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Dopant diffusion plays an important role in the formation of ultrashallow junctions. To avoid unwanted
transient enhanced diffusion of dopants, especially boron, other species(e.g., Ge, C, N, and F) are introduced
into the Si substrate. Here,ab initio calculations have been carried out using a density functional theory code,
DFT++, to investigate the origin of the experimentally observed retardation of boron diffusion in SiGe alloys.
The formation energies of individual Si, B, and Ge point defects, and Si-B, Ge-B, and Si-Ge pair defects were
calculated. Based on these calculations, the energetics of Si:Ge:B systems suggest that one mechanism to
retard boron diffusion involves the effect of Ge atoms to decrease the number of available Si self-interstitials
by increasing the migration energy and, concomitantly, to increase the migration energy of boron atoms. Our
results also show that it is difficult for a Ge interstitial to approach a substitutional boron atom compared with
a Si self-interstitial.
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I. INTRODUCTION

The semiconductor industry has been following a long-
term trend to increase transistor density by decreasing feature
sizes on a chip for more than three decades. According to the
International Technology Roadmap for Semiconductors
(ITRS),1 the minimum feature size(MPU physical gate
length), which decreased from 10mm in 1970 to 0.35mm in
1995, and is proposed to decrease further to 0.018mm in
2010 with related increases in device performance.With con-
tinued downscaling of Si device dimensions into the sub-
100 nm range, ultrashallow junctions(i.e., ,10 nm of drain
extension junction depth) will be required within the nextde-
cade(i.e., 2010) to meet the goals of the ITRS.1

Of the common dopants in Si, boron is the only practical
p-type dopant, but its use is hampered by the ability to form
shallow junctions. The biggest problem associated with
boron-doped ultrashallow junction formation is the anoma-
lous diffusion of boron during annealing, arising from point
defects introduced during ion implantation.2,3 This effect is
more pronounced in the “tail” region and is called transient
enhanced diffusion(TED). In order to minimize boron TED,
different methods have been proposed, such as fast-ramp
rapid thermal annealing(RTA),4,5 laser thermal processing
(LTP),6–9 and impurity doping(incorporating other species
into the Si substrate).10–16 Unlike fast-ramp RTA and LTP,
where the time during which the system is at elevated tem-
peraturess.700°Cd is decreased, impurity doping methods
attempt to decrease the diffusivity of boron and thus suppress
TED. Experiments showed that the boron diffusivity in
strained as well as relaxed SiGe alloys decreased rapidly
with Ge content up to 40% Ge(Refs. 10–16) but increased
again at high Ge levels.12,16As pointed out by Paineet al.,10

this must involve a changeover of dominant mechanism at
some composition. At low Ge concentrations, boron diffu-

sion is dominated by an interstitial-based mechanism.10,17At
high Ge levels, it has been suggested that boron diffuses
mainly via vacancies. Recently, Uppalet al. has called this
suggestion into question based on his observation that there
was little increase in boron diffusivity from 50% to 100%
Ge.16

There are a number of potential explanations for the
slower boron diffusion in SiGe alloys. The reduction was
initially attributed to the effect of compressive strain on the
self-interstitial concentration11 since the self-interstitial for-
mation energy increases linearly with increasing biaxial
compressive strain and decreases with increasing tensile
strain.18 Recently Kuoet al. made detailed comparisons of
boron diffusion in compressively strained SiGe with that in-
relaxed SiGe with the same composition, and in tensile-
strained Si with that in relaxed Si using inert-ambient fur-
nace annealing of Si1−xGex layers (where x<0.10 andx
<0.20) grown epitaxially on various relaxed Si1−yGey s0
øyø0.20d substrates at 800 °C.12,19They found no effect of
strain on diffusivity. Making the assumption that boron dif-
fusion is mediated by positively charged point defects,
Moriya et al. pointed out that, as Ge content increased, the
band gap narrowing may change the concentration of
charged interstitials and give rise to the reduction in
diffusivity.20 However, more extensive diffusion studies us-
ing iso-concentrationp-type andn-type backgrounds have
shown that the contributions of charged and neutral point
defects to intrinsic boron diffusion(the dopant concentration
is less than the intrinsic carrier concentration) are of similar
magnitude.21,22 This rules out a strong reduction in intrinsic
B diffusion due to band gap narrowing. Another explanation
involves the pairing of boron and germanium atoms in the
alloy,11 consistent with the fact that the two atoms introduce
compensating strain in the silicon lattice. Since germanium
diffuses very slowly compared to boron in Si,23 attraction
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between germanium and boron atoms could conceivably
slow boron diffusion in the SiGe alloy. So far, no consensus
on the cause for this decrease in diffusivity has been reached.

