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PHYSICAL REVIEW B VOLUME 61, NUMBER 12 15 MARCH 2000-II

First-principles calculations of interstitial boron in silicon

M. Hakala* M. J. Puskd, and R. M. Niemineh
Laboratory of Physics, Helsinki University of Technology, P.O. Box 1100, FIN-02015 HUT, Finland
(Received 8 October 1999

We perform first-principles total-energy calculations to identify the stable and metastable configurations of
interstitial B in Si. We calculate formation energies and ionization levels for several equilibrium ionic con-
figurations in different possible charge states. In all charge states the ground state coasisa@m close to
a substitutional site and a Si self-interstitial nearby. The binding energy of the self-interstitial to the substitu-
tional B is, however, rather weak, of the order of 0.2-0.3 eV. The ground state has négtregerties in
accordance with experiments. We find several charge-state-dependent metastable configurations of interstitial
B energetically close to the ground state. We discuss on the basis of formation energies the role of excess Si
interstitials in the activation of B diffusion and the charge-assisted transport mechanism in the activation of B
diffusion.

I. INTRODUCTION the work of Zhuet al® and Zhd? by calculating systemati-
cally the formation and binding energies and the geometries

One of the mairp-type dopants of Si is boron. B atoms for all the possible charge states of the structures. We discuss
dissolve to the substitutional positions in the Si lattice andthe effect of excess Si interstitials on the lowering of the
act as acceptors. However, electron irradiation at cryogeni@ctivation energy of B diffusion. The kick-out reaction is
temperatures has been found to displace substitutional B agonsidered on the basis of formation energies. Finally we
oms into an interstitial configuration™ In these studies this investigate the metastable structures of interstitial B as the
defect was also found to have negatleproperties, i.e., itis local-energy minima for B migration in the interstitial re-
able to trap two electrons with the property that the second@ion. In particular, we find different minimum-energy posi-
electron is more strongly bound than the first one. Tathowtions for different charge states of B in the interstitial region,
studied the charge state configurations of this defect alith Which is a necessary condition for charge-assisted migration
initio total-energy calculations. He found that the B atom inby the Bourgoin mechanisrii,
interstitial sites is metastable against the configuration of a The paper is organized as follows. The computational
substitutional B with a Si self-interstitial in the close vicinity. Mmethods are presented in Sec. II. In Sec. Il the results for the
The symmetry of the substitutional B interstitial Si pair cor- Stable and metastable states of interstitial B are discussed.
responded to the experimental observation. The results are compared with experimental data and with

The diffusion of B is considered to occur as interstitial Previous theoretical studies of interstitial structures and B
diffusion® Cowernet al® proposed that the activation oc- diffusion. The summary and the conclusions are given in
curs through a kick-out mechanism. In this mechanism exSec. IV.
cess Si interstitials kick B atoms out of their substitutional
positions to the interstitial region. B atoms migrate until a
reverse kick-out process occurs. Increased diffusion of B is
observed when implantation damage creates excess Si inter- We use the plane-wave pseudopotential methadthin
stitials which interact with B atoms. The phenomenon isthe spin-polarized density-functional thed”y:® The local-
called transient-enhanced diffusiéfED). Zhuet al® calcu-  spin-density approximatidf is employed for the electron
lated the energy barriers and binding energies for the kickexchange and correlation. For Si we use a norm-conserving
out process for the neutral charge state. They also calculatewnlocal pseudopotentfdlwith the nonlinear core-valence
binding energies for a complex containing two B atoms,exchange-correlation schertfe.For B we generated a
which may be involved in the immobii€ and electrically ~ Vanderbilt-type non-norm-conserving pseudopotertial,
inactive! B regions observed in TED experiments at higherwhich allows us to use a lower kinetic-energy cutoff of the
doses of B. Additional calculations by ZHuwere reported plane-wave expansion. With these pseudopotentials the total
for the positive and negative charge states of the ground-staenergies were found to be well converged with an 18-Ry
configuration of B and for some interstitial positions. kinetic-energy cutoff. The bonding properties of B were

In this paper we report on our systematic first-principlestested by calculating the bond length and the vibrational fre-
calculations of the interstitial B in Si. We present improvedquency of a boron dimer (B. We used core radii of 1.4 a.u.
results for the lowest-energy configuration reported byfor bothsandp channels and found the bond length of 1.58
Tarnow? who used a rather small supercell and basis set foA, which is close to the experimental vafief 1.59 A. The
the electron wave functions. These limitations may lead tovibrational frequency of-1035 cm ! was also found to be
nonconverged ionic configurations and electrical propertiesclose to the experimental vafffeof 1050 cm®. A softer
In addition, we study several metastable structures with forpseudopotential with core radius of 1.6 a.u. for bs#ndp
mation energies close to the ground state. We complemerhannels is used for calculating B in the Si crystal.

