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Strain-induced ordering in In  ,Ga;_,N alloys

L. K. Teles, L. G. Ferreira,? J. R. Leite,” and L. M. R. Scolfaro
Instituto de Fsica da Universidade de 8aPaulo, Caixa Postal 66318,
05315-970 Sa Paulo-SP, Brazil

A. Kharchenko, O. Husberg, D. J. As, D. Schikora, and K. Lischka
Universita Paderborn, FB-6 Physik, D-33095 Paderborn, Germany
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The energetics and thermodynamic properties of cubig¢li,Ga; _N alloys are investigated by
combining first-principles total energy calculations, a concentration-dependent cluster-based model,
and Monte Carlo simulations. The search for the ground-state energies leads to the conclusion that
biaxial strain suppresses phase separation, and acts as a driving force for chemical ordering in
c-In,Ga N alloys. Ordered superlattice structures, with composities0.5 and stable up to
T=1000 K, arises as the relevant thermodynamic property of the strained alloy. We suggest that the
In-rich phases recently observed by usdnGaN/InGa, _,N/GaN double heterostructures are
ordered domains formed in the alloy layers due to biaxial strain.2003 American Institute of
Physics. [DOI: 10.1063/1.1583854

Considerable effort has been devoted in recent years tgrown by plasma-assisted molecular-beam epitaxy on top of
the study of the structural and optical properties of hexagonahick GaN buffer layers previously grown on GaA6l)

(h-) and cubic ¢-)In,Ga _,N epitaxial layers:2 The moti-  substrates. High-resolution x-ray diffractigflRXRD) and
vation behind these investigations is the fact that thephotoluminescence experiments were combined to show the
In,Ga, _,N ternary alloy is the active medium in the highly presence of strained nanometer scale In-rich ph@3Bs) in
efficient quantum-well structure light-emitting diodes and la-the c-In,Ga, _,N layers. Figure 1 shows the distribution of
ser diodes operating in the short-wavelength visible and U\Mthe scattered x-ray intensities in reciprocal sp@eeiprocal
regions of the spectrum. One important issue that has aspace mapsof the asymmetric (13) Bragg reflexes of
tracted considerable attention is the origin of the light-c-GaN/InGa,_,N/GaN DHs with alloy layer compositions
emission process in these devices. It has been argued that0.33 andx=0.091? Strained In-rich phases with=0.55
self-organized nanometer-scale In-rich quantum dQBs), andx=0.57, respectively, are clearly observed in the mdps.
originated from In segregation taking place in theGa, _,N The striking feature of the HRXRD reflexes is the fact that
alloys, are the source of a radiative recombination channedll the samples comprise In-rich phases with In content be-
emitting in the blue-green region of the spectrtimThe tween 0.55 and 0.58. Although HRXRD is not sensitive
effect of biaxial strain induced by a pseudomorphic growthenough to detect ordering from the small diffracted volume
process in IpGa N layers has also been investigated andof the QDs, we show here that the In-rich domains in our
its relation with phase separation suppression effects ha3Hs are probably ordered phases, as detected in the
been establisheti’ h-InGaN layers.

Recently, it has been reported that the ternag@h_ N In this letter, we show from theory that ordered phases
alloy can also be chemically order®d-! The effect was de- with composition of abouk=0.5 arise from the thermody-
tected orh-In,Ga; _,N epitaxial layers grown of0001) sap- namic properties of the ®a, _,N alloy under external bi-
phire substrates. Transmission electron microscOfyM) axial strain. The alloy energetics and thermodynamics are
experiments were carried out on Qu2a layers with alloy investigated by combiningb initio total energy calculations,
composition varying from 10% to 60% grown on top of thick a concentration-dependent cluster-based expansion method,
GaN buffers The diffraction patterns from the InGaN films and Monte Carlo(MC) simulations**~*° Total energy and
show superlattice spots, allowing the identification of the or-electronic structure calculations of each basic configuration
dered Ip sGa, sN phase. Ordered §nGa, 5N domains of ap- required by the cluster expansions are carried out by using a
proximately 20 nm were observed by TEM in 0.3—@B  pseudopotential method(Vienna Ab-initio Simulation
h-In,Ga,_4N layers with x=0.25 andx=0.491° Ordered Package-vasp code within the framework of the density
Ing 2:Ga -\ domains were also observed in these films.  functional theory and the local density approximattdiiwo

We recently investigated the structural and optical prop-structures are assumed: zinc-blende, to describe the fully re-
erties of c-GaN/InGa _,N/GaN double heterostructures laxed alloy, and tetragonal, to simulate the pseudomorphi-
(DHs) with In content varying fronk=0.09 tox=0.33 and  cally grown alloy on rigidc-GaN (001) buffer layers. The
alloy layer thicknesses of about 0.g83n.°> The DHs were tetragonal configurations are suitable to simulate the

