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An ab initio investigation of the electronic and structural properties of the intrinsic stacking(f&@k in
SiyGe,_, 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/An pure Si, §jGe s and pure Ge, respectively. Also it is shown
that the ISF does not alter locally the randomness of the of theG8j s 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 gutskiyy Si
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 3be, _, , 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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[. INTRODUCTION function of the alloy concentration, and its interaction with
point defects(e.g., vacancyare important issues to be ad-
Si,Ge, _, alloys have great potential for technological ap-dressed based ab initio calculations.

plications in microelectronics. Since the width of the funda- In this article, we present a theoretical investigation of the
mental energy band gap and the electronic band offset can kgectronic and structural properties of the ISF inGa, _, .
tuned as a function of the alloy concentratiod) (the main  We also studied the interaction of vacancies with the ISF.
interests are to band-gap engineering for optical electronicghe calculations were done in the framework aif initio
and Si/SiGe heterojunction bipolar transistors. Althoughdensity functional theor}?
there are a_large number of experimental yvorks addressing The outline of this paper is as follows. In Sec. Il we
the electronic and structural properties ofG# ,,*"*there  present the calculation procedure, in Sec. Iil we present the

are just a few theoretical works dedicated to thgB8| -, resylts and discussion, and in Sec. IV we summarize our
alloys. Recent theoretical study clarified the atomistic strucy,4in conclusions.

ture of the SiGe,_, alloys? where the Si/Ge atomic ar-
rangement were obtained randomly, based upon the special
quasirandom structuréSQS approach proposed by Wei

et al® Very recently, using the same theoretical framework, Il. THEORETICAL APPROACH
the formation of vacancies in e, , and the vacancy me-  The ISF can be obtained by removing a pair of atomic
diated Ge diffusion have been studied in detdil. layers from the perfect crystal. In the diamond structure, the

For many applications 3be, _ films are grown pseudo-  aomic planes follow the .. AaBbCcAaBbCaa . . stacking

morphically in Si substrates, and consequently, they ar@aiern along thé111] direction. If a pair of atomic layers
strained. One possible mechanism for the release of strain .g.,Aa) is removed, an ISF is created with the following

'fjhe formation of gxtended defe@_tﬁns knqwn that extendeq tacking sequence: . AaBbCcBbCcAa. . . Figure 1)
efects. play an important role in _electrlcal and meChan'CaExhibits the atomic arrangement of the ISF in thg<Sie, s
properties of semiconductors. For instance, these defects not: L .
mally introduce electrically active levels in the energy gap, .|sordered alloy. Because we use periodic boundary condi-
and also vacancies can be segregated, gathering in the proqgns we need at least 6 atomic layers to represent the sys-
imity of dislocations® On the other hand, the formation of tems without the ISF and at least 10 atomic layers to repre-

stacking faults plays an important role in the structural and®€nt the systems with the ISF. In our calculations each
dynamic properties of dislocations. In 1970 Ray andat.omm layer is formed by 16 atoms, thus we have supercells
Cockayne'® using weak-beam electron microscopy, verifiedWith Nisg=160 andNy,,=96 atoms, for the calculations
the formation of stacking faults due to the dissociation ofwith and without the ISF, respectively.

dislocations in Si and Ge, while Chat al!* performed an SikGey_y is a substitutionally disordered alloy and, here,
ab initio total energy study of the formation of stacking we model it by means of periodically repeated, finite super-
faults in Si. Antonelliet al!? performed a theoretical study cells. In order to do that, we used the SQS appréash.

of the vacancy-stacking fault interaction in Si. Their total summarized description of this approach follows. For a su-
energy calculations indicate an energetic favorability of thepercell with a given number of sites, we generate a configu-
formation of vacancy near to the fault plane, compared withration o where all the cell sites are occupied by the compo-
the formation of vacancy in the perfect crystal. Similarly, thenents of the alloy. Then, we calculate the pair correlation
formation of stacking faults in the e _, alloys, as a functions, given by
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N-atom supercell at random, with a specified composition
(Ng;/N=x); (ii) we calculatesll (o) for that configura-
tion; (iii) if it is large, the configuration is not statistically
independent. Then, we generate a new configuration @s in
and repeat the process until the calculai®d (o) are
smaller than a chosen toleranceWe search for alloy con-
figurations that obey the following criterf&:811,,(¢o)) =0 for
m=1, 2 and 3, an®ll,,(0)=<0.001 form=4 and 5.

