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Tin-vacancy complexes in silicon
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The structure and electrical properties of of SR\&n,V, and SpV, complexes in Si are investigated using
first-principles cluster and supercell methods. The formation of,Sa\d SpV, 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 both its structure and electrical levels. It was found that the
neutral defect hasDjy symmetry—in agreement with

Vacancies in silicon are important radiation defects whichexperiment—and remarkably that the center possesses five
possess deep electrical levél§he single vacancy in silicon charge states and thus can act as a deep single and double
is not stable at room temperature. It becomes mobile at 70 &cceptor as well as a single and double donor. At the same
(n-type silicon or at 150 K (-type silicon and readily time!® deep level transient spectroscofidLTS) experi-
complexes both with other vacancies creating multivacancynents have found these acceptor level&€at 0.5, andE,
centers, as well as with many impuritiésThe divacancy —0.21 eV. Other workers report similar levéfst®
introduces acceptor levels in the upper half of the band gap: The SnV defect is not, however, the only Sn related ra-
a single(—/0) level atE,—0.4 eV and a second acceptor diation center. In heavily e irradiated n-Si, EPR
level atE,—0.2 eV?3 Similarly, the vacancy-oxygen center experimentS have shown that a new Sn related spin 1/2
introduces a single acceptor level Bt—0.17 eV? How-  center called DK1 is present. The latter has been assigned to
ever, vacancies are not only important in introducing deef{SnV,)~. This defect anneals around 500 K and two new
electronic levels but as complexes with impurities they carEPR centers DK2 and DK3 are then formed. These have
promote impurity diffusiorr. For example, shallow dopants been associated with two different configuration of
such as arsenic diffuse by complexing with vacancies form{Sn,V,)~. The EPR experiments unambiguously showed
ing AsV. The resulting defects moves through the lattice as ghat each contains two equivalent tin atoms and DK2 pos-
complex with a migration energy-1.2—-1.4 eV somewhat sesse<,, symmetry while the symmetry of DK3 i€,.
less than the dissociation energy of the defect. These (SpV,) ™ defects disappear at 690 K—well above

Early work on tin doped SiRef. 9 found that vacancies the temperature where,\defects are stable. Thus it appears
are readily trapped by tin, in preference to oxyd®teading  that tin can stabilize vacancy centers. Although many details
to an SnV center which is stable up t0400 K in the tem-  about these defects have been uncovered by EPR, their elec-
perature region when divacancies are formed. Until recentlytrical levels are at present unknown.
the only electrical levels correlated with the defect were There is uncertainty over the activation energy of diffu-
single and double donor levels lying in the lower half of thesion of Sn in Si. The experimental evidence suggests that it
band gap atE,+0.32,E,+0.07 eV, respectively. This has proceeds by a vacancy mediated mechanism. However, it is
led to suggestions that tin dopeeSi would be a radiation not clear whether the mechanism is the same as for the
hard material as any SnV defects formed might be electriE-centert®® In this mechanism the vacancy escapes from a
cally inactive inn-Si. However, this electrical inactivity is site neighboring an impurity atom and travels around a hex-
not a valid assumption. agonal ring of Si neighbors before returning to complex with

