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Tin-vacancy complexes in silicon
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The structure and electrical properties of of SnV2 , Sn2V, and Sn2V2 complexes in Si are investigated using
first-principles cluster and supercell methods. The formation of SnV2 and Sn2V2 is found to be energetically
favorable, in agreement with the experimental results. All the tin-vacancy defects are found to possess deep
donor and acceptor levels, although the number of the gap states decreases with increasing size of the defect.
The diffusion of tin in silicon is considered and the mechanism found to be distinct from the diffusion of group
V shallow donors. In contrast with these, the Sn-V interaction is found to extend only to the third nearest
neighbor distance. This implies that the activation energy for Sn diffusion via vacancies should be nearly the
same as self-diffusion by this mechanism. We find an activation energy of 3.5 eV which is close to some
experimental findings but considerably less than given by others.
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I. INTRODUCTION

Vacancies in silicon are important radiation defects wh
possess deep electrical levels.1 The single vacancy in silicon
is not stable at room temperature. It becomes mobile at 7
(n-type silicon! or at 150 K (p-type silicon! and readily
complexes both with other vacancies creating multivaca
centers, as well as with many impurities.2 The divacancy
introduces acceptor levels in the upper half of the band g
a single~2/0! level at Ec20.4 eV and a second accept
level at Ec20.2 eV.3 Similarly, the vacancy-oxygen cente
introduces a single acceptor level atEc20.17 eV.4 How-
ever, vacancies are not only important in introducing de
electronic levels but as complexes with impurities they c
promote impurity diffusion.5 For example, shallow dopant
such as arsenic diffuse by complexing with vacancies fo
ing AsV. The resulting defects moves through the lattice a
complex with a migration energy;1.2–1.4 eV somewha
less than the dissociation energy of the defect.6,7

Early work on tin doped Si~Ref. 9! found that vacancies
are readily trapped by tin, in preference to oxygen,10 leading
to an SnV center which is stable up to;400 K in the tem-
perature region when divacancies are formed. Until recen
the only electrical levels correlated with the defect we
single and double donor levels lying in the lower half of t
band gap11 at Ev10.32,Ev10.07 eV, respectively. This ha
led to suggestions that tin dopedn-Si would be a radiation
hard material as any SnV defects formed might be elec
cally inactive in n-Si. However, this electrical inactivity is
not a valid assumption.

The SnV defect is magnetically active and the G29,S
51, electron paramagnetic resonance~EPR! center having
D3d symmetry has been assigned to the neutral defect.12 In
this center the tin atom is located in the middle of a div
cancy. We have investigated the SnV center earlier13 finding
0163-1829/2001/64~24!/245213~9!/$20.00 64 2452
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both its structure and electrical levels. It was found that
neutral defect hasD3d symmetry—in agreement with
experiment—and remarkably that the center possesses
charge states and thus can act as a deep single and d
acceptor as well as a single and double donor. At the sa
time,13 deep level transient spectroscopic~DLTS! experi-
ments have found these acceptor levels atEc20.5, andEc
20.21 eV. Other workers report similar levels.15,16

The SnV defect is not, however, the only Sn related
diation center. In heavily e- irradiated n-Si, EPR
experiments17 have shown that a new Sn related spin 1
center called DK1 is present. The latter has been assigne
(SnV2)2. This defect anneals around 500 K and two ne
EPR centers DK2 and DK3 are then formed. These h
been associated with two different configuration
(Sn2V2)2. The EPR experiments unambiguously show
that each contains two equivalent tin atoms and DK2 p
sessesC2h symmetry while the symmetry of DK3 isC1h .

These (Sn2V2)2 defects disappear at 690 K—well abov
the temperature where V2 defects are stable. Thus it appea
that tin can stabilize vacancy centers. Although many det
about these defects have been uncovered by EPR, their
trical levels are at present unknown.

There is uncertainty over the activation energy of diff
sion of Sn in Si. The experimental evidence suggests th
proceeds by a vacancy mediated mechanism. However,
not clear whether the mechanism is the same as for
E-center.18,5 In this mechanism the vacancy escapes from
site neighboring an impurity atom and travels around a h
agonal ring of Si neighbors before returning to complex w
the impurity in a different orientation. Finally, the impurit
and vacancy are interchanged.

