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Atomic and electronic structures of a Boron impurity and its diffusion pathways in crystalline Si
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We present extensive first-principles total-energy calculations for boron-silicon interstitial complexes with
various configurations and charge states within the density functional theory. We find several stable and
metastable configurations. We also find that the stability of each configuration is sensitive to its charge state:
The most stable configuration is a pair of a substitutional B and an interstitial Si for positively charged state,
whereas an interstitialcy configuration is the most stable for negatively charged state. The pair and the inter-
stitialcy configurations have almost same formation energies in their neutral charge states. Examination of
electron states induced by the B-Si complexes indicates that the neutral interstitialcy configuration is an active
center for electron spin resonance measurements. It is also found that the B-Si complex is a negative-U system
in which neutral charge states are only metastable with the Fermi energy at any position in the energy gap,
corroborating the earlier experimental finding by Watkins and collaborators. Further, we present diffusion
pathways and corresponding activation energies for the B-Si complex. It is found that the pathways and the
activation energies are again sensitive to the charge state, opening a possibility of recombination enhanced
diffusion. The calculated results are compared quantitatively with experiments and previous calculations avail-
able.
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[. INTRODUCTION Si, the mechanism responsible for the diffusion is relatively
clear: B diffusivity is enhanced by the self-interstitials and
Atomic diffusion is an important phenomenon in con- retarded by the vacancié'® Boron is then considered to
densed matters. Dopant diffusion in Si crystal, for instancegliffuse via the kick-out mechanism in which the self-
plays a central role in fabrications of electronic devices:interstitial kicks out B at a substitutional site {Band then
Modeling of diffusion profiles of the dopant impurities is the B migrates in the interstitial regidrB;) until it is kicked
imperative for design of the devices. The modeling, on thgn another substitutional site. Calculations of migration
other hand, crucially depends on underlying diffusionbarrierd!’=1® seem to corroborate this picture of kick-out
mechanisms. Microscopic identification of the diffusion and kick-in processes. Yet another possibility that B diffuses
mechanism is thus important and challenging in semiconducas a pair of B and the self-interstitial has been proposed
tor science and technology. There have been a lot of efforteecently?®?* based on the density functional calculations us-
to clarify macroscopic and microscopic aspects of the diffuing the vasp code disseminatetf: Sadighet al** and Windl
sion phenomenoh It is now recognized that the atomic etal?* have found that B forms a pair with the self-
diffusion in Si takes place with the aid of intrinsic point interstitial at the tetrahedral site g{$iiT), and diffuses via
defects, i.e., the self-interstitials (Bior the vacancies\(). = some saddle point geometries where the pair is not dissoci-
In the interstitial or the interstitialcy mechanisms the diffus-ated. The stability of a pair of Band Sj has been also
ing species migrates in the interstitial region with or withoutreported in an earlier calculatibhand in a recent LDA
the self-interstitial, whereas in the vacancy mechanism it micalculation*
grates in the form of a pair with the vacancy. Another mecha- On the other hand, a foreign atom in a semiconductor
nism in which intrinsic defects are not involved and hostgenerally induces deep levels in the forbidden region of en-
atoms assist in the diffusion concertedly is also propdsed. ergy bandgenergy gapof the host material due to the loss
Yet a variety of experiments® that shows correlation be- of translational symmetry in an otherwise perfect crystal. An
tween the concentrations of the intrinsic defects and the difimportant characteristic of the deep level in semiconductors
fusivity clearly indicates important roles of point defects. is that the deep level traps carriers. As a result of this, the
Theoretical efforts to identify the mechanism which is foreign atom(or generally the deep cenjetakes different
responsible for the diffusion of each atomic species haveharge states depending on the Fermi-level position in the
been done for years. An earlier calculafidmased on the energy gap. Energy change upon accommodation of an ad-
density functional theory and subsequent theoretical effortsditional electron in the deep level is usually positive due to
have revealed that both the interstitial and the vacancy¥oulomb interactionU among the electrons in the deep
mechanisms are important for the self-diffusion in Si. Sys-level. Yet the energy change could be negative when lattice
tematic calculations for the dopant diffusion have clarifiedrelaxation which depends on the deep-level charge state is
chemical trends in relative importance of the respectivdarge enough to compensate the Coulombic repufSidme
mechanisms for each dopant impurity.Calculations of dif-  vacancy in Si crystal is predicted to be such a negative-U
fusion constant§ and several experimental efforts'*have  system based on the density-functional Green’s-function
certainly enriched our knowledge about the mechanisms. calculation?® Experimentally, the boron impurity in Si crys-
As for boron that is an acceptor most commonly used irtal is shown to be the negative-U systéf?°based on the
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electron-paramagnetic-resonan@&PR measuremerft, the  gate gradient methotf-*°For the structure optimization, all
deep-level-transient-spectroscopi®LTS) measuremerf!,  atoms are fully relaxed without restricting the symmetry.
and the photogenerated DLTS measureri@nt. The formation energE? of a B-related defedD with its
In this paper we present our total-energy electroniccharge stat®(==*1,...) isexpressed as
structure calculations performed for stable structures, diffu-
fsion. pathways and the:- act'ivation energies for the B impurity EfQ:(ES_ E?()+Q(8F+3u)_z (n(SD)—ngO)Ms, (1)
in Si. Regarding the diffusion pathways, our results comple- s
ment the microscopic pictures obtained by Sadétal?°
and by Windlet al.?! We confirm that the pair BSi is
stable for positively charged and neutral states. Yet we fin
that there are another pathways along which the activatio
energies are comparable or less compared with the valu
obtained before. Further it is found that recombination of
carriers at deep levels enhances the B diffusivity. As for th