Il. METHODS
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We use the supercell approximation with periodic bound-
ary conditions. The calculated equilibrium lattice constant is
5.39 A, which is slightly smaller than the experimental one
of 5.43 A. The discrepancy is typical for the local-density
approximation(LDA) calculations. The calculated band gap
of 0.47 eV is less than the experimental value~of.2 eV,
an underestimation also typical for the LDA calculations.
Our defect calculations are performed with 32 and 64 atom-
site supercells. The22x 2 Monkhorst-Packk-point sam-
pling is used for both supercells. For all the necessary cases , , o
we have used the 64 atom-site supercell to ensure that a FIG. 1. Calculated atomic structure of the i defect in its

sufficient convergence of the atomic structure was obtained\V° Possible configurations. For thet1charge state only thes,

In the defect calculations the ions are moved according to thg‘)nfiguration is found, whereas for the 0 and Eharge states both

Hellman-Feynman forces until the highest force componen .eCS.” andCy, configurations are found. The bond lengthsare

Lo - " .~ given in Table I.

on any ion is less than 5 meV/A. The ionic positions are first

slightly randomized to ensure that no conserved symmetry

would prevent the system from relaxing to the ground state.
The formation energies of dopants and dopant-defect A. Substitutional B

complexes can be calculatecfas

IIl. RESULTS AND DISCUSSION

We have first studied B in the substitutional position in its
neutral and negative charge states. For the negative charge
_ _ state the nearest-neighbor silicon atoms relax inwards
ER=Ep+Q(E, +ue) z Nsths: @ ~0.3 A, which is~12% of the bulk bond length, conserv-
ing the T4 point symmetry of the lattice. The fact that the B
WhereES is the total energy of the supercell with the dopantatom has a smaller ionic radius than Si explains the inward
or the complex in the charge sta@ E, the top of the relaxation around substitutional B. In the neutral charge
valence bandy, the electron chemical potential with respect State, in addition to an inward relaxation of the same order,
to E, , ng the number of atoms of type and . the chemical substitutional B induces a small symmetry-lowering relax-
potential of an atom of typs. For Si ug is the chemical ~ation. However, the distortion is weak and the wave function
potentia| of a Si atom in bulk S|’ and for B we Uﬂ% which of the uppermOSt electronic state is accordingly delocalized
is the chemical potential of a B atom in the 8imer. For our  in the supercell. Our results are in agreement with previous
purposes the determination pf; was not critical, since the first-principles calculations of neutral substltptlonaf%..
quantities of interestthe total-energy differences and the ~ The negative charge state is the lowest in formation en-
ionization levels of defectsdo not depend omg, provided — €rgy for all the Fermi level positions in the band gap. Actu-
that the defects compared contain the same number of Blly this means that the negatively charged impurity can bind
atoms. To compare the formation energies consistently, & hole into a shallow effective-mass state. When reionized it
proper alignment o, for the different defect supercells is acts as a shallow acceptor leaving a delocalized hole in the
needed. In Eq(1) we therefore use the fofh?* valence band. We consider the formation energy §f &t
mne=0 eV as a proper reference energy for comparing the
E,=E, (bulk) +[V,,(defect —V,, o(bulk)] ) formation energies of the other kinds of defects involving
v ave ave ’ one B atom (B, Bg-Si). The formation energies of these
whereV,,.(defect) is the average potential far from the de_c.iefectslelre found to be 2—3 eV higher than that for substitu-
fect center in the supercell, and,,.(bulk) the correspond- tional Bs; . Therefore these defects do not cause compensa-
ing value in the ideal bulk supercell. The correction takestion of acceptors in thermal equilibrium.
into account properly the finite size of the supercell. The
ionization level u(Q/Q’) is defined as the value of the B. Substitutional B interstitial Si pair
electron chemical potential, when two thermodynamically