The SnV defect is magnetically active and the G39, the impurity in a different orientation. Finally, the impurity
=1, electron paramagnetic resonanl&R center having and vacancy are interchanged.
D3q Symmetry has been assigned to the neutral défdet. The activation energies for Sn diffusion in Si found by
this center the tin atom is located in the middle of a diva-different groups are quite scattered. Akasakal!® investi-
cancy. We have investigated the SnV center eaflimding  gated the diffusion of tin introduced from a tin-doped oxide
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using Rutherford backscattering and channeling. They foundnd electronic levels of tin-vacancy centers to investigate
more than 90% of Sn atoms lay at substitutional sites, an&nV,, SnV, and SpV, defects as well as exploring the
the tin solubility is ~0.01% at 1100-1200°C. They also diffusion and reorientation of SnV. We utilize ab initio
reported a diffusion energy, 3.5 eV, for tin. Yehal?® used  density functional methodAIMPRO) employing large hy-
neutron activation analysis to determine the diffusion of Srdrogen terminated clusters-@300 atom$ as well as super-
finding a barrier of 4.25 eV. cells. In this study we use clusters only for the determination
Secondary-ion mass spectrome{8IMS) measurements of the electronic levels and for the wave function plots. All
were made by Kringhggt al?! to determine the diffusion of the the total energy calculatiorg., formation, migration
tin in S-doped molecular beam epitax¢MBE) grown  and reaction energigare done in supercells. Supercells have
samples. They demonstrated that the injection of vacancigbe advantage of giving converged energies for defects irre-
enhanced tin diffusion implying a vacancy mechanism, angpective of their location within the supercell, but clusters
reported a diffusion barrier of 4.8 eV which is considerablyare useful both for their speed and for the evaluation of elec-
greater than given earlier. trical levels. Both methods use a basis of Gaussian orbitals
In this paper, we extend our earlier studies of the structurand they principally differ in the treatment of the charge
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FIG. 1. The schematic structure of (SifYYSn\,)°, (SnV,a)°, and (SpV,b)° defects. The vacancies are indicated with crosses. The
original [110] chain is shown with dotted lines. The black atoms are Si atoms on the san® (ldne as the Sn atas) (except in
(Sn,V,b)%). White spheres represent Si atoms in the two neighborin_@Ilﬂanes. The (SnV)center ha® ;4 symmetry. Sn is bonded to
six Si atoms with equal bond lengths of 2.80 A. The ($yf\hasC, symmetry, the Sn atom has moved towards the divacancy on t_me) (11
plane. TheCy,, symmetry is broken by the movement of the four silicon atoms with dangling bonds on the opposite sidesgt)bhplzﬁmd.

The (SpV,a)® center hasC,, symmetry. The two Sn atoms remain on the Q)1each moving towards the central divacancy. The
(Sn,V,b)? center ha<C,;, symmetry. A reconstructed Sn-Sn bond is formed with the length of 2.93 A.
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density. In the cluster method this is expanded in a set of .
Gaussian functions while a Fourier series is used in the su- S 8 T
percell. In the cluster calculations the wavefunctions were
expanded in a basis consisting MfCartesians, p Gaussian
orbitals sited on each atom. The charge density was fitted to
M Gaussian functions. In this studyN(M) were (6,6) for
Sn, (4,5 for Si, and(2,3) for H. Two extra Gaussian orbitals
with different exponents, located midway between each
bonded pair of atomsgexcluding the H terminatofs were
added to the wave function basis, and similar bond centered
functions were added to the basis for the charge density. In
the supercell calculations only atom centered Gaussians were
utilized with additional four exponential functions for Si [110]
each combined witls, p and d orbitals yielding totally 36
functions/atom. For Sn six exponentials were used. For the
two most diffuse exponents p, andd functions were used
and for the for four others, p angular functions only sum-
ming up to 34 functions/atom. Additional details of the meth-
odology are found in Refs. 22,23. We employ Bachelet-
Hamann-Schiter pseudopotentia$®® with four valence
electrons for both Si and Sn. For the supercell calculations,
the total energies of tin centers were calculated ir @4
atom supercell containing the defect with xX2x2
Monkhorst-Packk-point sampling®?’ The calculations were
repeated using larger 216 atom cells at thé" point. We
believe the calculated reaction energies based on the energy
differences of similar defects are accurate0.3 eV as evi-
denced by the calculated solubility of Sn in Si to be dis-
cussed below. However, because of the computational limi-
tations, we have not been able to complete proper
convergence tests with respect to the size of the supercell.

