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We present first-principles calculations of the thermodynamic and structural properties of g@ac N
and AL Ga, _«N alloys. They are based on the generalized quasichemical approach to disorder and composition
effects and a pseudopotential-plane-wave approximation for the total energy. The cluster treatment is gener-
alized to study the influence of biaxial strain. We find a remarkable suppression of phase separation in
In,Ga _«N.

[. INTRODUCTION AIN is 2.5% and 4.1% for the hexagonal and c lattice
constants, respectively. The lattice mismatch increases to
During the past few years remarkable progress has beetD.7% and 15%about 10.4% in the cubic caseetween
made in the development of optical and electronic device$nN and GaN. The thermal expansion coefficients vary be-
based on group-lll nitrides AIN, GaN, and InN. Important tween 5.6(3.2) and 4.2(5.3 x10 ® K for the a-axis
examples are active optoelectronic devices operating in thgc-axis) direction in hexagonal GaN and AlNThe large
green, blue and ultraviolet spectral regioMoreover, high-  differences in the equilibrium lattice constants and expansion
frequency and high-temperature electronic devices as fieldzoefficients result in several consequences. First, due to the
effect transistors have been propodédicommon feature of very different bond lengths, a considerable internal strain
these device structures is the use of ternagGhm N or  arises. It drives the tendency of the ternary nitrides to phase
Al,Ga, _,N alloys. Alloying among the group-Ill nitrides al- separation. Second, already small contributions of another
lows in principle to change the band gap from about 1.89 e\group-Ill element into a compound give rise to remarkable
in InN to 6.28 eV in AIN with an intermediate value 3.44 eV changes of the lattice constant. As a consequence, an epitax-
for GaN (at 300 K).2 ial layer of a ternary nitride grown pseudomorphically on a
For group-ll nitride mixed crystals there are strong indi- binary system becomes highly strained. Its growth process as
cations for a miscibility gaf=’ In a closely lattice matched well as its properties are influenced. Recent investigations
Al,Ga _,N system the critical temperature for the occur- have revealed a compositional pulling effect inGa _,N
rence of a miscibility gap was shown to be ratheriamd, due to the lattice-mismatched growAt?* The accompanying
hence one may expect to have more or less a true solid sgomposition variations in space influence the optical
lution under normal conditions. In JGa;_,N alloys, how-  properties> The compositional splitting may even result in
ever, phase separation effects have been observed expdhe existence of InN inclusions in |6a N epilayers
mentally in a wide composition rande'! Recently, such grown on sapphir¢0001) substrate$® Strain and composi-
ordering phenomena have been also reported for thgon fluctuations influence all types of properties of the ni-
AlL,Ga N system: Instead of a random alloy, for an inter- tride alloys including the miscibility. Theoretical studies of
mediate composition region a tendency for the formation othe InGa (N alloys performed within the framework of the
self-organized superlattice structures has been fdtind. valence force fieldVFF) approximation indicate a shift of
Under ambient conditions AIN, GaN, and InN crystallize the miscibility gap into the area of higher InN
in the hexagonal wurtzit€2H) structure. The ternary alloys concentratioff or lower InN concentratici in dependence
grow also in wurtzite structure independent of the depositioron the details of the simplified calculation. Structurally the
technique: molecular beam epitax¥BE),° metal-organic first- and  second-nearest-neighbor  distances are
chemical vapor phase depositibhand hybride vapor phase influenced?®3!
epitaxy (HVPE).}* Recent epitaxy of thin AIN, GaN, and In this paper we present a rigorous theoretical study of
InN films has been demonstrated to result in the cubic zincthermodynamic and structural properties of strained
blende(3C) structure'® The remarkable progress in the syn- In,Ga, _,N and AL Ga _,N alloys. The interplay of compo-
thesis of such 3C-GaN film$;}” but also 3C-AIN® and  sition fluctuations, miscibility and strain influence is dis-
3C-InNt*?° |ayers is related to the plasma-assisted MBE orcussed. Contrary to previous works performed so far, the
GaAd00)) or 3C-SiG00Y substrates. Meanwhile, also ter- calculations carried out here taking strain effects into account
nary cubic AlGa,_,N as well as InGa,_,N layers have are based on first-principles methods. The so-called generali-
been depositetf21:22 zation of the quasichemical approximation is adopted to treat
A common feature of the nitride alloy epitaxies is the disorder and composition effects. We investigate the influ-
strain due to lattice mismatch and different thermal expanence of a biaxial strain on the miscibility of the alloy using a
sion coefficients. The lattice mismatch between GaN andnicroscopic model. In the work we discuss the length scale
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and the limiting situations of the strain influence within a which is lower than that of the alloy with the averaged com-
cluster expansion method. In Sec. Il we describe the calcupositionx, i.e., F i (X, T) <F(x,T) within x;<X<Xx,. There
lational methods, whereas a detailed discussion of the allogre two other special molar fractions, andx;, defined at
behavior and properties as well as of the strain influence ighe inflection points ofF(x,T) and AF(x,T) at eachT
given in Sec. Ill. Finally, in Sec. IV a brief summary is <T,, i.e.,
given.
92 92
Il. CALCULATIONAL METHODS ﬁF(X,TF ﬁAF(X,TFO )
A. Cluster expansion .
. 4 r__ !
We consider a pseudobinary nitride allgyGa, N (X at these compositioxvalues?” The brancheg;=x;(T) and