In,Ga, 4N alloy lattice matched tac-GaN in the (001
dpermanent address: Instituto desiEa Gleb Wataghin, Universidade Es- plaqe, ther?fore.under external bIaXIZ.il strain. The fsig)
tadual de Campinas, 13083-970 Campinas, S.P., Brazil. basic configurations used for the zinc-blendetragonal
PElectronic mail: jrleite@macbeth.if.usp.br structures and how their energies are determined are de-
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5 FIG. 2. Schematic representation of some relevant structures for the
= c-In,Ga _,N alloy showing the zinc-blende, the CuAu-I-like layered tetrag-
40r InGaN (x=0.09) onal, the Z2 (GaN)(InN), superlattice and thg3,3] (GaN);(InN)5 super-
/G }( 0.57) lattice structures.
Ee 2 InGaN (x=0.57
< 38} == »
= e InN different structures at the same alloy compositiorTypical
36l /// ordered structures are shown in Fig. 2 labeled according to
) 7 Ref. 22. We use the notatigm,m] to represent a tetragonal
- ) ordered (InN)(GaN),, superlattice with axis in thé001)
34| ¢ InN strained (b) direction.
i ! ! We address first the results for the unstrained or fully
-2.0 -1.9 -1.8 relaxed alloy considering ordered structures with full tetra-
qx(A") hedral symmetries. It is found that for all the alloy composi-

tions, there are no stable ordered structures, showing the ten-
FIG. 1. Distribution of the scattered x-ray inte’nsity in reciprocal sfaee dency of the unstrained )!Gaﬂ.—XN a”oy to undergo phase
ciprocal space mapsof the asymmetric (13) Bragg reflexes of separation as previously report’e‘&

c-GaN/InGa, _,N/GaN DHs. The measured alloy layer compositior{as .
x=0.33 andb) x=0.09. The In content in the separated phage)ix=0.55 We proceed now with the ground state search for the

and (b) x=0.57. The position of the maximum intensity of the GaN and coherently grown IgGa _,N alloy on GaN by considering
InGaN Bragg reflexes of strained and relaxed InGaN layers of varying Inthe tetragonal structures in the energy expansion. The results
content are indicated by full lines. The position of the Bragg reflexes of 3re summarized in Fig 3. where the aIon excess enAt@y
partially relaxed InGaN layer of a given composition is shown by dashed, LI

is shown as a function of the In content for some relevant

ordered structures. The straight-line pieces connecting points

_ _ _ corresponding to the stable ordered structures define the al-

scribed in Refs. 16 and 17. Once the energies of the basigy ground-state linedGSL). For the unstrained alloy, the
configurations are obtained, the cluster expansion, expressed

as a generalized Ising Hamiltonian, is used to calculate the

lines.

alloy energies® This procedure allows us to readily deter- oo .

mine the InGa _,N ground-state structures and, by using [ L2

the MC statistical mechanics technique and the Metropolis

algorithm, to access the JBa N thermodynamic

properties® The six basic configurations were calculated = oot L1 0 .5_31,1]2

with the vasp code for a lattice parameter in the plai@®1), E zo® -

a,, equal to that of GaN on which the alloy is pseudomor- E 0.00 -

phically grown. Contrary to what is usually done in the stan- [1.3] B2 &

dard cluster expansion method, where the lattice pararneter 9 -001 | [2’.3] .

is equilibrated for each basic configuration, in our procedure - [4.4]

we generate a table of energies for each configuration at ¢ -0.02 [3,4] ~=T4,3]

fine net of parameters. A cluster expansion was fit to the 3.3]

VASP results with the feature of having the interactions de- -0.03 . L : L : L . L .
0.0 0.2 0.4 0.6 0.8 1.0

pendent on the local concentration at the sites. This feature
leads to the exact results for the long-period superlattites.
A detailed description of the steps undertaken to obtain theiG. 3. Excess energhE for some relevant ordered structures for the
results discussed in this letter will be given elsewtérehe  InsGa N alloy pseudomorphically grown on rigid Gaf001) buffer lay-

: : ; : : . ers. The solid curve gives the alloy GSL and the dashed line connects the
generallzed IS_Ir)g I_-|am|lto_n|an, or t_he energy expansion Ir‘fwo binary GaN and InN constituents taken as the reference to caldutate
terms Qf mult|S|t‘e interaction energies, a_-HOWS us to Seardﬂn,m] notafion represents a tetragonal order (Io0BaN), superlattice
for the InGa; _,N ground state by comparing the energies ofwith axis in the(001) direction.

Composition x
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strainedIn,Ga N alloy are formed by the mixture of the
two binary constituents, implying the absence of stable or-
dered phases and the tendency of the alloy to undergo phase
separation. The coherence with the relaxed GaN buffer layers
suppresses the tendency of the alloy to separate into their
pure-component “endpoint” phases, and at the same time
greatly enhances its tendency to form ordered compounds at
certain stoichiometric compositions. Our study shows that
the strainedIn,Ga,_,N alloy comprises ordered structures,
or [n,m] superlattices formed by planes of In followed by

m planes of Ga, which are stable up to 1000 K. The alloy
ground-state line shows that the compositier0.5, around
[3,3], is favored, which suggests that the In-rich phases ob-
served in ourc-In,Ga N layers are ordered structures.

<001> direction

This work was supported by FAPESP and CNPq, Brazil-

ian funding agencies, and Deutsche Forschungsgemeinschaft
FIG. 4. Schematic representation of a disordered/ordered phase transitioerG) gag 9s9

for the Z2 structure as calculated from MC simulations. Only the Ga and In(
atoms are schematically shown. The valye=1400 K was determined from
the annealing simulation process.
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