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Theoretical investigation of extended defects and their interactions with vacancies in SixGe1Àx
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An ab initio investigation of the electronic and structural properties of the intrinsic stacking fault~ISF! in
SixGe12x is presented. We also studied the interaction of vacancies with the ISF. The formation energy, per unit
area, of the ISF is 2.1, 3.0 and 3.3 meV/Å2, in pure Si, Si0.5Ge0.5 and pure Ge, respectively. Also it is shown
that the ISF does not alter locally the randomness of the of the Si0.5Ge0.5 alloy. As far as the interaction of
vacancies with the ISF is concerned, we show that the ISF acts as a sink to vacancies in Ge and in Si0.5Ge0.5,
similarly to what was known to happen in Si. The formation of vacancies close to the ISF is energetically
favorable, by about 0.2 eV, in comparison with the formation of vacancies in bulklike environments. Similarly
to what happens in bulk SixGe12x , the formation energy of the vacancies near the ISF depends strongly on the
number of Si and Ge atoms in its nearest neighborhood.
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I. INTRODUCTION

SixGe12x alloys have great potential for technological a
plications in microelectronics. Since the width of the fund
mental energy band gap and the electronic band offset ca
tuned as a function of the alloy concentration (x), the main
interests are to band-gap engineering for optical electro
and Si/SiGe heterojunction bipolar transistors. Althou
there are a large number of experimental works addres
the electronic and structural properties of SixGe12x ,1–3 there
are just a few theoretical works dedicated to the SixGe12x
alloys. Recent theoretical study clarified the atomistic str
ture of the SixGe12x alloys,4 where the Si/Ge atomic ar
rangement were obtained randomly, based upon the sp
quasirandom structure~SQS! approach proposed by We
et al.5 Very recently, using the same theoretical framewo
the formation of vacancies in SixGe12x and the vacancy me
diated Ge diffusion have been studied in detail.6,7

For many applications SixGe12x films are grown pseudo
morphically in Si substrates, and consequently, they
strained. One possible mechanism for the release of stra
the formation of extended defects.8 It is known that extended
defects play an important role in electrical and mechan
properties of semiconductors. For instance, these defects
mally introduce electrically active levels in the energy ga
and also vacancies can be segregated, gathering in the
imity of dislocations.9 On the other hand, the formation o
stacking faults plays an important role in the structural a
dynamic properties of dislocations. In 1970 Ray a
Cockayne,10 using weak-beam electron microscopy, verifi
the formation of stacking faults due to the dissociation
dislocations in Si and Ge, while Chouet al.11 performed an
ab initio total energy study of the formation of stackin
faults in Si. Antonelliet al.12 performed a theoretical stud
of the vacancy-stacking fault interaction in Si. Their to
energy calculations indicate an energetic favorability of
formation of vacancy near to the fault plane, compared w
the formation of vacancy in the perfect crystal. Similarly, t
formation of stacking faults in the SixGe12x alloys, as a
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function of the alloy concentration, and its interaction wi
point defects~e.g., vacancy! are important issues to be ad
dressed based onab initio calculations.

In this article, we present a theoretical investigation of t
electronic and structural properties of the ISF in SixGe12x .
We also studied the interaction of vacancies with the I
The calculations were done in the framework ofab initio
density functional theory.13

The outline of this paper is as follows. In Sec. II w
present the calculation procedure, in Sec. III we present
results and discussion, and in Sec. IV we summarize
main conclusions.

II. THEORETICAL APPROACH

The ISF can be obtained by removing a pair of atom
layers from the perfect crystal. In the diamond structure,
atomic planes follow the. . . AaBbCcAaBbCcAa . . . stacking
pattern along the@111# direction. If a pair of atomic layers
~e.g.,Aa! is removed, an ISF is created with the followin
stacking sequence: . . .AaBbCcBbCcAa. . . . Figure 1~a!
exhibits the atomic arrangement of the ISF in the Si0.5Ge0.5

disordered alloy. Because we use periodic boundary co
tions we need at least 6 atomic layers to represent the
tems without the ISF and at least 10 atomic layers to rep
sent the systems with the ISF. In our calculations ea
atomic layer is formed by 16 atoms, thus we have superc
with NISF5160 andNbulk596 atoms, for the calculation
with and without the ISF, respectively.

