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Thermodynamic Stability of AHIB,YC;’DY_x_y
Semiconductor Alloys
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Summary. Spinodd decompositiond the GaSbyNyAs) _x_, quaternary aloys|attice-matched
to the GaAs as the resullt of the internd deformation and coherency dtrain energies is des:
cribed. The dloys are represented as quaternary regular solutions. The internd deformetion
enargy is represented by interaction parameters between the congtituent compounds estimated
within the framework of the vaence force field modd. Ranges o spinodal decomposition of
the GaSb;NyAs;_x_, dloys up toy < 0.035 with and without coherency strain energy are
demondrated.

12.1 Introduction

Dilute nitride 111-V alloys have attracted alot of attention sincethe last decade. The
earliest studieswereinitiated along time ago on N-doped GaP, with nitrogen concen-
trationintherange 10'7 — 10'8 cm=3 [1]. In thismaterial, narrow photol uminescence
lines' were attributed to excitons bounded to isolated N centresor N-N pairs[1]. In
the early 1990s, the development of wide-gap nitrides has considerably influenced
thetechnology of N sourcesand precursors.As aconseguence, new investigationson
N-containing I11-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 agiven 111-V alloy [1].

It has been found that incorporating low concentrations of N has a profound ef-
fect on the electronic properties of the 111-V aloy semiconductors composed of (B,
Al, Ga, In) (N, P, As, Sh) [2]. A reduction on the band gap exceeding 0.1 eV per
atomic percent of N content was observed in GaN,As;._ for x < 0.015 [3]. Model
calculations of the band structure of some of the group III-N-V aloys have shown
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194 Albarran, Noguez, Perdta, Elyukhin

that the reduction of the band gap isdueto thehighly localizednatureof the perturba-
tion introduced by N atoms[4]. The GaSb;N,As; _,—;, material system was recently
proposed as promising candidatefor GaAs-based optoelechonic devices. Compared
to InGaAs, the GaSb;N,As;_,_, material system hasthe advantagethat for the same
wavelength, GaAsSb has lower compressivestrain comparedto InGaAs.

The large difference between the atomic sizes of nitrogen, antimony and arsenic
gives rise to the significant strain energy of such alloys. The internal deformation
energy provides the tendency to disintegration that can lead to the appearance of
the thermodynamically unstable states with respect to the phase separation [5]. The
thermodynamically unstable states with respect to the descomposition may be re-
alized as spinodal decomposition [5]. Spinodal decomposition resultsin formation
of the macroscopic phases of different compositions decreasing the internal energy
of the alloy [51. At the same time, this decomposition leadsto an occurrence of the
coherency strain energy due to the stress between both formed regions with diffe-
rent compositionsand these regionsand other part an of aloy [6]. Thus, theinternal
deformation and coherency strain energies are two origins controlling spinodal de-
compositionin the GaSb,N,As; -, semiconductor aloys. The aim of our chapter
is the consideration of the spinodal decomposition region of GaSbeN,As;_. y lay-
ers grown on GaAs(001) substrateswith all the described above origins. In the next
section we briefly describethese solutionsor alloys.

12.2 GaSh,N,As;_,_, Quaternary Alloys

GaSb;N,As)_x_, belong to AB,CyD1—x—y - typealoys where the anions(Sb,N and
As) are surrounded by only onetypecation (Ga), having one mixed sublattice. When
we consider the chemical composition of such alloys the sum of the concentra-
tions of the atoms in the mixed sublattice is supposed equal to unit. In the nota-
tion GaSb;N, As;_x_y, X is the concentration of Sb atoms and y is the concentration -
of N atoms. As a result, GaSb;N;As1_»_, alloys have three types chemical bonds:
Ga-Sb, Ga-N and Ga-As. Therefore, they are known as quaternary alloys of three
binary compounds or quasiternary alloys since these alloys consist of three types of
the chemical substances. ‘
A special feature of these alloys is the one to one correspondence between the

concentranons of the atoms and chemical bonds. This one to one correspondence can

be written as

XGaSb = X, (i2.1y
XGaN =Y, (12.2)
XGaas =1 —x—y . (12.3)