For all systems studied here, we determined the equilib-
rium atomic positions in two stepgi) atomic relaxations
within the valence force fielWFF) approach andi) refined
full relaxations based upoab initio total energy calcula-
tions. In the first step, the atomic relaxations were based on
the elastic constants of Si and Ge, and there is no electronic
charge transfer. Then, in the second step, we find the equi-
librium atomic positions by performingb initio total energy
calculations starting with the atomic geometry obtained from
the VFF calculation.

The ab initio total energy calculations were performed in
the framework of the density functional thedfwvithin the
local density approximation, using the Ceperley-Alder
correlatiort® as parametrized by Perdew and Zun§efhe
electron-ion interaction was treated by using norm-
conservingab initio, fully separable pseudopotentialsThe
wave functions were expanded in a plane wave basis set with
a kinetic energy cutoff of 12 Ry. Equilibrium atomic posi-
tions were determined by relaxation within a force conver-
gence criteria of 25 meV/A. And the Brillouin zone was
sampled by thd™ point.

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

EISF_ Nisr Ebulk
FIG. 1. (& Structural model of the ISF in §iGes. Si (Ge) SE T Ny '

atoms are represented by filléeimpty circles. The vacancies were Er - A (4)

created in the andv, sites. Atomic structure up to the SN of the

vacancy,(b) v0 site (far from the ISH, (c) v1 site (close to the

ISP). whereE
and N g atoms,E

'TS': is the total energy of the supercell with the ISF

?“'k is the total energy of the defect-free
1 system in a supercell withl,, atoms, andA is the area of
(o)== > An(i,))SS;. (1) the stacking faul{SP plane.
me We also investigated the interaction of a vacancy with an
Herell,, is themth-order pair correlation functiorz,, is the ~ ISF in the alloy. The formation energy of a neutral vacancy
number ofmth-order neighbors to a sité| is the number of [Ef(i)], surrounded by an atomic arrangemantcan be
atoms in the cellA(i,j) is 1 if sitesi andj aremth-order ~ written as
neighbors, and zero otherwise; aBdis a variable taking
values—1, if sitei is occupied by Si, and-1 if it is occu-
pied by Ge. For a perfectly randofR) infinite alloy, the pair
correlation function does not depend on

ER(i) = E}(i) — ES0C05— ;. (5

E3(i) is the calculated total energy of the,S6e, 5 ISF

— _ 2 .

Hm(R)=(2x=1), ) with the vacancyi (i=Si or Ge, and E$'°-5Ge°-5 is the total
wherex is the Si concentration. For a given configuration weenergy of Sj sGey s random alloy with an ISF, §iGe, 5ISF
calculate the deviation from randomness as [see Fig. 1a)]. Since these two terms present different num-

ber of atoms, we have to include the chemical potential of
S (o) = (o) =TT (R)|. (3)  the element, u;.

Previous theoretical calculatidhisave shown that it is not
The quantity above indicates how random theonfigu-  important whether a Si or a Ge atom is removed from bulk
ration is. Our protocol to generate an acceptable configureSiy Ge, 5 to create the vacancy. Thus here we only consider
tion is the following: (i) we place the Si and Ge atoms in a Si vacancies.
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4.0 . - . . [111] direction, compared with the bonds far from the fault
plane. We have also verified that the calculated bond lengths
for the SpGe s alloy confirm the Pauling limit for such
structure? even near the SF plane.

