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Energetics of transient enhanced diffusion of boron in Ge and SiGe

Pietro Delugas and Vincenzo Fiorentini
INFM and Dipartimento di Fisica, Universita` di Cagliari, Cittadella Universitaria, I-09042 Monserrato (CA), Italy

~Received 12 September 2003; published 13 February 2004!

We study the energetics and migration of boron in Ge and ordered, Si-epitaxial Si0.5Ge0.5 via first-principles
calculations, considering specifically the interstitial-mediated mechanism previously associated with B tran-
sient enhanced diffusion in Si. The temperature dependence of the migration lengthl of a B-interstitial
complex is calculated from migration barriers and dissociation energies. In Ge, the migration length hardly
depends on temperature, while in SiGe it is similar to that in Si, due to the preference of B for Si-like
equilibrium sites and diffusion paths. The calculated solubility of B in Ge is similar to that in Si, about
131019 cm23. In Si-epi strained SiGe the solubility is instead enhanced by two orders of magnitude, and in
free-standing SiGe by one order of magnitude. The calculated activation energy for B diffusion in Ge
(;4.5 eV) is considerably higher than in Si (;3.6 eV) and in our model SiGe, in accordance with recent
experiments.
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I. INTRODUCTION

Substantial diffusion of dopants is known to occur duri
thermal processing of Si-based integrated microelectro
circuits.1–4 As Ge and the SiGe alloy rapidly gain interest
Si-based electronics, an understanding of the energetics
diffusion of dopants therein becomes increasingly importa
In this paper we analyze, by means of first-principles cal
lations, the behavior of B, the principal acceptor species
Si technology, in pure Ge and in the simplest realization
SiGe, the ordered 50% alloy, assumed to be grown epit
ally on Si.

It is generally accepted2–4 that the transient enhanced di
fusion ~TED! of B in Si is related to the presence of a hig
nonequilibrium concentration of self-interstitials~henceforth
denoted I!. The atomic-level origin of TED is the muc
higher diffusivity of B–self-interstitial complexes compare
to that of isolated substitutional B, as brought out by rec
studies.5,6 The ‘‘easy’’ diffusion event consists, in essence,
the formation of a B-I pair and its migration. The formatio
is a diffusion-limited process3,7 whose rate has an uppe
boundg54paDICbulkCI /CI* , with CI being the actual con
centration of self-interstitials,CI* being their equilibrium
concentration,D I being their diffusivity,Cbulk being the bulk
density of lattice sites, anda being the capture radius of th
interstitial by the impurity. Clearly, a high nonequilibrium
concentration of self-interstitials favors the formation of t
complexes of interest. The complex then diffuses by an in
stitialcy mechanism, producing a net migration of the imp
rity. The event ends with pair dissociation and the ensu
escape of the self-interstitial.

The migration mechanism is efficient as long as the c
centration of self-interstitials is high, and its transient ch
acter stems from the concurrent relaxation of the interst
concentration towards its equilibrium value. Operating
conditions for which the transient time is shorter than
inverse ofg, the possibility that a given impurity undergoe
more than one migration event at a time can be neglected
such conditions, the final B concentration exhibits an ex
nential tail3,4 decaying over the mean lengthl a pair may
0163-1829/2004/69~8!/085203~5!/$22.50 69 0852
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travel before dissociating, wherebyl is related to the diffu-
sivity Dp and lifetimet of the complex by

l}ADp•t. ~1!

Since migration and dissociation8 are Arrhenius-like pro-
cesses with respective probabilities exp(2Emigr /kBT) and
exp(2Ediss/kBT), l has a thermal dependence e
(2El /kBT), with a diffusion length exponentEl related5 to
the pair migration and dissociation energies@see Eq.~1!# by

2 El5Emigr2Ediss. ~2!

For B in Si, l was experimentally measured4 to obtainEl

.20.460.2 eV. Theoretical estimates4–6 match El well
enough~and vacancy-assisted B diffusion is known9 to be
sufficiently unlikely! to give credit to the above atomisti
migration mechanism for B in Si. Here we provide estima
of the B migration length in Ge and SiGe within the sam
diffusion mechanism just outlined. Our estimates are deri
from ab initio calculations of total energies, and thence fo
mation, migration, dissociation, and activation energies
the defect configurations that, according to the mention
atomistic model, are relevant for B diffusion. We validate
selection of the migration paths by a search using
nudged-elastic-band method.10,11While l has not been mea
sured yet for Ge or SiGe, our predicted formation energ
hence solubilities, and activation energies for diffusion c
be compared with existing experiments, and turn out to be
reasonable agreement with data for Si and recent results
Ge.