We can also represent the crystal structure of these quaternary alloys as a struc- -
ture consisting of molecules of the binary compounds. Concentrations of the bonds -
in the quaternary solutions of three binary compounds are also independent on the ar-
rangement of the atomsin the mixed subl attice. | n other words, the correl ationsin the
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12 Thermodynamic Stability of Semiconductor Alloys 195

arrangement of the atomsin the mixed sublatticedo not affect the concentrationsof
the chemica bonds or the chemical compositionof such solutions. These character-
istics offer an advantageover other quaternary alloysrepresentedas AxBi_.CyD1.
Their crystal lattice consists of the mixed cation and anion sublattices, since two
kinds of the atomsfill each of them. As a result, A;B;_,C,D;_, aloys have four
types of chemical bonds: A-C, A-D, B-C and B-D.

A specia peculiarity of these aloys is the transformation of the A-C and B-D
bondsin the A-D and B-C bonds or vice versa. This property is independent of the
concentrationsx and y. Therefore, the spinodal decompositionis accompanied by
thetransformationof the bondsand it modifiesthe chemical compositionand should
changethefreeenergy of thedloy [7]. For example, spinodal decompositionrange of
the In,Ga;_,N,As;_, aloysdependson the strain and coherency strain energiesand
transformationof the bonds. Asit was shown in [8], the very extensivespinodal de-
compositionrange of the In,Ga; _xNyAs;_,, |attice mismatchedto GaAs occurs due
to the exchange of atoms. Then, there is onemixed sublattice in the crystal struc-
ture of the GaSb;N, As;_,_, aloysin comparisonto the InyGa;_xNyAs;_, aloys.
Mixingin one sublatticeonly shouldlead tothe smaller internal deformationenergy.
We can say that from the spinodal decompositionstandpoint, the GaSbxN,As;x—y
aloysshould be amore perspectivematerial than the In,Ga;_xN;Asy_,, alloys.

As mentioned abovethe internal deformation and coherency strain energiesare
two mechanisms controlling the decomposition in the GaSb;N,As;_._,, quaternary
aloys. The internal deformation energy is described by the valenceforce field ap-
proach. This approachis very importantin our study on the spinodal decomposition,
s0 we explainthis model.

12:3-Valence Force Field Approacir

The most useful phenomenological description of the short-range valence forces in
the tetrahedrally coordinated crystalsis the valence-force-fidld (VFF) approach, in
which dl interatomic forces are resolved into bond-stretching and bond-bending
forces [9]. The are two primary virtues of the VFF model. First, because al dis-
tortionsare described in terms of bond lengthsand angles, the model is automatica-
lly rotationally invariant so that serious errorsthat may arise in the ordinary force-
constant approach are avoided [10]. 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 expectsthe VFF model to involvethe smallest possible number of
parameters.In other words, the VFF model describedthe strained state of the elemen-
tal semiconductorsor binary compounds by using two microscopic elastic constant.
The deformation energy of the primitive or unit cell of the binary compounds with
the zinc blende structure according to the VFF model is given as

v= 3o () Bt 3 5P () T o) - 2o

i=1 ij>i
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where @ and 8 are the bond-stretching and bond-bending elastic constants, R
is the bond length in undistorted crystal, A (r}.r}) = R? — 2 and A K r§
R%cosgq — r{rj cos¢ are the scalar variations, rj; are bond vectors about atom S,

o = 109.470 and ¢ arethe angles between the bondsin the unstrained and strained
crystal, respectively [9].
The expressionsfor the elastic constants havethe smpleform [9]

Ci1 +2C12 = 4—€(3a+/3) —0.3555Cy, (12.5)
Ci—-Cnp= gﬁ +0.535C, (12.6)
Cay = ﬁ(a—t—[}) 0.1368Cy — C¢?, (12.7)

where : _
C= jg (at B) — 0.266SCy, (12.8)

and
¢=Cc! ;/—E(a ~B)— 0.294sc0] . (12.9)
J .

In particular (5), (6) and (9) may be used to deriveaexpressionfor theinternal strain
parameter

[=_2C2-% (12.10)
Cii+Cnp—%
where .
% =0.3145C, . (12.11)

Thus, the equations (5)-(9) predict arelation among the €l astic constants which may
be checked experimentally. The relation may be written
2C44(C11 +Cr2— %)
(C11 = C12)(C11 +3C1, - 2%) +0. 8314 (C1 +C12 — %)

=1. (1212)

Now the internal deformation energy is represented by the interaction pa.rameters i

m__bemﬂen,the_constxtueniﬁompmmds_of_thﬂﬁaﬁbxﬂ S1-z—y alloys. The interaction
parameters were obtained from the strain energies of the corresponding ternary alloyS'

estimated by (4).