A . ) .
=1In,Al), which crystallizes nearly in a tetrahedrally coordi- XZZ,XZ(T) define Ehe spinodal curve. In the intervaig<x
nated lattice. We assume the cubic zinc-blende structuré=X1 @ndX;<x<Xx; the alloy is metastable against local de-
However, the results can be immediately transferred to £0MPposition. An energy barrier exists. On the other hand,
tetragonal system. Explicitly we study zinc-blende crystalsSPontaneous decomposition into alloys with the averaged
biaxially strained in the direction of a cubic axis. The alloy COMpositionsx; andx, happens within the intervat; <x
atomsX and Ga should randomly occupy their fcc sublattice <Xj -
sites while the N atoms occupy the other fcc sublattice. In In order to describe the mixing free ener@®) of a ran-
reality, even in an unstrained alloy the sublattices deviatglom alloy we follow a cluster expansion approdcf® the
from the ideal fcc structuré®—3032and the distribution of the so-called  generalized  quasichemical  approximation
X and Ga atoms over the cation sublattice may be nevelGQCA).*" In this approximation the considered mixed crys-
random. tal X,Ga, _,N is divided into an ensemble of clusters, each of
The Helmholtz free energl of the system can be divided which is taken to be independent statistically and energeti-
into two contributionsF =F,+ AF, for each volume/, tem-  cally of the surrounding atomic configuration. In the sense of

peratureT, and X molar fractionx. The contribution a random alloy the material is assumed to be spatially homo-
geneous everywhere on a macroscof@c at least mesos-
FoX,T)=(1=X)Fgan(T) +XFxn(T) (1)  copig length scale. In the cation sublattice we consibler

sites on which theX=1In, Al, and Ga atoms assume some

describes the free energy of a macroscopic mixture of theonfiguration. The numbers of and Ga atoms are
two binary constituents. The free energigs,y andFyy can

be calculated using standard thermodynamic properties of Ny=xN,
binary compounds. The microscopic intermixing of the dif-
ferent cations is given by the free-energy contribution

NGa:(l_X)N1 (6)

AF(X, T)=AU(X,T)—TAS(x,T), (2

N = Nx+ NGa-
whereAU is the mixing internal energy anilS denotes the
mixing entropy. The differenc&dU can be also identified e first compose the system M clusters of &-atoms (N
with the mixing enthalpy of the alloy. =nM) each which are treated independently. For a given

The knowledge of the free ener@y(x,T) allows the con-  alloy configuration the clusters can be arranged Ji- ()

struction of aT-x phase diagram of th¥,Ga, _,N systen®®  classes with distinct total energies of the clustegswith |
SinceAU(x,T)>0 atT=0 K holds for typical semiconduc- =0,1,...J. In each class there afd; clusters with the
tor alloys, a critical temperaturg,; exists. For temperatures same energy; . It holdsM =3;M; . Introducing the fraction

T>Tcy random alloys with any molar fractionare stable. x;=M;/M of clusters of energy;, the last equation can be
However, for a temperatur€<T,;; a miscibility gap forx  written as

within the intervalx;<x<x, should occur. The composi-

tions x; andx, are the points at which the common tangent J

touches thd-(x,T) curve. With the definition of the chemi- E x;=1. 7
cal potentialu(x,T) = (d/dx)F(x,T) it therefore holds =0

(X, T)= p(%,T). 3) Besides in energy the clusters can also differ with respect to
the numbem; of X atoms and the numben{n;) of Ga
The two branches;=x;(T) andx,=Xx,(T) define the bi- atoms, respectively. These numbers underly a constraint due
nodal line in the phase diagram. For a given temperature tht® the given averaged compositiani.e., theX molar frac-
alloy X,Ga _,N is thermally stable against decomposition tion, as
for X molar fractionsx=<x; andx=x,. Inside the interval the

mixture of the two alloys X Ga_x N andXXzGai_XZN pos- J
sesses the free energy ]ZO njX;=nX. ®)
Frix(X,T)= 2 F(xy,T)+ X7X F(x,,T), (4 According to the Connolly-Williams metho},the con-
X2 X1 X2 X1 straint(8) can be interpreted as a special case of the repre-
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sentation of the configurationally averaged and hence (@ ®)
composition-dependentand in general also temperature- jpr—
dependentvalue L I

J i B\
P(x,T)=JZO X;P; (9) ! :

Qi

of a propertyP of interest for the pseudobinary alloy with
mainly compositional disorder. Such a property is different «*--_.._
for each cluster, depends on the cluster class irjdend

hence gives rise t®;. In the case of Eq(8) it holds P

=n;/n andP(x,T)=x. The definition of the configurational FIG. 1. Schematic representation of 16-bond or 8-atom clusters
average allows the introduction of fluctuations around then a pseudobinarX,Ga, ,N alloy. The figure shows two possible
mean values by considering the mean-squames) devia-  clusters(@ and(b) with n;=2,X=1n,Al atoms(shaded circlgsand

i

tions (4—n;)=2 Ga atomgopen circles The N atoms are represented
by filled circles. The presence of a possible biaxial strain parallel to
J J 2112 the[001] direction is indicated by the two different lattice constants
AP(x,T)z[EO x;PZ— 20 X;P; ] (10)  ay anday, in (b).
i= i=
The definition(9) has also consequences for the total en- N! M! ; OM.
ergy (more strictly the internal eneryyf the alloy consist- w L= (X)) ™. (14)

" Ny!Nod 117 M1
ing of 2N atoms. For the alloy configured within the set of xmes Hi=oM,

clustersMo,My, ... ,Mj it holds In the Stirling limit it follows for the mixing entropy
J
U<X’T>=§o Mje; 1D AS(X,T):—kB{N[xlnx+(1—x)|n(1—x)]