This situation provides the motivation to use atomic-level
computer simulations to study the effect on boron diffusion
in Si due to the presence of Ge. Since dopants dissolve in the
lattice to occupy substitutional lattice sites almost exclu-
sively, only by interacting with native point defects(intersti-
tials and vacancies) will dopant atoms be able to exchange
lattice sites and diffuse over a long distance. Both experi-
mental observations and theoretical studies indicate that dif-
fusion of common dopants in Si is mediated either by native
point defects, namely self-interstitialssSiid and vacancies
sSivd, or by a direct exchange mechanism which occurs in
their absence. Various diffusion mechanisms have been con-
sidered:(1) a monovacancy mechanism;(2) a direct intersti-
tial mechanism;(3) an interstitialcy mechanism, i.e., the dif-
fusing defect is a complex formed by an impurity atom and a
Si atom sharing the same lattice site;(4) a concerted ex-
change mechanism, in which two adjacent substitutional at-
oms switch position(theoretical calculations show that this is
a possibility24,25). It has proven difficult to give a definitive
assessment of the dominant diffusion mechanism, even for
self-diffusion in Si.26,27

Our focus here will not reside in determining which
mechanism is dominant; rather, we will try to understand the
effect of Ge atoms on the formation and diffusion of differ-
ent defects involving B, Ge, and Si atoms. The energetic and
structural properties of B, Ge, and B-Ge defects in a Si ma-
trix will be studied usingab initio calculations. By compar-
ing the energies of all the point defects, a mechanism to
explain retarded boron diffusion in SiGe will be proposed. A
database of the energetic static properties of these systems
will be built for future tight-binding and classical potential
models and for use in continuum models to simulate boron
diffusion in SiGe on experimentally realistic length and time
scales.

II. SIMULATION METHODS

In this study, a density functional theory code using the
local density approximation(DFT-LDA), DFT++, devel-
oped by Ismail-Geigi and Arias,28 was used to performab
initio calculations of the energetics of boron in Si and SiGe
alloys. DFT++ is a linear, basis-independent, matrix-based,
and fully explicit formulation of generalized density function
theories. The interaction between “cores”(nuclei plus core
electrons) and valence electrons is described by generalized
norm-conserving pseudopotentials.29 For the exchange and
correlation interaction, DFT++ uses the local density ap-
proximation (LDA ) parametrized by Perdewet al.30 This
method has been very successful in calculating and predict-
ing the structure of the hydrogen-boron complex in crystal-
line silicon.31

While for the sake of brevity it is not appropriate to go
into great detail on the DFT++ method here, one point must
be made. The calculated energy, and thus the energetic and
structural properties of the system, depends critically on the
sampling points and the plane-wave cutoff. Sampling points

for Brillouin-zone integration were generated using the
Monkhorst-Pack scheme32 and convergence was checked
with respect to the number of sampling points. As observed
by Merceret al.33 and Li et al.,34 Monkhorst-Pack param-
eters(3,3,3) are sufficient for the 64-atom cells. The plane-
wave expansion cutoff is another crucial factor for determin-
ing the energetics of boron. To obtain an energy tolerance of
0.01 eV/atom or less, a cutoff of 16 hartree was used for the
64-atom cells. To determine the energetics of stable struc-
tures, atomic positions were relaxed until the largest forces
were below 0.05 eV/Å.

III. RESULTS AND DISCUSSION

Experiments have shown that boron diffusion in Si is me-
diated mainly by Si self-interstitials.17,26,27 A Si self-
interstitial, migrating through the interstices of the lattice,
approaches a substitutional boron atomsBsd. If the interac-
tion causes the dopant atom to be displaced into an intersti-
tial site, the boron atom will now migrate through the inter-
stices as a boron interstitialsBId until it takes up a
substitutional site again by dislodging a silicon atom from a
substitutional site.

When Ge atoms are introduced into the system, there are
four main kinds of locations that a Ge atom might occupy
which could affect boron diffusion:(1) a substitutional loca-
tion near a Si self-interstitial, thus affecting the latter’s mi-
gration rate and its availability to interact with a nearby sub-
stitutional boron atom, Bs (described in Sec. III A below);
(2) a substitutional location near a mobile boron interstitial
which might affect its diffusion(Sec. III B); (3) a Ge atom
taking the place of a Si self-interstitial(in the process becom-
ing a Ge interstitial), thus affecting the number of Si self-
interstitials available to interact with Bs atoms(Sec. III C);
(4) a substitutional location near a Bs atom, which might
alter the ease with which a nearby Si self-interstitial is able
to displace a Bs atom (Sec. III D). This fourth location also
serves to test the suggestion that stress compensation be-
tween Ge and B atoms could play a role. Summaries of the
effect of the presence of a Ge atom in the four classes of
situations listed above are given at the end of each section.

Several other structures, involving entities such as SiI
(Table I), BI (Table I), Ges (Sec. III D), and Bs (Sec. III D),
were also studied to understand more completely the ener-
getic and structural changes introduced by the presence of

TABLE I. Formation energies of interstitials in a Si matrix
(eV).

