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Summary. Spinodal decomposition of the GaSbxNJ,Asl-x-J, quaternary alloys lattice-matched 
to the GaAs as the result of the internal deformation and coherency strain energies is des- 
cribed. The alloys are represented as quaternary regular solutions. The internal deformation 
energy is represented by interaction between the constituent compounds estimated 
within the framework of the valence force field model. Ranges of spinodal decomposition of 
the GaSbxNyAsl-x-y alloys up toy 5 0.035 with and without coherency strain energy are 
demonstrated. 

12.1 Introduction 

~ i l u i e  nitride 111-V alloys have attracted a lot of attention since the last decade. The 
earliest studies were initiated a long time ago on N-doped Gap, with nitrogen concen- 
tration in the range 1017 - 1018 cm-3 [I]. In this material, narrow photoluminescence 
lines' were attributed to excitons bounded to isolated N centres or N-N pairs [I]. In 
the early 1990s, the development of wide-gap nitrides has considerably influenced 
the technology of N sources and precursors. As a consequence, new investigations on 
N-containing III-V were carried out from 1992, with modem epitaxial growth tech- 
niques. N concentrations around 1% and above could be easily achieved in GaAs 
or Gap. The introduction of nitrogen in GaAs also results in a smaller lattice pa- 
rameter. Therefore, a dilute amount of nitrogen offers a unique feature of reducing 
simultaneously the band gap and the lattice parameter of a given III-V alloy [I]. 

. It has been found that incorporating low concentrations o fN  has a profound ef- 
fect on the electronic properties of the III-V alloy semiconductors composed of (B, 
Al, Ga, In) (N, P, As, Sb) [2]. A reduction on the band gap exceeding 0.1 eV per 
atomic percent of N content was observed in GaNxAsl-, for x < 0.015 [3]. Model 
calculations of the band structure of some of the group III-N-V alloys have shown 
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194 Albarrin, Noguez, Peralta, Elyukhin 

that the reduction of the band gap is due to the highly localized nature of the pemba-  arrangement of the a 
tion introduced by N atoms [4]. The GaSbsNyAsl-x-y material system was recently the chemical bonds 
proposed as promising candidate for GaAs-based optoelechonic devices. Compared istics offer an advat 
to InGaAs, the GaSbxNJ,Asl-,, material system has the advantage that for the same Their crystal lattice 
wavelength, GaAsSb has lower compressive strain compared to InGaAs. kinds of the atoms f 

The large difference between the atomic sizes of nitrogen, antimony and arsenic types of chemical bo 
gives rise to the significant shah  energy of such alloys. The internal deformation A special peculi: 
energy provihes the tendency to disintegration that can lead to the appearance of bonds in the A-D an, 
the thermodynamicaIly unstable states with respect to the phase separation [5]. The concentrations x and 
thermodynamically unstable states with respect to the descomposition may be re- the transformation of 
alized as spinodal decomposition [5] .  Spinodal decomposition results in formation change the fiee energ 
of the macroscopic phases of different compositions decreasing the internal energy the InXGa~-,Ny~~,-,  
of the alloy [5]. At the same time, this decomposition leads to an occurrence of the transformation of 
coherency strain energy due to the stress between both formed regions with diffe- composition range of 
rent compositions and these regions and other part an of alloy [6]. Thus, the internal to the exchange of a1 
deformation and coherency shah  energies are two origins controlling spinodal de- ture of the GaSbxNyl 
composition in the GaSbxNyAsl,-y semiconductor alloys. The aim of o& chapter Mixing in one sublatt 
is the consideration of the spinodal decomposition region of GaSbxNyAsl,, lay- We can say that fiom 
ers grown on GaAs(001) substrates with all the described above origins. In the next alloys should be a ma 
section we briefly describe these solutions or alloys. As mentioned abc 

two mechanisms cant 
alloys. The internal d 

12.2 GaSb,NyAsl-,-y Quaternary Alloys  roach. This approact 
so We explain this mo 

GaSbxNJ,Asl,-y belong to ABxCyDl,-y - type alloys where the anions (Sb,N and 
As) are surrounded by only one type cation (Ga), having one mixed sublattice. When 
we consider the chemical composition of such alloys the sum of the concentra- 12.3 Valence For, 
tions of the atoms in the mixed sublattice is supposed equal to unit. In the nota- 