stable charge stat@3 andQ’ have the same energy Our simulations resulted in two types of structures for

interstitial B. We discuss first the lowest-energy structure,
, ) denoted by B-Sj;. It is characterized by the fact that the B
ES+QIEY+ ue(Q/Q)]=E3 +Q'[EJ + ue(Q/Q")]. atom stays close to its substitutional position, and a Si inter-
(3 stitial is trapped at a nearby tetrahedral site. The geometries
obtained are depicted in Fig. 1 and the bond lengths of the
We have studied the convergence of total energies, iondefect are given in Table |. We use the same labeling of
ization levels and bond lengths of the defects with respect tbonds as Tarnofvand give also his theoretical results for
supercell size. By increasing the supercell size from 32 to 64omparison. The other types of structures are discussed in
atoms we find that the total energy differences are convergegec. Il C.
within 0.1 eV, the ionization levels within 0.03 eV, and the Inthe 1+ charge state theSj; defect has th€;, point
bond lengths within 3% of the bulk bond length for all the symmetry so that the B atom is at the substitutional site and
test cases. Furthermore, the point symmetries of the differeribe Si interstitial at a nearby tetrahderal site. For the 0 and
defects and their relative positions in the formation energyl— charge states we found two competing structutgs
diagram did not change. and C,;,, whose total energies are within0.2 eV. In the
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TABLE I. Calculated point symmetry groups and bond lengths of theSB defect for the charge states
1+, 0 and 1-. The distancesd; are given in A and refer to Fig. 1. In the perfect crystal the Si-Si bond length
is 2.33 A. The entries in parentheses correspond to the energetically higher configurations. Supercell of 64
atoms is used.

Charge state Symmetry d; d, ds dy4 ds
This work 1+ Cs, 2.08 2.03 2.19 251 2.19
0 Cs, 2.05 2.03 2.19 2.49 2.19
0 (Cin) (2.00 (1.98 (3.09 (2.51) (2.10
1- Cin 1.98 1.94 3.40 2.52 2.04
(1-) (~Cs) (2.03 (2.03 (2.1 (2.44 (2.20
Tarnow? 1+ Cs, 2.08 2.07 2.51 2.51
0 Cin 2.03 2.01 2.20 2.35
1- Cip 2.05 2.01 2.12 2.31

%Reference 4.