Section |l gives details of the structures of tin-vacancy
defects while Sec. Ill discusses their electronic levels. In Sec.
IV the energetics of tin-vacancy complexes as well as the
solubility of tin in silicon are reported and finally we discuss
the diffusion of Sn in Sec. V. Our conclusions are given in _
Sec. VI. [110] [

[001]

id 1 1

(b) (SnV,)" , (111) Plane

Il. THE SnV ,, Sn,V, AND Sn,V, DEFECTS

. . FIG. 2. The structure of (S~ . The Sn atom remains near the

The schematic geometries of the calculated neutral o ) . S — .
(Sr;(VX)O centers are shown in Fig. 1. For completeness Wgubstltutlonal S|te..lt and the black Si atoms lie |nlhe(011mrror
have included also (Sn¥)which has been studied earligr. Plane. The wo Si atoms above and below the (it plane are

Room temperature electron irradiation of tin dopedi marked with concentric open circles. The unpaired wave function
produces the G29 EPR center assigned toSkel neutral projected onto the (1@) plane is localized i.n dangling bqnds on
SnV defect and additionally a weaker signal arising from@°ms_F. A aﬁglz B. Labels are given in units of
SnV~ (DK4).} These anneal out at430 K with the simul- 10~ velectrons/a.u==
taneous formation of ¥ and a newS=1/2 EPR center
called DK1Y This center hasC;, symmetry around 40 K Fig. 2. It is suggested that Sn lies slightly outside the mirror
but C, around 8 K. Hyperfine interactions with a single Sn plane at low temperatures but, at 40 K, it can tunnel, or hop,
nucleus, and four shells of Si neighbors are resolved by EPFRetween the two equivalent sites above and below the plane
The tensors related to Si all display trigonal symmetry sugeffectively resulting inCyy, symmetry:’
gesting dangling bonds. The spin density on Sn is about 50% Calculations carried out in-64 and~216 atom super-
of that on Sn in G29 as estimated from the ratio of theircells found that the (Sn)y~ center shown in Fig. 2 is stable
hyperfine tensors. The spin density on a single Si atom lyingut without any tendency for the Sn atom to move out of the
in the mirror plane is about a third of that on the pair of (110) mirror plane. The tin atom is displaced about 0.8 A
dangling bond atoms in )/, while that on a shell of two Si  from its lattice site alond112] direction. The Sn-Si bond
neighbors out of the mirror plane is somewhat greater. Théying in the mirror plane is 2.58 A, and the pair directed out
model proposed for DK1 is the (Sp)Y defect shown in of this plane are 2.67 A. The same structure was found by

245213-3



M. KAUKONEN, R. JONES, S. BERG, AND P. R. BRIDDON PHYSICAL REVIEW B54 245213

starting from a planar trivacancyzvnto which a Sn atom
was inserted midway between two vacant lattice sites along
[110]. Additionally, the Sn atom relaxed back to the mirror
plane when initially displaced away. However, we find the
distortion fromC,, to C; symmetry, by a reconstruction of
the dangling Si bonds. In Fig.(@ one of the Si atom€
(or D) moves slightly closer to Sn compared with the other
one (Sn-Si=3.98 A,Sn-S,=3.93 A). More importantly,
a Si atomA (or B) clearly moves closer to the Si atom
F  (Sk-Sin=3.10 A,Si-Sig=3.39 A, and Si-Sig
=3.36 A). This result is consistent with the observation of
C, symmetry at low temperaturé5The sameC; symmetry
is found for (Sn\4)° and shown in Fig. 1.

The wave function of the unpaired electron in (ShV,

in the (110) mirror plane and in the (111) plane, are shown
in Fig. 2. The spin density is almost zero near tin and is
mainly localized on the three Si atoms with dangling bonds
(A,B, andF) and the neighbors tB.
Although the lack of a spin density on Sn is in agreement '
with DK1, its high value on the atork possessing a dan-
gling bond is at variance with the experimental data. The
small spin densities found on aton#s B, C, and D are,
however, consistent with experiment.
Annealing the irradiated material te-500 K removes
(V)™ (G7) and (Sn\,)~ (DK1) and two newS=1/2 cen-
ters, labeled DK2 and DK3, are formed. The intensity of
DK2 is increased by illumination whereas that of DK3 is
unaffected. The new centers ha@, and C;;, symmetry,
respectively. Hyperfine interactions with two equivalent Sn
atoms were resolved for each defect.
In DK2, the Sn atoms are connected by inversion symme-
try and a model has been proposed based on two Sn atoms
lying at sites bordering a divacantyThis (SpV,a) ™ de-
fect is shown in Fig. 3. DK3 is then suggested as an alterna-
tive structure (SyV,b) ~ shown in Fig. 4. )
Our calculations found that the (8f,a)~ shown in Fig. [110]
3 is stable and haS,, symmetry in agreement with the DK2