The most usehl phenl 
the tetrahedrally coorc 
which all interatomic 
forces [g]. The are tv, 
tortions are described 
lly rotationally invaria 
onstant approach are 

XGaN = Y ,  
Parameters. In other wc 
tal semiconductors or 1 

XG~,A.~ = 1 - x - Y  . The deformation energ 
the zinc blende s truch 

rangement of the atoms in the mixed sublattice. In other words, the correlations 
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arrangement of the atoms in the mixed sublattice do not affect the concentrations of 
the chemical bonds or the chemical composition of such solutions. These character- 
istics offer an advantage over other quaternary alloys represented as AxB1-xCyD1-y 
Their crystal lattice consists of the mixed cation and anion sublattices, since two 
kinds of the atoms fill each of them. As a result, AxB1-xCj,D1-y alloys have four 
types of chemical bonds: A-C, A-D, B-C and B-D. 

A special peculiarity of these alloys is the transformation of the A-C and B-D 
bonds in the A-D and B-C bonds or vice versa. This property is independent of the 
concentrations x and y. Therefore, the spinodal decomposition is accompanied by 
the transformation of the bonds and it modifies the chemical composition and should 
change the free energy of the alloy [7]. For example, spinodal decomposition range of 
the InxGal ,NyAsl -y alloys depends on the strain and coherency strain energies and 
transformation of the bonds. As it was shown in [8], the very extensive spinodal de- 
composition range of the InxGal-XNI,Asl-y lattice mismatched to GaAs occurs due 
to the exchange of atoms. Then, there is one'mixed sublattice in the crystal struc- 
ture of the GaSbxNyAsl,,, alloys in comparison to the InxGal-,NyAsl, alloys. 
Mixing in one sublattice only should lead to the smaller internal deformation energy. 
We can say that from the spinodal decomposition standpoint, the GaSbxN,,Asl-x-y 
alloys should be a more perspective material than the InxGal-,NyAsl-y alloys. 

As mentioned above the internal deformation and coherency strain energies are 
two mechanisms controlling the decomposition in the GaSbxNyAsl ,,, quaternary 
alloys. The internal deformation energy is described by the valence force field ap- 
proach. This approach is very important in our study on the spinodal decomposition, 
so we explain this model. 

The most useful phenomenological description of the short-range valence forces in 
the tetrahedrally coordinated crystals is the valence-force-field (VFF) approach, in 
which all interatomic forces are resolved into bond-stretching and bond-bending 
forces [9]. The are two primary virtues of the VFF model. First, because all dis- 
tortions are described in terms of bond lengths and angles, the model is automatica- 
lly rotationally invariant so that serious errors that may arise in the ordinary force- 
constant approach are avoided [lo]. Second, in crystals in which atom pair bonds 
play an essential role, the VFF model is the most natural description of interatomic 
forces. Thus one expects the VFF model to involve the smallest possible number of 
parameters. In other words, the VFF model described the strained state of the elemen- 
tal semiconductors'or binary compounds by using two microscopic elastic constant. 
The deformation energy of the primitive or unit cell of the binary cpmpounds with 
the zinc blende structure according to the VFF model is given as 
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1 where a and p are the bond-stretching and bond-bending elastic constants, R 
t 

is the bond length in undistorted crystal, A (r,! . r,') = R! - r! and A rS rS = 
( ( 1 .  J )  

R~ cos cpo - cos cp are the scalar variations, $ are bond vectors about atom s, 

q, = 109 .47~  and cp are the angles between the bonds in the unstrained and strained 
crystal, respectively [9]. 

