INVESTIGACION REVISTA MEXICANA DE FISICA 53(2) 114-119 ABRIL 2007

Spinodal decomposition ranges of In Ga,_, N, P;_,
and GaAs, N, P;_,_, alloys

S.F. Daz Albarian
Escuela Superior de IngeniarMednica y Ekctrica-IPN,
Avenida Sta. Ana, 1000&ico, D. F., 04430, Mxico.

V.A. Elyukhin
Departamento de Ingenier Eléctrica, CINVESTAV-IPN,
Avenida IPN, 2508 [éxico, D. F., 07360, Mxico.

Recibido el 28 de septiembre de 2006; aceptado el 16 de marzo de 2007

We have described spinodal decomposition ranges of GaP-rich,8Rs_,_, and In,Ga —,N,P:_, alloy lattices matched to the GaP

(001) substrate up to temperatures of 800Transformation of bonds, strain and coherency strain energies at the phase separation are taken
into account. The alloys are considered to be strictly regular solutions. The strain energies of the alloys were calculated with the interaction
parameters estimated by the valence force field model. It is shown that.8gRs_,_,, having one mixed sublattice, are more promising

from the spinodal decomposition standpoint thayGa, — N, P _,,, with two mixed sublattices.

Keywords: Quaternary alloys; spinodal decomposition.

Describimos las regiones de descompdsiaspinodal de las aleaciones GaNgP: _._, y In,Ga,—.N,P;_, crecidas sobre el substrato
GaP (001) hasta una temperatura de°@@®e tond en cuenta la transformaci de los enlaces, las engxg de deformabin y de deformaéin

de coherencia en la separ@tide fase. Las aleaciones se consideran como soluciones estrictamente regulares. laadendefprmadn

de las aleaciones se calculan con losapeetros de interadan estimados por el modelo de campo de fuerza de valencia. Se muestra que
las aleaciones que tienen una subred de mezclado B&MRs_._, son nas prometedoras desde el punto de vista de la descomposici
espinodal que las aleaciones con dos subredes de mezcldaia In.N,P; .

Descriptores: Aleaciones cuaternarias; descompdsioespinodal.

PACS: 81.05.Ea; 64.75.+g

1. Introduction can lead to the thermodynamically unstable states with re-
spect to spinodal decomposition [9,10]. These unstable states
. may be produced as transformation of a homogeneous alloy
Low N-content 1ll-V glloys have recently attracte.d consnder-imo a two-phase system [11]. This decomposition leads to
able research f_;lttentlon. It has been found that incorporating, occurrence of the coherency strain energy due to the stress
low concentrations of N has a profound effect on the elecygyeen both formed regions with different compositions and
tronic properties of 11I-N-V alloy sem|conductors.composedthese regions and the other part of an alloy [11]. The in-
of (B, Al, Ga, In), (N, P, As, Sb) [1,2]. A reduction of the (rease in internal energy due to the coherency strain energy

band gap excgeding 0.1 eV per atomic percent of N conterfecreases the spinodal decomposition range.

was observed in GaMs; _, for x < 0.015 [3]. Model cal-

culations of the band structure of some of the group Ill-N-V  GaAs,N,P,_,_,belongtoA’"'BY C)' DY, -type al-
alloys have shown that the reduction of the band gap is dulbys where the anions (As, N and P) are surrounded by
to the highly localized nature of the perturbation introducedonly one-type cations (Ga). Therefore, the decomposition
by N atoms [2,4-7]. Key devices for communications andof these alloys resulting in an exchange of lattice sites be-
information terminals are optoelectronic and microwave detween the anions does not change the concentrations of
vices, typically lasers, light emitting diodes, heterojunctionthe bonds. Accordingly, the spinodal decomposition range
field-effect transistors and monolithic microwave integratedof GaAs,N,P;_,_, depends only on the strain and co-
circuits. All these devices are fabricated by IlI-V alloy het- herency strain energies. J6a_.N,P;_, relate to the
erostructures [8]. The major interests are directed to quaterA’’’ B{'/. C¥' D} -type quaternary alloys. An exchange of
nary alloys where a variation of the band gap can be reachddttice sites between cations or anions in such alloys leads
without changing a lattice parameter. There are two typeso the transformation of the bonds described by the reaction
of quaternary Il1-V alloys that are the alloys havingoneandnA — D + nB — C — nA — C + nB - C