C,, configuration the B atom is displaced from the axialneutral and negative charge states reflects nicely the
(117) position in the{110 plane. For the neutral charge state negative-effectivdd behavior. Another experimental result
the C3, configuration has a lower total energy by 0.21 eV, is that the neutral charge state should in fact have the low-
whereas in the negative charge state €hg configuration symmetry ofC,,,.> The missing of a strong symmetry low-
corresponds to the ground state by 0.13 eV. The ground-statging in our ground state may again be due to the hybridiza-
ionic configuration of the neutral state and the correspondingion of the deep level and the conduction-band states. The
total energy may be affected by an unphysical hybridizatiorfact that the neutral defect has a metastable state with the
of the wuppermost occupied electron state with thecorrect symmetry gives a hint that the correct ground state
conduction-band states which are erroneously low in energgould also have this symmetry.
due to the underestimation of the band gap in the LDA. For The first-principles calculations by ZHuresulted in the
the Cq, structure the uppermost occupied electron state isame positive charge state configuration for the®, defect
located at the middle of the band gap and its mopttype  as the present ones. However, his stable negative charge state
wave function is well localized around the B atom for both configuration is the interstitial B at the hexagonal site instead
the 0 and + charge states. of the Bs-Si; configuration. In our calculation B at the hex-
Energetically the positive and negative charge states aragonal site is~0.2 eV higher in energy than thegBSi
stable for the low and high positions of the Fermi level in thedefect. One possible reason for this discrepancy is the fact
band gap, respectively. In contrast, the neutral charge statetisat Zhu used the experimental lattice constant. We have
both in theC;, andC,;, configurations higher in energy than used the theoretical lattice constant throughout the calcula-
the positive or negative charge state and can therefore k@ns in order to avoid residual stresses. The differences be-
considered metastable. Thus the defect forms a negativéween the configurations obtained by Tarfoand us are
effectivelU system. Using for the neutral state the total en-clearly visible in Table |. For example, in his results for the
ergy corresponding to th€,, configuration, we obtain the 1— charge state the B atom relaxes from ##l1) axis
ionization levels ofug(1+/0) and u.(0/1—) at 0.66 and towards the opposite direction on{a10} plane than in our
0.55 eV above the valence-band maximum, respectively. Theesults. The differences are probably due to the fact that he
net effective correlation energy is then~—0.1 eV. With  has used a smaller supercell. This means that in his results
the total energy of th€;, configuration the ionization levels the defect-defect interaction is larger.
are at 0.87 and 0.34 eV ensuing a rather strahgf ~ The electronic properties of thesBSi; defect can be com-
—0.5 eV. Experimentally the existence of the negative- pared to those of the substitutional B and tkelated Si
behavior for interstitial B has been conclusively demon-interstitial separately. In the4 charge state of & Si; the B
strated by Harriset al?® They found theu(1+/0) donor atom is close to the substitutional site and creates a shallow
level close to the conduction band edge Bt—(0.13 acceptor level. The acceptor level is filled, giving an effec-
+0.01) eV and theu(0/1—) acceptor level aE.—(0.37 tive charge of & for the B atom. Then the nearby Si inter-
+0.08) eV. For the correlation energy they found the stitial would be nominally in the 2 charge state. This is the
value of —(0.24-0.09) eV. The direct comparison of the situation inp-type material. Inn-type material the pair is in
positions of theoretical and experimental ionization levels ighe 1— charge state and the effective charge of the Si inter-
difficult due to the underestimation of the band gap in thestitial is neutral. These charge states of the Si interstitial are
LDA. Especially, the electron states close to the conductionn agreement with first-principles calculatidhgor isolated
band, e.g., for the neutral charge state in @g configura-  Si interstitials. According to those calculations for interstitial
tion, may be somewhat inaccurately described. However, wéi the 1+ charge state is not stable for any Fermi level
think that the agreement between experiment and theory igosition. TheT?* defect (Si at the tetrahedral-interstitial
reasonable, especially when the total energy correspondirgjte) is the ground state ip-type material, and th&° defect
to the C5, configuration of the neutral state is used. Theis a metastable configuration imtype material. The com-
rather large lattice rearrangement which we find between thparison between &Si; and Sj can be also made with re-
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TABLE Il. Formation energies of substitutional B and Si self-  TABLE IV. Formation energies for the different charge states
interstitial in their well-separated and paired configurations. Theand configurations of interstitial B with respect to the ground state.
energy zero is the formation energy of Batu,=0 eV. Supercell For the neutral and negative charges of the ground sta@ghand

of 64 atoms is used. C4y configurations are used, respectively. Energies are given in eV
and correspond to Fermi level at the top of the valence band (
Defect Formation energgeV) =0 eV). T, H, S andB denote the tetrahedral, hexagonal, B-Si
. interstitialcy, and bond-centered sites, respectively. Supercell of 32
BgiJr ~ He atoms is used.
SiE™(T) 2.06+ 21,
Si’(X) 3.30 Charge state  &Si T H S B
(BSi'Sii)lJr 182+ Me
v oo L 0w
N1 - . . .
(BsiSi) (C1n) 3.03— pe 1 0 ) 0.24 ) 1.20

spect to the defect ionization levels. The leugl2+/0) for ] ] ) ]

the Si interstitial at thel site was found to be at about 0.85 configuration responsible for the negatijeproperties re-

eV (Ref. 26 (a negative-effectivéd behavior as for the lated to interstitial B. We have made the identification on the
Bs-Si pair), whereas the levelo(1+/1—) of Bg-Si is in basis of the structural, electrical and energetical properties.
our calculations at 0.60 eV. Thus the levels are rather closdN€ other possible structures can be ruled out by their high
to each other. The level shift is due to the fact that the nearbfPrmation energies and point symmetries in disagreement

