reduced the
calculated X-band mobility by approximately 12/p,
and the effect was smaller for other samples in
this work. Maronchuk and Yakusheva" showed
that the calculated mobility for the A' band would
be reduced by approximately 50%%up if E„-Ep were
taken as the band-gap difference between the
compounds, and such an effect would not allow
any reasonable fit to the present data.

From the parameter values presented above,
values of drift mobility can be calculated as a
function of temperature for all the various scat-
tering mechanisms and hence resultant values for
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the three conduction bands. Such results are
given in Figs. 8, 9, and 10 for the case of a
sample with composition x =0.40 and total electron
concentration at room temperature of 1.4
x10" m '. Figure 8 shows the various mobility
values for the j". band and also the variation of n&

with temperature. It is seen that in this case
polar-optical scattering is the dominant mech-
anism throughout the whole temperature range
with only minor contributions from the other
mechanisms. Of these, ionized impurity, acoustic
deformation potential, and the two interband
(I'- I, and I'-X) scatterings have similar mobility
values at about 200'C while the effect of al. loy
scattering is considerably smaller. Although the
value of Dr~ is much smaller than that for GaAs, "
interband scattering plays a more important role
in the alloy because the bands are much closer

in energy in this case.
The values for the I band are shown in Fig. 9,

where it i,s seen that the effect of interband
(L-Z) scattering is a little larger than that of

polar optical with acoustic deformation potential
having a smaller effect and the effects of the
other scattering mechanisms being smaller still.
For the 2! band (Fig. 10), again polar-optical
scattering has the largest effect with interband
(ZC- L) scattering making an appreciable contribu-
tion at the higher end of the temperature range.
For GaAs, both X- I- interband and acoustic
scattering had a larger effect than polar optical
in the, X band, this reflecting the results that the
values of E» and D», found for GaAs, were con-
siderably larger than those determined for the

alloy.
Values of room-temperature mobility for each

band can be determined for each sample inves-
tigated, but comparison as a function of x is then

difficult because of the different electron and

compensated acceptor concentrations. Hence
values of mobility at 20'C have been calculated
for each band as a function of x for the case when

the total carrier concentration n, =10" m ' and

XA =n&. The resulting curves are shown in Fig. 11
together with the calculated variation of the sep-
arate electron concentrations nz, nI, , and nx. It
is seen that pr falls monotonically with x as is to
be expected since polar-optical scattering dom-
inates at all x values and the variation with x is
due mainly to the corresponding increase in elec-
tron effective mass. In the range 0.3 &x&0.5,
the relatively small effect of interband scattering
can be observed. A similar result. is observed
for px excect that in this case there is an increase
with x, again due to the variation of X-band ef-
fective mass. However, p, i shows a minimum in
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the range 0.35(x(0.40 which can be attributed to
the effects of interband scattering which, as can
be seen from Fig. 9, is the most important scat-
tering mechanism in this composition range. The
effect of pressure on GaAs is to cause a similar
variation in the relative energies of the conduction-
band minima as that obtained in the alloys with
variation of x, and curves showing the variation
of the different mobilities with pressure have
been calculated in this case (HJL and ZCW, in

press). As is to be expected, the GaAs curves
are similar in form to those in Fig. 11 but
a much more rapid variation in the range where
all three bands are close in energy. The dif-
ference in the two sets of curves is due to the
much lower values of the interband-scattering co-
efficient in the alloys compared with those for
GaAs.

Also shown in Fig. 11 are the values of r,ff

=nt, B&e for the case of n& =10" m '. This curve
shows a maximum of r, ff =2.4 at x 0.36. Cor-

&s = ~(Ex+ EI, ) —k[(Ex - Es, )'+ 4)"]'", (20)

where E~ and E~ are, respectively, the energies
of the X and L minima relative to the valence-
band maximum, '

and V is a constant independent of
x. The present results have been fitted to Eq.
(20), and a good fit obtained with V = 0.12 eV
(see Fig. 7). This is to be compared with the
value of V =0.18 eV for the nitrogen level in the
QaAs, „P, alloys

responding values for GaAs under pressure can.
be taken as the normalized Hall coefficient
Rff (P)/R„(0), this quantity showing a maximum
value in the range 2.5-4.5.4'

For samples in the range 0.3&x&1.0, the
analysis shows n& increasing as a function of
temperature, indicating the presence of deep
donors. Values of E» and NOD have been de-
termined, the EDD values being shown in Fig. 7.
In this analysis, a single donor level associated
with the X, minima has been assumed as in the
case of Te-doped GaAs (Ref. 47) and thus the
spin-degeneracy factor g = 6. The resulting values
of Ez(=E»- E») are in the range 0.06 to 0.115
eV and the values of NOD lie in the range 7 x 10"
to 1.6x10"m '. E& is seen to fall with increas-
ing x (Fig. 7), and similar EI variation has been
observed previously. "~ By comparison with
luminescence data, Neumann et al. ' suggested
that-the level is associated with silicon donors.
The rate of decrease of EI with increasing x is too
large to be attributed to the effects of dielectric
constant and effective-mass variations with x
using a simple hydrogenic model. Also an EI
vs NDSD relation '" "does not appear to fit the
present results. However, the impurity level
may interact with more than one band, and thus
the two-band (I and 2') model of Aspnes" has
been applied here, the effect of the j. band being
negligible because of its low effective mass. The
value of EI is then given by
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