We represent the §iGe, 5 alloy with the ISF by the SQS
model. It means that we have assumed an ideal randomness
of the alloy even in the vicinity of the fault. However, in
principle, a defect could alter locally the randomness of
the alloy, and as a consequence we should verify whether
there are any preferential bonding configuration near the SF
plane. Thus, we have calculated the formation energy of the
SipsG&y 5 ISF alloy considering a full Si-Ge atomic swap in
our supercell sites (StGe), i.e., all the Si sites become
occupied with Ge atoms and vice versa. Therefore, the cal-
culated statistical correlation is still the same, however, the
atomic concentration of the Si and Ge atoms at the fault

0 plane is exchanged. In the original cell, the relative concen-

) . tration between Si and Ge at the fault plane W&]/[Ge]

Si concentration (x) =2/3, and after Si-Ge swap it becomeSil/[Ge|=3/2, in-
FIG. 2. ISF formation energy, per unit area, as a function ofcreasing (reducing the number of Si-Si bond$Ge-Ge
alloy concentration. The line is only a guide to the eyes. bonds at the SF plane. Our calculations show that the for-
mation energy of the ISF in §iGe, 5 changes by only 0.13
ll. RESULTS AND DISCUSSIONS meV/A? due to the full SizGe swap, thus there is no sig-
_ o _ nificant preferential bonding arrangement for Si and Ge near
A. 5iGe,— intrinsic stacking fault the SF plane. That is, the SQS model is still valid at the SF
For the Sj:Ge s alloy, after the initial VFF relaxation region.

process, we performed thab initio relaxation in the way It is well known that the formation of the ISF in pure Si

described in the last section. In taé initio relaxation pro-  perturbs the valence and conduction bands edgasthel

cess the total energy decreases only by about 1 meV/atorppint the ISF gives rise to an occupied defect state at

for the alloys with and without the ISF. It means that the VFF~0.10 eV above the valence band maximWiBM) and an

calculations model the structure of these systems quite accempty state at=0.20 eV below the conduction band mini-
rately, and thus, we can infer that the elastic effects are domimum (CBM). For the SjsGe, 5 ISF, our calculated electronic
nant for the relaxations in both cases. For the alloy with thestructure also indicates a defect state=&1.09 eV above the

ISF, in particular, the VFF model is accurate because thi¥ BM and an empty defect state at0.13 eV below the

defect does not produce significant changes in bond dissBM. The highest occupied state is mainly localized at the

tances and angles in comparison with the perfect crystal. ISF region, along the bonds between two different pairs of

Figure 2 shows the formation energy of the ISF, per unitatomic bilayers, e.g.Cb and Bc, see Fig. &). Similar
area, calculated by E@4), as a function of the alloy concen- charge density distribution for the highest occupied state has
tration. For pure SiXx=1.0) we obtained a formation energy been verified for the Si ISE The planar average of the
of 2.1 meV/R. For pure Ge x=0.0) the formation energy charge density distribution of the highest occupied state,
is 1.2 meV/R larger than that obtained for the pure Si along the[111] direction, is shown in Fig. @). A charge

(EFF=3.3 meV/R). In the SjGas alloy the formation concentration in the SF plane is clearly observed.

energy of the ISF is 3.0 meVAA being slightly smaller than

the formation energy of the Ge ISF. These results imply that,

it is significantly less likely to find an ISF in 8be,_ than

it is in pure Si. We have investigated the properties of vacancies in the

As far as the atomistic structure is concerned, in pure SiSlsG& s ISF alloy, as well as in Si ISF and Ge ISF. To
the Si-Si equilibrium bond lengths far from the fault plane create the vacancy a Si atom was removed from two distinct
are the same as that obtained for the Si bulk 2.33 A. On théites: Far from the fault plane§) and near the fault plane
other hand, in the SF plane, the Si-Si bonds are stretched Hy1). The location of these sites in the supercell are shown in