Tetrahedral I Hexagonal I (110) split I

SiI 3.40 3.27 3.27

BI 2.95 2.62 2.37

GeI 3.54 3.52 3.25

SiIBs 2.13 2.14 2.37

GeIBs 2.48 2.47 2.55

BIGes unstable(3.21 unrelaxed) 2.79 2.55

SiIGes unstable(3.97 unrelaxed) 3.39 3.25
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Ge atoms. Due to limitations of space and in order to focus
on the main goal of this paper, namely to study the effect of
Ge on boron diffusion, only 12 out of the 24 structures we
studied are discussed in detail in this paper. The rest of the
structures are only cited in this paper to illustrate further the
structural and energetic differences introduced by Ge atoms.

A. Effect of Ge on Si self-interstitial

The effect of Ge atoms on the formation energies of
nearby Si self-interstitials was studied by placing a substitu-
tional Ge atom as the first nearest neighbor(first NN) of a Si
self-interstitial. All three main types of interstitials were con-
sidered: Tetrahedral, hexagonal, and 110-split interstitials.

(a) Tetrahedral SiIGes: An Si matrix containing a tet-
rahedral Si self-interstitialsSiId with one of its first NNs
replaced by a Ge atom was relaxed using statics calculations
until the largest force was below 0.05 eV/Å. Interestingly,
and in contrast to the situation where no Ge is present, the
tetrahedral SiI is not stable in the presence of a Ge atom. The
tetrahedral SiI moves away from the substitutional Ge atom
and forms a hexagonal interstitial without the Ge atom as its
first NN [Fig. 1(a)]. By moving away from the Ge atom, the

formation energy, defined as the energy difference between
that of a supercell containing an interstitial and a supercell of
the same atoms all on substitutional positions, drops consid-
erably, by 0.67 eV(3.97 eV vs 3.30 eV). The final bond
length between SiI and Ge is 2.89 Å, much longer than the
bond length between an isolated tetrahedral SiI and its first
NNs s2.35 Åd, and the Ge atom moves slightly towards SiI,
which resulted in longer bond lengths between the Ge atom
and its first NNs(2.40 Å away from atoms 7, 8, and 9,
2.42 Å away from atom 10) than in an isolated substitutional
Ge atoms2.38 Åd. Furthermore, in contrast to an isolated
hexagonal SiI, which stays between the planes formed by
atoms 1-3-5 and by atoms 2-4-6, here, the SiI stays above
both planes, evidenced by the fact that the bond length be-
tween SiI and atoms 1, 3, and 5 is shorter than that between
the SiI and atoms 2, 4, and 6(2.38 Å vs 2.44 Å).On the other
hand, the structural difference between the relaxed tetrahe-
dral structure and an isolated hexagonal self-interstitial struc-
ture has little effect on the formation energies(3.30 eV vs
3.27 eV), in agreement with earlier studies of Si
interstitials.35–38

(b) Hexagonal SiIGes: A hexagonal SiI with a Ge atom
as one of its first NNs is shown in Fig. 1(b). After relaxation,
the bond length between SiI and its surrounding Si atoms
changes very little(2.36 Å between SiI and atoms 1, 2, 4, 5,
and 2.37 Å between SiI and atom 3). However, the effect of
the nearby Si interstitial on a substitutional Ge atomsGesd is
quite different from an isolated Ges, where all the Si atoms
relax outward with bond lengths of 2.38 Å(calculated in this
work). Here, atoms 1 and 5 are constrained by the presence
of the SiI and could not move outward. To reach an energy
minimum, the Ge atom moves up toward atom 6, which
resulted in a shorter bond length between Ge and atom 6
s2.36 Åd and longer bond lengths between Ge and atoms 1
and 5s2.54 Åd. This is also evidenced by a larger bond angle
(64.5° for angle 1-SiI-Ge and 5-SiI-Ge) than that observed in
either the hexagonal Ge interstitial[Sec. III C (b)] or self-
hexagonal interstitial cases(63°, calculated in this work). At
the same time, the Ge atom moves toward atom 7(2.39 Å,
close to the bond length between Ge and SiI, 2.41 Å). This
structural difference, again, makes only a small difference in
the formation energy(0.12 eV higher than that of the iso-
lated hexagonal self-interstitial, 3.40 eV vs 3.27 eV).

(c) Si-Ge split interstitial: For a Si 110-split intersti-
tial, two Si atoms share one lattice site. When one of these
two self-interstitials is replaced with a Ge atom, two hetero-
geneous interstitial atoms share the same lattice site(Fig. 2).
The Ge-Si split interstitial bond length is 2.47 Å, the same as
that observed in the Ge tetrahedral interstitial case(Sec. III C
(a)]. Due to the different sizes of the Ge and Si atoms, the
bond is asymmetric with respect to the plane perpendicular
to the bond direction. The SiI is 2.49 Å away from atoms 1
and 2, while GeI is 2.51 Å away from atoms 1 and 2. For the
same reason, the bond between GeI and atom 3 is longer than
that between SiI and atom 4(2.37 Å vs 2.34 Å). This struc-
tural difference has virtually no effect on the formation en-
ergy (3.25 eV, only 0.02 eV lower than that of the split
self-interstitials).