The activation energies for Sn diffusion in Si found b
different groups are quite scattered. Akasakaet al.19 investi-
gated the diffusion of tin introduced from a tin-doped oxi
©2001 The American Physical Society13-1
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using Rutherford backscattering and channeling. They fo
more than 90% of Sn atoms lay at substitutional sites,
the tin solubility is ;0.01% at 1100–1200 °C. They als
reported a diffusion energy, 3.5 eV, for tin. Yehet al.20 used
neutron activation analysis to determine the diffusion of
finding a barrier of 4.25 eV.

Secondary-ion mass spectrometry~SIMS! measurements
were made by Kringhøjet al.21 to determine the diffusion o
tin in d-doped molecular beam epitaxy~MBE! grown
samples. They demonstrated that the injection of vacan
enhanced tin diffusion implying a vacancy mechanism, a
reported a diffusion barrier of 4.8 eV which is considerab
greater than given earlier.

In this paper, we extend our earlier studies of the struct
24521
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and electronic levels of tin-vacancy centers to investig
SnV2 , Sn2V, and Sn2V2 defects as well as exploring th
diffusion and reorientation of SnV. We utilize anab initio
density functional method~AIMPRO! employing large hy-
drogen terminated clusters (;300 atoms! as well as super-
cells. In this study we use clusters only for the determinat
of the electronic levels and for the wave function plots. A
the the total energy calculations~ie., formation, migration
and reaction energies! are done in supercells. Supercells ha
the advantage of giving converged energies for defects i
spective of their location within the supercell, but cluste
are useful both for their speed and for the evaluation of e
trical levels. Both methods use a basis of Gaussian orb
and they principally differ in the treatment of the char
The

1

he
FIG. 1. The schematic structure of (SnV)0, (SnV2)0, (Sn2V2a)0, and (Sn2V2b)0 defects. The vacancies are indicated with crosses.

original @110# chain is shown with dotted lines. The black atoms are Si atoms on the same (110̄) plane as the Sn atom~s! ~except in

(Sn2V2b)0). White spheres represent Si atoms in the two neighboring (110̄) planes. The (SnV)0 center hasD3d symmetry. Sn is bonded to

six Si atoms with equal bond lengths of 2.80 Å. The (SnV2)0 hasC1 symmetry, the Sn atom has moved towards the divacancy on the (10̄)

plane. TheC1h symmetry is broken by the movement of the four silicon atoms with dangling bonds on the opposite sides of the (110̄) plane.

The (Sn2V2a)0 center hasC2h symmetry. The two Sn atoms remain on the (110̄), each moving towards the central divacancy. T
(Sn2V2b)0 center hasC1h symmetry. A reconstructed Sn-Sn bond is formed with the length of 2.93 Å.
3-2
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density. In the cluster method this is expanded in a se
Gaussian functions while a Fourier series is used in the
percell. In the cluster calculations the wavefunctions w
expanded in a basis consisting ofN Cartesians, p Gaussian
orbitals sited on each atom. The charge density was fitte
M Gaussian functions. In this study, (N,M ) were ~6,6! for
Sn,~4,5! for Si, and~2,3! for H. Two extra Gaussian orbital
with different exponents, located midway between ea
bonded pair of atoms~excluding the H terminators!, were
added to the wave function basis, and similar bond cente
functions were added to the basis for the charge density
the supercell calculations only atom centered Gaussians
utilized with additional four exponential functions for S
each combined withs, p and d orbitals yielding totally 36
functions/atom. For Sn six exponentials were used. For
two most diffuse exponentss, p, andd functions were used
and for the for four otherss, p angular functions only sum
ming up to 34 functions/atom. Additional details of the me
odology are found in Refs. 22,23. We employ Bachel
Hamann-Schlu¨ter pseudopotentials24,25 with four valence
electrons for both Si and Sn. For the supercell calculatio
the total energies of tin centers were calculated in a;64
atom supercell containing the defect with 23232
Monkhorst-Packk-point sampling.26,27The calculations were
repeated using larger;216 atom cells at theG point. We
believe the calculated reaction energies based on the en
differences of similar defects are accurate; 0.3 eV as evi-
denced by the calculated solubility of Sn in Si to be d
cussed below. However, because of the computational l
tations, we have not been able to complete pro
convergence tests with respect to the size of the superc