Divided by the numbeM of clusters in the alloy, Eq(11) 5
corresponds to the definition of the averaged energy of a X;

cluster according to Eq9) and the definitiorx;=M;/M. +MJZO Xi'”(_o> ] (19
The representatioflL1) corresponds formally to the descrip-

tion of a many-particle system, which can be described in a We mention that forx; =x° the GQCA expressioii15)
single-particle approximation of independent particles Withchanges over into the rr]1ixir{g entropy of the ideal solution
energiese;. Equation(11l) corresponds to the second as- model®*

sumption of the GQCA, that the energy of each cluster is The cluster fractions; are unknown. However, they can

ingle_pendent Olf its env_iror;]ment. In this approach the tOtal:)e interpreted as variational parameters. Then, by minimiz-
mixing internal energy Is then ing the free energyor the mixing free energyunder the
J constraintg7) and(8), one finds B=1/kgT)

AU(x,T):E0 Mje;—M[(1—X)eo+xe;]. (12
=

Xj

. jefﬁ“f‘j
x =l (16)
B. Statistics E gjnje’ﬂai
The configurational or mixing entropy can be calculated e

from the Boltzmann definitiomA S(x, T) =kgln W, whereW  The unknown parametey has to be determined from the

is the number of ways to configure the alloy with the setcondition that expressiofil6) fulfills the constraint(8). In

Mgo,My, ... ,Mj of clusters’” This numbetW of configura-  the high-temperature limit3—0, it holds »=x"(1

tions is given by the total number of waj/(Ny!Ng,!), in —x)*4"" and the fraction; (16) are equal to the probabili-

which Ng, Ga atoms andNy, X atoms can be placed d4  ties of a random cluster distributiof13). The mixing en-

sites. First, this number has to be multiplied by the probabiliropy (15) becomes that of an ideal solid solution.

ity M!/Hf:OM-!, i.e., the fraction of ways to arrange the

different clustersMq,M, ...M;. Second, with the as- C. Clusters for strained and unstrained alloys

tS(;Jmﬁﬁ(i)pr}ytgil/tt:llej(;/i?]rtlglrjcfbggislif/rzfiirr? dli:getﬂinsdein;‘ glr;i_has Within the GQCA the size and the shape of the clusters
with the energys; used are important. Four-bond clusters

tersMo,My, ... My in the aIonHf:O(x?)Ml with centered at the alloyink and Ga atoms are too small. Such
13) clusters do not yield information about the local correlation
of the cations. The smallest clusters that consider local cor-
the fraction of clusters of typgfor a given compositiorx in relation are 16-bond clusters with a central N atom and four
a regular solid solution. The degeneracy fagpis the num-  alloying atoms bound to the environment by 12 second-
ber of ways of arranging the alloying cations in a cluster withneighbor N atoms? These clusters are schematically shown
energyej. Summarizing it holds in Fig. 1. There is another advantage using such 16-bond or

XP=gixM(1—x)4""
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8-atom clusters,xanaA_anLl with n=4. Their choice GaAsSb,_, (Ref. 39 that this relaxation releases a lot of
means that the counting scherfie) for the configurational —the strain energy stored in the tetrahedra and leads to excel-
entropy (15) is exact, since no two clusters share the Samée_nt agreement between theoretical and experimental phase
alloying atoms; in other words, since the cluster surfaces argiagrams.

chemically ordered. There is another advantage of the 16-bond clusters. They
In the absence of external stresses, there are five findsallow to model easily the presence of strain in each cluster.
=0,...,4 (0=4) of clusters distinguished by distinct clus- We consider a biaxial strain parallel to the cuf@©1] direc-

ter energies:; . These clusters can be labeled according tdion that deforms the cubes. Consequently, the crystals con-
the numbers n; and (4-n;) of different cations, sisting of a certain cluster_klnd become tetragona! symmetry.
XoGaN;, X;GaNy, X,GaN,, X:GaN,, and X,GaN, ©One has to st_qdy two Iatpce constants .andajL dlfferent
with n;=j=0,1,2,3,4 anch=J=4. The degeneracy factors from the equmbrlum Iat_tlce constard; in the strain-free
are g,—=(f‘)24!/j!(4—j)!, ie, go=1, g;=4, g,=6, g;  Case. The resulting strain tensor remains diagonal and pos-
—4, andg,=1. Each cluster occupies one cube in the crys-S€SSes the two independent componeptsande;, .
tal. The total number of clusters il =N/4. The cluster The presence of the biaxial strain partially lifts the cluster
energiese; can be calculated using a supercell methoddegeneracy in thg=2 case. Whereas the total number of
where the system consists only of supercells correspondingUSterS distributed over the entire alloy is shli=N/4, the
to one and the same cluster under consideration. The clust8#mbper of cluster kinds is increasede 5=n+1. It holds
energies; =¢;(a;) depend on the cubic lattice constagt M~ forj=0,1,2 ornj=j—1 forj=3,4,5. The degeneracy
In our approach the crystals consisting of clusiésGa,N, [actors arego=1,09:=4, g,=2, g3=4, g,=4, andgs=1.
correspond to XN),(GaN),(001), (010 or (100) superlat- For clusters W_lth one(z_ln,_ Al or one Ga atom _the cIust(_er
tices. Because of their simple tetragonal structure, one has f'€r9ys;j with j =1 or 4 is independent of the site occupied
optimize the total energy at least with respect to two differ-0Y this atom. However, in the case of equal numbejs
ent lattice constants. However, the energies of these superzNs=2 of X=In, Al atoms (and, hence, also Ga atomns
lattices are nearly the same. Moreover, an arithmetic averagdfferent atomic arrangements give rise to different cluster
over the sixX,GaN, superlattices gives again practically a EN€rgies,#e; as m_dlcated in Fig. 1. There are two equiva-
cubic system. Therefore, since we have to determine an alent planes perpendicular £601] for the arrangement of two
eraged cubic lattice constant for the total alloy system, wequal cations in Fig. (8. If the two atoms in these planes
neglect the differences in the lattice constants parallel antCf- Fig. 1(b)] are different, four distinct geometries with the
perpendicular to the superlattice axis and work only with arS&me energy are possible.
averaged clustgr=2 with an averaged cubic lattice constant
a,, at least in the strain-free situation. D. Modeling of macroscopic strain