II. METHOD

We simulate the relevant defects in zincblende-struct
~occasionally tetragonally-distorted! periodic supercells con
taining 64 sites, and compute energies and forces wi
density-functional theory~DFT! in the local-density approxi-
mation~LDA !, using the plane-wave pseudopotential meth
as implemented in Vienna Ab-initio Simulation Packa
~Ref. 11! and the ultrasoft pseudopotentials12 provided there-
©2004 The American Physical Society03-1
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with. The plane-wave basis is cut off at 208 eV, a
Brillouin-zone integration is done on Monkhorst-Pack 434
34 grids. The calculated lattice parameter of Ge, 5.62 Å
used in all Ge calculations. Si0.5Ge0.5 is modeled as a tetrago
nally distorted zincblende epitaxial to Si, i.e. having the th
oretical in-plane lattice constant of Si, 5.39 Å. Thec/a ratio
is found to be 1.035. The~ordered! alloy is stable, with a
calculated formation enthalpy of20.06 eV per f.u.

The formation energy of a defect configuration is as us
Ef5Etot2(snsms1Qme whereEtot is the total energy of the
configuration,ms andmF are the chemical potentials of, re
spectively, the atoms in the cell and the electrons added t
removed from it. In Ge calculations,mGe is the Ge bulk
energy; in SiGe, we assume Si-rich conditions~the alloy is
supposed to be grown epitaxially on Si!, i.e., use mSi

5mSi
bulk and imposemSi1mGe5mSiGe to getmGe. Indeed, as

the formation enthalpy of the alloy is very small,mGe is
almost identical to its bulk value. For B, we calculate ab
lute formation energies, and solubilities vs temperatur13

adopting as solubility limit the metallic phase B50. As dis-
cussed below, we find almost the same formation energy
B in Ge and Si, whereas in Si-epi SiGe the formation ene
of B is lower by as much as 0.5 eV.

The formation energies of charged defects depend onmF ,
i.e., the Fermi energy in ourT50 calculation, which for a
given set of impurities and defects determines s
consistently the doping conditions imposing charge neut
ity. A thermal ionization levele(q/q8) is defined as the dif-
ference in total energy for the defect in charge statesq and
q8 with full relaxation of atomic coordinates, i.e., equiv
lently, as the value ofmF at which charge stateq8 becomes
favored over charge stateq. Setting the position of thes
thermal ionization levels relative to band edges is a sub
and in principle unsolved, issue. The levels are of cou
related to, but by no means identical with, the dens
functional eigenvalues pertaining to defects states; when
ing electronic eigenvalues one should, in addition, confr
the notorious LDA gap inaccuracy, and quasiparticle cal
lations would be needed. As we use thermal levels define
terms of ground-state density-functional total energies
seems natural to compare them with a gap estim
obtained14 using the definition of gap15 and the very same
technical procedure used for defects, namely as a to
energy difference of undefected bulk cells with excess
deficit electrons.14 ~This procedure is similar in spirit, and i
terms of quality of the results, to the ‘‘k-points gap’’ used
recently16 by Segev and Wei.! We found that the resulting
values are usually in fair agreement with experiment; this
the case of Ge whose gap is estimated to be 0.67 eV.
therefore consider a comparison of the ionization-levels
sitions with the estimated gap to be justified, and we de
this procedure less arbitrary and more consistent than,
using the experimental gap or the DFT eigenvalues in
comparison.

For charged defects, a neutralizing background elimina
electrostatic divergencies, and a correctionQ2a/(2eL), in
a.u., witha being the relevant Madelung constant,e being
the dielectric constant of Ge or SiGe~the former taken to be
16, the latter an interpolated value of 14!, Q being the charge
08520
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state, andL being the linear cell dimension, accounts for t
spurious interactions between periodic images.17 The next
correction term ~monopole-quadrupole interaction! is
;o(L23), and found of order 0.01 eV for simple defects
Si.

