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Sn;_,Ge, alloys are candidates for buffer layers to match the lattices of III-V or II-VI compounds
with Si or Ge for microelectronic or optoelectronic applications. In the present work electronic
structure calculations are used to study relative energies of clusters formed between Sn atoms and
lattice vacancies in Ge that relate to alloys of low Sn content. We also establish that the special
quasirandom structure approach correctly describes the random alloy nature of Sn;_,Ge, with higher
Sn content. In particular, the calculated deviations of the lattice parameters from Vegard’s Law are
consistent with experimental results. © 2009 American Institute of Physics.

[DOI: 10.1063/1.3159468]

Sn,_,Ge, and Si,_,_,Ge,Sn, alloys are emerging as po-
tentially technologically 1mportant materials for microelec-
tronic and optoelectronic devices.! Bauer er al.? have synthe-
sized single-phase monocrystalline Si,_,_,Ge,Sn, alloys,
with a Si content of up to 32% and a Sn content of up to
10%, where the three elements occupy random substitutional
sites in the diamond lattice. Sn,_,Ge, alloys possess advan-
tageous optical properties and offers a range of strain options
and can therefore be used as buffer layers to lattice match Si
or Ge substrates w1th most III-V and II-VI technologically
relevant compounds

Although the structure and defect processes in diamond-
type random alloys such as Si;_,Ge, have received consider-
able attention, the structure of Sn;_,Ge, has not, so far, been
investigated in detail.*® Previous density functional theory
(DFT) studies were conﬁned to predicting the structure
of ordered Sn;_,Ge, alloys Here we adopt the so-called
special quasirandom structure (SQS) approach to mimic
the statistics of random Sn,;_,Ge, alloys at compositions
x=0.875, 0.75, and 0.625, respectively (see Fig. 1). SQSs are
purposively designed periodic structures with small unit cells
that closely reproduce the most relevant pair and multisite
correlation functions of random alloys.10 The efficacy of this
approach to describe the structure of random Si, §Gex alloys
has been demonstrated for a variety of systems.

The doping of Ge with isovalent atoms can be techno-
logically important for the formation of radiation-hard
devices."! Presently Sn;_,Ge, alloys with low Sn content
have been synthesized experimentally and here we will focus
on these compounds. The significance of vacancies (V) in the
diffusion and defect processes in Ge (such as those caused
by radiation damage) has been the subject of numerous
studies.'*"® The aim of the present work is thus twofold:
first, to establish an effective approach to model the structure
of Sn;_,Ge, alloys of high Sn content and second to study
the structure of Sn,V,, complexes in Ge and thereby demon-
strate that the computational method also generates useful
results at lower Sn concentrations.
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The ground state total energies of various Sn,V,, defect
configurations in Ge and the structure of Sn;_,Ge, alloys are
calculated by means of the plane wave DFT code CASTEP. !
The plane wave basis set is expanded to a cutoff of 350 eV,
in conjunction with ultrasoft pseudopotentlals Further-
more, a 2X2X2 Monkhorst-Pack'® k- -point grid and a
supercell consisting of 64 atoms are used for the defect cal-
culations but a 32 atom cell is employed for the SQS calcu-
lations. The exchange and correlation interactions are de-
scribed using the generalized gradient approx1mat10n
corrected density functional of Perdew—Burke—Ernzerhof."”
All calculations are performed under constant pressure con-
ditions. For details on the convergence and efficacy of our
approach, we refer to previous studies.'®"?

The lattice parameters of binary group IV alloys
(A,_,B,) deviate from the linear interpolation of the lattice
parameters of the constituent elements, i.e., they do not obey
Vegard’s s Law.” This deviation from linearity, Aa(x), as a
function of the composition x can be quantified by

Aa(x)=(1-x)a, +xap—a,p, (1)

where a4, ag, and a,p are the lattice parameters of element
A, element B, and the compound A,_,B,, respectively. Ac-
cording to this definition a positive value of Aa(x) corre-
sponds to a negative b0w1ng of the lattice parameter. Inter-
estingly, Kouvetakis et al pointed out that the bowing is
negative for Si;_,Ge, but positive for Sn;_,Ge,. Using a
similar simulation approach a negative bowing of the lattice

FIG. 1. (Color online) 32 atom SQS for (a) Ayg75Bo.125, (b) Ag75Bo25, and
(c) Apga5Bo 375 alloys with diamond crystal structure. Blue and green spheres
represent A and B atoms, respectively.