electronic structure, we find that_ Bin Siis a n_egatlve-U_and Si,ug andug;. Yet we restrict ourselves in this paper to
system, consistent with the experiments by Watkins and hlﬁ_]e defects containing a single B atom so thaj is not

7,28 1 ;
coIIaboratorsz._ Wg .f'nd that _for th_e nggatwely charged required to obtain relative formation energies of the defects.
state a new interstitialcy configuration is the most stable.

This interstitialcy configuration is metastable for the neutralAS for usi, we take the total energy per atom of bulk Si

. ) rystal.
charge state, only 70 meV higher in energy than the most — . .
stable neutral configuration. We identify this interstitialcy ot The formation-energy difference between different charge

configuration is the EPR center experimentally observed.. ates generally depends on the electron chemical potential

Detailed analyses of the level structures and wavefunctiong'e" the Fermi levglee . In Eq.(l), e IS _measured from the

for several relevant metastable geometries provide a theor alence-band tog, , yvhereasv is relative to the vacuum.

ical framework to discuss electronic structures of B in Si. 'O Eq.(1) we obtain

In Sec. II, the calculational method is described. Results EFl—E0=(Ep1—EQ) = (ep+e,). )

obtained for atomic and electronic structures and for the dif-

fusion mechanisms are presented in Sec. lIl. Section IV conln the supercell model with the plane-wave basis set, the

cludes the paper. total-energy difference between different charge states, as in
the right hand side of Eq2), is not easy to compute accu-
rately. We thus utilize the fact that the mineg is the first

Il. THEORETICAL METHOD ionization energy of the semiconductor and is express&d as

whereES is the calculated total energy of the supercell con-
%?ining the defecD, E?( is the total energy of the correspond-
g perfect “crystal” supercell, angkg is the chemical po-
tential of the atomic species n{® andn are the number
the atoms in the supercell with and without the defect,
respectively. When we consider the formation energies of the
-related defect in Si, we need the chemical potential of B