III. RESULTS AND DISCUSSION

A. Boron in Ge: Energetics and diffusion

Substitutional, negatively charged BGe is the lowest-
energy state of B in Ge. Its formation energy atmF50 is
0.72 eV; the ionization levele(0/2) is found resonant with
the valence-band top~actually almost coincident with it!,
which is reasonable in view of the typical error bar
60.05 eV. Assuming zero formation entropy, the resulti
chemical concentration limit of B in Ge atT51000 K is
1.131019 cm23, accounting for acceptor charging.13 For ref-
erence, our calculated formation energy of the neutral B
ceptor in Si is 0.71 eV, the ionization levele(0/2) is 0.03 eV
~0.045 experimental!, and the concentration atT51000 K is
1.031019 cm23, in reasonable agreement with experime
given the neglect of formation entropy.

In Fig. 1 we show the formation energies for B interstiti
configurations in Ge as a function of the Fermi level. The
energies are over 3.5 eV higher than that of BGe, completely
ruling out ‘‘stand-alone’’ B migration. The singly positive
tetrahedral site is the most stable inp-type conditions, while
at EF;0.25 eV the lowest-energy configuration becom
neutral tetrahedral, with a marginal stability range, and th
singly negative hexagonal site B~nearly a negative-U effect
with change of site!. This is analogous to the behavior re
ported for Si,18 as we also verified directly. Also similarly to
B:Si, the self-interstitial–boron complexes are found rath
lower in formation energy, as shown in Fig. 2. The pai
lowest-energy configuration hasC3v symmetry, with the sub-
stitutional B coupled to the self-interstitial sitting on th
trigonal axis towards the tetrahedral site. In the negat
charge state, the self-interstitial distorts sideways, and
symmetry becomesC1h . We also considered the B-I split

FIG. 1. Formation energy ofB interstitials in Ge (T, tetrahedral;
B, bond center;H, hexagonal!.
3-2
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interstitial configuration~denoted byS) along a@100# direc-
tion, which is always neutral, and somewhat closer in ene
to the B-I pair than in Si.

From the total energies of the various high-symmetry c
figurations, we can determine the dominant diffusion mec
nism; the possible intermediate configurations are basic
slight variations of the bond-center and hexagonal pat6

From Fig. 2 we see that over almost all of the gap only
positive and neutral pairs are stable, so we only consider
migration of these two pairs. For the positive pair, who
energy depends onEF , we choosep-type conditions~i.e.,
EF50), and assumed it to dissociate into negative BGe and
the Q512Td self-interstitial. The latter has a formatio
energy19 of 3.06 eV, and the positive pair has a formati
energy of 2.77 eV, from which we obtain a binding ener
for the positive pair ofEbind(B2GeI

1)50.39 eV. The barrier
energy for the migrative step of the isolatedT11 interstitial
through a hex site was calculated to be19 of 0.71 eV. The
dissociation energy is thenEdiss(B2GeI

1)51.1 eV. For the
positive complex, the energy barrier for B-I migration is 1
eV through the hexagonal site and 0.9 eV through the bo
center. This preference for the bond-center-like path is an
gous to that found in B:Si~Refs. 5,6! for the positive pair
~although generally the hex is entropically favored as a p
sees four equivalent hex paths opposed to a single b
center!. To achievenet motion with successive bond-cent
steps it is necessary to either take a hex step, or to reo
the B-I pair. The energy barrier for the latter process may
grossly estimated as the energy of the B-I pair to theS0 split
interstitial. As this is about 0.5 eV~Fig. 2!, the rate-limiting
event is the bond-center diffusion. Assuming then the bo
center path, we read off Eq.~2! the exponentEl5–0.1 eV
for the diffusion length. This value is well below the typic
experimental error onEl for B:Si, so we conclude that a
temperature dependence should be hardly observable
I-assisted B diffusion in Ge inp-type conditions.