Section II gives details of the structures of tin-vacan
defects while Sec. III discusses their electronic levels. In S
IV the energetics of tin-vacancy complexes as well as
solubility of tin in silicon are reported and finally we discu
the diffusion of Sn in Sec. V. Our conclusions are given
Sec. VI.

II. THE SnV 2 , Sn2V, AND Sn2V2 DEFECTS

The schematic geometries of the calculated neu
(SnxVx)

0 centers are shown in Fig. 1. For completeness
have included also (SnV)0 which has been studied earlier.13

Room temperature electron irradiation of tin dopedn-Si
produces the G29 EPR center assigned to theS51 neutral
SnV defect and additionally a weaker signal arising fro
SnV2 ~DK4!.17 These anneal out at;430 K with the simul-
taneous formation of V2

2 and a newS51/2 EPR center
called DK1.17 This center hasC1h symmetry around 40 K
but C1 around 8 K. Hyperfine interactions with a single S
nucleus, and four shells of Si neighbors are resolved by E
The tensors related to Si all display trigonal symmetry s
gesting dangling bonds. The spin density on Sn is about 5
of that on Sn in G29 as estimated from the ratio of th
hyperfine tensors. The spin density on a single Si atom ly
in the mirror plane is about a third of that on the pair
dangling bond atoms in V2

2 , while that on a shell of two S
neighbors out of the mirror plane is somewhat greater. T
model proposed for DK1 is the (SnV2)2 defect shown in
24521
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Fig. 2. It is suggested that Sn lies slightly outside the mir
plane at low temperatures but, at 40 K, it can tunnel, or h
between the two equivalent sites above and below the p
effectively resulting inC1h symmetry.17

Calculations carried out in;64 and;216 atom super-
cells found that the (SnV2)2 center shown in Fig. 2 is stabl
but without any tendency for the Sn atom to move out of
(11̄0) mirror plane. The tin atom is displaced about 0.8
from its lattice site along@112# direction. The Sn-Si bond
lying in the mirror plane is 2.58 Å, and the pair directed o
of this plane are 2.67 Å. The same structure was found

FIG. 2. The structure of (SnV2)2. The Sn atom remains near th

substitutional site. It and the black Si atoms lie in the (110̄) mirror

plane. The two Si atoms above and below the (110̄) plane are
marked with concentric open circles. The unpaired wave funct

projected onto the (110̄) plane is localized in dangling bonds o
atoms F, A, and B. Labels are given in units of
1023Aelectrons/a.u.23/2.
3-3
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starting from a planar trivacancy V3 into which a Sn atom
was inserted midway between two vacant lattice sites al
@110#. Additionally, the Sn atom relaxed back to the mirr
plane when initially displaced away. However, we find t
distortion fromC1h to C1 symmetry, by a reconstruction o
the dangling Si bonds. In Fig. 2~a! one of the Si atomsC
~or D) moves slightly closer to Sn compared with the oth
one (Sn-SiC53.98 Å,Sn-SiD53.93 Å). More importantly,
a Si atomA ~or B) clearly moves closer to the Si atom
F (SiF-SiA53.10 Å,SiF-SiB53.39 Å, and SiA-SiB
53.36 Å). This result is consistent with the observation
C1 symmetry at low temperatures.17 The sameC1 symmetry
is found for (SnV2)0 and shown in Fig. 1.

The wave function of the unpaired electron in (SnV2)2,

in the (11̄0) mirror plane and in the (11̄̄1) plane, are shown
in Fig. 2. The spin density is almost zero near tin and
mainly localized on the three Si atoms with dangling bon
(A,B, andF) and the neighbors toF.

Although the lack of a spin density on Sn is in agreem
with DK1, its high value on the atomF possessing a dan
gling bond is at variance with the experimental data. T
small spin densities found on atomsA, B, C, and D are,
however, consistent with experiment.