12.3.1 Strain Energy of the A;B;_xC Ternary Alloys

The basic unit of the crystal lattice of the A,B;_,C ternary alloys in our description s -
a tetrahedral cell with four atoms at the vertices and one atom inside. The atoms at the:
vertices arethe atoms of the mixed sublatticeand oneatom inside such cell isan atom
from another sublattice. There are five types of tetrehedral cells: 4A1C, 3A1BIC,
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2A2B1C, 1A3B1C and 4BI1C. It issupposed that the cellsof any typeshavethe same
distancesbetween the vertices becausethe mixed sublatticeis slightly distorted. It is
very important point for further description. Figure 1 showsthe tetrahedral cells.

MBc

AB)

Pis
& |

A(B)

/(BJ

A(B)

1A381C

1C4A(4B)

F g 12.1. 4A4(B)1C, 3A1B1C, 2A2B1C, 1A3BIC tetraherdral cdls

The displacements of the central atom C are calculated by the minimum condi-
tion of the deformation energy of the cells. Average distances between the nearest
atoms in the A;B;_,C ternary alloy are written as

Rac =x3Ri%1C +3,2(1 — x)RAABIC + 35(1 — x)2RAABIC,

(12.13)
(-,
Rec =@ BABIC+3:2(1 - REICHaa( —PRED S

(1-x)'Rge" .

Where RARIC is the distance between the A and C atoms in the 4A1C tetrahedral
cell. The random distribution of the atoms in the mixed subl atticewas taken account
to obtain these formulas. The strain energies of the tetrahedral cells of the A;B1_xC
alloys are

usarc = 2(1-x)*? (3aac + Pac), (12.15)
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3 w 2
U3AIBIC = 5 {306Ac [(1 —x)r— BAIB] + O‘BC(«\‘"—W3A113)2} +
Bt B (12.16)
+ :
'ACT-E [(1—2x)r—2wsas]* + Bac (1 —x)r—wsas)’, :
3@ [(1 ) WZMB]Z-HI (xr WZMB)Z +
u = — Xy — —_—— —
2A2BIC AC 7 BC 7
2 2
Egg [(1 —x)r+\/§W2A213] + E‘%‘E (xr+\/§W2AzB) + (12.17)
ﬁAc—éFﬁBc(l — )2,
3 w 2
UIABIC = 5 {aAC [(1 —x)r—wiasp]* +3aBC (xr— 1;‘3]3) } +
3 (Bac+ s , (12.18)
5 {_A_C_s__l_BE [(1 ~Zx)r+2w1A3B]2 +ﬁBc(xr+w1A3B)2} .
ll4BlC=2X2"2(3ch+ﬂEc), (12.19)
usp1c =0, (12.20)
and the displacements of the central C atoms
w _ 3[oact(osc —aac)H t+ PactPec _ (3Bc+ Bpc)x .
SAIBIC auc +3asc +3Bac+ Bac o (1221)
; Bac 11 Brc
oac(l —x) + ogex — =1 —x)— 535X
w =3 . 12.22
PAZBIC aac + asc + Pac + Bac ’ ( )
3[anc T (asc — anc)x] - PrciPec + (Pac — Bac)x i
© WIA3BIC = e (12.23)
3aac +3asc + Bac+3Bsc
usic =0 . (12.24)

)

Wherer = Rac — Rgc, Rac is the distance between A and C atoms in the AC un-
strained compound, oac and Bac are the bond length and bond-angle elastic con-
stants of AC compound, respectively, wisisic is the displacement of central atom
C in the 3A1BI1C tetrahedral cell from the geometrical center of this cell. The sup-
position that the bond-angle elastic constant between the AC and BC bonds is equal
arithmetical average of the bond-angle elastic constants of the AC and BC com-
~pounds

