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We show that the energy of substitutional randomization of atoms in zinc- 
blende compounds is surprisingly small. This suggests the existence of a new 
class of defects in these materials ("random aggregates"), which consist of 
regions of ~< 10 atoms where the sites of the diamond lattice are randomly 
occupied by A or B atoms in place of the ordered AB crystal occupancy. The 
structural and electronic properties of these defects are outlined. 

Substitutionally disordered phases appear above 
a critical temperature in many semiconductor al- 
loys 1 and ternary compounds, 2,3 such as Ge=Sil_=, 
Al=Gal_zAs, and CuInSe2. In this paper, we in- 
vestigate the possibility of substitutional disorder 
(not amorphization) in zinc-blende III-V and II-VI 
semiconductors. We find that the enthalpy needed 
to transform these materials from the ordered zinc- 
blende structure, in which cations and anions oc- 
cupy different sublattices, to a random diamond- 
like structure, in which each sublattice is equally 
occupied by cations or anions, is surprisingly small, 
compared with antisite formation energies. Al- 
though the disordered diamond-like phase is not 
thermodynamically stable as a macroscopic crystal, 
small regions (e.g., ~< 10 atoms) of such substitu- 
tional disorder can exist below the melting point of 
the crystal. Such regions form a new class of crystal 
defects, which we call "random aggregates" (RAs), 
with formation energies per cluster comparable to 
those of single point defects. We will outline the ex- 
pected structural and electronic properties of these 
defects. 

The randomization energy, AER = E(random) - 
E(ordered), of an ordered compound has two ma- 
jor components: 4,5 size mismatch and valence mis- 
match. Size mismatch ' dominates in isovalent sys- 
tems, including IV-IV alloys (GezSil-z), which 
form a diamond-like disordered phase, and pseu- 
dobinary III-V alloys (GaAsl_zSb=, GazInl_=P), 
which, upon randomization of the isovalent atoms, 
form a zinc-blende-like disordered phase. The en- 
ergy difference reflects the fact that certain or- 
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dered structures better accommodate the strain re- 
suiting from atomic size mismatch than does the 
random alloy. For the chalcopyrite structure of 
GaAs0.sSb0.~, 4 AER = 8.5 meV/atom at T=800 K. 
In non-isovalent ABC2 compounds (e.g., CuInSe2) 
an additional contribution to the enthalpy of ran- 
domization comes from the valence mismatch. 2,3,5 
These occur when some of the C-A2B2 tetrahedra 
of the ordered chalcopyrite structure, which satisfy 
the octet rule, are replaced in the disordered phase 
by C-AsB and C-AB3 tetrahedra, which do not sat- 
isfy the octet rule individually. The enthalpy of 
cation randomization in CuInSe2 is 20 meV/atom. 3 

In this context, it is interesting to examine the 
enthalpy of randomization for common zinc-blende 
(ZB) semiconductors, such as GaAs. In the or- 
dered ZB structure, each of the two fcc sublat- 
tices is occupied exclusively by either Ga or As. 
On theother hand, the hypothetical perfectly ran- 
dom structure contains equal numbers of Ga and As 
atoms on each sublattice, and exhibits a diamond- 
like diffraction pattern. Each lattice site is sur- 
rounded by one of five possible tetrahedra: Ga4, 
GaaAsl, Ga2As2, GalAs3, As4, (In the ZB struc- 
ture, a Ga atom is always surrounded by four As 
atoms and an As atom by four Ga atoms.) The en- 
thalpy of randomization in this non-isovalent sys- 
tem is dominated by the cost of forming "wrong" 
Ga-Ga and As-As bonds that do not individually 
satisfy the octet rule. Since half of the atoms in the 
random structure will be on the correct sites and 
half on anti-sites, one might have guessed that the 
enthalpy of randomization can be approximated by 