Annealing the irradiated material to;500 K removes
(V2)2 ~G7! and (SnV2)2 ~DK1! and two newS51/2 cen-
ters, labeled DK2 and DK3, are formed. The intensity
DK2 is increased by illumination whereas that of DK3
unaffected. The new centers haveC2h and C1h symmetry,
respectively. Hyperfine interactions with two equivalent
atoms were resolved for each defect.

In DK2, the Sn atoms are connected by inversion symm
try and a model has been proposed based on two Sn a
lying at sites bordering a divacancy.21 This (Sn2V2a)2 de-
fect is shown in Fig. 3. DK3 is then suggested as an alte
tive structure (Sn2V2b) 2 shown in Fig. 4.

Our calculations found that the (Sn2V2a)2 shown in Fig.
3 is stable and hasC2h symmetry in agreement with the DK
EPR center. The two Sn atoms relax slightly in the (110̄)
plane, each moving 0.8 Å along@112# and@112̄# directions.
The Sn-Si bonds in the mirror plane are 2.58 Å, while tho
directed out of the plane are 2.67 Å, essentially the sa
lengths as found for (SnV2)2 above. The bonds of the fou
undercoordinated Si atomsA1 , B1 , A2 , B2 in Fig. 3, have
lengths deviating less than 0.05 Å from those of bulk
(2.34 Å). Figure 3 shows that the unpaired wavefunction
nodal in the (11̄0) mirror plane and is localized on the 12
atoms lying outside this plane consistent with the EPR d

DK3 has been assigned to the second form of the dou
tin-double vacancy (Sn2V2b)2 shown in Fig. 4. We find this
has energy 0.4 eV higher than theC2h form. This energy
difference makes it unlikely that roughly equal numbers
(Sn2V2a)2 and (Sn2V2b)2 should be formed when DK1
anneals if thermal equilibrium was achieved. However,
experiment indicates otherwise, it suggests that SnV2 dif-
fuses to Sn and forms both conformations of (Sn2V2)2 but
the barrier to interconversion is be too high at 500 K
equilibrium to be achieved. Figure 4 shows that the (110̄)
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mirror plane is again a nodal surface for the unpaired w
function. The spin is now localized in the dangling bon
orbitals of the Si atomsA andB lying out of the plane.

Finally we investigated the structure of Sn2V. This defect
is constructed by replacing two Si neighbors of a vacancy
Sn. The other pair of Si neighbors do not reconstruct. T
Sn-Sn distance is 3.0 Å and the two Si atoms with dangl
bonds relax towards the vacancy'0.2 Å. TheC2v symme-
try of the defect rules it out as a candidate for DK3.

FIG. 3. (Sn2V2a)2 ~DK2!: The tin atom and the black Si atom

lie in the (11̄0) mirror plane with two Si atoms lying above an
below this plane~open circles!. The unpaired wave function is
nodal in this plane and localized on the 12 Si atoms symmetric
related toA, B, C, D, E, and F. The right hand figure shows th

wave function in the (1̄1̄1) plane~indicated by dotted lines in the
left hand figure!. The wave function has equal amplitude on t

both (1̄1̄1) planes~these planes are related via theC2 symmetry
operation!. Labels are given in units of 1023Aelectrons/a.u.23/2.
3-4
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III. ELECTRONIC LEVELS

The electronic levels are obtained using clusters hav
;300 atoms. The donor~acceptor! level of a defect with
respect to a standard defect is found by comparing the
culated ionization energies~electron affinities! of the defect,
I d , with that of a standard defectI s . Thus E(0/1)rel
5E(0/1)d2E(0/1)s5I s2I d ~Fig. 5!. The level with re-
spect to the band edge is then obtained by adding the ex
mental value of the energy level of the standard defect
practice the ionization energies and electron affinities
found using Slater’s transition state method.28,29

The standard defects used are substitutional Pt, the ca
interstitial Ci , and the AuH1 center. The second donor lev
of Pt lies atEv10.07 eV,30 while the single donor and ac
ceptor levels of Ci are Ev10.28 and Ec20.1 eV,
respectively.31 The second acceptor level of AuH1 is taken to
lie at Ec20.19 eV.32,33