SixGe12x is a substitutionally disordered alloy and, her
we model it by means of periodically repeated, finite sup
cells. In order to do that, we used the SQS approach.5 A
summarized description of this approach follows. For a
percell with a given number of sites, we generate a confi
ration s where all the cell sites are occupied by the comp
nents of the alloy. Then, we calculate the pair correlat
functions, given by
©2003 The American Physical Society17-1
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Pm~s!5
1

ZmN (
i , j

Dm~ i , j !SiSj . ~1!

HerePm is themth-order pair correlation function,Zm is the
number ofmth-order neighbors to a site,N is the number of
atoms in the cell,Dm( i , j ) is 1 if sitesi and j aremth-order
neighbors, and zero otherwise; andSi is a variable taking
values21, if site i is occupied by Si, and11 if it is occu-
pied by Ge. For a perfectly random~R! infinite alloy, the pair
correlation function does not depend onm

Pm~R!5~2x21!2, ~2!

wherex is the Si concentration. For a given configuration w
calculate the deviation from randomness as

dPm~s!5uPm~s!2Pm~R!u. ~3!

The quantity above indicates how random thes configu-
ration is. Our protocol to generate an acceptable config
tion is the following:~i! we place the Si and Ge atoms in

FIG. 1. ~a! Structural model of the ISF in Si0.5Ge0.5. Si ~Ge!
atoms are represented by filled~empty! circles. The vacancies wer
created in thev0 andv1 sites. Atomic structure up to the SN of th
vacancy,~b! v0 site ~far from the ISF!, ~c! v1 site ~close to the
ISF!.
20531
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N-atom supercell at random, with a specified composit
(NSi /N5x); ~ii ! we calculatedPm(s) for that configura-
tion; ~iii ! if it is large, the configuration is not statisticall
independent. Then, we generate a new configuration as in~i!,
and repeat the process until the calculateddPm(s) are
smaller than a chosen tolerance«. We search for alloy con-
figurations that obey the following criteria:14 dPm(s)50 for
m51, 2 and 3, anddPm(s)<0.001 form54 and 5.

For all systems studied here, we determined the equ
rium atomic positions in two steps:~i! atomic relaxations
within the valence force field~VFF! approach and~ii ! refined
full relaxations based uponab initio total energy calcula-
tions. In the first step, the atomic relaxations were based
the elastic constants of Si and Ge, and there is no electr
charge transfer. Then, in the second step, we find the e
librium atomic positions by performingab initio total energy
calculations starting with the atomic geometry obtained fr
the VFF calculation.

The ab initio total energy calculations were performed
the framework of the density functional theory,13 within the
local density approximation, using the Ceperley-Ald
correlation15 as parametrized by Perdew and Zunger.16 The
electron-ion interaction was treated by using nor
conserving,ab initio, fully separable pseudopotentials.17 The
wave functions were expanded in a plane wave basis set
a kinetic energy cutoff of 12 Ry. Equilibrium atomic pos
tions were determined by relaxation within a force conv
gence criteria of 25 meV/Å. And the Brillouin zone wa
sampled by theG point.

The formation energy, per unit area, of the ISF is given

EF
ISF5

ET
ISF2

NISF

Nbulk
ET

bulk

A
, ~4!

whereET
ISF is the total energy of the supercell with the IS

and NISF atoms,ET
bulk is the total energy of the defect-fre

system in a supercell withNbulk atoms, andA is the area of
the stacking fault~SF! plane.

We also investigated the interaction of a vacancy with
ISF in the alloy. The formation energy of a neutral vacan
@EF

l( i )#, surrounded by an atomic arrangementl, can be
written as

EF
l~ i !5ET

l~ i !2ET
Si0.5Ge0.52m i . ~5!

ET
l( i ) is the calculated total energy of the Si0.5Ge0.5 ISF

with the vacancyi ( i 5Si or Ge!, andET
Si0.5Ge0.5 is the total

energy of Si0.5Ge0.5 random alloy with an ISF, Si0.5Ge0.5-ISF
@see Fig. 1~a!#. Since these two terms present different nu
ber of atoms, we have to include the chemical potential
the elementi, m i .

