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This paper derives the expressions for the ordering degree and the modulation factor of A and B atoms in

Az B1_,C epilayers of ternary III-V semiconductor alloys.

Using these expressions, it identifies quantitatively the

alternating atom-enhanced planes, compositional modulations, atomic ordering degree on the group-III sublattices and

the fine structure of NMR spectra.
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Various epitaxial techniques have been utilized
for growing thin films of ternary III-V semicon-
ductor alloys A;Bi_,C, including Ga,In;_,P and
Al,Gay_,As epilayers, because of its usefulness in op-
toelectronics and electronic devices.

All experiments, including transmission electron
microscopy (TEM),[!=3 atomic force microscopy,!*’!
electron diffraction,?! x-ray diffraction (XRD)[2:67]

891 demon-

and nuclear magnetic resonance (NMR)
strated that in A, B;_,C epilayers A and B atoms on
their group III sublattices often show spontaneously
partially ordered structure because of surface-induced
effects.'911] In partially ordered domains of A, B;_,C
epilayers, as shown in Fig.1, the existence of alternat-
ing A- and B-enhanced planes on the group-III sublat-
tices along (111) (CuPt-type) has been observed.!?:S]
It also has been both experimentally and theoreti-
cally verified that the ordering of A and B atoms
on their group III sublattices in A,B;_,C epilay-
ers decreases the bandgaps'?!3 and has an obvi-
ous influence on the material’s electronic structure,
phase transitions, thermodynamic stability, optical,
magnetic, mechanical and transport properties.'3—2
A and B atoms on their group-III sublattices in

A, By, C epilayers, grown by different conditions and

techniques, may show different types of ordering, in-
cluding CuPt-, CuAu- and clustering-type, along dif-
ferent directions.!"!

® C O A or B;

Fig.1. Schematic diagram of a Ay B1_,C epilayer with A-

and B-enhanced planes in the group-III sublattices along
the (111) direction.

In this paper, we study the relations between com-
positional modulation and atomic ordering degree in
the thin films of ternary III-V semiconductor alloys.

In XRD,!% we have introduced enhanced factor
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e (0< & < 0.5). If A and B atoms in a A,B;_,C
epilayer are distributed randomly on their group-IIT
sublattices, there is ¢ = 0. And then, (0.5 + ¢) rep-
resents the ordering degree for A and B atoms in the
A, By, C epilayer, that is, represents the probability
of A atom on the A-enhanced plane and B atom on
the B-enhanced plane, respectively.

AzBlfm

We have indicated that the modulation factor y
can be determined by the composition x and enhanced
factor €% as follows:

Y
(0.5 —¢) = 2(0.5 - 5/2), z < 0.5,
(1—2)(0.5—¢)=(1-12)(0.5—-5/2), z > 0.5.
(3)

From Eq.(3), when 0.5+¢ =1 (i.e. S=1),y=0.
It correctly indicates that when the A,B;_,.C epi-
layer shows perfectly ordered structure (i.e. A atoms
are situated on A-enhanced plane and B atoms on
B-enhanced plane), then, the compositional modula~
tion automatically disappears. Figure 1 represents the
schematic diagram of an A,B;_,C epilayer with A-
and B-enhanced planes in the group-IIT sublattices
along (111) direction.

As shown in the compositional modulation Eq.(2)
and Fig.1, a C' atom can bond with the most neigh-
bouring A and B atoms according to the following
five types: (1) a C atom bonds with four A atoms, in-
cluding (A)i’ (A); and (A)} (A)g; (2) a C atom bonds
with three A and one B atoms, including (A)‘;’ (B)é,
(B)! (4)%, 3(B)! (4)? (A)} and 3(4)} (A)2 (B)S: (3)
C atom bonds with two A and two B atoms, includ-
ing 3(A); (B)} (A);, 3(A)] (B)] (B)s, 3(A); (A); (B);
and 3(B)} (B)) (A)g; (4) a C atom bonds with one
A and three B atoms, including (A)} (B)g, (B)? (A)é,
3(4); (B)Y (B); and 3(B); (A); (B)3; (5) a C atom
bonds with four B atoms, including (B)i’ (B); and
(B)} (B)g; where the superscript denotes the number
of atoms and the subscript denotes the part 1 or part
2 in the compositional modulation equation (2). Sup-
pose the relative intensities of five spectra, given by
the above mentioned five types, are proportional to

C compositional modulation (

We can take
S = 2¢, (1)

where S is called the order parameter.

It is well known that the partially ordered struc-
ture of A and B atoms leads to the compositional
modulation in the A, B;_,C epilayer, i.e.

