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A brief review on the potential importance of Ge,_,C, for electro-optic applications and
ab initio calculations of the aluminium-vacancy complexes are presented. The stability and
geometry of aluminium-vacancy complexes has been examined within the frame of density
functional theory and the use of the pseudopotential plane-wave method. The predictions
highlight the preference of the cluster geometry on the energetics in Ge,_,C, and the
effect of carbon concentration on the stability of clusters.

IlpencraBien KparKuili 0030p IIOTEHIIMAJBHO BaMKHBIX Ge,_XCX IS IPUMEHeHUS B
9JIEKTPOOINTHKE U pacuersl ab initio allOMUHUN-BAKAHCHOHHBIX KOMILIEKCOB. ¥ CTONUYMBOCTH
M reoMeTpHsi aJlOMHHUI-BAKAHCHOHHBIX KOMILIEKCOB HCCJEIOBaHa B PaMKax (PYyHKIIMOHAJb-
HOIl TEOpHUM IIJIOTHOCTA W C IPHUMEHEHHEeM METOa IICeBIOIOTeHI[MAJIbHOM IIJIOCKOIl BOJIHBI.
IlonyuenHble IPOTrHOSHI CBUAETEILCTBYIOT O IIPEAIIOUTUTEJIBHOCTH KJIACTEPHON reoMerpuu
ans sHeprerumdeckoro cocrosuua Ge, ,C, n BIMAHNE KOHIEHTPAIMM YIJIepoja HA ycroiuum-
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BOCTb KJaCTepoOB.

The demand for improved performance of
microelectronic devices has led to the dra-
matic progress in development of the silicon
(Si) based metal-oxide-semiconductor field
effect transistor (MOSFET) in the past dec-
ades [1]. An alternative route to higher per-
formance is the use of materials of superior
carrier mobilities such as silicon-germanium
(Siy_,Ge,) or germanium carbide (Ge,_,C,)
Group IV alloys. In the past material issues
associated with the formation of insulator
layers have established Si as the main-
stream material due to its superior oxide
(silicon dioxide). Silicon dioxide (SiO,)
seems to become insufficient for the future
generation of devices. In synergy develop-
ment, in high-k dielectric materials have
eliminated the need to use SiO,. Conse-
quently, the Group IV alloys or materials
such as germanium (Ge) can now be actively
pursued.

Ge,_,C, is considered to be a promising
material for photovoltaic and electro-optic
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applications because the addition of carbon
(C) in Ge results in the increase of the
band-gap and reduces the lattice parameter
of Ge [2]. The reduction of the lattice pa-
rameters allows for the ordered growth on
Si substrates. There are few previous ex-
perimental and theoretical studies on Ge,;_C,
[2, 3]. It is to note that the solubility of C
in Ge is very low. Nevertheless, high C
concentrations in Ge can be introduced
using techniques, such as molecular beam
epitaxy (MBE). In recent studies, it has
been demonstrated experimentally that arse-
nic (As) diffusion in Ge is retarded by the
presence of C [4]. This is important as it
implies that defect engineering with C can
control the concentration profile of As in
Ge. It should be noted that the precise ar-
rangement of dopants in the semiconductor
substrates is critically important as devices
are becoming smaller and smaller.

The incorporation of aluminium (Al) into
Ge,_,C, decreases the crystallinity but en-

Functional materials, 14, 3, 2007



A.I.Chroneos, I.L.Goulatis/ Aluminium-vacancy complexes...

hances the absorption of photons and is
therefore important for the optoelectronic
properties of the material. Atomic scale
simulations can provide useful information
concerning the structure and defect chemis-
try of materials (for example [5, 6] and ref-
erences therein). The aim of the present
study is to investigate the structure and
binding energies of aluminium-vacancy
pairs in Ge, C, using density functional
theory (DFT). To explore the nature of bind-
ing of aluminium-vacancy clusters with C, a
range of Al,V and AlIV, clusters have also
been considered.

In this study, the ground state total en-
ergies are predicted using the plane-wave
DFT code CASTEP [7, 8]. The plane-wave
basis set has been expanded to an energy
cut-off of 350 eV and the k-point set is
based on a 2x2x2 Monkhorst-Pack grid. The
generalized gradient approximation (GGA)
of density functional of Perdew, Burke and
Ernzerhof (PBE) [9] is used to describe the
exchange-correlation interactions combined
with ultrasoft pseudopotentials [10]. A peri-
odic cell with 64 lattice sites has been used
to model the system under zero pressure
conditions. The atomic sites and unit cell
parameters are allowed to relax using an
energy minimization approach. This meth-
odology has successfully described the
structures and energetics of semiconductors
[11, 12] and other systems such as hydrox-
ide minerals [13].