Previous theoretical calculations6 have shown that it is no
important whether a Si or a Ge atom is removed from b
Si0.5Ge0.5 to create the vacancy. Thus here we only consi
Si vacancies.
7-2
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III. RESULTS AND DISCUSSIONS

A. SixGe1Àx intrinsic stacking fault

For the Si0.5Ge0.5 alloy, after the initial VFF relaxation
process, we performed theab initio relaxation in the way
described in the last section. In theab initio relaxation pro-
cess the total energy decreases only by about 1 meV/a
for the alloys with and without the ISF. It means that the V
calculations model the structure of these systems quite a
rately, and thus, we can infer that the elastic effects are do
nant for the relaxations in both cases. For the alloy with
ISF, in particular, the VFF model is accurate because
defect does not produce significant changes in bond
tances and angles in comparison with the perfect crystal

Figure 2 shows the formation energy of the ISF, per u
area, calculated by Eq.~4!, as a function of the alloy concen
tration. For pure Si (x51.0) we obtained a formation energ
of 2.1 meV/Å2. For pure Ge (x50.0) the formation energy
is 1.2 meV/Å2 larger than that obtained for the pure
(EF

ISF53.3 meV/Å2). In the Si0.5Ge0.5 alloy the formation
energy of the ISF is 3.0 meV/Å2, being slightly smaller than
the formation energy of the Ge ISF. These results imply th
it is significantly less likely to find an ISF in SixGe12x than
it is in pure Si.

As far as the atomistic structure is concerned, in pure
the Si-Si equilibrium bond lengths far from the fault pla
are the same as that obtained for the Si bulk 2.33 Å. On
other hand, in the SF plane, the Si-Si bonds are stretche
0.7% along the@111# direction, when compared with th
Si-Si bonds far from the SF plane. These results, as wel
the formation energy of the ISF in pure Si, are in good agr
ment with previousab initio calculations by Chouet al.11

Similarly, for pure Ge, the equilibrium bond lengths at t
SF plane are stretched by 0.6% along the@111# direction,
relatively to the Ge-Ge bonds far from the fault region, a
for Si0.5Ge0.5 the bond lengths at the fault plane are stretch
by 0.8%~Si-Si!, 1.0%~Si-Ge!, and 0.6%~Ge-Ge!, along the

FIG. 2. ISF formation energy, per unit area, as a function
alloy concentration. The line is only a guide to the eyes.
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@111# direction, compared with the bonds far from the fau
plane. We have also verified that the calculated bond leng
for the Si0.5Ge0.5 alloy confirm the Pauling limit for such
structure,4 even near the SF plane.

We represent the Si0.5Ge0.5 alloy with the ISF by the SQS
model. It means that we have assumed an ideal random
of the alloy even in the vicinity of the fault. However, i
principle, a defect could alter locally the randomness
the alloy, and as a consequence we should verify whe
there are any preferential bonding configuration near the
plane. Thus, we have calculated the formation energy of
Si0.5Ge0.5-ISF alloy considering a full Si-Ge atomic swap
our supercell sites (Si↔Ge), i.e., all the Si sites becom
occupied with Ge atoms and vice versa. Therefore, the
culated statistical correlation is still the same, however,
atomic concentration of the Si and Ge atoms at the fa
plane is exchanged. In the original cell, the relative conc
tration between Si and Ge at the fault plane was,@Si#/@Ge#
52/3, and after Si↔Ge swap it becomes@Si#/@Ge#53/2, in-
creasing ~reducing! the number of Si-Si bonds~Ge-Ge
bonds! at the SF plane. Our calculations show that the f
mation energy of the ISF in Si0.5Ge0.5 changes by only 0.13
meV/Å2 due to the full Si↔Ge swap, thus there is no sig
nificant preferential bonding arrangement for Si and Ge n
the SF plane. That is, the SQS model is still valid at the
region.