B atom distorts the potential around Si with experiment.
We have calculated the binding energy of thg-8j; de- . B
fect with respect to well separated substitutional B and Si C. Metastable states of interstitial B

interstitial. Substitutional B was calculated in the negative Comp'ete'y different types of equ”ibrium structures are
charge state. The formation energies for these defects afgund when the B atom is not relaxed to the substitutional
listed in Table II. According to Leet al?® the Sf™(T) and  site but resides in a true interstitial position or forms an inter-
Si’(X) defects are lowest-energy configurations for the isostitialcy with a Si atom. We find four different kinds of meta-
lated Si interstitialsT denotes the tetrahedral interstitial and stable geometries for ;B hexagonal M), tetrahedral ),
X the (110-split configuration. Table Il contains the bind- split-configuration (B-Si interstitialcy (S), and bond-
ing energy of the B-Si; defect. The bonding of the Si inter- centeredB) positions. The formation energies of these con-
stitial to the substitutional B is weak, of the order of 0.2—0.3figurations with respect to the ground state are given in Table
eV for the stable charge states. This is along the fact that thi/ and shown graphically in Fig. 2. Doubly negative or posi-
mobility of Si interstitials is higlf’ For the positive charge tive charge states were not found stable. For all Fermi level
state the binding energy comes from the Coulombic interacpositions the interstitial configurations are higher in forma-
tion and the atomic relaxations. In the negative charge statgon energy than the &Si; defect.
the Coulombic interaction must be ruled out, but the two
electrons in the localized state and the lower symmetry of the 4
defect lead to a binding energy of the same order through T
atomic relaxations and rebonding.
The binding of the B and Si atoms is important in mod- 3.5 B
eling the TED mechanism, in which different kinds of mi-
gration and clustering processes can take place. It is impor-
tant to note that calculations that include only the neutral
charge state result in higher and seemingly erroneous bind-
ing energies of the order of 1 eVBinding of structures
containing two B atoms have been studied recently by first-
principles calculation$?!?
To conclude, our calculations corroborate the result of
Tarnow that the substitutional B interstitial Si pair is the 2

0 | e — H

Formation energy (eV)

B_.Si
Sii
TABLE lll. Binding energy of the substitutional B interstitial Si
pair (Bg-Si;). The binding energy is calculated with respect to the

well separated § and Sj defects. Supercell of 64 atoms is used.

0 0.2 0.4 0.6 0.8 1 1.2

H, V)
Defect E, (eV)
FIG. 2. Formation energies for interstitial B configurations as a
This work (Bs-Si) 0.24 function of the position of the Fermi leveju() as calculated with
(BgSi)Y™ (Cqp) 0.27 32-atom supercells. The dashed line represents the metastable neu-
tral charge state of the8Si;(C5,) defect. The energy zero for the
Zhif (Bs-Si)** 0.22 formation energy is the formation energy oiiBat,uezo eV. The

experimental band gap value is used as the upper limit of the Fermi
%Reference 12. level.
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For the 1+ charge state we find three metastable st&es,  Following the work of Nicholset al.® the formation en-
T, andH, with energies within 0.2 eV about 1 eV above thatergy for the interstitial B can be defined with respect to sub-
of ground state. In thé& configuration the B and Si atoms stitutional B in the absence of any other defects
share the same lattice site and are oriented alond 186
direction. The B-Si bond length is 1.87 A and the symmetry E(Bj) =E¢(Siy) +[E(B;) —E(Bgi— Si) ]
of the defectC,, . The electronic level(1+/0) is found in _
the gap atE,+0.33 eV. For theT site theTy symmetry is =2.06+2ue+0.74~2.8 eV+2ue, (5)