We now come to the neutral pair, and view it as compo
by the Bs

2 and theT1 self-interstitial. Using the formation
energy19 for the latter, 3.16 eV, the binding energy of th

FIG. 2. Formation energy of B-I pairs in Ge. The pair has
sentially the classicalC3v configuration~only the negative configu-
ration distorts toC1h symmetry!. S is the @100# split interstitial.
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neutral pair is 0.22 eV.~The pair energy depends no more o
EF .) The dissociation migrative steps of the self-interstit
is through the hexagonal site, and the energy barrier for
step is 0.62 eV, yielding a total dissociation energy of 0.
eV. The lowest barrier for the pair migration step through t
hexagonal site is 0.87 eV~practically identical to that, 0.9
eV, on the bond-center path!. Then we getEl50.02 eV, i.e.,
essentially zero, confirming the prediction of marginal to a
sent temperature dependence of I-assisted B diffusion in

From the same data just discussed, we easily calculate
activation energies for B diffusion in Ge in the form of a B
complex; these turn out to be 4.30 eV for the positive
charged complex~relevant inp-type conditions! and 4.53 eV
for the neutral complex~probably relevant in intrinsic and
postimplant conditions!. The latter data agree well with
recent experimental result20 of 4.660.3 eV. Our theoretical
value for B in Si is 3.60 eV, which also compares satisfac
rily with 3.75 eV experimental.4 Thus, B diffusion is appre-
ciably less efficient in Ge than in Si, due in equal parts
larger formation and migration energies.

B. Boron in SiGe: Energetics and diffusion

In SiGe, the possible configurations of the relevant co
plexes proliferate considerably compared to Ge or Si beca
many configurations actually occur in different variants~e.g.,
two distinctTd sites with Ge or Si neighbors!, and two dis-
tinct self-interstitial species are involved. The same goes
self-interstitial variants~e.g., Si-Ge, Ge-Ge, Si-Si dumbbel
on Si- or Ge-substituting sites, etc.!, which are described in
detail elsewhere.19

In SiGe, negatively charged Ge-substituting B has
lowest formation energy, 0.19 eV atmF50, i.e., over 0.5 eV
lower than in either Ge or Si. The chemical concentrat
limit is thus much higher, 1.831021 cm23 at T51000 K.
This results in part from epitaxial strain: indeed, in u
strained, free-standing SiGe, the formation energy is 0.35
with a concentration limit of 2.031020 cm23 at T
51000 K. This is, in any case, a good order of magnitu
higher than in either Si or Ge.

Negative Si-substituting B is 0.28 eV higher than G
substituting B, a difference presumably attributable to
preferred binding of B to Si than to Ge. The~much higher!
formation energies of the other B-related defect configu
tions considered here (mF50 is assumed for charged de
fects! are reported in Table I. In Fig. 3 we also show t

-

TABLE I. Formation energy~eV! of B-related defects in SiGe a
mF50.

BH
0 BH

2 BT4Si
1 BT4Si

0

3.93 4.24 3.67 4.08
BT4Si

2 BSi-SiI
1 BSi-SiI

0 BSi-SiI
2

4.57 3.06 3.41 4.08
BGe-GeI

1 BGe-GeI
0 BGe-GeI

2 BGe-SiI
1

3.29 3.48 4.11 3.12
BGe2SiI

0 BGe2SiI
2 BISiI

1 (S1) BISiI
0 (S0)

3.31 3.98 3.80 3.86
3-3



re
ge
en
t

ng
d

if-
a
b
dif
iz
en
n
h

n
pa

er

er
ti-

lex

ry
ed

ir

ify
n-

as
elf-
st-

both
-
,

-

ro-
rize
he
for

age
m-
at

in

en-
n
ro

n-
tion
so-

PIETRO DELUGAS AND VINCENZO FIORENTINI PHYSICAL REVIEW B69, 085203 ~2004!
energy of B–self-interstitial pairs vs the Fermi level. He
we assume a supersaturation of Si self-interstitials, as is
erally the case in implanted or surface-oxidized complem
tary metal-oxide semiconductor samples: this allows us
neglect most configurations involving GeI , whose formation
probability is marginal compared to that of Si-containi
pairs. An exception is BGe-GeI , because it may be forme
during the migration event of a pair.

We are now in a position to evaluate an interstitialcy d
fusion mechanism analogous to that considered for Ge
Si. Migration mechanisms in the alloy are complicated
the fact that the pair may change its composition as it
fuses, for example, from a Ge site to a Si site, as summar
in Fig. 4. Fortunately, in the ordered alloy, the independ
intermediate configurations for each pair are just two a
nondegenerate. From the data in Table I, we find that the
path is energetically favored over the bond-center, with
migration barrier of 0.62 eV (BGe-Si), 0.45 eV (BGe-Ge),
and 0.52 eV (BSi-Si).