All calculations have been performed in the density func- £,=Egys Eays <)
tional theory®® Nuclei and core electrons are simulated by
norm-conserving pseudopotentidfswe adopt prescriptions
by Troullier and Martin& to generate actual pseudopoten-
tials. Nonlocal parts of the pseudopotentials are transforme
in separable forms of Kleinman and Byland&Exchange
and correlation energies among valence electrons are treated E0 _pEfl_p0_p+l ()
in the local density approximatioLDA) and in the gener- oys Teys XX
alized gradient approximatiofGGA).3* In the LDA, we use in this paper. Then the formation-energy difference between
the functional form by Perdew and Zungefitted to the the positive and neutral charge states becomes
results for the homogeneous electron gas obtained by quan- ‘1 o 1 a1 0 —o
tum Monte Carlo methotf The GGA is considered to be a Ef —Ef=(Ep " —Ex)—(Ep—Ex) teE, ®)
better approximation than the LDA. Yet we present values,hich can be computed with high accuracy.
not only from the GGA but also from the LDA in this paper A for the negative charge state, we encounter the band-
since the comparison would be beneficial to assess each a‘tg

whereESryS is the total energy of the perfect crystal aﬁﬁys

is the corresponding total energy with the highest occupied
tate(i.e., the valence-band-top stateeing empty. The right
and side of Eq(3) is evaluated by the supercell model as

C - ! ap problem in the LDA and the GGA. A simple manipula-
proximation. To expand the wave functions, the plane-wavei, similar to the above leads to
basis set with the cutoff energy of 28 Ry is usédoron-
related defects in an otherwise perfect Si crystal is simulated g1 E0=(E 1~ E; 1) — (ES—EY) —er+eNii—eN,
by a supercell model in which cubic cells containing 64 lat- (6)
tice sites are arranged periodically. We use theoretical lattice Mo ] i
constants, 5.38 A in the LDA and 5.50 A in the GGA, for Where ey is the Mth Kohn-Sham eigenvalue in the

the cubic cell. For thé-point sampling in the Brillouin zone, M-e'\lle'ctron system. They is thus equal toe, and ENi1 .
a uniform grid ofk points equivalent to X2x2 Monkhorst — — ey is regarded as the band gap of the semiconductor. Since
and Pack grid in the diamond cubic supercell is used. Botpoth the LDA and the GGA underestimates the band gap

the electronic and ionic degrees of freedom are optimized iisubstantiallygN+ i — e} is unable to be evaluated accurately

the total-energy minimization by the highly efficient conju in the present theoretical framework. We thus adopt in this
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paper a practical strategy in whiat{I—¢\ in Eq. (6) is
replaced by the experimental band gap, 1.2 eV. Equati®ns
and (6), along with Eq.(1) for the neutral charge state, are
utilized to evaluate the formation energies in this paper.
The treatment above to circumvent the band-gap problen
in the DFT should be regarded as inconclusive. When we usk
the DFT band gap instead of the experimental band gap, tht
formation energy for the negative charge state shift down-_
ward by a half eV relative to those for the neutral and posi-
tive charge states. Alternatively, we may use Slater’s
transition-state idéd“*3in which the total-energy difference
between the different charge states is evaluated by the Kohn
Sham eigen values with partial occupation. This treatment is
also unable to be free from the band gap problem. We be- i " %
lieve that the present treatment with the experimental banc (© Biny (d) Biyy (e) Biny
gap is the best at present to assess the formation energy for
the negative charge state.

FIG. 1. Stable and metastable atomic configurations of a boron

In the supercell model for charged defects, we usually pu. purity. (a)_Boror? at h.exagonal inte_rstitial_ ?”e (B (b). boro.n at
homogensous countercharge to Keep neutra,lity of the supe|g_trahedral interstitial site Q—TB, (c) an interstitialcy conf|gurat|_on A
cell. This treatment causes an error in computing total enerBy) in which the B-Si interstitialcy bond is located on the ()1
gies for the charged defect. We have thus included a corre®/@ne with the[110] direction, (d) an interstitiaicy configuration C
tion for the electrostatic energy which results from the (Biny) in which the B-Si interstitialcy bond is located on the ()1
charged defect and the countercharge in the supercell modé)ane with thd 112] direction, ande) an intersititialcy configuration
Using the dielectric constartof Si, and the Madelung con- 2 _(Biny) in which the B-Si interstitiaicy bond is located on the
stante for the diamond structure with the lattice constant of (110) plane with the 151] direction. Large brighter balls depict B

the cubic supercel, the correction could be written as atoms, whereas large darker balls and small balls do Si atoms.