© 2009 American Institute of Physics
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FIG. 2. Deviation from linearity of the lattice parameter of Sn;_,Ge,. The
SQS predictions are compared to the experimental results (see Ref. 9). For
x=1 both SQS and experimental points are identical.

parameter was predicted for Si;_,Ge, (see Ref. 7) in better
agreement with experimental studies’ than previous results
from empirical calculations® and DFT studies® based on the
local density approximation (LDA). In Fig. 2 we compare
our data for Sn,_,Ge, (for 0.625=x) to the experimental
observations of Chizmeshya et al’ The SQS results for
Sn;_,Ge, reveal a very good agreement with the experimen-
tally observed positive bowing in the Sn;_,Ge, series. In the
present study we focus our considerations on Sn;_,Ge, alloys
with a Sn content of up to 37.5% because compounds with a
low content are presently of great interest for technological
applications.l’z’9 The defect processes in the complete com-
positional range of Sn;_,Ge, and related ternary alloys will
be subject of future investigations.

Sn has been found to diffuse in Ge with an activation
enthalpy in the range of 2.9-3.26 eV, which can be attributed
to a V-mechanism of diffusion.'” In this context we now
investigate the stability of SnV pairs as well as Sn,V and
SnV, complexes in otherwise pure Ge and in Si for compari-
son. The cluster configurations have previously been
reported.21

The attraction between the constituents of a defect clus-
ter can be quantified by the evaluation of binding energies.
The binding energy of n Sn substitutionals and m vacancies
in Ge, E;(Sn,V,,Gey.,..m), 1S given by

Eb(Snn VmGeN—n-m)
=E(Sn,V,Gey.,..,) — nE(Sn,Gey.,,) — mE(V,,Gey.,,)
+(n+m-1)E(Gey), (2)

where E(Sn,V,,Gey.,.,) is the energy of an N lattice site
supercell (here: N=64) containing n Sn atoms, m vacancies,
and N-n-m Ge atoms. In addition, E(Sn,Gey.,) is the energy
of a supercell containing n Sn and N-n Ge atoms,
E(V,,Gey.,,) is the energy of a supercell containing m vacan-
cies and N-m Ge atoms, and E(Gey) is the energy of a su-
percell containing N Ge atoms. Consequently, a negative
binding energy implies that the defect cluster is stable with
respect to its constituent point defect components.

In a recent DFT/LDA study Hohler et al.** have ob-
served that oversized impurities such as Sn or Sb, in both Ge
and Si, are located between two semivacancies (referred to as
the split-V configuration). Conversely, smaller dopants such

Appl. Phys. Lett. 94, 252104 (2009)

TABLE 1. Predicted binding energies E, (eV) of Sn,V,, complexes in Ge
and for comparison in Si. Brackets refer to SnV pairs in the split-V configu-
ration.

Defect complex E, Ge E, Si
14% —0.48 —1.58
SnSn 0.03 —0.03
SnV —0.61 (—0.64% —1.28" (—1.30)
SnVV —1.10 —2.76
VSnV -0.79 —2.18
VSnSn —1.00 —1.86
SnVSn -0.97 —1.81

“Reference 15.
PReference 12.

as phosphorous assume the full-V configuration. Table I
shows that in Ge and Si the split-V configuration is energeti-
cally favorable, but only by —0.03 and —0.02 eV, respec-
tively.

The SnVV configuration is more stable than the VSnV
configuration in both Ge and Si (see Table I) in agreement
with previous predictions for related dopant-vacancy
clusters.”® This consistency indicates that in these clusters
most of the binding energy is due to the VV pairs, which in
turn originate from the reduction in the host lattice dangling
bonds from eight, in the case of two isolated vacancies, to six
when they form a VV pair. Additionally, the greater binding
energies of SnV, clusters in Si, as compared to Ge, are due to
the higher binding energies of VV pairs in Si (Table I).