In the calculation of; we replacea; by the equilibrium

one obtained by minimizing the total energy of a crystal only 1€ modeling of the macroscopic strain behavior is not
consisting of clusters of kinfl That means, we assume that obvious in the cluster approach. Whereas the treatment of a

each cluster occurring in the alloy takes its equilibrium vol-9iVen strain is well defined on the microscopic length scale

ume independent of the averaged atomic distances in oth&f the clusters considered, there are principal difficulties on a
regions of the alloy. According to the general definition of Macroscopic length scal_e W|th_chara_cter|st|c dlstancgs larger
the configurational averag®) the composition- and slightly than the cluster extent, in particular if phase separation may

temperature-dependent lattice constanta(x,T) of the  OCCUr in the mixed crystal. Considering epitaxial pseudomor-
pseudobinary nitride alloy follows as ’ phic growth of a nitride alloy or such an alloy layer with a

residual biaxial strain, one automatically discusses the real-
3 ization of a homogeneous macroscopic strain field character-
a=2 X;a, 17) ized by. the averaged quantitieg(x) and q()_(). .If phage
j=o0 separation happens, one expects such a strain field defined by
the local compositiorx in each phase. However, different
with the equilibrium lattice constants of the various clus- microscopic realizations of such a strain field are imaginable.
ter kinds. We have also tested the choice of a unique lattice For a given alloy with a homogeneous average composi-
constant for all clusters. The minimization of the corresponddion x two extreme limiting situations can be considered for
ing free energyF(x,T) gives an averaged lattice constant the strain distribution. Assuming lfomogeneous strain dis-
that indeed fulfills Vegard's rule. However, this free energytribution the same in-plane strain occurs in all clusters. The
does not give the minimum energy of the system in contrasstrain tensor component;|=(a;—a;)/a; becomes inde-
to the method used by us here. These findings are in agrependent off and takes the same valeg(x). However, this
ment with more general predictiof. model cannot completely correctly describe real biaxially
The described method has an additional advantage. Istrained alloys. In agreement with the assumption that each
principle, in the total energy calculations using a cube onlycluster takes its own equilibrium volume, the straf),
the inside cations are allowed to relax to account for the=(a—a;)/a; in the clusters should be different. One as-
bond length alternation. Thus, for a given cube the secondsumes that, for instance during pseudomorphic growth, the
nearest neighbor relaxation in the alloyed sublattice is nesubstrate determine@nd hence fixgsthe in-plane lattice
glected. However, we go beyond this limitation. We relaxconstanty in each cluster at the same value. Consequently a
the second-nearest neighbor distances by assuming differespatiallyinhomogeneous strain reliefccurs. The strain var-
volumes for the various configurations. It has been found fores locally on a characteristic length of the order of the clus-
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ter size. In order to obtain the homogeneous or inhomoge: %2
neous strain distributions, we fix the in-plane lattice constant

aj|| in each cluster and minimize the total energy of the crys-

tal with corresponding cluster supercells with respe@;to. o1 | L L0
The in-plane lattice constard; follows either from ¢, FaNS e
= ¢ (homogeneous situatipror a;=a, (inhomogeneous AN ' '
situation). oo bl N TN

e
O
e

T=800K T=950K T=1100K

E. Total energy VoL S VoL N

: . orly ous S Ly IR
The total-energy calculations for each cluster kind are Voo AN 2

based on the density functional theo{®FT) in the local LS L !
density approximation(LDA).*° Besides the valence elec- e
trons also the semicore Gadand In 4d states are explic- 25 "y o 0o Y o 00 03 1o
itly considered. Their interaction with the atomic cores is
treated by non-normconservingab initio Vanderbilt
pseudopotentials: They allow a substantial potential soften-  FIG. 2. Excess cluster population;sjex?) for the five clusters
ing also for first-row elements with the lack of cqnae;lec- j=0, ... ,4considered for unstrained,/Ba _,N.
trons as well as for the attraction of shallavelectrong’? As _ Il RESULTS AND DISCUSSION
a consequence of the optimization the plane-wave expansion
of the single-particle eigenfunctions may be restricted by an A. Equilibrium and fluctuations
energy cutoff of 22.2 Ry for all nitrides and their alloys. The
cutoffs have been carefully tested in the case of bulk Strucc':rystals for the example of unstrained@g,_,N alloy. The
tures, cleavage and basal-plane sqrféé@nwever, tobeon complete randomness is defined by the regular solution
the safe side the cutoff is substantially increased since in tthodeI, for which the quantities® in Eq. (13) give thea
ternary alloy case shorter bond lengths as in the binary ”ipriori fractions of clusters of théth type. Thus, the devia-
trides occur. The electron-electron interaction is describedyng x—x% of the randomness are given by the
within the Ceperley-Alder scheme as parametrized by Perfempera{ureidependent actual fractiansn Eq. (16). These
dew and Zunget! The k-space integrals are approximated gycess probabilities to find clusters pjh kind, x; —x?, are
by sums over a ¥5X5 special-point mesh of the piotied in Fig. 2 for characteristic growth temperatures T
Monkhorst-Pack typ® within the irreducible part of the Zggg 950, and 1100 K. Note that the shapes of the curves
Brillouin zone (BZ). Our calculations employ the conjugate- at the three temperatures are similar, but the amplitudes of
gradient method to minimize the total energy. Explicitly we the deviations from the complete random populations are
use the Vienna Ab-initio Simulation Packafe. larger for the lower temperatures. The symmetry known for
In order to determine the cluster energies;  the random probabilitiex; is destroyed. The true cluster
=¢j(,a;,) the lattice constanis;;| anda;, are keptfixed fractionsx, andx, as well asx, andx; are different. This is
in a first step. All atomic coordinates in the supercell area consequence of the different cluster energigsIn con-
relaxed until the Hellmann-Feynman forces vanish. In a secyast to the AjGa,_,N system the deviations from the ran-
ond step the total energy is minimized with respecfo  dom population are substantial in,®a N reflecting the