two mixed sublattices. The GaP-rich GaAg,P;_,_, and (1 <n <4)[12,13]. The transformation of the bonds should
In,Ga _.N,P,_, alloys are considered. The large difference change the free energy of the alloy [12,13]. Thus, the spin-
between the atomic sizes of nitrogen, phosphorus and arsermadal decomposition range of JGa, _,N,P;_, depends on
gives rise to the significant strain energy of such alloys. Thehe strain and coherency strain energies and transformation
strain energy provides the tendency to phase separation thatthe bonds.
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The crystal structures of both types of the lll-group ni- the configurational entropy, arfl is the absolute tempera-
tride alloys are very internally strained. The internal strainsture. The negligibly small lattice mismatch between the alloy
should result in the significant strain energy and, accordinglyand substrate is introduced in order to include the coherency
a tendency to spinodal decomposition. It is of interest tostrain energy in our consideration. Since GaKlgP;_,_,
find what type of these alloys is more stable from the spin-have a mixed sublattice, they contain three types of chem-
odal decomposition standpoint. The regular solution modeical bonds: GaAs, GaN and GaP. The crystal lattice of the
as a “conventional” model for the description of both types ofln,Ga, _.N,P;_, alloys consists of mixed cation and anion
these alloys will be used. The aim of this study is to estimatesublattices, since two kinds of the atoms fill each of them.
the spinodal decomposition ranges of GalgP,_,_, and  Thus, these alloys have four types of bonds: InN, InP, GaN
In,Ga _,N,P;_, alloys grown on GaP (001) taking into ac- and GaP. The free energies of the constituent compounds of
count the transformations of the bonds, strain and coherendgaAs,N,P,_,_, and In,Ga,_,N,P;_, are given, respec-
strain energies. tively, as

C _ 0 0 0
2. Model f© =wngapst vrgant 1 =2 —v)ugap  (3)

C 0 0 0

According to Gibb's classic treatment of phase stability, spin- P =aympN 2 (= y) pipp+y (1= ) hGan
odal decomposition begins from the changes that are large in +(1—2z)(1—y) “(()saP (4)
extent but small in degree [14], and develops when a neg-
ligibly small phase separation fluctuation decreases the freé@herey.;\ \, is the chemical potential of InN in the standard
energy of an alloy. The initial stage of spinodal decompo-state. The strain energies [13,18] of GaNsP, ,_, and
sition is accompanied by transfers of atoms to the diStanCGlﬁmGal,xNyPl,y are written, respectively, as
of the order of a lattice parameter. It was shown [15] that
in crystal;, splnqdal deco.mpo_s[tlon forms quers in a plane 5 = TYaGaAs. GaN
where their elastic energy is minimal. Accordingly, the trans-
fers of atoms produce a thin two-layer region with a negligi- +2 (1 -2 —y)agaas GaP
bly small difference in composition. The compositions of the
layers formed at the initial stage of the decomposition can
be considered to be constant values due to their small thick- +° = z (1 — z) yoy,N_GaN
ness. As decomposition develops, transfers of atoms and
thickness of the layers become larger, and the composition +zy (1 —y) ynN_InP
?f the Iayers varies with the|_r thickness. Afterwgrds, the dif- +2(1-2)(1-19) Ynp_Gap
erence in mean concentrations of the phases increases con-
tinuously [16]. The phase separation in cubic crystals in the +y(l—z)(1-y)agan.Gap (6)
vicinity of the spinodal decomposition ranges should occur in
the {100} planes, since the relation between the stiffness cowhereagaas Gan “GaAs GapPandagan_gapare the
efficients2Cy, —C11 +C12 > 0is fulfilled [15]. The stiffness  interaction parameters per 1 mol of the strictly regular solu-
coefficients of the alloys were estimated as average values tibns GaAgN;_,,GaAs,P;_, and GaNP;_, correspond-
the constituent compounds. In such a case, the elastic energy to the GaAsN,P, ., alloy. Similarly, ojaN_GaN
due to the occurrence of these layers is minimal [15]. AInN-InP» YnP_GaPandagaNn_gapin (6) are the inter-