EPR center. The two Sn atoms relax slightly in the_(Qll

plane, each moving 0.8 A alorig12] and[112] directions. FIG. 3. (SpV,a)~ (DK2): The tin atom and the black Si atoms
The Sn-Si bonds in the mirror plane are 2.58 A, while thoséie in the (110) mirror plane with two Si atoms lying above and
directed out of the plane are 2.67 A, essentially the sameelow this plane(open circles The unpaired wave function is
lengths as found for (S~ above. The bonds of the four nodal in this plane and localized on the 12 Si atoms symmetrically
undercoordinated Si aton#s;, B;, A,, B, in Fig. 3, have related toA, B, C, D, E, andF. The right hand figure shows the
lengths deviating less than 0.05 A from those of bulk Siwave function in the (11) plane(indicated by dotted lines in the
(2.34 A). Figure 3 shows that the unpaired wavefunction ideft hand figur¢. The wave function has equal amplitude on the

nodal in the (1D) mirror plane and is localized on the 12 Si both (111) planes(these planes are related via tg symmetry
atoms lying outside this plane consistent with the EPR dataeperation. Labels are given in units of 18/electrons/a.u.%?.
DK3 has been assigned to the second form of the double

tin-double vacancy (SiV,b)~ shown in Fig. 4. We find this  mjrror plane is again a nodal surface for the unpaired wave
has energy 0.4 eV higher than ti&, form. This energy  function. The spin is now localized in the dangling bond
difference makes it unlikely that roughly equal numbers ofgrhitals of the Si atom# andB lying out of the plane.
(SnV2a)™ and (SpVyb)~ should be formed when DK1  Finally we investigated the structure of Sh This defect
anneals if thermal equilibrium was achieved. However, aYs constructed by rep|acing two Si neighbors of a vacancy by
experiment indicates otherwise, it suggests that Sd¥-  sSn. The other pair of Si neighbors do not reconstruct. The
fuses to Sn and forms both conformations of {&;) ~ but  sn-Sn distance is 3.0 A and the two Si atoms with dangling
the barrier to interconversion is be too high at 500 K forponds relax towards the vacansy0.2 A. TheC,, symme-
equilibrium to be achieved. Figure 4 shows that the@L1 try of the defect rules it out as a candidate for DK3.

[001]

[110]

(b) (Sn,V,a)-, (111) Plane
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vacuum level

defect standard defect

FIG. 5. The donoracceptor energy level is obtained by com-
paring the calculated ionization energlectron affinity 1 $°to the
calculated ionization energiglectron affinity of a standard defect
13 for example,E(0/+)'=1%°— % |n this example, one ob-

tains the position of the defect leve(0/+)® with respect to the

[110]

- T standard defect. The position of the level with respect to the band
(@) (Sn,V;b)", (110) Plane edges is found by adding the experimental level of the standard
[001] defectE(0/+) .

The Kohn-Sham levels of the tin-vacancy aggregates are
shown in Fig. 6 and Table | gives the energy levels including
those of SnV published earli&t.The Sn\; defect has levels
slightly above those of SnV. Unlike SpY Sn,V,a does not
possess a second acceptor level. This is because its HOMO
wave function for the negative charge center is less localized
than the corresponding one in SpiFigs. 2 and 3 The EPR
experiments demonstrate that these centers have deep single
acceptor levels as found here, but they have not so far been
observed by DLTS. This is probably because the high va-
cancy concentrations required to form the di-tin species ren-
der the diodes insulating. In $§w, the unreconstructed bro-
ken bonds gave deep single and double acceptor levels at

(b) (Sn,V,b)-, (110) Plane E.—0.60 andE.—0.25 _eV. It is seen that the error in the
calculated levels of this defect are around.2 eV. The

FIG. 4. (SpV,b)~ (DK3): The Sn atoms lie above and below Spin densities of SnV, Sn\? (S=1), and SnV are local-
the (110) mirror plane. The unpaired wave function is shown in theized on the six neighboring Si atoms, in contrast with the
plane throughA, B and two other Si atoms and is localized to the case of the divacancy )/ or V, where two pairs of Si
dangling bonds on atom& and B. The function is nodal on the dangling bonds reconstrutt.
mirror plane. Labels are given in units of 19/electrons/a.u.32.