using a parabola fit. For each clusferthe second linearly  stronger tendency towards clustering. Independent of tem-
independent component of the diagonal strain tensor fo”OWEerature and composition excess is found fer0 and j

from the relatione;, =(a;, —a;)/a;. The diagonal elements — 4 This is in agreement with the lattice-matched

of the stress tensor Al;Ga,_ jAs, clusters but in disagreement with other lattice-
mismatched I1I-V compound¥.

Composition x Composition x Composition x

We first investigate the randomness of the mixed nitride

o= (e € +ci%; The cluster fractiong; immediately give the mean-square
deviationAx of the compositiorx according to expression
O-jLZZC];LZEjH'i_CJ;LlGjL (18) (10). The corresponding results are represented in Fig. 3.

They basically show the same dependence as the high-

with the elastic stiffness constarﬁﬁﬁ give with the bound- ':emperature resulx= VX(.l._X)/z' Ho_wever,_ for It_)wer
ary condition,o-, =0, the relation emperatures the compos[tlon fluctuations ;hghtly increase

I+ and the mirror symmetry with respectxe-0.5 is destroyed.
The maximum fluctuations occur for molar fractioxs 0.5.
The two tendencies are again stronger fgQg _,N. In the
case of AlGa _,N the random limit is rather independent of
The comparison of thea;, -lattice constant versus the temperature. It should be noted that the large fluctuations
a;)-lattice constant with Eq19) allows the determination of obtained are occurring in the length scale of the clusters

the ratioc;7/c}" for each cluster. A measure of the averagedused.

elastic properties, the bulk modulus ,Bfollows from the The cluster energies; also define the mixing internal
volume dependence of the total energy described by Murenergy (or the mixing enthalpy according to expression
naghan equation of staté.The configurationally averaged (12). Results for AU(x,T) are plotted in Fig. 4 for
guantitiescq,/c4; and B, are computed by means of Eg). In,Ga, _4N. The deviations o&; from a linear behavior with

€. =—2(ciUcH e . (19)
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FIG. 3. Mean-square deviatiods« of the averaged composition
x in In,Ga _,N and AlLGa _,N alloys. Three different tempera-

Composition x

FIG. 5. Bulk modulus B versus composition. The temperature is
fixed atT=950 K.

turesT=800(1), 950(2), and 1100(3) K are considered. are plotted in Fig. 5. Because of the extremely small tem-

perature variation oB, only one temperaturgd =950 K is

the cluster kind have an important consequence, the mixingconsidered. The composition dependence in the case of
enthalpy becomes asymmetric. It cannot anymore be deAl,Ga,_,N practically vanishes due to the nearly identical
scribed by an expression such&b =Qx(1—x), as in the bulk modulus values of the underlying binary nitrides. A
case of the ideal solution mod¥l.Rather a composition- bowing occurs for IpGa _4N. It nearly holds Bk)=(1
dependent quantitf) has to be considered. Its maximum —X)B(GaN)+XB(INN) —Byo,X(1—X) with Byo,=29 GPa.
value (per cation-anion pairdetermines the critical tempera- The values for the binary nitrides are about 10 GPa some-
ture in the mixed crystal bkgTqi=Qmad2. Hence, the what _Iarge4rB 50than values obtame_d _ from other
composition dependence d® influences the miscibility calculatlons_5.' - Altog_e_ther, the We_ak variation of the_bul_k
gap?8 The mixing enthalpy of AlGa N is not plotted in modulus wnh composition can be mterpreted as an indica-
Fig. 4. It is practically zero for all temperatures. Conse-tion for a reliable approach to the mixed crystals.
quently the critical temperature approaches to zero within the Figure 6 depicts the mixing free energy resulting for
GQCA. Within a treatment as a regular solutiog % x7) we InyGa ,N. The shapes of the curves versus the In molar
estimate a valud ;=87 K. fraction are asymmetric. Below the critical temperatUigg,

The volume dependence of the cluster energiegives ~ — +29° K the excess free energy shows a common tangent
the bulk moduli B (cf. Sec. IlB. The corresponding con- at two d|ﬁ¢rent>§ values indicating the te”?'e'f‘C_Y for phase
figurationally averaged values as obtained through expred€cOmposition, i.e., the occurrence of a miscibility gap. Ac-

sion (9) of the isothermal bulk modulus versus compositioncording to expressions), (4) and(5) the knowledge of the
free energies allows the construction of a phase diagram.

Because of the low valu&,; this is somewhat unrealistic

0.07 X .
for AlLGa_yN. The T—x phase diagram resulting for
In,Ga, _,N is represented in Fig. 7. More in detail Fig. 7
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FIG. 4. Mixing enthalpyAU(x,T) for In,Ga _4N per cation-

anion pair. Three different temperatur€s- 800 (1), 950 (2), and

1100(3) K are considered.

sus compoaosition.