The phase separation leads to the changes in the val@etion parameters per 1 mole of the @e; N, INN,P;_,
x, y or both of them in two phases occurring in the decom-In,Ga _, P and GaNP; _, ternary strictly regular solutions.
posed alloy. An alloy reaches the spinodal decompositior hus, the strain energy is represented by the interaction pa-
range when the variation in its free energy becomes equal ttameters between the constituent compounds of the alloy.
zerodf = 0 [17]. This condition is fulfilled if one of two The interaction parameters were obtained from the strain en-

+ty(l-z—-y)agan-Gap ()

expressions ergies of the corresponding ternary alloys estimated by the
) valence force field model. These energies were interpolated,

ﬁ’ *f y >*f ( 9% f ) (1) for example, for GaAsN;—, asagaas Gane(l — #). The
0x2’ 022 Oy? 0xdy strain energies of the ternary alloys were estimated by the

alence force field model as in Ref. 19. The valence force
becomes equal to zero [16]. The Helmholtz free energy ot{ ! : i
. ield model describes the strained state of the 1lI-V semi-
the homogeneous alloys grown on crystalline substrates can . . .
be represented as a sum: conductors using two constants. One constant is the elastic
’ constant of the bond length, or a bond stretching constant.
f=f°+uS +ul—Ts, (2)  Another constantis the ele_lstic constant of the apgle between
the bonds, or a bond bending constant. The strain energy of a
where f¢ v, u’are the free energy of the constituent com- unit cell of a binary compound with the zinc blende structure

pounds, strain and lattice mismatch energies, respectiigly, according to the valence force field model is given as [20]
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FIGURE 1. The 3A(B)1B(A)1C and 2A2B1C and 4A(B)1C tetra-
hedral cells.

where o and 3 are the bond-stretching and bond-bending
elastic constants, respectivelyg is the undistorted bond
length; A (r} - r}) = R? — r? and

= R?cospg — 1} ;T3 cos

are the scalar variations, whergandr;are the bond vectors
about atoms; o = 109.47° andy are the angles between
the bonds in the undistorted and distorted crystals, respe

tively. The strain energy of the ternary alloys was estlmatedS

as a sum of the deformation energies of the tetrahedral cel

of the same size. The tetrahedral cells consist of four atoms
from the mixed sublattice in the corners and one atom from
another sublattice in the center, as shown in Fig. 1. The dis-

placements of the central atoms were calculated by the min
mum condition of the deformation energy of the cells.

The lattice mismatch energy of an epitaxial layer on a

substrate with (001) orientation is given as [21]

(%)
wherea andag are the lattice parameters of the alloy and

substrate, respectively ardd,, C12 are the stiffness coeffi-
cients expressed as

(C11 — C12) (2Ch11 + Ch2)
Cin

a—ags

ut =
as

Cyy = xCGaAs+ yCGaN . )CGaP

012 _ xcGaAS_’_ yCGaN (1 )CGaP
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and
Cir = 2N 4 (1= ) 0INP 4 51 — 4 cGaN
+(1—2)(1—y)cSaP
Cra = oyOIN &+ (1 — ) cI0P 4 o1 — y)cGaN
+(1—2)(1—y)CGAP

for the GaAgN,P;_,_, and In,Ga_,N,P;_,, respec-
tively.

The configurational entropy of the alloys considered is
obtained by the formula = kg In g, whereg is the degener-
acy factor.

The factorg for the GaAsN, P;_,_, alloys is given as

~ (Nas+ Ny + Np)!
- N4 !NNINp!

)

and for the InGa, _.N, P _,alloys as

_ (NIn + NGa) !
Nln!NGa!

(NN —I—Np)!
Ny!Np!