It is well known that the formation of the ISF in pure S
perturbs the valence and conduction bands edges:11 at theG
point the ISF gives rise to an occupied defect state
'0.10 eV above the valence band maximum~VBM ! and an
empty state at'0.20 eV below the conduction band min
mum~CBM!. For the Si0.5Ge0.5 ISF, our calculated electronic
structure also indicates a defect state at'0.09 eV above the
VBM and an empty defect state at'0.13 eV below the
CBM. The highest occupied state is mainly localized at
ISF region, along the bonds between two different pairs
atomic bilayers, e.g.,Cb and Bc, see Fig. 3~b!. Similar
charge density distribution for the highest occupied state
been verified for the Si ISF.11 The planar average of th
charge density distribution of the highest occupied sta
along the@111# direction, is shown in Fig. 3~c!. A charge
concentration in the SF plane is clearly observed.

B. Interaction of a vacancy with an ISF in SixGe1Àx

We have investigated the properties of vacancies in
Si0.5Ge0.5 ISF alloy, as well as in Si ISF and Ge ISF. T
create the vacancy a Si atom was removed from two dist
sites: Far from the fault plane (v0) and near the fault plane
(v1). The location of these sites in the supercell are show
Fig. 1~a!, while Figs. 1~b! and 1~c! depict the local atomic
arrangement of the Si and Ge atoms, up to the seco
neighborhood~SN! of the vacancies.

In Ref. 6, it is shown that the vacancy formation ener
@EF

l( i )# in bulk Si0.5Ge0.5 strongly depends on the Si/G
relative population in the nearest-neighborhood~NN! of the
vacancy. Nevertheless, the formation energy of the vaca
depends only weakly on the Si/Ge population in the SN
the vacancy. Thus, here we sample the several types of

f
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cancies in Si0.5Ge0.5 by considering only three differen
Si/Ge configurations in the NN, viz. 4-Ge/0-Si, 2-Ge/2-
and 0-Ge/4-Si, always with 6-Ge/6-Si in the SN.

The calculated formation energies, as a function of
vacancy position (v0 or v1) and the NN Si/Ge population
(l), are shown in Fig. 4. In this figure the values in the cur
labeled ascrystal ~ISF! correspond to the formation energie
of the vacancy in thev0 (v1) sites. For vacancies far from
the fault plane,v0 site, our calculations agree very well wit
the values in bulk Si0.5Ge0.5 ~Ref. 6!. As a consequence,
can be said that thev0 site ~far from the fault plane! mimics
quite well a bulklike environment in the Si0.5Ge0.5-ISF alloy.
The positive slope of the vacancy formation energy, a
function of the number Si atoms at the NN, can be attribu
to the smaller dangling bond energy of a Ge atom wh
compared with a Si atom.

FIG. 3. Charge density contour plots at the Si0.5Ge0.5 ISF ~a!
total, ~b! highest occupied level, and~c! planar average of the high
est occupied level. For the vacancy far from the fault plane
Si0.5Ge0.5 (v0 site! ~d! total, ~e! highest occupied level, and~f! pla-
nar average of the highest occupied level, and for the vacancy
the fault plane (v1 site! ~g! total, ~h! highest occupied level, and~i!
planar average of the highest occupied level. Si~Ge! atoms are
represented by filled~empty! circles and the ISF is located wher
the atomic zigzag is shifted.
20531
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In pure Si, Antonelliet al.12 obtained that the formation
energy of the vacancy is reduced by 0.23 eV when it is cl
to the ISF, compared to a vacancy in a bulklike site. Here
have a similar value~0.30 eV!, which is shown in the right
edge of Fig. 4. In pure Ge and Si0.5Ge0.5 the formation en-
ergy of the vacancy is also reduced by similar values acco
ing to Fig. 4. Thus, the ISF acts as a sink to vacancies in
and in Si0.5Ge0.5, similarly to what was known to happen i
Si.

We next have studied the energetic favorability of the v
cancy near the fault plane (v1). We have examined two as
pects.~i! Strain relief process, since the network topology
the SN of the vacancy is different in thev0 andv1 sites@see
Figs. 1~b! and 1~c!#. ~ii ! Comparison of the electronic pertu
bation, in the Si0.5Ge0.5-ISF random alloy, due to the creatio
of the vacancies. We have considered the vacancy with 2-
2-Si atoms in the NN in this analysis.

