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Composition dependence of the spin-orbit splittings in lattice-matched quaternary alloys:
Generalized Van Vechten—Berolo-Woolley model
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We present a model including both inter- and intraband disorder-induced mixing which accounts for the
recently observed composition dependence of the valence-band spin-orbit splittings Ag and A; in the
quaternary alloys InGaAsP and GaAllnAs lattice matched to InP.

The quaternary alloys when grown lattice matched to the
substrate form an extremely interesting group of materials
from both a fundamental and technological point of view.
For example, they provide a testing ground for theories of
random microscopic alloy disorder. In semiconductor alloys
the change in crystal potential across the alloy field can be
separated into two parts’*% (1) a periodic part which is re-
lated to the change in lattice constant, and (2) an aperiodic
part which is due to the random variations in the atomic po-
tentials (alloy disorder). In lattice-matched quaternary alloy
(LMOA) systems the lattice constant (bond length) is kept
fixed (to that of the substrate material) and, hence, an im-
portant contribution to the change in the alloy crystal poten-
tial is eliminated. These quaternary alloys provide us with a
system to measure directly the effects of aperiodicity.

It has been observed experimentally in semiconductor al-
loys that the energies of various interband transitions and
spin-orbit splitting parameters vary quadratically with alloy
composition," 2 i.e.,

E(x)=a +bx +cx? (1a)

or

E(x)=a+b'x+cx(x—1) , (1b)

where a and b’ (=b +c) are determined by the end-point
material of the alloys series and ¢, the bowing parameter,
measures the deviation from linearity.

It has been shown that the nonlinear composition depen-
dence of various energies is a measure of the change in
crystal potential (both periodic and aperiodic) across the al-
loy field."2 However, in the LMQA systems the bowing
coefficient is a manifestation of the microscopic aperiodicity
only.>*

In all ternary alloys having the zinc-blende structure it is
found that’> the bowing (a) for the spin-orbit splitting
parameter Ao (of the I'ys, valence band) is downward, i.e.,
positive value of ¢ (Ag) while (b) for A; (spin-orbit splitting
of the A, valence bands) it is upward, i.e., negative value
of c(A;). However, recent studies of the quaternary alloys
InGaAsP/InP (Refs. 3 and 5-8) and GaAllnAs/InP (Ref.
9) have reported negative values of ¢ (Ao) as well as ¢ (A}).
Listed in Table I are the values of a, b, and ¢ for Ag and A,
for these systems as determined by several investigations.
Note that for the InGaAsP/InP system, even though there
is some variation in c(Ag), all the reported numbers are
negative. We have also listed in Table I the average of the
three values of a, b, and ¢ for InGaAsP.

According to the Van Vechten—-Berolo-Woolley (VV-B-
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W) model? a positive value of c(Ag) arises from an inter-
band mixing of the s-like conduction-band states (T';,.) into
the p-like valence-band states (I';s,,) which effectively de-

creases Ag. This interband disorder-induced effect can be
written as
Ag(x)=[1-f(x)1(Ao(x)) , ?)

where (Ao(x))=a +b'x [see Eq. (1b)]. The function
f(x) is the fraction of the conduction-band states mixed
into the valence bands by alloy disorder and can be written

as?

f(x)=D(x)/E¢x) , 3)

where D (x) is the mean-square fluctuation in crystal poten-
tial divided by an appropriate bandwidth, and Eo(x) is a

TABLE 1. Values of the quadratic parameters a, b, and ¢ for the
spin-orbit splitting parameters Ay and A, for In;_,Ga,As,P,_, and
(Gaj_xAl,)g47Ing s3As lattice matched to InP. All values were ob-
tained at room temperature.

a b c
InGaAsP/InP
0.114 0.26° -0.02°
Ao 0.119° 0.30° -0.107°
0.11¢ 0.42¢ -0.152¢
Average 0.114 0.327 -0.093
0.1352 0.33 —0.20°
A, 0.145° 0.173% —0.064°
0.1334 0.124¢ -0.07
Average 0.138 0.209 -0.11
GaAllnAs/InP
A 0.37¢ 0.10° -0.10°
A, 0.28¢ 0.03¢ —0.03¢

dReference 8.
®Reference 9.

2Reference S.
bReference 6.
°Reference 7.
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weighted energy gap given by

3 2 . 1
Eo(x) (EO(X)> (EO(X)+A0(X)>

4

In Eq. (4), (Eo(x)) and (Eo(x) + A¢(x)) are the composi-
tionally linear averaged energy gap and spin-orbit split com-
ponent, respectively.