)

whereNy,Nga, Np,N1,, andN 4, are the numbers of atoms
N, Ga, P, In and As, respectively.

Therefore, the  configurational  entropies  of
GaAsyNyPi_,_, and In,Ga;_,N,P,_, are expressed,
respectively, by the equations

s=—-Rlzlnz+ylny+ (1 —z—y)In(l—z—y)], (7)
s=—-Rzlnz+(1—-x)In(1—2x)
+ylny+(1—y)n(1-y)].

8)

The conditions for and

é +Ga_N,P;_, considering (2-8) can be rewntten re-

pectively, as
Is RT (1 —vy) 0?ut
—2 = 9
“GaAs GaPt T, =yt gz 0 O
90, RT (1 —vy) 0?ut
i GaAs GaPt c(1—xz—y) o2
RT (1 —2x) 82uL]
X |—2« + RT
|: GaN-GaP y(l—z—y) dy?
- (O‘GaA&GaN ~ *GaAs-GaP~ “GaN-GaP
RT o2ul\?
_ - 1
1—x—y+8x8y> 0. (10)
and
RT
“InN-GaNy + InP-GaP(! =) — 35
aQuL
— = 11
t o2 0, (11)
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RT d?ul }

{2 -G+ e cart 0] -+ 5

RT 82UL
X {2 [alnN—InPIJrO‘Ga’\LGaP(l B Z)] Cy(l-y) "o }

2
HinN + HGap~ Hinp ~ HGaN T (O‘IanGaN - O‘InPfGaP) (1 —2z)+

Y =0. (12)
+ (O‘IanlnP - aGaN—GaP) T 9wy
0 0 0 0 i i
k‘}l’he ternfwInN f“lnl?_h“ aNg“GaP'n (12) contributes
to the transformation of the bonds. ¢ = Tacess + Yacan + (1— 7 —y)ager and for

InxGal_xNyPl_y as
3. Results and Discussion
a=xyar,N + (1 —y)amp +y (1 —2)agen
GaAs,N,P;_,_,and In,Ga,_,N,P; _, alloys are grown by
molecular beam epitaxy and metalorganic vapor-phase epi- +(1—2) (1 ~y)agap-
taxy with growth t«_amperatures of 6@ or lower [22,23]. In the estimates, we supposed that the lattice parameters
Therefore, the spinodal decomposition ranges were esti

mated at temperatures renaing from 0 to 800The value of the alloys and the substrate are close to each other
P ging (a = agqp). Then, the concentrations of As and In in the

o _,0 _ .0 0 ;
MinN ~ MinP ~ HGaN T HGapWVas estimated as GaAsyNyPi_,_, andIn,Ga;—, N, P _, alloy lattice con-

sidered, matched to GaP, are given, as

T T = 2GaP — AGaN
A - _
+ / AcdT —T / =Car, AGaAs — AGaP
T
298.15 298.15 and
whereAh = hipn — hinp — haanN + haap; > = y(aGaP — aGaN)

arnp — acap + Y(armp — AN + aGaN — AGap)’
As = SN — S1nP — SGaN + SGaP; _ _ _ N
respectively.  Accordingly, the spinodal decomposition

P P P P . . .
Ac = ¢p,N = CInp — Cgan t CGapi ranges of these alloys are functions of one independent vari-
able, which is the nitrogen concentration. The spinodal de-

P
andhun, simy andey, y are the enthalpy, the entropy at cqmposition ranges of the GaP-rich alloys are demonstrated
the standard state and the specific heat capacity at constatﬁ Fig. 2

pressure of InN, respectively. This term takes into acoun The GaP-richGaAs, N, P, alloys are successfully
the transformation of the bonds in Eq. (12). The thermody-, by molecular bizafyn eI)Tt;z(y. As can be seen from
namic, elastic and structural characteristics of the constitue ig. 2, GaAses7No o7 P and GaAsn cc No o P al