In an interstitial diffusion mechanism, the interstitials pre-
fer to diffuse through(110) channels, following the path con-

FIG. 1. (Color online) Si self-interstitials with a Ge atom in-
volved in a Si matrix(lattice constant, 5.43 Å). (a) Relaxed tetra-
hedral interstitial. Red(largest grey) atom, Ge atom; large green
(grey) atom, self-interstitial; yellow(large white) atoms, first NN of
self-interstitial(atoms 1–6). (b) Hexagonal interstitial. Red(largest
grey) atom, Ge atom; large green(grey) atom, self-interstitial; yel-
low (large white) atoms, first NN of self-interstitial(atoms 1–5).
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necting the tetrahedral and hexagonal sites as shown in Fig.
3.39–42The formation energy difference between the tetrahe-
dral and hexagonal interstitials is defined as the migration
energy,Em. For self-diffusion without any Ge atoms present,
the migration energy is 0.13 eV(calculated in this work).
However, in the presenceof a Ge atom, we were unable to
find a stable structure involving a tetrahedral self-interstitial
and a Ge atom. Even if a stable structure exists, its formation
energy should be close to the value we calculateds3.97 eVd
since the difference between the formation energies of the
relaxed and unrelaxed tetrahedral self-interstitials(and boron
interstitials) is less than 0.1 eV(calculated in this work).
Therefore, the large energy difference between the tetrahe-
dral and hexagonal self-interstitials when a Ge atom is
presents0.6 eVd can be considered as representative of the
migration energy of self-interstitials in the presence of Ge
atoms. The higher migration energy should significantly de-
crease the diffusion of self-interstitials, thus decreasing the
number of available interstitials to mediate boron diffusion;
this result reveals one possible explanation for the retarded
diffusion of self-interstitials in SiGe alloys. Furthermore, the
energy difference between the split interstitial and the hex-
agonal interstitial is 0.14 eV(Table I) when a Ge atom is
involved, compared to the almost zero energy difference
(Table I) when no Ge atom is present. These results suggest
that the Ge-SiI pair is more difficult to dissolve into mobile
interstitials compared to 110-split interstitials.

B. Effect of substitutional Ge on boron interstitials

After considering the effect of Ge atoms on the diffusion
mediator, Si self-interstitials, the diffusion of boron intersti-

tials in the presence of substitutional Ge atoms was studied.
As above, three kinds of boron interstitials were studied:
tetrahedral, hexagonal, and split interstitials.

(a) Tetrahedral BIGes: As observed for a tetrahedral
self-interstitial with a Ges as its first NN[Sec. III A (a)], the
tetrahedral boron interstitial is also not stable in the vicinity
of a Ges atom[Fig. 4(a)]. The boron atom moves away from
Ge and forms a hexagonal interstitial without the Ges as its
first NN, as shown in Fig. 4(b). The B-Si bond length is the
same as the value of 2.20 Å observed in the case of an iso-
lated hexagonal boron interstitial(data not shown). In addi-
tion, the arrangement of the boron interstitial and its sur-
rounding Si atoms is the same as that of an isolated
hexagonal boron interstitial. The distance between the B and
Ge atoms is 3.51 Å, much larger than that observed for a
hexagonal self-interstitial with a Ge atom as its first NN
f2.89 Å, Sec. III A (b)]. Thus, there is little interaction be-
tween the boron interstitial and the Ge atom. The formation
energy should then be expected to be close to that of an
isolated hexagonal boron interstitial; this, indeed, is the case
s2.67 eV vs 2.62 eV). This behavior is the same as that ob-
served in the case of a tetrahedral self-interstitial with a Ge
atom as its first NN, whose formation energy is just 0.03 eV
higher than that of the isolated tetrahedral SiI.

(b) Hexagonal BIGes: When one first NN of a hexago-
nal boron interstitial was replaced by a Ge atom, the boron

FIG. 2. (Color online) Ge-Si split interstitial in a Si matrix. Red
(largest grey) atom, Ge atom; large green(grey) atom, self-
interstitial; yellow (large white) atoms, first NN of interstitials.

FIG. 3. Schematic of migration along the 110 channel.Em is the
migration energy andEb is the energy barrier for an initial kick out.
X is the test species which can be Si, Ge, or B.