/2 per atom, where J~ is the average energy for 
the formation of the two types of antisites from the 
perfect crystal. For example, let us look at GaAs 
and ZnSe, which have been investigated with first- 
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principles pseudopotential calculations by Baraff 
and Schlfiter 6 for GaAs, and Laks et al. 7 for ZnSe. 
The average formation energy relative to the per- 
fect crystal, AEN = 2/~, for neutral (N) isolated 
antisite defect pairs is 6.2 eV in GaAs and 9.5 eV 
in ZnSe, or 0.78 eV and 1.19 eV per wrong bond 
(WB), respectively. The estimated randomization 
energy would then be E /2  = 1.55 eV for GaAs and 
2.38 eV for ZnSe. As a model for the alloy, however, 
J~/2 is a substantial overestimate because it over- 
looks the effects of charge compensation and de- 
fect condensation. First, transferring two electrons 
from the donor-like AsGa to the acceptor-like GaAs 
in GaAs reduces the energy of the pair to 4.5 eV. 6 
This charge transfer gain, AEcT = -1 .7  eV per 
pair, equals twice the donor-acceptor band gap of 
1.2 eV (the difference between the donor and the 
acceptor levels) minus the electron-electron repul- 
sion, U = 0.7 eV. Second, placing the two antisite 
defects on neighboring sites allows a further energy 
reduction because the number of wrong bonds is 
reduced from eight to six, and because of the gain 
in Coulomb attraction between the two charged de- 
fects. This condensation energy gain, - A E c ,  re- 
duces the total energy to 1.8 eV per defect pair, 
or 0.3 eV/WB. 6 In ZnSe the two types of an- 
tisite defects introduce closely spaced (mid-gap) 
levels, so the donor-acceptor band gap is nearly 
zero; consequently, AEcT is small (-0.03 eV). 
But because A E c  (= -0.31 eV/WB) is significant, 
the formation energy of the nearest-neighbor an- 
tisite pair is substantially reduced, to 5.1 eV per 
pair, 6 or 0.85 eV/WB. Table I summarizes the 
components of the wrong-bond formation energy 
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AEWB ~-- AEN + AECT + AEC, showing that 
A E  N and [ AEC [ increase as the band gap in- 
creases from that of GaAs to that of ZnSe, while 
[ AECT I decreases. The total wrong bond energy 
(AEwB) increases with with the valence mismatch 
(2 in GaAs, 4 in ZnSe) between the two types of 
atoms. 

Charge transfer and condensation will also exist 
in the randomized ZB compounds. We have di- 
rectly calculated the enthalpy of randomization us- 
ing the Special Quasirandom Structure (SQS) ap- 
proach, s The SQS technique mimics the average 
structure of a random alloy by selecting the occu- 
pations of atomic sites in a supercell to best match 
the 
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the energy of the random phase of InSb, and find 
that  AEwB = 0.29 eV. Note that  these wrong bond 
energies are almost the same as those calculated for 
the nearest-neighbor antisite pair (Table I). Indeed, 
almost identical AEwB values were found in for 
Ga-Ga and As-As wrong bonds in calculations for 
GaAs/Ge superlattices (AEwB = 0.33 eV) 1° and 
GaAs antiphase boundaries (AEwB = 0.35 eV) n .  
This shows that  charge compensation occurs in a 
variety of environments and is well characterized 
by AEwB. 
The limits of the thermodynamic stability of the 

diamond-like random phase can be found from an 
Ising model for the diamond lattice, with coupling 
parameter  J = AER/2. The disordered phase 
would only be stable above the critical tempera- 
ture Tc = 2.704J. 12 Our calculated values of AER 
give To= 5,650 K for GaAs and 12,550 K for ZnSe 
well above the melting point of either compound. 
Despite this, microscopic regions of random order 
("random aggregates", or RAs) in a GaAs crystal 
could occur. To investigate this, we picture a region 
of s < 10 atomic sites, denoted RA,, whose occupa- 
tions axe chosen randomly. Most RAs will change 
the stoichiometry of the crystal, and their forma- 
tion energies will depend on the chemical potentials 
of the atoms of the crystal. For RAs that  preserve 
stoichiometry, we can get a good estimate of RA 

formation energies from AEwB, which, as noted 
above, is nearly constant in a variety of different en- 
vironments. We approximate the formation energy 
of an RA by AEwBNWB, where NWB is the num- 
ber of wrong bonds in the RA. 
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than there are of stoichiometric ones. While stoi- 
chiometric RAs can be described as clusters of anti- 
site pairs, non-stoichiometric RAs cannot. Some of 
these RAs could have large equilibrium concentra- 
tions in either Ga-rich of As-rich material. Second, 
for material cooled rapidly from the liquid state, 
such as laser-annealed GaAs, large concentrations 
of RAs could be frozen in. Because of their low 
formation energy, RAs will anneal out slowly dur- 
ing cooling. A recent simulation of liquid GaAs 
using ab initio molecular dynamics techniques, 14 
found that the liquid still contained many covalent 
bonds, of which 27% were wrong bonds between 
two were 
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dered GaAs is significantly reduced by the presence 
of the P2 states, and that the sharp peak at -6  eV 
in the ordered structure is greatly broadened (P3). 
The band gap of SQS GaAs is reduced to nearly 
zero; SQS ZnSe actually becomes a metal. 
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