FIG. 4. (Sn2V2b)2 ~DK3!: The Sn atoms lie above and belo

the (11̄0) mirror plane. The unpaired wave function is shown in t
plane throughA, B and two other Si atoms and is localized to t
dangling bonds on atomsA and B. The function is nodal on the
mirror plane. Labels are given in units of 1023Aelectrons/a.u.23/2.
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The Kohn-Sham levels of the tin-vacancy aggregates
shown in Fig. 6 and Table I gives the energy levels includ
those of SnV published earlier.13 The SnV2 defect has levels
slightly above those of SnV. Unlike SnV2, Sn2V2a does not
possess a second acceptor level. This is because its HO
wave function for the negative charge center is less locali
than the corresponding one in SnV2 ~Figs. 2 and 3!. The EPR
experiments demonstrate that these centers have deep s
acceptor levels as found here, but they have not so far b
observed by DLTS. This is probably because the high
cancy concentrations required to form the di-tin species r
der the diodes insulating. In Sn2V, the unreconstructed bro
ken bonds gave deep single and double acceptor leve
Ec20.60 andEc20.25 eV. It is seen that the error in th
calculated levels of this defect are around60.2 eV. The
spin densities of SnV2, SnV0 (S51), and SnV1 are local-
ized on the six neighboring Si atoms, in contrast with t
case of the divacancy V2

2 or V2
1 where two pairs of Si

dangling bonds reconstruct.14

FIG. 5. The donor~acceptor! energy level is obtained by com
paring the calculated ionization energy~electron affinity! I d

calc to the
calculated ionization energy~electron affinity! of a standard defec
I s

calc for example,E(0/1)d
rel5I s

calc2I d
calc. In this example, one ob-

tains the position of the defect levelE(0/1)d
rel with respect to the

standard defect. The position of the level with respect to the b
edges is found by adding the experimental level of the stand
defectE(0/1)s

exp.

FIG. 6. The calculated one-electron levels of the tin-vacan
related centers.~a! SnV, ~b! SnV2, ~c! Sn2V, and ~d! Sn2V2a.
3-5
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IV. FORMATION AND REACTION ENERGIES

The formation energies of neutral vacancy-tin defects
calculated using the standard formula

Ef5ED2(
s

nsms , ~1!

whereED is the total energy of the supercell containing t
defect,ns is the number of atoms of speciess andms is the
chemical potential of atom speciess.34,35 mSi is the chemical
potential of a Si atom~i.e., the total energy / Si atom in bul
silicon calculated in a two-atom supercell!. The chemical
potential for Sn,mSn, was calculated using gray tin~i.e., a
tin! which also has the diamond structure, which is the sta
low temperature form of the element. The reaction energ
are obtained by subtracting the formation energies of
initial compounds from those of the products.

Table II gives the formation energies of the tin-vacan
defects. The energy difference between a Sn atom in gra
and the substitutional defect in Si is 0.5 eV. This would i
ply that theequilibrium concentration of dissolved tin in S
when in contact with a metallic tin source, is
31022e20.5 eV/kTcm23, or ;1.5% at 1100 °C, neglecting

TABLE I. The calculated electronic levels of the multitin
multivacancy defects. The experimental values for SnV are give
parenthesis. The acceptor levels@(5/2),(2/0)# are given with
respect to the edge of the conduction band minimum and the d
levels @(0/1),(1/11)# with respect to the edge of the valenc
band maximum. All the values are in eV.

(5/2) (2/0) (0/1) (1/11)

SnV 0.39~0.21!a 0.56 ~0.50!a 0.22 ~0.32-0.35!b,c 0.09 ~0.07!c

SnV2 0.17 0.53 0.25
Sn2V 0.25 0.60 0.13
Sn2V2a 0.38 0.16

aReference 21.
bReference 12.
cReference 11.