While not considering thermal disorder explicitly, we ca
estimate the effects of the disorder generated by the
migration. A Si interstitials binding to BGe produces an anti-
site SiGe upon B migration via the reactions in the low

FIG. 3. Formation energy of B-I pairs in SiGe.

FIG. 4. Schematic of the various possible B-I diffusion reactio
in SiGe. Antisite defects may form as a result of the diffusion p
cess~see text for discussion!.
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panel of Fig. 4; final configurations are only slightly high
in energy (;0.1 eV), so that the reactions are not energe
cally impeded. Comparing theisolateddefects involved, we
find that the energy drops by 1.5 eV as the B-I comp
becomes asymptotically separated from the SiGe antisite.
Also, the cost of a pair of noninteracting complementa
antisites, i.e., the cost of a Si-Ge site exchange, is estimat19

in ;10 meV (SiGe and GeSi haveEform521.65 eV and 1.67
eV, respectively!, and that an antisite neighboring a pa
changes the migration energy of the latter by;10 meV.
Thus, disorder along the pair migration path should mod
negligibly the migration energetics, and the following co
siderations still hold in the presence of disorder.

We restrict ourselves to neutral pairs, which we view
the assembly of negative substitutional B and a positive s
interstitial. As discussed in detail elsewhere, the lowe
energy positive self-interstitials areTd-site Si with four Si
nearest neighbors, and the analogous Ge self-interstitial,
with formation energy19 of 2.30 eV. From the migration bar
rier through a hex site~1.25 eV and 1.8 eV for, respectively
the Si and Ge self-interstitials19! and the pair binding ener
gies of 0.37 eV (BSi-Si), 0.46 eV (BGe-Si), and 0.49 eV
(BGe-Ge), we get the dissociation energies, and Table I p
vides the migration barriers. For convenience we summa
the result in Fig. 5: the key features are the similarity of t
pair migration barriers and the higher dissociation barrier
the BGe-Ge pair,;2.5 eV vs;1.7 eV for the other pairs. We
can then neglect the relatively unlikely BGe-Ge dissociation,
and estimate the diffusion length exponent from an aver
dissociation and migration energy for the other two co
plexes, obtainingEl.20.58 eV, a value rather close to th
obtained for B:Si.

The activation energy for B diffusion~in the neutral pair
form! is found to be 3.83 eV, closer to Si~3.75 eV experi-
mental, 3.60 eV theoretical! than to Ge~4.6 eV experimental,
4.5 eV theoretical!. This results mostly from the migration
energy in SiGe being similar to that in Si and smaller than
Ge. Qualitatively, this relates directly to~a! the preponder-
ance of Si-pairs dissociation, with Ge pairs playing ess
tially the role of intermediate states, and to~b! the fact the

s
-

FIG. 5. Schematic of the B-I diffusion mechanism in SiGe. I
ternal numbers are migration barriers, outer ones are dissocia
energies. The migration barriers are very similar, while the dis
ciation of the Ge pair energetically unfavorable.
3-4
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diffusion through the hex site is Si-like, in that B actual
transits through the asymmetric ring binding preferentially
Si atoms.~Specifically, in the saddle configuration, B sits
the plane of the three Si atoms in the hex ring, and decide
off-center from the~111! axis through the crystallographicH
site, so as to have two out of three Si ring members at 2.1
and one at 2.74 Å, while two out of three Ge members ar
2.27 Å and one at 2.84 Å.!

IV. SUMMARY

In summary, we have studied from first principles the e
ergetics and migration energies of B in Ge and SiGe, and
consequences for solubility and diffusion activation. T
solubility of B in Ge is similar to that in Si, about 1
31019 cm23; in ~Si-epi strained! SiGe the solubility is in-
stead enhanced by two orders of magnitude, and in f
standing SiGe by one order of magnitude. The calcula
a
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activation energy for B diffusion in Ge (;4.5 eV) is consid-
erably higher than in Si (;3.6 eV) and in our model SiGe
(;3.8 eV), in accordance with recent experiments. The
gration lengthl of a B-I complex in Ge is found to hardly
depend on temperature, while in SiGe that dependenc
similar to that of Si. The similarity of thel energy depen-
dence and of the activation energies is due to the prefere
of B for Si-like equilibrium sites and diffusion paths, and th
preferred complex formation with Si interstitials.
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