Composition x

FIG. 6. Mixing free energyAF(x,T) of In,Ga _,N alloys ver-
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“. FIG. 8. Configurationally averaged lattice paramedeversus
; compositionx for In,Ga, N and AlGa _,N. The temperaturd
250 - \ =950 K is assumed. The range of the fluctuations in the lattice
) constant is indicated by dashed lines.
il
'\ method and the regular-solution limit. However, our phase
0 " 1 " 1 L 1 i 1

. diagram in Fig. 7 is much more asymmetric than the other
0.0 0.2 0.4 0.6 0.8 1.0 ones. In particular, we obtain a larger range of miscibility for
higher In molar fractionx. Moreover, the phase boundaries

are much steeper for—0 andx—1 than for ideal alloys.
FIG. 7. T-x phase diagram of [i6a N ternary alloy system. These observations are consequences of the more asymmet-
Solid line: binodal curve; dashed line: spinodal curve. ric excess internal energy shown in Fig. 4 and the use of the

GQCA for the alloy statistics.
shows the spinodal and binodal curves calculated within the

GQCA and theab initio total energy method. The spinodal B. Structural parameters
curve in the phase diagram marks the equilibrium solubility . . . .
limit, i.e., the miscibility gap. For temperatures and compo- Discussing the structure}l properties of.the ternary nitride
sitions above this curve a homogeneous random alloy is pré”llloys we quus our _atten'uon to the configurationally aver-
dicted. In the temperature-composition area below the bin29€d quantities, lattice constaat bond lengthsdyy and
odal curve spontaneous decomposition occurs into alloyScan, @ Well as second-nearest-neighl@KN) distances
with fixed compositions defined by the spinodal curve at theé!xx: dx-ca@nddcaca The results are presented in Figs. 8,
considered temperature. The phase separation, which should @1d 10- In general, the deviations of the bond lengths and
occur at growth temperatures in,®a, _,N, is driven by the
internal strain due to the mixing of the two Iattice-
mismatched components InN and GaN. Fog0.5 (x
=0.5) indium (gallium) atoms are excluded from the .
In,Ga, N lattice to form alloys of different compositions, . . i ’
hence, locally the strain is reduced, with a consequent reduc - ’
tion of the strain energy of the system.
More in detail, for a typical growth temperature of

=1000 K the solubility limit of INN(GaN) in GaN (InN) is L

less than 5%10%). However, the phase diagram also indi- sl ‘ | I I )
cates that in a wider range between spinodal and binoda ¥ Ga-N 1 ? ! GaN
curves the random alloy may exist as a metastable phase | L li B RRTE
The decomposition tendency is much larger for an In content 1 TN
of 16 until 75%. Such a picture is in agreement with experi- — 1gslo1 1+ o | N SRS S .
mental findings:**51~53The phase diagram depicted in Fig. 00 02 04 06 08 L0 0002 b4 06 08
7 is also similar to that obtained by other authdr$® The Composition x Composition x

main difference to the results of the other DFT-LDA  fiG. 9. Averaged bond lengthsolid lineg in InGa_,N (a)
calculations is due to regular-solution model used in Ref. 5 gng ALGa _,N (b) versus composition. The temperatui®

and the calculation of the mixing enthalpy by using only one=950 K is assumed. The dashed line corresponds to the fictitious
alloy configuration. The agreement with Ho and common bond length according to Vegard's rule. The filled squares
Stringfellow as well as Saito and Arakaffais surprising

(Ref. 32 and circles(Ref. 549 describe measured values. Vertical
because these authors perform the calculations within a VVFFnes correspond to experimental error bars.

Composition x

@ | ()

205 | .

200 | 4

Bond length (A)
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experiment>®*two different bond lengthslyy (X=In,Al)
anddg,.n Occur in Fig. 9. Apart from the small overbinding
effect due to the used DFT-LDA, there is not only a quanti-
tative agreement with the recent experimental results ob-
i tained by means of an extended x-ray absorption fine struc-
i ture (EXAFS) technique for MBE IgGa _,N layers? but

i also for AL, Ga,_N alloys>* The same reasonable agreement
I can be stated with recent VFF calculations using extremely
large supercell&®3° This holds in particular taking into con-
sideration the fluctuations of the bond lengths calculated in
accordance with the findings for the lattice constants in Fig.

- - 8. Figure 9 makes obvious that Vegard's rule fails for the
30 L L1 bond lengths of both g, ,N and ALGa, N as in other
b E 0 a8 1000 0r 4 B 080 -V ternary alloys (cf. Refs. 36 and 37 and references
therein.

FIG. 10. Averaged second-nearest-neighbor distar(setid The 2NN cation distances, .y (X,Y=Al,Ga,In) are plot-
lines) in In,Ga,_«N (a) and ALGa_4N (b) versus composition. ted in Fig. 10 versus composition. These distances also do
The temperaturd =950 K is assumed. The filled squatesnd  not follow Vegard’s rule. Rather, in &g _,N ternary al-
circles/trianglegRef. 54 describe measured values. Vertical lines loys four distinct values are observed in Fig(&0The mag-
correspond to experimentelll error bars. Dashed lines linking th‘?\itude ofdy_y follows the covalent radii of the contributing
measured values are to guide the eyes. atoms. Hence, the sequence of decreasing distances In-In,