[110]

Ill. ELECTRONIC LEVELS

The electronic levels are obtained using clusters having
~300 atoms. The donofacceptor level of a defect with
respect to a standard defect is found by comparing the cal-
culated ionization energigglectron affinitie of the defect,

4, with that of a standard defedt;. Thus E(O/+),
=E(0/+)4q—E(0/+)s=1s—14 (Fig. 5. The level with re-
spect to the band edge is then obtained by adding the experi-
mental value of the energy level of the standard defect. In
practice the ionization energies and electron affinities are
found using Slater’s transition state mett§d®

The standard defects used are substitutional Pt, the carbon
interstitial G, and the AuH center. The second donor level
of Pt lies atE,+0.07 eV3® while the single donor and ac-
ceptor levels of € are E,+0.28 and E.—0.1 eV,
respectively’! The second acceptor level of Aylis taken to FIG. 6. The calculated one-electron levels of the tin-vacancy
lie at E,—0.19 eV32:33 related centerga) SnV, (b) SnV,, (c) Sn,V, and(d) Sn,V,a.

Energy [arb. units]

(@) (b) © (@
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TABLE I. The calculated electronic levels of the multitin- TABLE lll. The reaction energies of the tin-vacancy related
multivacancy defects. The experimental values for SnV are given imeactions. A negative value indicates that energy is lowered when
parenthesis. The acceptor levg{s-/—),(—/0)] are given with moving to the direction of the arrow, i.e., the reaction is exothermic.
respect to the edge of the conduction band minimum and the dondrhe calculations are done in 226atomic supercells at thié point,
levels[(0/+),(+/++)] with respect to the edge of the valence the numbers in the parenthesis refer toX64tom cell calculations

band maximum. All the values are in eV. with 2Xx2X2 MP sampling. All values are in eV.
(=1-) (—1/0) (0/+) (+/++) Reaction Reaction energy
SnV  0.39(0.20% 0.56(0.50% 0.22(0.32-0.35°¢ 0.09(0.07)° Sn+V—SnV —-1.0(—-1.2)
SnV, 0.17 0.53 0.25 V+SnV—SnV, —1.5(-0.9)
SnV 0.25 0.60 0.13 V+SnV—V,+Sn —0.6(+0.1)
SnV,a 0.38 0.16 V,+Sn-SnV, —0.9(-1.0)
V+V—V, —1.6(—1.1)

%Reference 21.

A Sn+SnV—Sn,V —0.4(—0.6)
CFIje]ference if SnV,+Sn—SnV,a —-1.2(-1.3)
eference 11. SnV+SnV—Sn,V,a -1.7(-1.0)
IV. FORMATION AND REACTION ENERGIES SnV+V—SnVaa ~23(-16)
SnV,a— Sn,V,b +0.5(+0.4)

The formation energies of neutral vacancy-tin defects are

calculated using the standard formula I . : .
g any vibrational entropic effects. Experimentally, the solubil-

ity of Sn in Si when introduced from an oxide source is
E;=Ep— 2, Neus, (1)  ~0.14% at 1100-1200 °(Ref. 19 corresponding to a for-
s mation energy of around 0.8 eV. We suppose that the differ-
. " ence either arises from the lower chemical potential of tin in
whereEy, is the total energy of the supercell containing they,o oxide compared to our idealized case where the tin

defect,ns is the number of atoms ojssspecigand ksisthe  gource is gray tiff or the formation energy is underestimated
chemical potential of atom species*® u; is the chemical by 0.3 eV.