0.7% along the[111] direction, when compared with the Fig. 1(a), while Figs. 1b) and Xc) depict the local atomic

Si-Si bonds far from the SF plane. These results, as well agrrangement of the Si and Ge atoms, up to the second-

the formation energy of the ISF in pure Si, are in good agreeneighborhoodSN) of the vacancies.

ment with previousab initio calculations by Choet all! In Ref. 6, it is shown that the vacancy formation energy

Similarly, for pure Ge, the equilibrium bond lengths at the[Eé(i)] in bulk SiGe, s strongly depends on the Si/Ge

SF plane are stretched by 0.6% along ff&1] direction, relative population in the nearest-neighborh@biN) of the

relatively to the Ge-Ge bonds far from the fault region, andvacancy. Nevertheless, the formation energy of the vacancy

for SiysG&) 5 the bond lengths at the fault plane are stretchedlepends only weakly on the Si/Ge population in the SN of
by 0.8%(Si-Si), 1.0%(Si-Ge, and 0.6%Ge-Gg, along the the vacancy. Thus, here we sample the several types of va-
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B. Interaction of a vacancy with an ISF in SiGe;_
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FIG. 4. Formation energy of the vacancies. The curve labeled as
crystal (ISF) refers to vacancies far frorftlose tg the ISF. In the
middle of the figure the formation energies iny $be, 5 are shown,
while in the left and right edge are shown the formation energies for
Ge and Si, respectively. Lines are only guides to the eyes.

In pure Si, Antonelliet al!? obtained that the formation
energy of the vacancy is reduced by 0.23 eV when it is close
to the ISF, compared to a vacancy in a bulklike site. Here we
have a similar valu€0.30 eV}, which is shown in the right
edge of Fig. 4. In pure Ge and 3G, 5 the formation en-
ergy of the vacancy is also reduced by similar values accord-
ing to Fig. 4. Thus, the ISF acts as a sink to vacancies in Ge
and in Sy sGe, 5, similarly to what was known to happen in
Si.

We next have studied the energetic favorability of the va-
cancy near the fault plane {). We have examined two as-

FIG. 3. Charge density contour plots at the §8&,s ISF (&) pects.(i) Strain relief process, since the network topology in
total, (b) highest occupied level, ard) planar average of the high- {he SN of the vacancy is different in thg andv, sites[see
est occupied level. For the vacancy far from the fault plane inFigs. 1b) and Xc)]. (i) Comparison of the electronic pertur-
SlosG&y5 (v site) (d) total, (e) highest occupied level, arif) pla-  paiion in the SjGe, ISF random alloy, due to the creation
nar average of the highest occupied level, and for the vacancy Nedk the vacancies. We have considered the vacancy with 2-Ge/
the fault plane ¢ site) (g) total, (h) highest occupied level, an(d) 2-Si atoms in the NN in this analysis.

planar average of the highest occupied level.(Ge) atoms are . . .
represented by filledempty) circles and the ISF is located where In order to infer the effect of the_ atomic rela_lxe_ltlon, we
the atomic zigzag is shifted. have compa_red the vacancy formation engr@é(s) in the _

vg and v, sites, for(a) frozen geometry, i.e., the atomic

positions of the SisGe, 5-ISF alloy are not allowed to relax
cancies in $isGgs by considering only three different after the vacancy creation, an®) full atomic relaxation
Si/Ge configurations in the NN, viz. 4-Ge/0-Si, 2-Ge/2-Si, (values already shown in Fig).4in both cases the vacancy
and 0-Ge/4-Si, always with 6-Ge/6-Si in the SN. in the v, site is energetically favorable. The energy differ-