FIG. 4. (Color online) Tetrahedral boron interstitial with a Ge
atom involved in a Si matrix.(a) Unrelaxed tetrahedral interstitial,
(b) relaxed hex-away structure. Blue(large dark) atom, B atom; red
(large grey) atom, Ge atom; yellow(large white) atoms, first NN of
the interstitial.
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atom moved away from the Ge atom. The bond length be-
tween the boron atom and the surrounding atoms decreased
from the Ge atom to atom 3(2.46 Å between B and Ge,
2.24 Å between B and atoms 1 and 5, 2.14 Å between B and
atoms 2 and 4, 2.10 Å between B and atom 3), as shown in
Table II. The bond lengths between the boron atom and at-
oms 2, 4, and 3 are shorter than the B-Si bond length
s2.19 Åd in the isolated hexagonal boron interstitial case
(data not shown). The same phenomenon was observed in
the Bs-Ges case(described below): The boron atom moved
away from the Ge atom to form stronger bonds with Si atoms
than with the Ge atom. At the same time, this movement
gives more room for the Ge atom to relax, which resulted in
the bond length between the Ge atom and atom 7 being a
little longer than that in the case of an isolated substitutional
Ge atom(2.40 Å vs 2.38 Å) and the bond lengths between
the Ge atom and atoms 1 and 5 being almost identical to that
in the isolated substitutional Ge atom case(2.37 Å vs
2.38 Å). The bond length between the Ge atom and atom 6 is
the same as that in the isolated substitutional Ge atom case
since the bond is perpendicular to the hexagonal interstitial
plane. The formation energy of the hexagonal boron intersti-
tial with a Ge atom as its first NN is 2.79 eV, 0.17 eV higher
than that of the isolated hexagonal boron interstitial without
any Ge atom involved(2.62 eV, Table I). This is similar to
the hexagonal self-interstitial with a Ge atom as its first NN
[described above in Sec. III A(b)], where the formation en-
ergy is 0.12 eV higher than that of the isolated hexagonal
self-interstitial without any Ge atom involved(calculated in
this work). These results again confirm that the B-Si interac-
tion is stronger than the B-Ge interaction.

(c) B-Ge split interstitial: The B-Ge split interstitial is
shown in Fig. 5(b). As in the B-Si split interstitial case(data
not shown), the B atom is much closer to the lattice site than
the Ge atom. The B-Ge bond length is longer than the B-Si
bond length observed in the B-Si split interstitial case
(2.02 Å vs 1.97 Å). The bond lengths between the Ge atom
and its surrounding Si atoms are longer than those observed
in a Ge-Si split interstitial case[2.38 Å vs 2.34 Å; 2.57 Å vs
2.51 Å, Sec. III A(c)]. The bond lengths between the B atom
and atoms 3 and 4 are the same as observed in the B-Si split
interstitial case, the bond length between the B atom and
atom 2 is also very close to that observed in the B-Si split
interstitial case(1.98 Å vs 1.99 Å). Due to the weaker B
-Ge and Ge-Si bonds, the formation energy of the B-Ge split
interstitial is 0.18 eV higher than that of the B-Si split inter-
stitial. This is similar to the observation for the hexagonal
boron interstitial with a Ge atom as its first NN case[de-
scribed in Sec. III B(b) above], where the formation energy
is 0.17 eV higher than that when no Ge is present.

The addition of a Ge atom causes the formation energy of
boron interstitials to increase in a similar manner to that ob-
served for a Si self-interstitial with a Ge atom as its first NN.

The migration energy of boron increases from 0.33 eV(cal-
culated in this work) in a Si matrix to 0.42 eV when one Ge
atom becomes a first NN of the boron interstitial. Thus the
diffusion of mobile boron atoms is somewhat suppressed.

C. Effect of Ge interstitials in Si

In SiGe alloys, a fraction of any interstitials present in the
lattice will be Ge atoms which may also play a role in boron
diffusion. Here we will investigate the effect of Geintersti-
tials in Si in order to understand the different role of Ge and
Si interstitials in the boron diffusion process.

Ge interstitials(Figs. 6 and 2) resemble Si self-interstitials
(data not shown) in terms of structural properties. However,
there are some changes in the bond length and the formation
energy due to the larger size of Ge atoms, as described be-
low.

(a) Tetrahedral GeI: The presence of a tetrahedral Ge
interstitial introduces compressive strain into the Si matrix.
The surrounding Si atoms relax away from an interstitial Ge

TABLE II. Bond lengths between a hexagonal boron interstitial and a Ge atom in a Si matrixsÅd.

B-Ge B-1,5 B-2,4 B-3 Ge-1,5 Ge-6 Ge-7 1-2, 4-5 3-2,4

2.464 2.238 2.141 2.100 2.368 2.375 2.405 2.337 2.365

FIG. 5. (Color online) Boron interstitials close to a Ge atom
involved in a Si matrix.(a) Hexagonal interstitial,(b) split intersti-
tial. Blue (large dark) atom, B atom; red(large grey) atom, Ge
atom; yellow(large white) atoms, first NN of the boron interstitial.
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atom, as observed in the relaxation of Si atoms surrounding a
substitutional Ge atom(data not shown). The Ge-Si bond
length is 2.47 Å and the Si-GeI-Si bond angle is the same as
observed in the tetrahedral self-interstitial case(109.5°, cal-
culated in this work). The formation energy of the Ge tetra-
hedral interstitial is 3.54 eV, 0.14 eV higher than the forma-
tion energy of the tetrahedral self-interstitial(calculated in
this work), presumably resulting from the size difference be-
tween Ge and Si atoms.