The expressions for the elastic constants have the simple form [9] 

where 

and 

2A2BlC, IA3BlC anc 
distances between the 3 

very important point fc 

Js C = -(a + p)  - 0.266SC0, 
4R 

In particular (5), (6) and (9) may be used to derive a expression for the internal strain 
parameter 1 A381 C 

2C12 - V 
I= 

c11 +c12-o1 Fig. 12.1. 4A4( 

where 
%' = 0.314SC0 . The displacements of 

Thus, the equations (5)-(9) predict a relation among the elastic constants which m tion of the deformation 

be checked experimentally. The relation may be written atoms in the AxB -,C ter 

2c44 (cl 1 + c12  - V) 
(Cll -c12)(C11 +3c12 -2%') +0.831V(C11 +c12 - V )  

12.3.1 Strain Energy of the AXBl-,C Ternary Alloys 

u4. 
vertices are the atoms of the mixed sublattice and one atom inside such cell is an 
from another sublattice. There are five types of tetrehedral cells: 4AlC, 3A1 



12 Thermodynamic Stability of Semiconductor Alloys 197 

ng elastic constants, R 2A2BlC, 1A3BIC and4BlC. It is supposed that the cells of any types have the same 
distances between the vertices because the mixed sublattice is slightly distorted. It is 

I vectors about atom s, very important point for further description. Figure 1 shows the tetrahedral cells. 

unstrained and strained 

form [9]  

2A281 C 

n for the internal strain 
1A3H C '"' 1C4A(48) 

Fig. 12.1.4A4(B)lC, 3AIBlC, 2A2BlC, 1A3BlC tetraherdral cells 

tween the nearest 

3 4 A l C  2 
= x RAc + 3~ ( 1  - X ) R ~ $ ~ ~ ' ~  + 3 ~ ( 1  

(12.13) 

nteraction parameters = x ~ R ~ $ ~ ~ ~ ~  + 3x2(1 - X ) R ; ~ ~ ' ~  + 3 ~ ( 1  
110~s. The interaction 4R4B1c (12.14) 
)onding ternary alloys (I-x]  BC . 

Where $$Ic is the distance between the A and C atoms in the 4A1C tetrahedral 
cell. The random distribution of the atoms in the mixed sublattice was taken account 
to obtain these formulas. The strain energies of the tetrahedral cells of the AXBl,C 

U4AlC =2(1 - x ) 2 2  ( ~ C ~ A C  +PAC) r (12.15) 
s in our description is 
side. The atoms at the 
le such cell is an atom 
lls:( IC, 3AlBIC, 
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198 Albarrh, Noguez, Peralta, Elyukhin 

12.4 Coherency I 

Hookes Law states th, 

where s is a constant. 
pliance. As an alterna 

with 

where C is the elastic 
[l 11. The generalized 

214~IC  = 2 3 2 1 ~  ( 3  ~ B C  $ PBc) 1 

U4AlC = 0 . the s i j k l  are the compl 
for example, = sl 

and the displacements of the central C atoms 
s1131031 + ~ 1 1 3 2 0 ~ ~  +s 

3 [aAc + ( a B C  - a A C ) x ]  + - ( ~ P A c  + P B C ) X ~ ~  
(12.21) 

are 8 1 SijkI coefficient: 
W 3 A l B l C  = 

~ A C  + ~ ~ B c + ~ P A c +  PBc As an alternative tc 
by the equations 

~ A C  f ~ B C  + PAC + b c  where the Cijkl are the 
PPB 3 - [ a ~ c  + (MBC - CIAC)X] - + (PAC - P B C ) ~  rank tensor that satisfit 

' W l A 3 B I C  = 
3 ~ A C  + 3 ~ B C  + PAC + ~ P B C  

Where r = RAC - RBC, RAC is the distance between A and C atoms in the AC un- 

The equations ( 3 2 )  anc 
Therefore, ( 3 0 )  takes tl 

is used in the formulas of the displacements of the central atoms and deformat 
energies. 