potential of a Si atonti.e., the total energy / Si atom in bulk

silicon calculated in a two-atom supergefThe chemical  mch greater than that of substitutional tin implying that the
potential for Sn,ug,, was calculated using gray tiiie., @ gominant tin species is the substitutional defect and that the
tin) which also has the diamond structure, which is the Stabl%quilibrium thermal concentration of the former is negli-
low temperature form of the element. The reaction energiegipje. Appreciable concentrations of tin vacancies can only
are obtained by subtracting the formation energies of thgise when a non—equilibrium concentration of vacancies is
initial compounds from those of the products. introduced by, for example, electron irradiation. However,

Table 1l gives the formation energies of the tin-vacancyine giffusion of tin appears to be controlled by a thermally
defects. The energy difference between a Sn atom in gray t'@enerated tin-vacancy defect.

and the substitutional defect in Siis 0.5 eV. This would im-" The cajculated reaction energies for the various neutral
ply that.theeqmI|br|um.concentrat|on. of d_|ssolved tin in Si, tin-vacancy defects are given in Table Ill. The vacancy is
when2 n. %3/rl1<$act_3wnh a n(’)letalllc tin source, 1S S pound to Sn with an energy of 1.0 eV. This is comparable
x10%%® cm™°, or ~1.5% at 1100°C, neglecting \yith the binding energies in OWL.6 eV(Ref. 23], PV[1.05
eV (Ref. 18] and AsV[1.2-1.3 eV(Refs. 6,7]. A second
TABLE Il. The formation energies of the tin-vacancy related vacancy is bound to SnV with a higher energy of 1.5 eV.
defects in silicon. The reference structure for Siis bulk-silicon and  The anneal of Snyleads to the formation of SW.a and
for Sn a-tin (these are calculated in 2 atom diamond cell with 6 Sn,V,b. The binding energy of V with Siv,a is 2.3 eV
X6xX6 MP sampling. The calculations are done in 2X6atomic accounting for the higher thermal stability of Sha when
supercells at thd" point, the numbers in the parenthesis refer to compared with SnV. Experimentally S, is stable until
64-X atom cell calculations with 22 MP sampling. All values 690FI)< The slightly .highgr calculatgd biznding energies for

The formation energies of the tin-vacancy centers are all

are In eV’ the neutral SnY and SpV,a than expected based on the

Complex Formation energy e_xp_erimental annealing temperatures may arise if the disso-
ciation products are charged.

Sn 0.5 An interesting possibility not considered previously is that
\Y 3.3(3.9 mobile SnV are trapped by Sn. However, the binding energy
V, 5.0(5.7) ~0.4 eV is lower than the migration energy of SnV and thus
SnVv 2.8(2.7) SnyV is unlikely to form. This is consistent with experiment
SnV, 4.6 (5.2 which do not report any center attributed to ¢8h.
SnV 2.9 (2.6 For the charged defects the reaction energies of Table I
SnV,a 3.9(4.4) change because of the Fermi-level effe€or example, for

single and double negative charge states the reaction Sn
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+V—SnV becomes less favorable because electrons have to °
occupy higher levels in SnV compared witHf We estimate

reaction energies of 0.8 and—0.5 eV for singly and dou- o o o
bly negative defects, respectively. The opposite is true for 1

SnV" and SnV ", as the reactions then become more exo- %
thermic with energies-1.1 and—1.2 eV for singly and .\Q %@

doubly positive defects. Generally speaking, the largest ef- . o

fect of the charge on the reaction energiesof Table lll are iN c e e see s s s sl oo ... ===
the cases when(@oubly) negatively charged vacancy occurs
in the reaction(rows 1, 2, 3, 5, and 9 in Table Ill, and the

/

sesssnsneenesh oscscssnsnnnns

[ ]
reactions become then less favorable from left to pight : o O
other cases the Fermi-level effect is less prominent because 4 . 5 &
of the defect levels of the reactants and products are closer % '
each other. ' o ©
® ’ o
[ ]