The interaction between point defects is
quantified by calculating binding energies,
E,, that are defined by

components

Eb = Edefect—cluster_ ( z Eisolated—defectsj’ (1)

where a negative binding energy implies
that the defect cluster is stable with respect
to its constituent point defect components.

For example, based on equation 1, the
binding energy of a substitutional (at a Ge
site) Al defect to a Ge wvacancy (V) in
Gepn_,Ch is given by

Ey(AVGey_,_oC,) = E(AIVGey_,_0C,) - (2)
- E(AIGey__1Cp, — E(VGepn__1C)) + E(GeyCy),

where E(AIVGep_,_oC,) is the energy of a N
lattice site supercell containing N-n—-2 Ge
atoms, n carbon atoms, a vacancy and an Al
atom. Based on this equation, the binding
energy of an AIV pair in Ge is given by
setting n = 0.
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Fig. The most important clusters considered
in this study projected onto the (111) surface
of Ge and GejggsCy g15- White circles repre-
sent Al substitutional atoms, black circles, the
C host atoms and squares the vacancies.

The most important cluster configura-
tions considered in this study are presented
in Fig. 1. AlV pairs are important in Ge as
previous studies indicate that the vacancy
mechanism of diffusion is important (see,
e.g., [12, 14] and references therein). In Ge,
the V is predicted to be bound to an Al
substitutional atom with 0.40 eV (Table).
Furthermore, the binding energy of AlAl
pair is —1.42 eV in Ge (Table). On the con-
trary, the blndlng energies for G60984C0016
predict that the AIAl pair will not be bound
and that the binding of the AIV pair will be
insignificant (Table).

In Ge, the AIVV complex (Figure) is more
stable than the VAIV complex by —0.58 eV
(Table). In Geo_984C0_016, the AIVV complex
is more stable by —0.33 eV as compared to
VAIV. It should be noted that a number of
different configurations were calculated in
Geg 9g4Cp 016 and the most energy favorable
AIVV and VAIV complexes were the ones that
had the C atom at a nearest neighbor site to
the Al and the V, respectively. The binding

Table. Binding energies (eV) of the com-
plexes considered in Ge and Ge ¢g4Cq 516

Defect cluster E, Ge E, Geggg4Cq o1
AlV -0.40 -0.02
AlAI -1.42 0.04
VAIV -0.29 -0.05
AlVV -0.87 -0.38
AIAIV -0.40 0.29
AIVAI -0.38 0.29
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energy to associate a single V to an existing
AlV pair is given by the subtraction of the
binding energy of the AIV pair from that of
the AIVV cluster. For Ge, this energy differ-
ence is —0.47 eV which is almost identical
to the divacancy (VV) binding energy
(—0.48 eV). Consequently, a similar concen-
tration of VV and AIVV complexes after the
annealing of Ge samples containing AIV
pairs should be expected.

When an Al atom binds to an AIV pair,
there are two possible nearest neighbor con-
figurations (Fig.). In Ge, the AIAIV and
AIVAI complexes have almost the same bind-
ing energy (Table). Again, for Geo_984C0_016,
a number of different nearest neighbor con-
figurations have been calculated for the
AIAIV and AIVAI complexes, none of which
was stable.

The study of the stability of Al-vacancy
and related complexes in Ge and
Geg 9g4Cp o016 Provides an insight into the
similarities and differences in the defect
chemistry of the two materials. For both
materials, the AIVV is the most stable con-
figuration of an Al substitutional and two
vacancies. On the contrary, clusters con-
taining 2 Al atoms and a V were stable only
in Ge.
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Anrominiii-BakaHciiimi komnaexcu y Ge,_,C,

A.I.Xponeoc, 1.J1.I'ynamic

ITogamo KopoTKmil oryaj morerniiino Baausux Ge,_,C, mna sacTocyBaHHA B €JIEKTPOOI-

XX

TUIl Ta po3paxyHKU ab initio anmoMiHiii-BakaHciliHux KoMmmiaekciB. CtabinbHicTh Ta reomer-
piro anmromiHifi-BakaHCIMHUX KOMIIJIEKCiB JOCHigiKeHO y paMKax (DyHKIIiOHaJIbHOI Teopii ryc-
TUHU Ta 3 3aCTOCYBAHHAM METOAY IICEBIOIOTeHIiaJbHOI mIocKoi xBuai. OmepskaHi mporuosu
IIOCBiUyIOTH IIepeBary KJacTepHOI reomerpii mia eHeprermusoro cramy Ge,_,C, Ta Bmius
KOHIIeHTpallil ByIJIelo Ha cTabiJIbHICTh KiacTepis.
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