After calculation the deformation energies of all types of the tetrahedral cells 
can calculate the average deformation energy of a tetrahedral cell which is given 

a = x ~ z ~ ~ ~ ~ ~  + 4x3 ( 1  - x ) u ~ A ~ B ~ C  + 6 2 ( 1  - X ) ~ U ~ , U B ~ C +  An important apph 

( 1  - ~ ) ~ u l A 3 B l C  + (1 - x ) 4 z 1 4 ~ 1 ~  . 
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12.4 Coherency Strain Energy 

Hookes Law states that 
E = s o ,  . (12.27) 

where s is a constant. s is called the elastic compliance constant or, shortly, the com- 
pliance. As an alternative we could write 

o = C E ,  (12.28) 

1 c = -  (12.29) 
0 ' 

where C is the elastic stiffness, constant, or the stiffness. C is also Youngs Modulus 
[ l  I]. The ,generalized form of Hookes Law may written as 

& . .  - s . .  y - ~ j k / o k i ,  (12.30) 

the si,kl are the compliances of the crystal. Equation (30) stands for nine equations, 
for example, ell = s l l l l o ~ l  +s1ii2ol2+slli3oi3 + ~ 1 1 2 1 ~ 2 1 + ~ 1 1 2 2 0 2 2 2 + + ~ 1 1 2 3 ~ 2 3  + 
s1131o31 + ~ ~ ~ ~ ~ 0 3 2  + ~ 1 1 ~ 3 0 3 3  and each with nine terms on the right-hand side. There 
are 81 sijkl coefficients. 

As an alternative to (30) the stresses may be expressed in terms of the strains [l 11 

o . . - C . .  & y - rjkl k l ?  (12.31) 

-------4------(-1-223-) 

C atoms in the AC un- 
bond-angle elastic con- c..  ykl - - c. .  ylk . (12.33) 
lcement of central atom 
-er of this cell. The sup- The equations (32) and (33) reduce the number of independent Cijk/ fiom 81 to 36. 

and BC bonds is equal Therefore, (30) takes the shorter form ' the AC and BC corn- o. 1 -  - C . . E .  ~ J J  ( i , j  = 1,2,. . .  ,6), (12.34) 

it may be write in matrix notation as 

atoms and deformation 

the tetrahedral cells we 
cell which is given as 

An important application of (35) is for cubic crystals [12]. In this case we have 
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12.5 Spinodal DI 

( (12.36) 
According to Gibbss 

0 0 0 C44 0 begins f?om the chang 
when a negligibly sn 
an alloy. The initial si . . 

atoms on the distance 
where the and ois are the normal strain and stresses, respectively, and the zjs  and cubic crystals the spin 
zijs are the shear strains and stresses, respectively. elastic energy is mini 

If the epitaxial film and its substrate are oriented along one of the (100) cubic of thin two-layer regi, 
synimetry directions, then (36) reduces to composition of the fo 

CTL = 0, 

and the perpendicular strain of the film is 

considered as constant 
(12.37) As the decomposit 

ers become larger and ( 

difference in the mean 
The GaSbxNyAs ,-,, 

(12.38) and the amounts of the] 
energy of mixing of th~ 
crystals minimal elastic 

Between the stiffbess c 
decomposition in the G 
layer objects oriented ir 

2.40) The disintegration c 

whereas the parallel componente is given as 

(C11 -C12)(C11+2C12) 

Therefore, the coherency strain energy of the ABxCyD1-x-y quaternary alloys may 
be written as the elastic energy of two epitaxial layers lattice-mismatched with the 
substrate that is given as [12] 

~ ~ ~ = X c f y + y c ; 4 : : + ( 1 - x - ~ ) c ~  . 
The minimum value of the coherency energy uL is achieved at the conditio 

X = 'M. 

of the decomposed alloj 
initial stage of spinodal 

An alloy reaches the sp 
energy becomes equal to 

This condition is fulfilled 
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12 Thermodynamic Stability of Semiconductor Alloys 201 

12.5 Spinodal Decomposition in the GaSb,NyAsl-,-y Alloys !I According to Gibbss classic treatment of phase stability, spinodal decomposition 
XY ' begins from the changes that are large in extent but small in degree 1131 and develops 
~ J Z  when a negligibly small phase separation fluctuation decreases the £ree energy of 
Y z  an alloy. The initial stage of spinodal decomposition is accompanied by transfer of 

atoms on the distances of order of a lattice parameter. It was shown [14] that in 
,ctively, and the y, s and 

cubic crystals the spinodal decomposition forms of the layers in a plane where their 

one of the (100) cubic 
elastic energy is minimal. Accordingly, the transfer of atoms lead to an occurrence 
of thin two-layer region with negligibly small distinction in the composition. The 
composition of the formed layers at the initial stage of the decomposition can be 
considered as constant values due to their small thickness. 