TABLE II. The formation energies of the tin-vacancy relate
defects in silicon. The reference structure for Si is bulk-silicon a
for Sn a-tin ~these are calculated in 2 atom diamond cell with
3636 MP sampling!. The calculations are done in 216-X atomic
supercells at theG point, the numbers in the parenthesis refer
64-X atom cell calculations with 23232 MP sampling. All values
are in eV.

Complex Formation energy

Sn 0.5
V 3.3 ~3.4!
V2 5.0 ~5.7!
SnV 2.8~2.7!
SnV2 4.6 ~5.2!
Sn2V 2.9 ~2.6!
Sn2V2a 3.9~4.4!
24521
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any vibrational entropic effects. Experimentally, the solub
ity of Sn in Si when introduced from an oxide source
;0.14% at 1100–1200 °C~Ref. 19! corresponding to a for-
mation energy of around 0.8 eV. We suppose that the dif
ence either arises from the lower chemical potential of tin
the oxide compared to our idealized case where the
source is gray tin35 or the formation energy is underestimate
by 0.3 eV.

The formation energies of the tin-vacancy centers are
much greater than that of substitutional tin implying that t
dominant tin species is the substitutional defect and that
equilibrium thermal concentration of the former is neg
gible. Appreciable concentrations of tin vacancies can o
arise when a non–equilibrium concentration of vacancie
introduced by, for example, electron irradiation. Howev
the diffusion of tin appears to be controlled by a therma
generated tin-vacancy defect.

The calculated reaction energies for the various neu
tin-vacancy defects are given in Table III. The vacancy
bound to Sn with an energy of 1.0 eV. This is compara
with the binding energies in OV@1.6 eV~Ref. 23!#, PV @1.05
eV ~Ref. 18!# and AsV @1.2–1.3 eV~Refs. 6,7!#. A second
vacancy is bound to SnV with a higher energy of 1.5 eV.

The anneal of SnV2 leads to the formation of Sn2V2a and
Sn2V2b. The binding energy of V with Sn2V2a is 2.3 eV
accounting for the higher thermal stability of Sn2V2a when
compared with SnV. Experimentally Sn2V2 is stable until
690 K. The slightly higher calculated binding energies f
the neutral SnV2 and Sn2V2a than expected based on th
experimental annealing temperatures may arise if the di
ciation products are charged.

An interesting possibility not considered previously is th
mobile SnV are trapped by Sn. However, the binding ene
;0.4 eV is lower than the migration energy of SnV and th
Sn2V is unlikely to form. This is consistent with experimen
which do not report any center attributed to (Sn2V) 2.

For the charged defects the reaction energies of Table
change because of the Fermi-level effect.5 For example, for
single and double negative charge states the reaction

in

or

d

TABLE III. The reaction energies of the tin-vacancy relate
reactions. A negative value indicates that energy is lowered w
moving to the direction of the arrow, i.e., the reaction is exotherm
The calculations are done in 216-X atomic supercells at theG point,
the numbers in the parenthesis refer to 64-X atom cell calculations
with 23232 MP sampling. All values are in eV.

Reaction Reaction energy

Sn1V→SnV 21.0(21.2)
V1SnV→SnV2 21.5(20.9)
V1SnV→V21Sn 20.6(10.1)
V21Sn→SnV2 20.9(21.0)
V1V→V2 21.6(21.1)
Sn1SnV→Sn2V 20.4(20.6)
SnV21Sn→Sn2V2a 21.2(21.3)
SnV1SnV→Sn2V2a 21.7(21.0)
Sn2V1V→Sn2V2a 22.3(21.6)
Sn2V2a→Sn2V2b 10.5(10.4)
3-6
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1V→SnV becomes less favorable because electrons ha
occupy higher levels in SnV compared with V.8 We estimate
reaction energies of20.8 and20.5 eV for singly and dou-
bly negative defects, respectively. The opposite is true
SnV1 and SnV11, as the reactions then become more e
thermic with energies21.1 and21.2 eV for singly and
doubly positive defects. Generally speaking, the largest
fect of the charge on the reaction energies of Table III are
the cases when a~doubly! negatively charged vacancy occu
in the reaction~rows 1, 2, 3, 5, and 9 in Table III, and th
reactions become then less favorable from left to right!. In
other cases the Fermi-level effect is less prominent beca
of the defect levels of the reactants and products are cl
each other.