(b) Hexagonal GeI: The hexagonal Ge interstitial also
pushes away surrounding Si atoms, resulting in a Ge-Si bond
of 2.40 Å, considerably longer than that between a self-
interstitial and surrounding Si atoms(2.25 Å, calculated in
this work). As a result, the bond length between the Si atoms
surrounding the Ge atom is longer than that for a hexagonal
self-interstitial case(2.51 Å vs 2.35 Å). The surrounding at-
oms not only move outward along the Ge-Si bond direction,
but also move away from each other.

The Si-GeI-Si angle is 63.3°, larger than that of the Si
-SiI-Si in the hexagonal self-interstitial case(62.9°, calcu-
lated in this work). The angle between the surrounding Si
atoms is 108.5°, smaller than 109.6° in the hexagonal self-
interstitial case(note that these six atoms are not in the same
plane). The change of the angles between the surrounding Si
atoms has the same sign as observed in the hexagonal boron
interstitial case(data not shown) where the surrounding Si

atoms move towads the boron atom and away from each
other at the same time. Here, however, the magnitude of the
changes is smaller and thus the energy change is not as large.
The formation energy of a Ge hexagonal interstitial is
3.52 eV, 0.25 eV higher than that of the hexagonal self-
interstitial (calculated in this work), while (for comparison)
the formation energy of the hexagonal boron interstitial is
0.65 eV lower than that of the hexagonal self-interstitial.

(c) Tetrahedral GeIBs: In the case of an isolated Ge
tetrahedral interstitial in a Si lattice, the bond lengths be-
tween the Ge atom and its four equivalent first NNs is
2.47 Å, and 2.75 Å for the six second NNs. When one of the
first NNs of the tetrahedral GeI is replaced by a substitutional
boron atom, the Ge atom is pulled towards the boron atom,
the B-Ge bond length is 2.06 Å[smaller than that in the Bs
-Ges case(2.16 Å, calculated in this work), and larger than
that in the case of a B-Ge split interstitial(2.02 Å, calculated
in this work)]. The bond lengths between the Ge atom and its
three first NNs increase from 2.47 Å to 2.52 Å. Furthermore,
three more bonds are formed between the Ge atom and atoms
2, 4, and 6[Fig. 7(a)], with bond lengths of 2.53 Å. This
relaxation pattern is the same as that observed in the case
where a tetrahedral self-interstitial has a Bs atom as its first
NN (data not shown). But the bond lengths are significantly
longer here due to the larger size of Ge atoms(2.07 Å vs
1.99 Å, 2.52 Å vs 2.48 Å, 2.53 Å vs 2.49 Å).

FIG. 6. (Color online) Tetrahedral and hexagonal Ge interstitials
in a Si matrix.(a) Tetrahedral interstitial,(b) hexagonal interstitial.
Red (large grey) atom, Ge atom; yellow(large white) atoms, first
NN of the Ge interstitial.

FIG. 7. (Color online) Ge interstitials with a boron atom in-
volved in a Si matrix.(a) Tetrahedral interstitial,(b) hexagonal
interstitial. Blue(large dark) atom, B atom; red(large grey) atom,
Ge atom; yellow(large white) atoms, first NN of Ge atom.
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Because of the extra bonds formed, the formation energy
is 2.48 eV, which is 1.06 eV lower than that of an isolated
Ge tetrahedral interstitial(as calculated here). Due to the
larger size of the Ge atoms, the formation energy decrease is
smaller than that observed in the tetrahedral self-interstitial
with a Ge atom as its first NN cases1.27 eVd.

(d) Hexagonal GeIBs: The Ge hexagonal interstitial
with a substitutional boron atom as its first NN is shown in
Fig. 7(b). The Ge atom is pulled towards the boron atom, the
Ge-B bond length is 2.06 Å, and the bond between the Ge
atom and atom 4 increases from 2.39 Å in the isolated Ge
hexagonal interstitial case to 2.87 Å. The bond lengths be-
tween Ge, and rest of the surrounding atoms(atoms 1, 2, 3,
and 5) are 2.50 Å. Two more bonds are formed between the
Ge atom and atoms 6 and 7 with bond lengths of 2.60 Å and
2.58 Å, respectively. As for the atoms around the boron
atom, the bond lengths between the boron atom and atoms 1,
2 s2.26 Åd, and 6s2.18 Åd are longer than those between the
boron atom and atom 8s2.07 Åd. This is probably due to the
fact that atoms 1, 2, and 6 have formed bonds with the Ge
atom, which therefore has less freedom to move towards the
boron atom. In contrast, atom 8, which receives little influ-
ence from the Ge atom, can move freely to the boron atom.

The relaxation pattern is the same as that observed in the
case of a hexagonal self-interstitial with a boron atom as its
first NN with longer bond lengths around the Ge interstitial
(data not shown). Furthermore, the boron atom moves away
from the interstitial(towards atom 8) compared with that in
the self-interstitial with a boron atom as its first NN case
(data not shown). Thus the bond length between the boron
atom and atom 8 is shorter, and the bond lengths between the
boron atom and atoms 1, 2, and 6 are longer here. The for-
mation energy of the Ge hexagonal interstitial with a substi-
tutional boron atom as its first NN is 2.47 eV, which is the
same as that of the Ge tetrahedral interstitial with a boron
atom as its first NN[as described in Sec. III C(c) above].