Aaz+y31*x*yc)1(ArfyBlfanyC)% (2)

the products of compositions of A and B atoms in
compositional modulation equation (2), and then, the
relative intensities I/, (n = 4, 3, 2, 1, 0) of five spectra,
showing the ordering degree of A and B atoms in the
A, B;_,C epilayer, can be directly derived from the
above mentioned five bonding types:

Iy = [(w+y)ix -y + (@ —yi=+yhl,

Ii=(x+yil-—z+ye+1—z—yh(r—y)
(1 -z —yh(z+y)ix—1y)
+(1 =z +y)a(z — y)5(z +y)l,

Iy = 3[(z + 9 (1 -z —y)T(x —y)2
@+ yh(z—y)2(l —z+y);
+(1—z+y)z—ys(l—z—yh

+@+ il —z—yh(l—z+y)l,

= (z+yh(l—z+y)s+ (r—y)(l —z—y)
3@ +y(l—z—y)i1—z+y):
(@ —y)2(1—z+y)5(1 —z —y)l,

Ip = (1—z—y){(1—z+y)
H(l—z—y)(l -z +y)5

They can be simplified as
I, =1/2

_ (! 2" (1 —2)" (=D)AL (@)

Equations (3) and (4) indicate that the relative
intensities of five spectra are dependent on the com-
position x and enhanced factor e.

Tycko et al!® have measured the fine structure of
the spectra of Gag.s515In0.485P epilayers by 3'P NMR,
obtained with magic angle spinning, and have calcu-
lated the areas under these spectra. Revising the mis-
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take in calculating the area A;, made by Tycko et al,[®!
we can also obtain Eq.(4).

The partially ordered structure of the Ga,In;_,P
(z ~ 0.5) epilayer even though with a larger bandgap
E;, = 1.89eV also has been directly observed in
terms of both selected-area electron diffraction pat-
tern and imaging in TEM.[2 Therefore, the sam-
ples of Gag.515Ing.485P epilayers with bandgaps from
1.81 to 1.88eV, made by Tycko et al,[® might have
the ordered structure from higher to low. Suppose
Gag.515In0.485P epilayers show higher (E; = 1.81€V,
x = 0.515, ¢ = 0.35, S = 0.7 and y = 0.0728) and
low (B = 1.88¢V, = 0.515, ¢ = 0.1, S = 0.2 and
y = 0.19) ordered structures, then the intensity ratio
of these five spectra, given by Eq.(4), are equal to
1:4.25:6.77:4.79:1.27 and 1:4.47:6.79:5.02:1.28,
respectively. The above calculations are in good agree-
ment with the experimental results.!® The incorrect
relationship S = 2y, used by Tycko et al,[¥ certainly
led to the largest compositional modulation and led to
the largest deviation from the experimental results,®!
when a Ga,In;_, P epilayer has a higher ordered struc-
ture.

] have measured the relative intensi-

Degen et al
ties Iy andly of NMR spectra in Aly 297Gag.703As epi-
layer, grown by metal organic vapour phase epitaxy,
and have derived the expressions for three types of or-

dering, including CuPt-, CuAu- and clustering-types.

Degen et all”! also wrongly used S/2 to substitute y
and it should be revised as y = (0.5 — S/2). Then,
we obtain
uAu 2
(Io/I)en™" = {[(1 = 2)* =)/ (a* =)}, (5)
Under conditions of z = 0.297, ¢ = 0.25, S = 0.50
and y = (0.5 — S/2) = 0.074, we have

(Io/ L) S = {[(1 — 2)% — %) /(2® — y*)}” = 34.9.

And, it is in good agreement with the experimental
value (Io/I4)exp = 35 (see Ref.[9]).

It means that Al- and Ga-atoms on the group-III
sublattices in Alg.o97Gag.703As epilayer show CuAu-
type ordering along (001) direction with enhanced
factor ¢ = 0.25, modulation factor y = 0.074, and
order parameter S = 0.50. Therefore, the conclu-

8] and Degen,!! including that

sions given by Tycko
Gag.515In0.485P and Alg 297Gag.703As epilayers show
the disorder structure, are incorrect.

In this paper, we have derived the expressions
for the ordering degree and the modulation factor
of A and B atoms in A, B;1_,C epilayers of ternary
IIT-V semiconductor alloys. By using these expres-
sions, we can identify correctly the alternating atom-
enhanced planes, compositional modulation, atomic
ordering degree on the group-III sublattices and the

fine structure of NMR spectra of A, B;_,C epilayers.
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