The calculated formation energies, as a function of theence is 0.22 and 0.18 eV for the frozen geometry and full

vacancy position«, or v;) and the NN Si/Ge population relaxed cases, respectively. Thus, the energetic favorability
(N\), are shown in Fig. 4. In this figure the values in the curveof the vacancy near the ISF plane can not be attributed to a
labeled asrystal (ISF) correspond to the formation energies better strain relief process in thg site compared with the
of the vacancy in the, (v,) sites. For vacancies far from v, site.
the fault planey  site, our calculations agree very well with Focusing on the electronic aspects, we see that the cre-
the values in bulk QisGey 5 (Ref. 6. As a consequence, it ation of the vacancy in §iGe,s, gives rise to occupied
can be said that the, site (far from the fault planemimics  states in the band gap. However, as shown in Fig. 5, the
quite well a bulklike environment in the iGe, 5-ISF alloy.  positions of the single particle energy levels are different for
The positive slope of the vacancy formation energy, as dhe vacancy far and near the ISF plane. In this figure the
function of the number Si atoms at the NN, can be attributedevels are plotted taking as reference the levels introduced by
to the smaller dangling bond energy of a Ge atom wherthe ISF, as discussed in Sec. lll A. Far from the ISF plane
compared with a Si atom. [Fig. 5b)], the highest occupied state lies at 0.11 eV above
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ISF—v0 ISF—v1 tronic properties of the vacancy change significantly when it
ISF . . . .

is close to the ISF, compared to a vacancy in a bulklike site.

0.34 — 034 — 034
= —— 028 — 029 IV. CONCLUSION

oY 0.25 -o—o (020

s oo ou In summary, we have done a systematical theoretical in-

0.00 0.00 0.00 vestigation of the electronic and structural properties of the

ISF in SiGe, _, and its interaction with vacancies. The cal-
culations were done in the framework ab initio density
FIG. 5. Single particle energy levels fa) SiysGeysalloy with  functional theory.

(a) ® ©

an ISF, and vacancies @) v, (far from the SF and (c) v, sites In pure Si, we found that the formation energy, per unit
(near the SF The energy references are the levels introduced by tharea, of the ISF is 2.1 meVAA in agreement with previous
ISF. calculations! In Siy Gey 5 and pure Ge, we found that the

formation energy of the ISF are 3.0 and 3.3 me¥/ Aespec-

the VBM, with two empty orbitals at 0.25 and 0.28 eV abovetively. Thus, it is significantly less likely to find this kind of
the VBM. While for the vacancy near the fault plane, thedefect in SjGe,_, than it is in pure Si.
highest occupied vacancy level lies at 0.20 eV above the Our calculations also have shown that the randomness of
VBM, with a lowest unoccupied orbital at 0.29 eV above thethe of the alloy is not affected locally by the presence of the
VBM, see Fig. %c). ISF. As far as the interaction of vacancies with the ISF is

In Fig. 3 we show the total charge density of the systemgoncerned, we show that the ISF acts as a sink to vacancies
without vacanciegFig. 3@] and with vacancies at the;  in Ge and in SjsGe& s, similarly to what was known to
anduv sites, Figs. &) and 3g), respectively. In Figs. (&) happen in St? The formation of vacancies close to the ISF is
and 3h) the highest occupied orbital charge densities of thesnergetically favorable, by about 0.2 eV, in comparison with
systems with vacancies at thg andv, sites are shown. As the formation of vacancies in bulklike environments.
expected, these states have a significant localization near the Similarly to what happens in bulk Se, _,,° the forma-
vacancy sites. The planar average of the highest occupiebn energy of the vacancies near the ISF depends strongly
orbital charge densities, Figs(fgand i), for the systems on the number of Si and Ge atoms in its nearest neighbor-
with vacancies at the, andv, sites, respectively, depict the hood.
charge distribution of these states along [th#&1] direction.

At th_evo_ site, the_pronounce_d peak in FigfB indicates the_ ACKNOWLEDGMENTS
localization of this electronic level near the vacancy site.
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