preserved with a 2% inward relaxation of the nearestwhereE(Si) is the formation energy of a Si self-interstitial
neighbor Si atoms. Th& site is stable only for the *  (Taple Il), E(B;) the total energy of B at an interstitial posi-
charge state, which suggests tha_lt this structure is stabilizeghn, and E(Bs-Si) the total energy of the system of well
by removing electrons from dangling bonds. A similar expla-separated substitutional B and Si self-interstitiEbles Il
nation has been given for the stability of thei($7")  and IV). The bracketed term in Ed5) corresponds to the
defect™ The hexagonalH site is higher in energy by energy which is obtained by exchanging the positions of an
~0.2 eV compared to th& configuration. The ionization interstitial Sj and a substitutional . Above we have as-
level ue(1+/0) of H is at aboutE,+0.10 eV. About a 5%  sumed theT?* configuration for the self-interstitial which is
inward relaxation of the nearest-neighbor ions is observe@ccording to Leeet al?® the lowest-energy configuration for
for Hin all its charge states. The formation energy differences; as ,,,<0.7 eV. The corresponding lowest-energy con-
between thel " and H2+ configurations agrees well with the figuration for B is the T** site. By was calculated in the
value given by Zhud? but the energy difference of these pegative charge state. Finally, we use the value of 0.2 eV for
defects with respect to the ground state differsb§.4 eV g " we thus obtain
as compared with his value.
For the 0 charge state we find tBandH sites, which are Q*~3.0 eV+2u, (6)
very close in energywithin 0.05 eV}, as metastable ones.
The geometry of théS site is unaltered in comparison with for Fermi level positions below the midgap. At midg&y
the 1+ charge state. FoH a ionization levelu(0/1—) is  ~4.2 €V, which agrees well with the earlier calculated
found at aboutE,+0.25 eV. For theH® configuration the values'**but is slightly higher than in experimerf.
formation energy with respect to the ground state is about 0.6 The formation energy diagraiirig. 2) suggests that the
eV, which is close to the value of 0.4 eV given by Z#al®  energy of exchanging a Si interstitial and a substitutional B
For the 1— charge state thél site is the only important is lower if electrons are trapped during the exchange process.
one, and it is only about 0.2 eV above the ground state. ThEOr Fermi level positions near midgap this means that the
bond-centered sitB was found to be the highest metastablesubstitutional B atom is exchanged to t8er H interstitial
state in energy for all the charge states. This is due to thgositions, which are lower in formation energy than the
compressive stress induced on the nearest-neighbor Si atongsition. However, in thermal equilibrium the frequency of
The two nearest atoms & are displaced outwards0.7 A electron and hole capture is not high, and therefore this kind

and the symmetry of the configurations . of mechanism is improbable.
An interesting feature concerning the structures is the
crossing of the formation energy curves:prtype material E. Boron diffusion, excess of self-interstitials

1+ 1+ it ;
;{/Cr?erseas oirrmt-l:;apz ma?tgfilglo ?ﬁeSE tgc?sii?c;l:\e: lﬂeerr:%rgy ' The therm_al activ_a}tion energy of B diffusipn is _sjgnifi-
likely metastable defect. The implications are addressed icantly lower in conditions where excess s'elf'—lnte.rstltlals are
' r[3resent, for example after electron irradiatiaor in pro-
Sec. lIE. cesses where transient release of vacancies and interstitials is
important?’ After electron irradiation the thermal activation
D. Boron diffusion, thermal equilibrium energy for the isolated interstitial B jmtype boron-doped Si
The impurity diffusion can be divided to two main is 0.6 eV?! Furthermore, the diffusion is strongly enhanced
mechanisms: the defect-mediated mechanism and the coHnder optical or electrical injectioff. To calculate the acti-
certed exchange mechanism. According to Niclatlal® B vation energies for diffusion under injection of excess point
diffuses predominantly as an interstitial impurity. B diffusion defects Nicholt al’ developed a theory of nonequilibrium
occurs through a kick-out reaction and a subsequent chann@iffusion. The component of the B diffusivity attributable to
diffusion 6~8 Experimental values for the activation energy of the interstitial-mediated mechanism has the activation energy
diffusion under equilibrium conditions have been reported in
the range 3.2-3.9 eV for intrinsic $1.Under equilibrium Q'=Ein—AE+En, @)
conditions the activation energ@{) can be expressed as a
sum of the formation ;) and migration E,,) energy for the
diffusing species

whereE;,; corresponds to the activation process of the inter-
stitial injection itself,— AE is the energy differencpE(B;)
—E(Bgi—Si)] as in Eq.(5), andE,, the migration energy of

% _ the diffusing species. Since we want to calculate the activa-

Q* =E;+E,,. (4) , )
tion energy corresponding to the measured value after elec-

In the previous studies the migration energy has been estiron irradiation, we assume that the lattice already contains
mated negligibl2or found to be rather small 0.2-0.3 %2 excess Si interstitials so th&;, can be neglectedE,, is
A substantial contribution to the activation energy comesassumed to be 0.2 eV as in Sec. Ill BAE corresponds to
therefore from the formation energy. the energy cost of the kick-out reaction
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Béi_+Sii2+(T)—>(Berii)l+—>5iSi+ Bi1+(-|-), (8) carrier injection inp-type electron-irradiated Si. According
to them charge-assisted migration of B occurs through trap-

where the lowest-energy configurations are used. The reaging of two electrons and holes. Charge-assisted migration
tion energy is obtained by using the binding energies and thRas heen proposed by Leeal?® also for Si self-interstitials.