e’Q%a variety of bonding configurations. Among them, the most
+ age stable form for the B is a substitutional sitegBOur calcu-
lations show that a negatively charged substitutional B)(B
The typical value for the correction is 0.16—0.17 eV for thejs the lowest in energy for any value of the electron chemical
singly charged defect in the present work. potential () in the gap. This corresponds to the fact that a
Obtaining the diffusion pathways of the boron-related de-horon atom is a good acceptor in Si, being located at a sub-
fect is a task to find valleys of the multidimensional total stitutional site. In this paper, we present formation energies
energy surface. To accomplish the task, we adopt the corsf B-related defects as a function ef with respect to the
straint minimization method* We first perform extensive energy of B .
searches ofmetgstable geometries of the boron-related de- \we have performed extensive searches (foetastable
fect in theL-dimensional space wheteis the ionic degrees geometries of a B interstitial configuration jBand of a pair
of freedom to be considered. Then we take two of theésf 4 B and a Siinterstitial (BSi), as well as an interstitialcy
(metgstable geometries and explore a plausible d'ﬁus'orbonfiguration (B,) in which both B and Si are dislodged
pathway between the two geometries as follows: We firstqy Jattice sites.y
define a L—;)-dimensional plane which is perpendicular to Figures 1a) and Xb) show two of B configurations: B at
theL-dimensional vector connecting the t@metastable ge- . interstitial site with hexagonal symmetry'{Band B at a

ometries; we perform the geometry minimization within the _; . : . .
’ . . o ) site with tetrahedral symmet An important intersti-
(L—1)-dimensional plane to find the minimum point on the _. y A (B& P

plane; we repeat the constraint minimization on severa}Ialcy configuration is Iabeledfﬁy [Fig. 1(Cﬁ in which the
planes perpendicular to the vector; we then finally obtain dnterstitialcy B-Si bond is located on the (@) plane with
plausible pathway between the twimetastable geometries the[110] bond direction. We have also found two additional
and the corresponding activation energy. We have carried ouetastable interstitialcy configurations labelegf,B[Fig.
the procedure for all the relevant pairs of theetastable  1(d)] and By, [Fig. 1(e)]. All these configurations are found

geometries so that we have reached a complete landscapetofbe (metgstable in the present LDA and the GGA calcula-

the diffusion pathway#> tions. Yet the relative stability depends on their charge states,
as will be explained below. We have also found that pairs of
IIl. RESULTS AND DISCUSSION a substitutional B and a Si self-interstitial are also stable.

Figure 2 shows twametgstable pairs: In Fig. @), a Si
A. Atomic structures and formation energies of boron-related  self-interstitial is located near a tetrahedral interstitial site
defects next to the boron (BSi'), whereas in Fig. @) it is located
We have found that three different charge stdtesutral, —near another tetrahedral site next to a Si atom bonded to the

+1 and —1 statey are possible for a boron in Si with a boron (Eg-SiiT’).
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TABLE I. Formation energies of B-related defects with different
charge states. Energies are in unit of eV and relative to the energy
of the most stable configuration for each charge state. Calculated
values from the GGA and from the LDAin parenthesgsare
shown. The previous values in literature are also shown for com-

parison. The configurations?@, Bﬁly are the saddle point configu-
rations, and the rest of the configurations @netastable. lﬁ,t*y and