_AC T - :
Bac-sc — Phe=AC > Pacsc S (225)
is used in the formulas of the displacementsof the central atoms and deformation
energies. :
After calculation the deformationenergies of al types of the tetrahedral cellsWe -
can calculate the average deformation energy of atetrahedral cell whichisgivenas.. .
u =X4144A1C +4x3(1 —Xx)uzA1BIC + 6x2(1 —x)zllezglc+ (12.26) :
(1 —x)uiaspic + (1 —x) umic . :
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12.4 Coherency Strain Energy

Hookes Law statesthat .
€ =S50, . (12.27)

wheres isaconstant. s is called the elastic complianceconstant or, shortly, the com-
pliance. As an alternativewe could write

o =Cg, (12.28)

with i
C=—, (12.29)

o)

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

&jj = SijkI Okl (12.30)

the s, are the compliancesof the crystal. Equation (30) standsfor nine equations,
for example, €11 = 81111011 +51112012 + 51113013 + 51121021 + 51122022 + 51123023 +
51131031 +51132032 + 81133033 and each with ninetermsonthe right-handside. There
are 81 s;;u coefficients.
Asan aternativeto (30) the stressesmay be expressedin termsof the strai nsl11]
by the equations
0ij = Cijuéu, (12.31)

where the Cj 3, are the 81 stiffness cosntants of the crystal. However, C;jy; isa fourth-
rank tensor that satisfies the equalities

Cijrt = Ciitd » (12.32)

and
Cuyt — Ciflk (12.33)

The equations(32) and (33) reduce the number of independent C;jw from 81 to 36.
Therefore, (30) takesthe shorter form

ot =Cug (i,j=1,2,---,6), (12.34)

it may be writein matrix notation as
/0'1\ /Cn Crz -+ C16\ /61\

= : N ° . . E . (1235)
kO'G) \Cm C62“'C66} k&s)

An important application of (35) isfor cubic crystals[12]. In this case we have
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Ox Ci1CpCiz2 0 0 O Ex
oy C2CnCpa 0 0 0 g
o} | Ci2Ci2C;i ' 0 0 0 &
| [0 0 0cMO0 O Yo |’ (12.36)
Tz 0 0 0 O C44 0 Yz
Tex 0 0 0 0 07°Cy Yex

wherethe g;s and o;s are the normal strain and stresses, respectively,and the ;5 and
7;;5 are the shear strainsand stresses, respectively.

If the epitaxial filmand its substrate are oriented along one of the (100) cubic
synimetry directions, then (36) reducesto

o)\ _ Cii+Cn2 Clz) (8” ) (12.37)
oL 2C1s Cn €1 '

by [12], if the epitaxial film has a free surface, then
6, =0, (12.38)

and the perpendicular strain of thefil mis

-2C

- 12 12.39
EL=—c 8 (12.39)

whereasthe parallel componenteis given as

(C11 = C12)(C11 +2C1y)
oy = Cn g - (12.40)

Therefore, the coherency strain energy of the ABxCyD;_x—y quaternary alloys may

be written as the elastic energy of two epitaxial layers lattice-mismatchedwith the
substratethat is givenas([12]

N . 4I i 2
- :iyfvi (Gl = Cpp)(Cyy +2Cy) (a"_as“b> . (12.41)

Cil dsub

Where ¥, vi and a, are the portion, molar volume and the lattice-parameter of the ith

phase of the allov estimated by the Vegards Law, C}, and C!, are expressed as -

H = xCRR O + (1 —x - y)CY, (12.42)

Cly =xCiE +yCf + (1 -x—y)CY (12.43)

The minimum value of the coherency energy «* is achieved at the conditic®
="
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12.5 Spinodal Decomposition in the GaSb,N;As;_,_,, Alloys

According to Gibbss classic treatment of phase stability, spinodal decomposition
beginsfrom the changesthat are largein extent but small in degree[13] and devel ops
when a negligibly small phase separation fluctuation decreases the free energy of
an dloy. Theinitial stage of spinodal decompositionis accompanied by transfer of
atoms on the distances of order of a lattice parameter. It was shown [14] that in
cubic crystal sthe spinodal decompositionforms of the layersin a plane wheretheir
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
consideredas constant values dueto their small thickness.