For the spin-orbit splitting of the A; valence bands, VV-
B-W proposed a disorder induced intraband interaction
which effectively increases Ai, i.e., the negative value for
c(A). This term can be written as

KD (x)
(A(x))

where K is the factor which indicates the strength of the
proposed selection rule for the disorder-induced fluctuating
potential.

The negative value of both c(Ag) and c(A;) for the
quaternary alloys can be accounted for by including both
intra- and interband effects for these spin-orbit splittings,
thus generalizing the VV-B-W model. By including these
two effects we can write

A(x)=(A(x)) + (5)

Ax) = (A,(x0)) = 2D (4 (x)y + KD

, (6)
Ei(x) (A;(x))
where i =0 or 1. In the above expression, Eo(x) is given
by Eq. (4) and E (x) by

2 1 1

F ) (B T E®+ LG "

For the quaternary alloy In;_,Ga,As,P,_, (Refs. 3 and
4),

D(x,y)=%[Cc2-,a.1ny(1—y)+C,§s.px(1—x)] . ®

where A4 is a bandwidth constant (4 =1 eV) and C,.5 is
the dielectrically defined electronegativity difference
between elements 4 and B. Note that we have interchanged
x and y in the usual notation for InGaAsP. The lattice-
matched condition x =2.2y plus values of Cé,1, and Cisp
from Ref. 1 yields

D(x)=0.07x +0.149x (1 —x) . 9)

In the <case of the other quaternary system
(Ga)-xAly),In;_,As the expression for D (x,y) is given by

D(x,y)=%[Céa.A|xy(1—x)+C(2~,a.xn(l—x)(l—y)y

+CRunxy (1=y)] . (10)
For the lattice-matched system y =0.47; and hence
D(x)=0.07+0.026x +0.015x(1—x) , (11)

where we have used Cd..a and C&..1n from Ref. 1 and C3,
from Ref 4. In Egs. (9) and (11) only the term containing
x(1—x) is relevant to calculate the bowing since the other
terms are related to the end points.

We have used the generalized expression Eq. (6) to fit
the A¢(x) and A;(x) data for InGaAsP with Eq. (9) and
GaAllnAs with Eq. (11) grown lattice matched to InP. The
results for InGaAsP are displayed in Fig. 1. The solid lines
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FIG. 1. Variation of the spin-orbit splittings with alloy composi-
tion x for Iny_,Ga, As, P, _, lattice matched to InP (x =2.2y).

are given by the relation E =a + bx +cx?, with a, b, and ¢
for Ag and A, being the average values listed in Table I.
The dashed lines in Fig. 1 show the fit to the generalized
VV-B-W model [Egs. (6) and (9)]. We have adjusted the
magnitude of the parameter K to get the best results for
both A¢(x) and A;(x) simultaneously, thus yielding a value
of K =0.15. Note that the agreement between the average
experimental values (solid lines) and the theory (dashed
line) is good and the negative bowings of Ag as well as A;
have been accounted for. By considering only the intraband
effect on the A,(x) data, VV-B-W have obtained a value of
K =0.14 for ternary alloys, while Kelso et al.® have found a
value of K =0.07 for the InGaAsP system. Our value for K
is close to that of VV-B-W but is somewhat larger than that
quoted by Kelso er al.

Plotted in Fig. 2 are the compositional variation of A(x)
and A,(x) for GaAllnAs/InP. The solid lines represent a
quadratic fit to the experimental points with the parameters
(a,b,c) listed in Table 1. The dashed lines again show the
fit to these data using Eqs. (6) and (11). We obtained a
value of K =1.4 for this quaternary alloy system. As for
the InGaAsP system, the generalized VV-B-W model again
accounts for the upward bowing of Ay as well as A;.

The variation in magnitude of K between the two alloy
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FIG. 2. Variation of the spin-orbit splittings with alloy composi-
tion x for (Gaj - yAl,)g47Ing s3As lattice matched to InP.
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systems is not completely understood at present. It may in-
dicate the difference in strength of the proposed selection
rule for the fluctuating potential, as pointed out by VV-B-
W. For the (Ga;-xAly)o47Ings3As alloy system, since the
electronegativity difference of Ga and Al is small, we expect
no significant deviation from linearity for both A¢(x) and
A (x) [see Eq. (11)]. The fact that we observe an upward
bowing for both A¢(x) and A,(x) thus necessitating a larger
value for K may suggest that there is more alloy disorder
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present in this system.

In conclusion, we have generalized the VV-B-W model to
include both inter- and intraband effects. This generalized
model successfully accounts for the upward bowing of Ag
found only in lattice-matched quaternary alloy systems, as
well as the behavior of A;. The difference in the magnitude
of the parameter necessary to fit the data may indicate the
different degree of microscopic alloy disorder in the two
quaternary systems.
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