. . In-Ga and Ga-Ga occurs. Taking into account the overbind-
2NN distances are more important for,@® ,N. The g tendency in DFT-LDA, again qualitative and quantitative
changes are much smaller in the &8, _,N case due to the  55reement with experimentaland other theoretict® pre-
smaller lattice mismatch between AIN and GaN. The SeConddictions can be stated, in particular if the uncertainties due to

nearest neighbor distancdg. are not given in the figures. the length fluctuations and the method of determining the

Due.to the "”?'ted size of the considered clusters Fhe Changf?—:ngths are taken into consideration. Qualitatively the same
in this length in dependence on the In or Ga atom in betweeBehavior is observed for AG N [cf. Fig. 1ab)]. How-
the two nitrogen oné8 cannot be described. The configura- o & —x - 9. '

ever, the variations are much smaller due to the smaller lat-

tionally averaged lattice constarasin Fig. 8 clearly fulfill fice mismatch between AIN and GaN than NN and GaN.

Vegard's law for both the ternary alloys ,@a_,N or . ,
Al Ga,_N. Thereby the influence of the temperature varia-A1s0 th2e54§greement with other calculatidhand measured
values?>*is reasonable.

tion is negligible. The curves for other temperatures fall to-
gether with the line drawn in Fig. 8. Figure 8 also indicates C. Influence of biaxial strain
the influence of the fluctuationsa of the lattice constara
in dependence on the averaged composik¥okVhereas for
Al,Ga, _,N these deviationaa are small compared to the

| ®

2NN distance (3)

31

Composition x Composition x

Again we focus our attention to the ternary,Gg _ N
alloy system. We expect much stronger changes than in the
. : 2 = AlGa 4N case. Due to the minor lattice mismatch between
averaged lattice constast |ts¢If, they are nonnegl!glble N AIN and GaN, the strain-induced changes of the properties of
the I”‘.Gai‘XN alloy. For an intermediate composition wf Al,Ga N should be similar to those already known for the
=05 it holdsAa=0.15 A. That means, the mean-Squarey;nary crystals AIN and GaN. First of all, we show in Fig. 11

deviation of the lattice constant am_ounts about 3%. Th|s_ hapthe influence of compressive strain on the excess free energy
pens already for a rand_om alloy without an_y_o_lecomposmonfor different temperatures. In the calculation we have as-
In contrast to the lattice constant the definition of the con-

f ional 17 h b lized for the fi sumed that the random alloy is homogeneously strained, i.e.,
igurational averagé 7). as to be generalized for the first- 5 o) sters of different kind are strained by the same in-
and second-nearest neighbor distantgs , because differ-

; i %-Y exist i | Rather. i plane straine = —0.01 or —0.05. Figure 11 shows that the
Egrdt;/pes of atomic pairs-Y exist in one cluster. Rather, It o, cogs free energy is decreased by the elastic energy due to

the build-up strain. At least, there is a tendency towards
more negative excess free energies. Consequently the misci-

S xinl i bility gap shoulq be decreased. In the corresponding
[Sp TITRYEXY phase diagrantFig. 12 such a trend is indeed observed. For
dxy=—73—", (200 a small biaxial strain of-1% the critical temperature is prac-
E Xj”%(-Y tically not changed, comparing with that of the unstrained
j=0 alloy (Fig. 7). The phase diagram becomes only slightly

P ) ) more asymmetric. The reason is the extremely small elastic
whereny y is the relative number oK-Y distances X-N gnergy. However, drastic changes occur for larger biaxial
bond lengthX-Y cation-cation 2NN distance® the cluster.  srains, since the strain energy is proportional to the square
There are constraintsiy \+ng.n=1 and nky+nkea  of the in-plane straing . In the case of~5% strain the
+NGaca=1 (X=In or Al) for each cluster typg The char-  critical temperature is reduced by about 120 K. Simulta-
acteristic distanced}_, are taken for each cluster from the neously the miscibility gap as well as the region of sponta-
results of the total-energy optimization. In agreement withneous decomposition is reduced, in particular for larger In
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FIG. 11. Mixing free energy of homogeneously strained FIG. 13. Mixing free energy _of inhomoge_neously strained
In,Ga, ,N alloys versus composition for three different tempera-'NxGa-xN alloys versus composition for two different tempera-
tures T=700, 1000, and 1300 K. The biaxial strain is varied tures T=700 and 950 K. The biaxial strain is defined lay
—0.00(solid line), —0.01 (dashed ling and—0.05 (dotted ling. ~ — acan (Solid lin€) or a=ay,y (dashed ling

. : most linear variation of the ratio;»/cq; with x between the
molar fractions. One can indeed speak about a tendency foral es known for GaN and InN. Hence. one has also to con-
suppression of the phase separationlimGa, _,N due to vau W ' ’

clastic strain sider the situation of an inhomogeneous strain distribution in
There are indications that the assumption of an equatlhe alloy on a microscopic length scale. In agreemgnt with

strain in all microclusters of the alloy is not suitable. For 9N of the basic a_ssumptlons of the alloy description, that

instance, we observe a nonlinear behavior of the ratioeaCh cluster takes its own volume, we assume a pseudomor-

Cq1o/Cq Of the elastic stiffness constants versus compositior‘?hlcally strained alloy. That means, each clugterstrained

considering both a compressive and a tensile strain of 10/6':\ccord|ng to the buildup lattice constaaf. The in-plane