As the decomposition is developed the transfer of atoms and thickness of the lay- 
ers become larger and composition of the layers varies with tickness. Afterwards, the 
difference in the mean concentrations of the phases is increased continuously [15]. 
The GaSbxNyAsl ,,, quaternary alloys contain three types of the chemical bonds 
and the amounts of them are kept at the disintegration. Therefore, the Helmholtz free 
energy of mixing of the alloy is only varied at spinodal decomposition. In the cubic 
crystals minimal elastic energy corresponds the (1 00) planes if relation 

paternary alloys may 
.mismatched with the 

:-parameter of the ith 
re expressed as 

Between the stifkess coefficients is fulfilled [5]. Thus, the initial stage of spinodal 
9 decomposition in the GaSbxNyAsl,-y alloys is considered as appearance thin two- 

layer objects oriented in the (100) plane. 
The disintegration changes the value x, y or both of them in emerging two phases 

of the decomposed alloy. The variation of the Helmholtz free energy of mixing at the 
initial stage of spinodal decomposition can be represented as 

An alloy reaches the spinodal decomposition range when the variation of its free 
energy becomes equal to zero [I61 

i'ed at the condition 
This condition is fulfilled if one of two expressions 
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(12.48) 

Is equal to zero [17]. The Helmholtz free energy of the homogeneous alloys grown 
on crystaline substrates can be reprented as a sum 

f = P + u S + u L - T S ,  ' (12.49) 

where fC, us, uL are the fiee energy of the constituent compounds strain and lattice 
mismatch energies, respectively, s is the configurational entropy, and T is the absolute Where R is the univers 

temperature. The negligibly small lattice mistrnach between the alloy.and substrate 
is introduced in order to include the coherency strain energy in our consideration. 

The fiee energy of the constituent compounds of GaSbxNyAsl-x-y is given as 12.6 Results 

Where ptaSb is the chemical potential of GaSb in the standard state. The internal 
deformation energy of the alloy is written as 

Where o [ G , s ~ - G ~  is the interaction parameter between binary compounds GaSb and 
GaN. Thus, the internal deformation energy is represented by the interaction param- 
eters between the constituent compounds of such alloys (section 2) [IS]. 

The coherency strain energy of the decomposed alloy may be written as the elas- 
tic energy of two epitaxial layers lattice mismatched with the GaAs (001) substrate 
that is given by (41) with as,b = U G ~ A ~ .  The configurational entropy of the alloy con- 
sidered is obtained by the formula 

where g is the degeneracy factor. The expression for the factor g is 

where NSb, NN and NAs are the numbers of atoms Sb, N and As, respectively. There- 
fore, the configurational entropy of GaSbxNyAsl,-y can be expressed as 

The spinodal decompa 
tice matched to GaAs 
enegy are demonstratt 
ergy emerging in the c 
of spinodal decompos 
alloy is narrower whe 
( a  = 5.655& A = 130( 
at its growth temperatu 
circle. 

and 
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IgeneOUs alloys grown 

unds strain and lattice 
and T is the absolute Where R is the universal gaseous constant. 

1e alloy and substrate 
our consideration. 

12.6 Results 

The spinodal decomposition ranges for the GaSbxNYAsl,, quaternary alloys lat- 
tice matched to GaAs with and without taking into account the coherency strain 

'd state. The interna] enegy are demonstrated in the Fig. 2. As can be see, the coherency strain en- 

I ergy emerging in the disintegration alloy substantially decreasing the temperature 
of spinodal decomposition. Therefore, the spinodal decomposition region of the 

3aN-GaAs . (12.51) 

Jmpounds GaS-Lm 

'PY of the alloy con- 

is 

:spectively. There- 
essed as 