. . . ’ 0.874V¥0.0747°0.06 0.664V0.0340.31 -
compounds were taken from [24]. The interaction parameter%yS [27,22] are inside and outside, respectively, the spin-

odal decomposition range at the growth temperature. At the
same time, the lattice mismatchéd 15Gag s5No.01F0.99
AGaAs—GaP = 5.786kJ/mole, (a = 5504/&) and Ing1Gag.9Ngy.015F0.985 (a = 5478/&)
grown by metalorganic vapor phase epitaxy [24] are out-
side but near the boundary of the spinodal decomposi-
QrnN—Inp = 96.16kJ/mole, tion range at their growth temperatures. However, as can
be seen from Fig. 2, the spinodal decomposition range
of Iny;Gai_,N,P;_,is much more extensive than that of
and Arnp—cap = 25.11kJ/mole GaAsyNyP,_,_,. Accordingly, GaAs,N,P,_,_, are
more promising thatdn,Ga,_, N, P;_, from the spinodal
were estimated from the strain energy of the corresponddecomposition standpoint. The bond transformation occur-
ing ternary alloys by the approach from Ref. 25. The bonding during the phase separationiof,Ga;_, N, P, leads
stretching and bond bending elastic constants of GaAs, GaNg a dramatic increase in the spinodal decomposition range.
GaP, InN and InP were taken from [20,26]. The other interacThe transformation of In-P and Ga-N bonds into In-N and
tion parameters used in the calculations were taken from [26]Ga-P ones is thermodynamically profitable, since the sum of
The lattice parameters ofraAs, N, Pi_,_, are given as the free energies of InN and GaP is significantly smaller that

QGuN—cap = 155.9kJ/mole,

AGaN—Gaas = 215.2kJ/mole,

QrnN—Ggan = 45.32kJ/mole

Rev. Mex. .53 (2) (2007) 114-119
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FIGURE 2. Spinodal decomposition ranges of the GaP-rich
GaAs;N,Pi_,_, and In,Ga,_-N,P:_, alloys. The experimen-
tal values (a)r = 0.15,5y = 0.01 and (b)xz = 0.1,y = 0.015
correspond to 1§115G&.s5No.01Po.o9 and Iy.1Ga.oNo.015Po.9s5
alloys, respectively, (cx = 0.66,y = 0.03 and (d)x = 0.87,

y = 0.07 are the experimental values of GaAsNo.o3Po.31 and
GaAs .s7No.07Po.0s alloys, respectively.
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GaP-rich and another layer becomes InN-rich in comparison
with the homogeneous alloy. Therefore, in spite of the signif-
icant strain energy, th€aAs, N, P,_,_, alloys in the large
composition regions are outside the spinodal decomposition
range at the growth and lower temperatures.

Nevertheless, it is known that these alloys are very dif-
ficult to grow in certain compositional regions [28]. One
of the experimental observations in nitride-based alloys is
that there are serious compositional inhomogeneity problems
for both group llI-nitride alloys and GaN-based mixed anion
nitride alloys such as fGa, N and GaAsN;_,[29-32].
These difficulties are observed in all growth techniques used
for these semiconductors. The compositional immiscibility
problem appears in association with an unstable two-phase
region in the composition plane [33]. The same situation also
can be expected for both group-IlI-nitride quaternary alloys.

4. Conclusions
In summary, we have described spinodal decomposition

ranges of GaAsN,P,_,_, and In,Ga_,N,P,_, lattice-
matched to GaP, considering the transformations of the

that of InP and GaN. The lengths of In-N and Ga-P bondd0nds, strain and coherency strain energies. The strain energy
are smaller than those of In-P and Ga-N ones. Therefore, thé estimated by the valence force field model with the bond
bond transformation reaction during spinodal decompositiorstretching and bond bending elastic constants of GaP. From

isgiven asiin—P+nGa—N — nIn—N+nGa—P. Inline

the spinodal decomposition standpoint, GalgP; _,_,, al-

with this reaction, one of two thin layers produced becomedoys are more promising than,JGa N, P; _,ones.