In SiGe alloys, if a Ge interstitial is unable to kick out a
Bs atom to make it a mobile interstitial, BI, boron diffusion
will be decreased. As shown in Table I and described above,
the formation energies of GeIBs are about 0.3 eV higher than
those of SiIBs. Thus it is somewhat more energetically diffi-
cult for a Ge interstitial to approach a Bs atom, thus decreas-
ing the number of mobile boron interstitials. However, this
does not imply that it is difficultfor a Ge interstitial close to
a Bs atom to kick it out. In the kick-out event, the system
starts with a Bs-SiI (or Bs-GeI) complex, passes through a
transient state, and reaches the final BI -Sis (or BI-Ges) state.
The energy difference between the initial configuration and
the transient state is defined as the kick-out energy barrier,
which indicates how easily the kick-out will occur. Due to
the expense of calculations needed to search for the transient
state, the energy difference between the initial and final
states was calculated instead of the kick-out energy barrier.
This energy difference controls how many kick-out events
will occur. In SiGe, the energy difference between a Ge-B
split interstitial and a hexagonal BI with a Ges is around
0.3 eV, which is smaller than that between a Si-B split inter-
stitial and a hexagonal BI in Si (0.5 eV, see Table I). This
indicates that it is easier for a Ge interstitial close to a Bs
atom to kick out the Bs than would occur in Si. But this does

not lead to enhanced boron diffusion. Due to the higher mi-
gration energy of boron in SiGe, the boron interstitial will be
constrained to the vicinity around the Ge atom. This will be
shown clearly in subsequent molecular dynamics simulations
of the behavior of a classical(Stillinger-Weber) potential in a
similar situation.43

D. The interaction between Bs and Ges and the role
of compensatory stress relief

Dopant atoms dissolve in the lattice to almost exclusively
occupy substitutional lattice sites, making necessary a study
of the interaction between nearby substitutional B and Ge
atoms. This may also be used to test the suggestion that
stress compensation between Ge and B atoms could play a
role in the retarded boron diffusion in SiGe alloys. The fol-
lowing positions were investigated:(1) in which the Ge atom
is far away from the B atom(i.e., no B-Ge interaction is
involved); (2) the Ge atom is a first NN of Bs; (3) the Ge
atom is a second NN of Bs; (4) the Ge atom is a third NN of
Bs; (5) the Ge atom is a fourth NN of Bs.

Compared to a substitutional boron[Bs, Fig. 8(a)], a sub-
stitutional Ge atom[Ges, Fig. 8(b)] introduces compressive
strain into a Si matrix. To minimize the system’s total energy,
the surrounding Si atoms relax outwards. As shown in Fig.
8(b) and Table III, the first shell Si atoms(first NN) relax

FIG. 8. (Color online) Relaxation of substitutional boron and Ge
atoms in a Si matrix.(a) Bs in Si. Blue (large dark) atom, B atom;
yellow (large white) atoms, first NN Si atoms.(b) Ges in Si. Red
(large grey) atom, Ge atom; yellow(large white) atoms, first NN Si
atoms.
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away from the substitutional Ge atom by about 1% of the
regular Si-Si bond length. This relaxation is much smaller
than that of a Bs in a Si matrix, as shown in Fig. 8(b) and
Table III. There is little relaxation beyond the third shell of
Ges.

The cohesive energy of Bs, Ges and the BsGes complex
was calculated using the following equation:

Escohesived = − fEsXmSin−md − EsSind 3 sn − md/ng, s1d

whereEsXmSin−mdis the total energy ofsn−md Si atoms with
m test speciesX, andEsSind is the energy ofn Si atoms. The
cohesive energies of a Ges atom and a Bs atom are 6.24 eV
and 5.23 eV, respectively.

The interaction between a Ges and a Bs is shown in Fig. 9.
The Ge atom moved towards the B atom and the bond length
is decreased to 2.16 Å. However, the cohesive energy is
close to the sum of the cohesive energy of an isolated Ges
and an isolated Bs, shown in Table IV. Thus there is no
energetic benefit in bringing the two atoms together. The
reason may lie in the following analysis: Although the total
number of defective bonds decreases from 8 to 7 as a Ges
and a Bs become first nearest neighbors, the bond length(and
hence the bond strength) is changed. Three B-Si bonds
s2.06 Åd are shortened by 0.01 Å compared with an isolated
Bs, and three Ge-Si bondss2.41 Åd are enlarged by 0.03 Å
compared to an isolated Ges. Furthermore, the B-Ge bond
length is 2.16 Å, much larger than the B-Si bond length. In

this complicated interaction, the benefit of bringing two op-
posing defect centers is counterbalanced by the extra energy
required to create defective bonds of B-Si, Ge-Si, and B
-Ge. Three other initial positions of the Ge and B atoms were
also investigatedwith the cohesive energies shown in Table
IV. The cohesive energy increases very littles0.05 eVd, i.e.,
the system energy becomes energetically a little more stable
as the separation between Ge and B increases to second NN.
Thus, the interaction between a Ges and a Bs atom has little
effect on the energy of a Bs, and is unlikely to contribute
much to the retardation of boron diffusion in SiGe alloys.