V. DIFFUSION OF TIN

Impurities generally diffuse either by a direct exchan
with Si neighbors, or by complexing with a vacancy or i
terstitial. In many cases all three mechanisms contribute.
perimental studies involving Sn and Sbd-doped epi-Si dem-
onstrate that the diffusivities of both impurities increases
a factor of 5 at 1000 °C under the injection of vacancies21

This is taken to indicate that both impurities diffuse by
vacancy mechanism. The diffusion coefficients of Sn and
can be writtenD5gna2eS/k2Q/kT with the attempt frequency
n;1013 s21, the jump distancea52.34 Å and the
geometry1correlation factor g which we assume unity
Kringhøj et al.21 give the activation energiesQ and entropies
S for Sn to be 4.8 eV, and 15k, while those for Sb are 4.1 eV
and 10k.

Later studies on Ge and self-diffusion via vacancies g
activation energies of 4.8660.2 and 4.7160.09 eV,
respectively.36–38 These results imply that the diffusion o
group IV elements is much slower than group V impuritie6

The activation energy for SnV diffusionQSnV5ESnV
f 8

1ESnV
m , is the sum of two terms. The first is the formatio

energy of a vacancy next to Sn assuming that Sn is alre

grown into the sample and thusESnV
f 8 5ESnV

f 2ESn
f

52.8–0.5 eV52.3 eV ~Table II!. ESnV
f 8 is also the differ-

ence between the vacancy formation energy and the bin
energy of Sn with a vacancy. The second term is the mig
tion barrier for the SnV center. We now consider t
migration/dissociation barrier for SnV.

The migration mechanism of SnV has been considere
the same as PV (E center! notwithstanding the fact that P
appears to diffuse via an interstitial mechanism.36 In the
E-center mechanism the vacancy travels around a hexag
ring followed by an exchange of sites with the impurity.
the case of tin this process is modified, because in the in
and final configurations, the tin atom sits at a bond cen
position, between two vacancies~see Fig. 7!. Thus exchange
of Sn with either vacancy is an energetically easy proc
and the dominant step involves V moving to the saddle po
between the second and third nearest neighbor posit
from a substitutional Sn impurity. However, the entropy fa
tor related to the first diffusion step may be high becaus
involves correlated move of one Sn and one Si atom.
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We have studied the binding energies of the neutral S
pair at second and third neighbor distances and with the
finite Sn-V separation. The calculations have been car
out using ;64 atom supercells using both 23232 MP
sampling and with;216 atomic supercells at theG point.
The binding energies, with respect to the lowest energyD3d
configuration, are 0.6 eV~configuration 1 in Fig. 7!, 0.9 eV
~configuration 2 in Fig. 7!, and 1.2 eV~configuration 3 in
Fig. 7!. The binding energy when Sn and V are infinite
separated is also found to be 1.2 eV~dropping to 1.0 eV in
the 216 atomic supercell! and hence at the third neighbor si
the vacancy is essentially free. Thus the vacancy has a
probability of escaping from Sn and wanders through
lattice until trapped by another defect. If this defect is a
other tin atom, then diffusion of tin can occur by exchange
sites with the vacancy. This explains why reorientation, d
fusion and dissociation of SnV have essentially the sa
barrier equal to 1.2–1.4 eV. Here we have taken into acco
the migration barrier<0.2 eV of the vacancy diffusing be
tween the second and third nearest neighbor positions f
Sn ~the jump indicated by the arrow in configuration 2 or
in Fig. 7!. The experimental value for the migration barri
of an isolated V is;0.3 eV.2

At ;430 K, SnV defects dissociate. The vacancy lib
ated from tin can then be trapped by a second vacancy,
atom, or a nondissociated SnV defect. The calculations s
that the binding energies of V with V and SnV are almo
identical ~Table III rows 2 and 5!. This might explain the
experiments findings17 that roughly equal concentrations o
V2

2 and SnV2
2 arise from the anneal of SnV above 400 K

The closeness between the binding energies between
tral Sn and V at third and infinite neighbor sites can be c
trasted with PV. With the PV we find the binding energy
0.6 eV at the third nearest neighbor site and 1.05 eV for