1. W. Shanget al,, Phys. Rev. LetB2(1999) 1221.

2. S. Sakai, Y. Ueta, and Y. Terauctpn. J. Appl. Phys32(1993)
4413.

3. M. Weyers, M. Sato, and H. Anddpn. J. Appl. Phys31(1992)
L853.

4. A. Rubio and M.L. CoherPhys. Rev. 51 (1995) 4343.

5. J. Neugebauer and C.G. Van de Wahdys. Rev. B1 (1995)
10568.

6. S.-H. Wei and A. ZungeRhys. Rev. LetZ6 (1996) 664.

7. L. Ballaiche, S.-H. Wei and A. ZungeRhys. Rev. B4 (1996)
17568.

8. Hiroo Yonezu,Semicond. Sci. Techndl7 (2002) 762.

9. J.C. Phillips,Bonds and Bands in Semiconductéfsademic
Press, New York, 1973).

10. G.B. Stringfellow,Organometallic Vapor-Phase Epitaxy: The-
ory and Practicg{Academic Press, Boston, 1989).

11. J.W. CahnActa Metall.9 (1961) 795.

12. K. OnabeJpn. J. Appl. Phys21(1982) 797.

13. V.A. Elyukhin and M.K. EbanoidzeRussian J. Phys. Cheil
(1987) 262.

14. J.W. Cahn and J.E. Hilliard. Chem. Phys31 (1959) 688.

15. J.W. CahnActa Metall 10(1962) 179.

16. R. Asomoza, V.A. Elyukhin, and R. Ba-Sierra,Appl. Phys.
Lett. 78 (2001) 2494.

P. Glansdorf and I. Prigogin@hermodynamic Theory of Struc-
ture, Stability and Fluctuation8Niley, New York, 1972 ).

T. Takayama, M.Yuri, K. Itoh, T. Baba, and J.S. Harris Jr.,
Cryst. Growth222(2001) 29.

S.F. Oaz Albarian and V.A ElyukhinRev. Mex. I5.51 (2005)
605.

R.M. Martin, Phys. Rev. B (1970) 4005.

J. Tsao,Materials Fundamentals of Molecular Beam Epitaxy
(Academic Press, Boston, 1993).

. Hiroo Yonezu,Semicond. Sci. Techndl7 (2002) 762.

. B. Kunert, J. Koch, T. Torunski, K. Voltz, and W. Stolk,Cryst.
Growth272(2004) 753.

. Landolt-Bdrnstein,New Series\Vol. 17d, edited by M. Shulz
and H. Weiss (Springer, Berlin, 1984).

V.A. Elyukhin and L.P. SokorinaSov. Phys. DoklI31 (1986)
342.

V.A. Elyukhin and S.A. Nikishin,Semicond. Sci. Techndll
(1996) 917.

Kenji Momose, Hiroo Yonezu, Yuzo Furokawa, Atsuschi Ut-
sumi, Yusuke Yoshizumi, and Sei ShinohaiaCryst. Growth
251(2003) 443.

17.

18.

19.

20.
21.

25.

26.

27.

Rev. Mex. .53 (2) (2007) 114-119



SPINODAL DECOMPOSITION RANGES OF I Ga, — x Ny P;_y AND GaAsx Ny P;_x_y ALLOYS 119

28. T. Takayama, M. Yuri, K. Itoh, and J.S. Harris J.Appl. Phys.  31. R. Singh, D. Doppalapadi, and T.D. Moustakaspl. Phys.
90(2001) 2358. Lett. 70 (1997) 1089.

32. T. Matsuoka, T. Sasaki, and A. Katsui, Electron. Mater21
(1992) 157.

33. D. de Fontaine, irolid State Physic®dited by H. Ehrenreich,
30. A. Wakahara, T. Tokuda, X.-Z. Dang, S. Noda, and A. Sasaki, F. Seitz and D. Turnbull, (Academic, New York, 1979) vol. 34,
Appl. Phys. Lett71(1997) 906. p. 73.

29. R. Kuroiwa, H. Asahi, K. Asami, S.-J. Kim, K. Iwata, and S.
GondaAppl. Phys. Lett73(1998) 2630.

Rev. Mex. .53 (2) (2007) 114-119



