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Ge can be occupied.in (GaAs)l_zGe2z either by Ga 
or by As atoms. If these sublattices are occupied 
equally by Ga and As we have the pseudo-diamond 
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(D) structure; if, however, a sublattice is preferen- 
tially occupied by one of the two species, we have 
the pseudo-zinc-blende (ZB) structure, manifested 
by a [200] diffraction peak, 6,7 forbidden in the dia- 
mond structure. Such a Z B ~ D  transition was ob- 
served in (GaAs)l_zGe~z at a composition xc~ 0.3 
for samples grown by molecular beam epitaxy 6 at 
430* C and at xe ~ 0.4 for samples grown by sput- 
tering techniques. 7 

In addition to the simple percolation approach, 8 
producing xc = 0.572, there are two other rather 
diverging points of view ~ by mond served beam by p e 2 h n i q u e s .  mond 





Vol. 78, No. 4 

of the G a - - G a  and As--As (AZv=+2)  bonds to 
the average energy 5 of the Ga- -Ge  and Ge--As 
(AZv=+I)  bonds. Different calculations 18,19,24 in- 
dicate W/5 ~ 3-4, with 5 > kBTo, where Tg is the 
growth temperature. Therefore, at thermodynamic 
equilibrium AZv=4-2 bonds should occur much less 
frequently than AZv=4-1 bonds. We hence omit 
them from the alloy hamiltonian. 

We model the energy of a non-isovalent system 
containing both normal and AZv = 4-1 bonds by 
considering (AIIIBV)p/(cI2V)p superlattices (SLs). 
The excess energies of such SLs were calculated 23 
using the first-principles self-consistent pseudopo- 
tential method 25 for several orientations and re- 
peat periods. The wave functions for semirelativis- 
tic pseudopotentials were expanded in plane waves 
with kinetic energies up to 15 Ry. The charge den- 
sity was evaluated at the equivalent of two special 
k-points 2e in the irreducible part of the fee Brioullin 
zone. (Larger equivalent sets were used for some 
of the longer-period SLs.) The excess energies 
can then be fitted by a sum of Ising-like nearest- 
neighbor interactions between neutral atoms and 
electrostatic terms due to charge transfer: 23 

A H  =(IV D + NA)5 - 1 ~(ND q- NA)Eo(O)q 
(1) 1 

+ 4(No + NA)(UO + UA)q + EM.d. 

(For simplicity, we assume all charge transfers to 
be the same.) 

The first term represents the total excess energy 
before charge transfer (q=O), where No and N A are 
the total number of donor and acceptor bonds in 
the structure (No = NA for stoichiometric systems) 
and 5 is the average excess energy of the AZv = 
4-1 bonds before charge transfer occurs. Previous 
models 12,13,18 have retained only this term. This 
predicts that the energy per 4p atoms of [001] and 
[110] SLs is 45 while that of [111] SLs is 25. The 
three remaining terms on the right-hand side of Eq. 
(1) represent charge transfer effects: 

(i) Transfer of a charge q from a donor to an ac- 
eeptor state initially separated by a band gap charge and neighboq--O
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for p = 6, but not for p = 3, similarly to what was 
found 23 for GaP/Si.  

In polar SLs the charge transfer decreases asymp- 
totically as 1/p [Fig. l(b)]. This can be explained as 
follows• Charge transfer between interfaces creates 
potential oscillations across the SL with amplitude 
proportional to the charge transfer q and repeat 
period p. Since this amplitude of oscillation should 
not exceed the band gap, q must scale with 1/p for 
large p. On the other hand, in structures where 
charged interfaces are absent, including non-polar 
[110] SLs and alloys, full charge transfer (q = 1/4) 
is expected. 

3. Alloy T h e r m o d y n a m i c s  

In (GaAs)l_zGe2x alloys no long-range order is 
expected to appear in the distribution of donor and 
acceptor bond, (even when the Ga and AS atoms 
are organized in the ZB structure). Therefore, we 
have truncated the infinite sum of the Madelung 
energy beyond a certain range, thus making the 
hamiltonidn of Eq. (2) amenable to an Ising-like 
description: 
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probability ~(n) is the average fraction of n-th l " ( i j ) ( k l )  
neighbor bond pairs occupied by (i, j) and (k, l), 
and C (n) is the corresponding inter-bond elec- (ij)(~0 
trostatie interaction, given by 

I K(n), for like AZv=+I bonds; 
C (") - -K(n), for unlike AZv=+I bonds; ( i j ) ( k l )  - -  

[ 0, otherwise. 
(6) 

The energy parameters K(") can be calculated ap- 
proximately from the average dielectric constant 
and the distances between bond centers; the re- 
sulting parameters for GaAs/Ge SLs or alloys are 
K0) =0.035, K(2) =0.020, and K(3) =0.017 eV. As 
a test for the validity of the truncation in Eq. (4), 
we find that for ideal zinc-bhnde or diamond alloys 
in the infinite-temperature limit, the contribution 
from E3h in Eq. (4) is typically only 5% of El,  so 
the truncation appears justified for alloys. This is 
due to the near charge cancellation of bonds in a 
shell of a sufficiently large radius. 

The bulk equilibrium thermodynamics of homo- 
geneous (GaAs)l_zGe2x solid alloys is described 
through the excess free energy A F  = A H  - TS, 
where the excess enthalpy AH includes the pair- 
wise and inter-bond electrostatic terms of Eq. (2) 
and the configurational entropy S is expressed in 
the CVM pair approximation 22 in terms of the 
pair probabilities {gij} for occupation of nearest- 
neighbor sites by atomic species i and j .  Con- 
straints among the pair probabilities are introduced 
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by requiring (i) a fixed Ge composition, (ii) no sub- 
lattice ordering of Ge, and (iii) no Ga--Ga or As-- 
As bonds [although similar results are obtained if 
requirement (iii) is relaxed and realistic values for 
AZv=+2 bond energies are used]. The number of 
independent variables 
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between the ZB and the D phases at x ~ 0.57. 
In contrast, phase diagrams for models that in- 
clude AZu = +2 bonds 12,1a show that this transi- 
tion line terminates at x = 0 at a finite critical 
temperature To, so t h a t  