relative formation energies of Tables lll and IV, respectively.jowever, extensive studies of the migrational barriers

For the activation energy of B diffusion via this reaction we should be performed to complete the picture.

find Q' =0.98-0.24+0.2~0.9 eV, a slightly higher value

as compared with experimeritThe result is valid for Fermi IV. CONCLUSIONS

level below the midgap. . o ] )
Capturing of electrons or holes under optical or electrical We have performed first-principles calculations for inter-

injection may affect the activation process of B first throughstitial B in Si for all the possible charge states and bonding

the formation energy. As an example we assume that th@onﬂguranons_. _The formation pf eIectncaII_y compensating

Fermi level is below the midgap, there are excess selfdefects containing one B atom in an ot.herW|se pure crystal is

interstitials and also mobile electronic charge in the lattice. Ifenergetically unfavorable. However, in the presence of Si

form is expected. The lowest-energy structure, the substitutional B
interstitial Si pair, corresponds to the negatlvedefect
2e” +BE + ST (T)—(BgrSi)* ™ — Sigi+ Bl (H), found in experiment. In the thermal equilibrium conditions

(9) the activation energy for B diffusion was found to be about

where the lowest-energy configurations corresponding to thg'o_‘l'2 e_V_ for Fe_zr_ml level positions below the ml_dga_p. The
charge states are used. For this reaction we ob@in excess Si mters_tltlals lower considerably the activation en-
~0.24-0.27+0.2~0.2 eV. The—AE part of the activa- ergy of B diffusion to a value of the order of 1 eV. Our

tion energy is practically suppressed and the diffusion is encalculations for the charged metastable interstitial states of B

hanced as found in experimetitThe weakness of the reac- &€ in agreement with the Bourgoin transport mechanism for
: : pe ’ : : . _the charge-assisted B diffusion.
tion (9) is the assumption that the atomic configurations .

Recently, two articles closely related to our work ap-

should change on a timescale of electron trapping and de- .
rapping bt iy be unrealistic PpINg beared[B. Sadighet al, Phys. Rev. Lett83, 4341 (1999:

The second mechanism enhancing the diffusion under o . Windl et al, Phys. Rgv. Lett83, 4345(1999]' We have.
tical or electrical injection is the lowering of the migration checked our results against the identified interstitial configu-

rations and the formation and binding energies reported in

energy through carrier captures. The different charge: . )
assisted mechanisms have been proposed by Bourgoin a se Letters. For the stable and metgstable conf|gurat|(_)ns of
; the present results agree closely with those reported in the

Corbett'® Charge-assisted transport can be expected if th ) 0 1_ .

defect or the diffusing species have different possible charg 0 LtettterEi On!y_m two (;]ase(s'r gnd_Sml) (\j/ve $ﬁ n;)t find

states which have different migration barriers or minimum? Metastablé minimum whereas gd«g -do. 1he forma-
tion and binding energies agree within 0.2 &/4 e\) with

ner itions. For B in the true interstitial ition or in 4 . . .
energy positions. Fo the true interstitial position o the values of Windkt al. (Sadighet al). The relative stabil-

the interstitialcy position we indeed find different minimum ity of the configurations in Table IV is also the same as that
energy positions: for the-t charge state the tetrahedral and eported by Sadiget al. It should be noted that for compar-

the interstitialcy positions compete for the Iowest—energ)[

configuration, whereas for the-1 charge state the hexagonal ing our results with those of Windit al, we added a term

position is the lowest-energy one. For a wide range of Ferm orrec_ting i charge—neutrali_zing background in-
) raction in the same manner as they did.

level positions the neutral charge state is energetically les
favorable than the negative one as can be seen in Fig. 2.
Cyclic trapping of two electrons and two holes could there-
fore lead to lowering oE,, and thereby to increased diffu- This research has been supported by the Academy of Fin-
sion. This is in agreement with the results by Troxell andland. We acknowledge the generous computer resources
Watkins obtained at cryogenic temperatures under minority-from the Center for Scientific Computing, Espoo, Finland.
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