Only the arithmetic average of the two curves gives an alSt@n I each cluster is therefore given by, =(a
—a;)/a;. In the following we consider two extreme different

inhomogeneous strain situations, the pseudomorphic growth

1600 of the ternary 1gGa,_,N alloy on a binary nitride substrate,
: GaN witha;=agay Or INN with aj=a -
1400 The resulting thermodynamic potential is represented in
Fig. 13. The assumed inhomogeneous strain distribution
i drastically influences the mixing free energy of the system
1200 |- by changing mainly the mixing enthalpy. Due to elastic en-

ergy of each cluster- esz the internal energy of mixing is
remarkably reduced, even changing sign, in comparison with
the strain-free situation shown in Fig. 6. The free energy
exhibits only one minimum at an intermediate molar fraction
x. Consequently, the critical temperaturg;; of an inhomo-
geneously strained }&a 4N alloy approaches values small
compared to the growth temperatures or even vanishes. Con-
sequently the ideal random alloy system is stabilized in the
entire composition range independent of temperature. One
observes not only a suppression of the tendency for phase
separation in the pseudomorphically grown alloy layers, but
no phase separation for sufficiently large biaxial strain as
considered in Fig. 13. This result explains why, for example
in In,Ga, _,N epilayers with In content up ta=0.3 and
grown at temperatures of 1150-1200 K no evidence for
o T phase separation has been obseR/&d.

0.0 02 0.4 0.6 0.8 1.0 Since the in-plane lattice constaaf is fixed for each
cluster, it also represents the averaged in-plane constant for
the entire alloy system. On the other hand, we have deter-

FIG. 12. T-x phase diagram for homogeneously strainedmMined the lattice constantg, by a total-energy minimiza-
In,Ga, _N. Binodal curves: thick and thin solid lines; spinodal tion for each cluster. Hence, the averaged lattice constant
curves: dashed and dot-dashed lines. of the alloy system can be determined using expres&@an
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0.75 In,Ga; _,N and Al,Ga; _,N alloys. We have combined the
cluster expansion method with the generalized quasichemical
approach anab initio DFT-LDA calculations. Cubes or de-
0.70 - | formed cubes with eight atoms have been used as basic clus-
ters. They have the advantage of a chemically ordered sur-
face given by the nitrogen second neighbors of a central
nitrogen atom. The cluster statistics has been described
L within the generalized quasichemical method that introduced
a temperature dependence of the cluster fractions. The total
energy of each cluster has been calculated within a
I pseudopotential-plane-wave code at the equilibrium lattice
constants of each cluster. The configurationally averaged
quantities then follow by a summation over the quantity be-
ing characteristic for each cluster and weighted by the frac-
0.50 S o o tions of clusters. Biaxial strain has been taken into account
0.0 0.2 0.4 0.6 0.8 1.0 by fixing the in-plane lattice constant. We considered two
different situations, homogeneously strained alloys and inho-
mogeneously strained alloys, where the strain in each cluster

FIG. 14. Macroscopic strain ratie e, /2¢, versus composition. IS €ither equal or different.
Solid line: InGa_,N grown on GaN; dashed line: /6a,_ N Whereas the immiscibility does not play a role for the
grown on InN. Al,Ga _,N system, we observe a broad miscibility gap for
growth temperatures around 1000 K for unstrained
The comparison of the lattice constarsts and a, of the  InG& N alloys. The critical temperature is about 1295 K.
strained ternary nitride with the lattice constanta(x) of ~ However, there is also a wide range of compositions where a
the unstrained alloy yields the macroscofiit the sense of random IRGa_,N alloy may exist as a metastable phase.
the configurational averapestrain by ¢,=(a;—a)/a and T_h_e resulting structural properties, in particular the compo-
€, =(a, —a)/a. Assuming that Hooke’s law is still valid sition dependence of the lattice constant, the bond lengths
(What is perhaps not true for about 10% strain in certairﬁf_\d the second-nearest neighbor distances are in agreement
clusters, the ratio— e, /2¢ defines the ratie,,/c;; of the Wlth results of other calg:ulatlons or measurements. We pre-
averaged elastic coefficients according to 8¢). This ratio dict remarkable fluctuations of the structural parameters for
is plotted in Fig. 14 versus composition. Indeed in the limitintermediate In molar fractions.
of vanishing strain, i.e., iGa,_,N with x—0 grown on A biaxial strain is extremely important for the miscibility
GaN and InGa,_N with x—1 grown on InN, the ratios behavior of the alloys. In the case of cubig®®, N the
c1,/c1;=0.54 and 0.69 observed for the respective binarystrain effects on the immiscibility suppression can be dra-
nitrides are recovered. These ratios slightly increqse ~ Matic. This effect is more pronounced for more In-rich
crease with rising (decreasing In molar fraction x for ~ samples. In general, the region of spontaneous decomposi-
growth on GaN(InN). The weak variation of the ratio ~tion is reduced. By considering an inhomogeneous strain dis-
— €,/2¢| with composition in Fig. 14 should be interpreted f[rlbutlon over the clusters cont_rlbutlng to the ternary alloy, it
that both important assumptions are reliable, the validity ofS Shown that a regular behavior of the structural and elastic
(i) the 16-bond cluster approach afiid the inhomogeneous prope_rt_les are obtained. In this limit the miscibility gap and
strain distribution on a microscopic scale. Two reasons caff'€ critical temperature are remarkably reduced. At in-plane
be mentioned. The 8-atom clusters already allow the model&ttice constants of the underlying binary compounds the
ling of the strain on a microscopic scale. The contribution ofPhase separation is even completely suppressed.
a microclusteyj, for which the assumption of a pseudomor-
phic strained lattice is perhaps unrealistic, contributes to the ACKNOWLEDGMENTS
random alloy only with a small probability; .
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In conclusion, we have presented a combination of differ-agency. A part of the numerical calculations has been per-
ent methods to study unstrained and strained ternarformed at the supercomputer center NiQichu
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