FIG. 7. Mechanism for vacancy assisted diffusion of tin in s
con. The first step differs from the usualE-center mechanism, re
quiring Sn to move from a site midway between two vacancies
a vacant site; with a subsequent~or simultaneous! diffusion of the
vacancy. During steps 2 and 3, the vacancy jumps to a second
third neighbor site similarly as in theE-center mechanism. The ste
4 is the step 1 reversed: the Sn moves back to theD3d position. In
the final configuration 5, the SnV has completed one diffusion s
3-7
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infinite separation. The difference in energies comes from
Coulomb interaction between theP1 and V2 when sepa-
rated at third nearest neighbor sites. In this case we ex
reorientation and diffusion via the vacancy mechanism to
much faster than dissociation of PV with less likelihood f
the formation of PV2 defects.

We can now determine the activation energy for diffusi
of Sn, Q, which is the sum of the difference in formatio
energies of 2.3 eV and the migration energy 1.2 or;3.5 eV.
The important conclusion is than that as the binding ene
at third neighbor site, is the same as when completely dis
ciated, it follows that the diffusion energy is close to that
self-diffusion when mediated by vacancies. The slight lo
ering in the activation energy is caused by the lowering
the migration barrier of the Sn-bound vacancy when co
pared to a free vacancy.

Although the diffusion energy is in agreement with t
value 3.5 eV found by Akasakaet al. and to lesser extend
with 4.25 eV by Yehet al., it is in conflict with the more
recent values of 4.8 eV by Kringhøjet al.19–21 It is difficult
to understand how such a high barrier of 4.8 eV can a
from the diffusion of tin caused by SnV. The experimen
barriers to reorientation and diffusion of SnV must be bo
around 1.1–1.4 eV. The weak trapping efficiency of V by
can be taken to imply that the reorientation barrier is close
the dissociation barrier—a result also suggested by E
These results imply thatQ is close to the barrier for self
diffusion mediated by vacancies which has been given to
;3.8 eV in metal diffusion studies,39 or Ge where the bar
rier is 3.93 eV below 1000 °C but 4.97 eV above.40 How-
ever, more recent studies on self-diffusion via a vaca
mechanism and for Ge have been carried out and foun
give diffusion energies around 4.7–4.9 eV.36,38It is clear that
there are in general, and for Sn in particular, there are se
problems in the extraction and interpretation of diffusi
barriers.
rs

y

rs
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VI. CONCLUSION

The calculations have resulted in a number of resu
which are consistent with experiment but there are sev
areas of disagreement. The assignments for the DK1
DK2 centers to (SnV2)2 and (SnV2a)2 seem reliable. The
energy of (SnV2b)2 is 0.4 eV greater than (SnV2a)2 sug-
gesting that the two forms arise through kinetic factors a
they are not in equilibrium with each other. The symmetry
the defects and the lack of a spin-density on the Sn atoms
consistent with experiment.17 For (SnV2)2 we find C1 sym-
metry in agreement with the experiment, but we argue
symmetry lowering fromC1h to C1 is due to the reconstruc
tion of the dangling Si bonds and not due to the movemen
the tin atom across the$110% plane.

All the defects are electrically active with deep levels
the gap. The fact that these centers have been detecte
EPR demonstrate that they possess deep acceptor leve
their positions have not yet been reported. The Sn-V inter
tion is found to extend only to the third nearest neighb
distance, which explains that the barriers to reorientati
diffusion and dissociation of SnV are so similar. The bindi
energy of V with Sn is comparable with oxygen, arsenic, a
phosphorus. However, due to the isoelectronicity of Sn a
Si, the attraction between Sn and V saturates at third ne
bor sites. This implies that the diffusion energy of Sn, calc
lated to be 3.5 eV—in agreement with some studies—sho
be close to that of self-diffusion via a vacancy mechanis
This is in agreement with data on self-diffusion derived
metal diffusion studies. However, other experiments on
Ge, and self-diffusion yield values around 4.8 eV. The re
sons for these differences are not clear.
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