The binding energy E,(V-SnVGey_3) to associate a va-
cancy to an existing SnV pair is given by

E,(V—-SnVGey_s)
= E(VSnVGey_;) — E(VGey_;) — E(SnVGey._,)
+ E(Gey). (3)
Using Eq. (2) this leads to

Eb(V - SnVGeN_3) = Eb(VSnVGeN_3) - Eb(SnVGeN_z) N
4)

where E(VSnVGey_s) is the energy of an N atom supercell
(here: N=64) containing N-3 Ge atoms, one vacancy and
two Sn atoms. Moreover, E(Gey) is the energy of a supercell
containing N Ge atoms, E(VGey_;) is the energy of a super-
cell containing one vacancy, and E(SnVGe,_,) is the energy
of a supercell containing one Sn atom and one vacancy.

Analogous energies can be defined for adding a vacancy
to VSn, i.e., E,(SnV-VGey_3) and for adding a Sn atom to
an existing VV pair, i.e., E,(Sn—VVGey_3). In our nomencla-
ture the hyphen determines on which side of the existing pair
the extra V or Sn is added. Again, a negative energy implies
that the larger cluster is more stable. The binding energies for
adding a single V to an existing SnV cluster and further com-
binations [Eq. (3), Table I] are given in Table II. For Si, the
binding energy between a SnV cluster and a vacancy, to form
a SnV-V configuration, is higher than that between a Sn atom
and a VV pair, whereas the V-SnV binding is energetically
the least favorable.

For Si, the binding energies between two vacancies
(—1.58 eV) and between a vacancy and an existing SnV pair
(—1.46 eV) are similar. This is consistent with the study of

Downloaded 24 Jun 2009 to 128.176.208.134. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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TABLE II. Binding energies (eV) to associate a defect species (Sn or V)
either side of an existing pair cluster [as described by Egs. (4) and (5)] to
form SnV, or Sn,V triplet clusters.

Defect complex E, Ge E, Si
Sn-VV —0.62 —1.18
SnV-V —0.46 —1.46
V-SnV —0.15 —0.88
V-SnSn —1.03 —1.83
VSn-Sn —0.36 —0.56
Sn-VSn —0.33 —0.51

Kaukonen ef al.** A direct consequence of this observation is
that during the annealing of Si samples that contain SnV
pairs, the population of the resultant VV and SnV, complexes
is comparable. This is in agreement with the experimental
study of Fanciulli and Byberg25 in which they measured
similar concentrations of VV and SnV, complexes after the
annealing of Si containing SnV pairs. In the case of Ge, a
vacancy is bound to a SnV pair by —0.46 eV. Thus, the
difference to the binding energy of a VV pair (i.e., —0.48,
Table I) is very small. Conversely, for Si, the SnV-V configu-
ration is more stable than in Ge.

When an additional Sn atom binds to a SnV pair it forms
a Sn,V complex. In Ge and Si the VSnSn configuration is
more stable than the Sn V Sn configuration by —0.03 and
—0.05 eV, respectively (see Table I). The binding energy
E,(V-SnSnGey_3) between a vacancy and an existing SnSn
pair is given by

E,(V - SnSnGey_3)
= E(VSnSnGey_3) — E(VGey_;) — E(SnSnGey_,)
+ E(GGN) = Eb(VSnSnGeN_3) - Eb(SnSnGeN_z) . (5)

This quantity represents the energy gain when a vacancy is
added to a SnSn pair. Again, analogous energies can be de-
fined for adding a Sn atom to an existing VSn pair, i.e.,
E,(Sn—VSnGey_3), and a SnV pair, i.e., E,(VSn—SnGey_3).

It can be concluded that the vacancy is attracted by Sn
atoms and SnSn pairs. Taking into account the almost equal
activation energy of Sn in Ge to the activation energy of Ge
self-diffusion (i.e., 3.09 eV, see Ref. 26) and the limited
binding between Sn atoms it is natural to assume that
Sn,_,Ge, behaves as a random alloy.

In conclusion, our study of the binding energies of a
range of Sn,V,, complexes provides insight into the defect
chemistry of Ge (and Si). The results indicate that it is ener-
getically favorable for the Sn atoms to form complexes with

Appl. Phys. Lett. 94, 252104 (2009)

vacancies. The most stable configurations (for both Ge and
Si) are VSnSn and SnVV for Sn,V and SnV,, respectively.
The SQS approach allows the effective modeling of
Sn;_,Ge, alloys using 32 atom supercells and will, in future,
facilitate studies of defects in those more complex materials.

This publication was based on work supported in part by
King Abdullah University of Science and Technology
(KAUST). Computing resources were provided by the HPC
facility of ICL.
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