V. DIFFUSION OF TIN . . N S
FIG. 7. Mechanism for vacancy assisted diffusion of tin in sili-

Impurities generally diffuse either by a direct exchangecon. The first step differs from the usugicenter mechanism, re-
with Si neighbors, or by complexing with a vacancy or in- quiring Sn to move from a site midway between two vacancies, to
terstitial. In many cases all three mechanisms contribute. Exa vacant site; with a subsequept simultaneousdiffusion of the
perimental studies involving Sn and Skdoped epi-Si dem-  vacancy. During steps 2 and 3, the vacancy jumps to a second and
onstrate that the diffusivities of both impurities increases bythird neighbor site similarly as in th-center mechanism. The step
a factor of 5 at 1000 °C under the injection of vacanéles. 4 is the step 1 reversed: the Sn moves back tdXeposition. In
This is taken to indicate that both impurities diffuse by athe final configuration 5, the SnV has completed one diffusion step.
vacancy mechanism. The diffusion coefficients of Sn and Sb
can be writterD = gra?eS*~ Yk with the attempt frequency We have studied the binding energies of the neutral SnV
v~10"% s, the jump distancea=2.34 A and the pair at second and third neighbor distances and with the in-
geometry+correlation factorg which we assume unity. finite Sn-V separation. The calculations have been carried
Kringhgj et al?* give the activation energieéd and entropies Out using ~64 atom supercells using bothx2x2 MP
Sfor Sn to be 4.8 eV, and k5 while those for Sb are 4.1 eV, sampling and with~216 atomic supercells at thié point.
and 1. The binding energies, with respect to the lowest en@&gy

Later studies on Ge and self-diffusion via vacancies gavé&onfiguration, are 0.6 eVtonfiguration 1 in Fig. ¥, 0.9 eV
activation energies of 4.860.2 and 4.7%+0.09 eV, (configuration 2 in Fig. ¥ and 1.2 eV(configuration 3 in
respectively® 38 These results imply that the diffusion of Fig. 7). The binding energy when Sn and V are infinitely
group IV elements is much slower than group V impurifies. separated is also found to be 1.2 &lfopping to 1.0 eV in

The activation energy for SnV diffusioms,= ES’nV the 216 atomic superc@lihnd hence at the third neighbor site
+ED,, is the sum of two terms. The first is the formation the vacancy is essentially free. Thus the vacancy has a high

f {10 S ina that Sn is al robability of escaping from Sn and wanders through the
energy ot a vacancy next to sn assuming that sn 1S alreaqy yice ntj| trapped by another defect. If this defect is an-

grown into the sample and thusEg§,=E§,—Es, other tin atom, then diffusion of tin can occur by exchange of
=2.8-0.5 e\=2.3 eV (Table II). EfS'nV is also the differ- sites with the vacancy. This explains why reorientation, dif-
ence between the vacancy formation energy and the bindingision and dissociation of SnV have essentially the same
energy of Sn with a vacancy. The second term is the migrabarrier equal to 1.2—1.4 eV. Here we have taken into account
tion barrier for the SnV center. We now consider thethe migration barrier<0.2 eV of the vacancy diffusing be-
migration/dissociation barrier for SnV. tween the second and third nearest neighbor positions from
The migration mechanism of SnV has been considered t&n (the jump indicated by the arrow in configuration 2 or 3
the same as PVH centej notwithstanding the fact that P in Fig. 7). The experimental value for the migration barrier
appears to diffuse via an interstitial mechan®in the  of an isolated V is~0.3 eV?
E-center mechanism the vacancy travels around a hexagonal At ~430 K, SnV defects dissociate. The vacancy liber-
ring followed by an exchange of sites with the impurity. In ated from tin can then be trapped by a second vacancy, a tin
the case of tin this process is modified, because in the initisghtom, or a nondissociated SnV defect. The calculations show
and final configurations, the tin atom sits at a bond centethat the binding energies of V with V and SnV are almost
position, between two vacanciésee Fig. 7. Thus exchange identical (Table Il rows 2 and b This might explain the
of Sn with either vacancy is an energetically easy procesgxperiments findind$ that roughly equal concentrations of
and the dominant step involves V moving to the saddle poiny/, and Sn\j arise from the anneal of SnV above 400 K.
between the second and third nearest neighbor positions The closeness between the binding energies between neu-
from a substitutional Sn impurity. However, the entropy fac-tral Sn and V at third and infinite neighbor sites can be con-
tor related to the first diffusion step may be high because itrasted with PV. With the PV we find the binding energy of
involves correlated move of one Sn and one Si atom. 0.6 eV at the third nearest neighbor site and 1.05 eV for an
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infinite separation. The difference in energies comes from the VI. CONCLUSION