Asthe decomposition is developed the transfer of atomsand thickness of the lay-
ers becomelarger and composition of the layersvarieswith tickness. Afterwards, the
differencein the mean concentrationsof the phasesis increased continuously [15].
The GaSb;N;As;_x_, quaternary alloys contain three types of the chemical bonds
and the amountsof 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
crystalsminimal elastic energy correspondsthe (100) planesif relation

2C4—C11+C12>0 . (12.44)

Between the stiffness coefficientsis fulfilled [5]. Thus, the initial stage of spinodal
decompositionin the GaSb,;N, As;_x_, aloysis considered as appearancethin two-
layer objectsoriented in the (100) plane.

Thedisintegrationchangesthe valuex, y or both of them in emerging two phases
of the decomposedaloy. The variation of the Helmholtzfree eneray of mixing at the
initial stage of spinodal decompositioncan be represented as

5 3oy M) +at ()] (837
2
5o P0) 4 s)] (83)(8)+ (12.45)
2
33 [P0+ 6] (89

An aloy reaches the spinodal decomposition range when the variation of its free
energy becomesequal to zero [16]

57=0. (12.46)

Thisconditionisfulfilled if one of two expressions

0% f
2 J 12.47
-y (12.47)
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f  2f [ f :
—t X T . 12.48
9% " G2 <8x8y) (12.48)

Is equal to zero [17]. The Helmholtz free energy of the homogeneousalloys grown
on crystaline substrates can be reprented asasum

=4+ +db—Ts, (12.49)

where 7, 43, u* are the free energy of the constituent compoundsstrain and lattice
mismatchenergies, respectively,s isthe configurationa entropy, and T isthe absol ute
temperature. The negligibly small lattice mistmach between the alloy and substrate
isintroducedin order to includethe coherency strain energy in our consideration.
The free energy of the constituent compounds of GaSb;NyAs{_.—;, isgivenas

S =3t + 918 + (1 =% =) HGans - (12.50)

Where pd, is the chemical potential of GaSb in the standard state. The internal
deformationenergy of the alloy iswrittenas

uC = xy0iGasp—gan +*(1 — X — ) 0Gasb—Gaas +¥(1 —* — ¥) OGaN—Gaas - (12.51)

Where agasp—can is the interaction parameter between binary compoundsGaSb and
GaN. Thus, the internal deformation energy is represented by the interaction param-
eters between the constituent compounds of such aloys (section 2) [18].

The coherency strain energy of the decomposed aloy may be written asthe elas-
tic energy of two epitaxial layers|lattice mismatched with the GaAs (001) substrate
that is given by (41) with ag,, = agaas. Theconfigurational entropy of the alloy con-
sidered is obtained by the formula

s=kplng, ) (12.52)
whereg isthe degeneracy factor. The expressionfor thefactor gis

!
g= (NSb +NN +NAS)' \ (1253)
Nt Ny N ae!

whereNgy,, Ny and N arethe numbersof atoms Sb, N and As, respectively. There-
fore, the configurational entropy of GaSbyN,As;_,_, can be expressed as

s=—R[xlnx+ylny+(1—x—y)In(l-x—y)] . (12.54)

Equations (46) and (47) after taking into account the formulas (41), (48-50) and -
(52) are given, respectively, by '
1-y ?u-

— =0 12.55
20(GaSn—GaAs‘i‘RTx(l P + ) ) ( )

and
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1-y azuL]
X

x(l —x—y) + Jx2

1—x 02yl
eyt EE) T 0299
RT 9212

[—2O(Ga5b—GaAs +RT
L

[_20{GaN—GaAs +RT

-

N — Cicash_Gans — OGaN— Ay Q'
{O(GaSb GaN — OGaSb—GaAs — OlGaN—GaAs + 1—x—y+axayJ

WhereR isthe universal gaseousconstant.

12.6 Results

The spinodal decompositionrangesfor the GaSbxN;As1—,—, quaternary alloys lat-
tice matched to GaAs with and without taking into account the coherency strain
enegy are demonstrated in the Fig. 2. As can be see, the coherency strain en-
ergy emerging in the disintegration aloy substantially decreasing the temperature
of spinodal decomposition. Therefore, the spinodal decomposition region of the
alloy is narrower when we consider the coherency strain. GaSbg 07Ng.023A80.507
(a=5.655A, 2 = 1300nm) alloys [19] is outside the spinodal decomposition range
——at-jts-growth-temperature-In-the-figure; this-experimental-value-is-represented-by-a——
circle.