From Table I, it is evident that the energetics of intersti-
tials involving a boron atom and a Ge(or Si) atom have
significantly lower formation energies than that of the iso-
lated corresponding interstitials. This is in good agreement
with elasticity theory that two defects of opposite strain will
attract each other, and that this interaction of elastic fields
will lower the crystal energy. However, there is little interac-
tion between the substitutional Ge and boron atoms. The
reason may lie in the local environment around the defects. If
the atoms can move relatively freely, the interaction between
the two defects of opposite strain will be strong and the total
energy of the system can be lowered. If the atoms are re-
stricted to lattice sites, the energy gained by the bringing
together the two defects of opposite strain will be small and
will be counterbalanced by the distortion of other bonds. For
the same reason, the formation energy of a vacancy with a
Ge as its first NN is lowered where the formation energy of
a vacancy with a Ge as its second NN is increased. These
calculations then suggest that strain compensation is not im-
portant.

IV. CONCLUSIONS

A study of the energetics of interstitial defects in Si in-
volving boron and Ge atoms has revealed information that
may help explain retarded boron diffusion in SiGe alloys.
These results are summarized in Table I. We conclude the
following.

(1) The presence of Ge increases the migration energy of
BI.

The migration energy is defined as the energy difference
between the tetrahedral and hexagonal interstitial sites which
connects the diffusion path of interstitials. When a Ge atom
becomes a first NN of a boron interstitial, the migration en-
ergy increases from 0.33 eV(in a Si matrix) to 0.42 eV.
Although the absolute value of the differences0.09 eVd is
not large, we contend that this difference is significant(it is
around 1/4 of the migration energy of self-interstitials in a Si
matrix).

TABLE IV. Interaction between Ges and Bs in a Si matrix
(eV).

Position of Ges

First
NN

Second
NN

Third
NN

Fourth
NN

Cohesive energy(eV) 11.40 11.45 11.45 11.45

TABLE III. Relaxation of Si atoms around Ges and Bs in a Si
matrix sÅd.

First
NN

Second
NN

Third
NN

Fourth
NN

Perfect crystal 2.351 3.840 4.502 5.430

Ges 2.378 3.846 4.502 5.430

Ratio of relaxation 1.011 1.002 1.000 1.000

Bs 2.078 3.769 4.494 5.430

Ratio of relaxation 0.884 0.982 0.998 1.000

FIG. 9. (Color online) Interaction between Bs and Ges in a Si
matrix (Ges at the first NN position). Blue (large dark) atom, B
atom; red(large grey) atom, Ge atom; yellow(large white) atoms,
first NN of a Ges or a Bs.
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Furthermore, the tetrahedral boron interstitial is not stable
in the presence of GeS, and moves away to form a hexagonal
boron interstitial without the Ge atom as its first NN. The
energy of this relaxed structure is 0.08 eV lower than the
hexagonal boron interstitial with a Ge atom as its first NN.
Our calculations predict that boron interstitials prefer to stay
close to the Si rather than the Ge atom(creating lower for-
mation energies in Si).

(2) The presence of Ge increases the migration energy of
a self-interstitial, and decreases the number of self-
interstitials available to mediate boron diffusion

The migration energy of a Si self-interstitial increases sig-
nificantly, from 0.13 eV(in Si) to 0.58 eV(in SiGe). Just as
was observed for boron interstitials in the presence of Ges,
the Si tetrahedral interstitial moves away from substitutional
Ge atoms to a hexagonal interstitial without the Ge atom as
its first NN. It is difficult for a self-interstitial to pass a sub-
stitutional Ge atom, thus decreasing the total number of ef-
fective self-interstitials which can assist substitutional boron
atoms to diffuse.

(3) GeI has difficulty in approaching and kicking out Bs
into an interstitial positionsBId.

As shown in Table I, the formation energies of GeIBs are
about 0.3 eV higher than those of SiIBs. Thus it is somewhat

more energetically difficult for a Ge interstitial to approach a
Bs atom, thus decreasing the number of mobile boron inter-
stitials.

Of the three observations given above to explain the ex-
perimentally observed retarded boron diffusion, the second
one (increasing the migration energy of SiI) is energetically
the most important. The migration energy of SiI increased
from 0.13 eV in Si to 0.58 eV in SiGe, which is much more
significant than the migration energy increase for a BI atom
(0.42 eV in SiGe vs 0.33 eV in Si) and is likely to contribute
the most to the retardation of boron diffusion. The first ob-
servation(increasing the migration energy of BI) is also im-
portant as will later be confirmed by molecular dynamics
simulations with a classical Stillinger-Weber potential.
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