X ) n - i
Coulomb interaction between té” andV ~ when sepa The calculations have resulted in a number of results

) . o . . fhich are consistent with experiment but there are several
reorientation and diffusion via the vacancy mechanism to bg .o.5 of disagreement. The assignments for the DK1 and

much fastgr than dissociation of PV with less likelihood for pio enters to (Sny)~ and (Sn\a)~ seem reliable. The
the formation of PY defects. o _ . energy of (Snyb)~ is 0.4 eV greater than (Sp¥)~ sug-

We can now determine the activation energy for diffusiongesting that the two forms arise through kinetic factors and
of Sn, Q, which is the sum of the difference in formation they are not in equilibrium with each other. The symmetry of
energies of 2.3 eV and the migration energy 1.2-&.5 eV.  the defects and the lack of a spin-density on the Sn atoms are
The important conclusion is than that as the binding energyonsistent with experimenf.For (Sn\,) ~ we find C; sym-
at third neighbor site, is the same as when completely dissanetry in agreement with the experiment, but we argue the
ciated, it follows that the diffusion energy is close to that of symmetry lowering fronC,,;, to C, is due to the reconstruc-
self-diffusion when mediated by vacancies. The slight low-tion of the dangling Si bonds and not due to the movement of
ering in the activation energy is caused by the lowering inthe tin atom across thgl10 plane.
the migration barrier of the Sn-bound vacancy when com- All the defects are electrically active with deep levels in
pared to a free vacancy. the gap. The fact that these centers have been detected in

Although the diffusion energy is in agreement with the EPR demonstrate that they possess deep acceptor levels but
value 3.5 eV found by Akasaket al. and to lesser extend their positions have not yet been reported. The Sn-V interac-
with 4.25 eV by Yehet al, it is in conflict with the more tion is found to extend only to the third nearest neighbor
recent values of 4.8 eV by Kringhef al’*2! It is difficult distar_lce, Whic_h expla_ins that the barrie_rs to reorientat_ion,
to understand how such a high barrier of 4.8 eV can arisdiffusion and (.jlssoc[anon of SnVv are so similar. The b!ndlng
from the diffusion of tin caused by SnV. The experimentalenergy of V with Sn is comparable \.N'th oxygen, arsenic, and
barriers to reorientation and diffusion of SnV must be bothphOSphorUS' However, due to the isoelectronicity of Sn and

around 1.1—1.4 eV. The weak trapping efficiency of V by gnSh the attraction between Sn and V saturates at third neigh-

can be taken to imply that the reorientation barrier is close t (:rji':esb Tgi; irleIie_s that the dif{fus_iﬁn energ)t/ %f Sn, Cilcul'd
the dissociation barrier—a result also suggested by EP ated to be 3.5 eV—in agreement with Some stucies—shou

These results imply tha® is close to the barrier for self- .e.CI.OS? to that of self-ldiffusion via a vacancy mec_hanism.
diffusion mediated by vacancies which has been given to bgh's IS In agreement with data on self-dﬁfuspn derived by
—3.8 eV in metal diffusion studie® or Ge where the bar- metal diffusion studies. However, other experiments on Sn,
fier is 3.93 eV below 1000°C but ’4 97 eV abd¥eHow- G and self-diffusion yield values around 4.8 eV. The rea-

ever, more recent studies on self-diffusion via a vacancy°"® for these differences are not clear.
mechanism and for Ge have been carried out and found to
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