In order to infer the effect of the atomic relaxation, w
have compared the vacancy formation energiesEF

l( i ) in the
v0 and v1 sites, for ~a! frozen geometry, i.e., the atomi
positions of the Si0.5Ge0.5-ISF alloy are not allowed to relax
after the vacancy creation, and~b! full atomic relaxation
~values already shown in Fig. 4!. In both cases the vacanc
in the v1 site is energetically favorable. The energy diffe
ence is 0.22 and 0.18 eV for the frozen geometry and
relaxed cases, respectively. Thus, the energetic favorab
of the vacancy near the ISF plane can not be attributed
better strain relief process in thev1 site compared with the
v0 site.

Focusing on the electronic aspects, we see that the
ation of the vacancy in Si0.5Ge0.5, gives rise to occupied
states in the band gap. However, as shown in Fig. 5,
positions of the single particle energy levels are different
the vacancy far and near the ISF plane. In this figure
levels are plotted taking as reference the levels introduced
the ISF, as discussed in Sec. III A. Far from the ISF pla
@Fig. 5~b!#, the highest occupied state lies at 0.11 eV abo

n

ar

FIG. 4. Formation energy of the vacancies. The curve labele
crystal ~ISF! refers to vacancies far from~close to! the ISF. In the
middle of the figure the formation energies in Si0.5Ge0.5 are shown,
while in the left and right edge are shown the formation energies
Ge and Si, respectively. Lines are only guides to the eyes.
7-4
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the VBM, with two empty orbitals at 0.25 and 0.28 eV abo
the VBM. While for the vacancy near the fault plane, t
highest occupied vacancy level lies at 0.20 eV above
VBM, with a lowest unoccupied orbital at 0.29 eV above t
VBM, see Fig. 5~c!.

In Fig. 3 we show the total charge density of the syste
without vacancies@Fig. 3~a!# and with vacancies at thev0
and v1 sites, Figs. 3~d! and 3~g!, respectively. In Figs. 3~e!
and 3~h! the highest occupied orbital charge densities of
systems with vacancies at thev0 andv1 sites are shown. As
expected, these states have a significant localization nea
vacancy sites. The planar average of the highest occu
orbital charge densities, Figs. 3~f! and 3~i!, for the systems
with vacancies at thev0 andv1 sites, respectively, depict th
charge distribution of these states along the@111# direction.
At the v0 site, the pronounced peak in Fig. 3~f!, indicates the
localization of this electronic level near the vacancy s
And although there is a similar peak in Fig. 3~i!, there is also
for this case a different pattern of oscillation of the plan
average away from the vacancy. Thus, we see that the e

FIG. 5. Single particle energy levels for~a! Si0.5Ge0.5 alloy with
an ISF, and vacancies at~b! v0 ~far from the SF! and ~c! v1 sites
~near the SF!. The energy references are the levels introduced by
ISF.
ys
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tronic properties of the vacancy change significantly whe
is close to the ISF, compared to a vacancy in a bulklike s

IV. CONCLUSION

In summary, we have done a systematical theoretical
vestigation of the electronic and structural properties of
ISF in SixGe12x and its interaction with vacancies. The ca
culations were done in the framework ofab initio density
functional theory.

In pure Si, we found that the formation energy, per u
area, of the ISF is 2.1 meV/Å2, in agreement with previous
calculations.11 In Si0.5Ge0.5 and pure Ge, we found that th
formation energy of the ISF are 3.0 and 3.3 meV/Å2, respec-
tively. Thus, it is significantly less likely to find this kind o
defect in SixGe12x than it is in pure Si.

Our calculations also have shown that the randomnes
the of the alloy is not affected locally by the presence of
ISF. As far as the interaction of vacancies with the ISF
concerned, we show that the ISF acts as a sink to vacan
in Ge and in Si0.5Ge0.5, similarly to what was known to
happen in Si.12 The formation of vacancies close to the ISF
energetically favorable, by about 0.2 eV, in comparison w
the formation of vacancies in bulklike environments.

Similarly to what happens in bulk SixGe12x ,6 the forma-
tion energy of the vacancies near the ISF depends stro
on the number of Si and Ge atoms in its nearest neighb
hood.
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