Bﬁ{; are found to be unstable, therefore denoted by the short dashed
lines.
T <Ts _
(a) B,-Si; (b) B,-Si; +1 0 L
FIG. 2. Stable and metastable pairs of a substitutional boron angs_SIiT, 0.00(0.00 0.00(0.00 0.39(0.17
a Si self-interstitial(a) Si self-interstitial is located near a tetrahe- E’S'SiiT 0.23(0.19 0.17(0.13 0.49(0.179
dral interstitial site next to the boron (85i"). (b) Si self-interstitial (0.p°
is located near a tetrahedral interstitial site next to another SBiy 0.07(0.20 0.00(0.00
bonded to boron (BSi'). Large brighter balls depict B atoms, By 0.54(0.53 0.20(0.11
whereas large darker balls and small balls do Si atoms. = 1.37(1.28 0.56(0.59 0.18(0.09
B' 0.72(0.97 0.63(0.89 1.13(1.28
In the neutral charge state, the most stable configuration,, (0.89°(0.99 ¢ (0.7%(0.82°
that we have found is the pairSEBiiT. Its formation energy i 0'95b(1'OD . a 0'35(0551’) . 0.26(0.29
with respect to the negatively charged substitutional boron . (0'3334&16;4) 0.4 'éos';]go '7(5())'58) 0.32(0.41
B, is 2.5(2.1) eV whene is at the top of valence bands . Bigty ' ' ' ' ' '
Here and hereafter, energy values presented are obtain&ey 0.46(0.80 0.32(0.62 0.62(0.72

from the GGA, whereas values in the parentheses are frodggterence 17.

the LDA. The calculated formation energy for the paif®]  bReference 20.

is compared to the values obtained in the past: 2.82%  cRreference 24.

eV) in the GGA(LDA) (Ref. 2) and 2.48 eV in the LDAX*

We provisionally ascribe the difference of a few tenths of eV

in the formation energy to the different treatment for the(LDA). ?° The formation energy of $SiiT'+ is found to be
negative charge state described in the previous section. W23 (0.16) eV higher than that of g;Sii”_ Some of the
have also calculated a binding energy QfS with respect  interstitial configurations are also metastable in the positively
to an isolatedB; and S{ . The obtained value is 0.0.6)  charged statéTable ). The formation energies are about
eV which is comparable to the values in the past. @8 0.7-1.0 eV higher than that of the most stable geometry
eV~ It is of interest that the obtained value is close to thep__si’* . The interstitialcy configuration ,‘Hy becomes un-

sheer Coulombic attraction l:igtweene and —e point  gtaple, however: It spontaneously changes its form to
charges (0.6 eV). Zhuetal’' have proposed another Bo-SiT .
metastable pair configuratiorg{$iiT' where the Si interstitial For negatively charged states, the pa'g—ERT becomes
is located at another tetrahedral interstitial site in the oppometastable. The most stable geometry is the interstitialcy
site side of a B-Si boniFig. 2(b)]. The present calculation configuration By . It is lower than B-Si'~ in formation
shows that the formation energy ofS-BiiT' is higher than energy by 0.390.17 eV. The binding energy ofi’l’.‘,{y with
that of B-Si’ by 0.17(0.13 eV. This value of 0.13 eV in the respect to an isolated Bplus neutral Si at the interstitialcy
LDA reasonably agrees with the previous value 0.1 eV byconfigurationA is 0.4 (0.2) eV. The most stable geometry
Zhu et al. The B interstitial and interstitialcy configurations Bi’?n_y that we have found may be similar to the geometries
(8", B, Bi/?ny, Bi(fny, and %) are also metastable. The discussed previousl§Fig. 1 in Ref. 24 or Fig. 5 in Ref. 23
calculated formation energies are shown in Table I. The valalthough the quantified examination of the similarity is not
ues are higher than that ofsBiiT by typically a half eV. Yet feasible now. On the other hand{; is different from the
it is noteworthy that the formation energy oﬁ@ is closeto  geometry B~ which has been identified previously as the
that of BS—SiiT, higher only by 70 meV in the GGA. This most stable configuration for the negatively charged state
implies that a substantial portion of boron takes the form of(Fig. 1 in Ref. 2): The calculated formation energy fof<B
Bi’;ty when it is neutral. is higher than that for ﬁ{y by 0.38(0.17 eV in the present
For positively charged states, the pair-8 © is again  calculation. Further, the B at the hexagonal sité'Y Bvhich
most stable. Its binding energy with respect to an isol&gd was identified as the most stable form for the negatively
and SI** is 0.9 (0.8 eV, increasing compared with the charged state by Z#&*is found to be higher in formation
neutral state. The present values are comparable with thossergy than ﬁ& by 0.26(0.29 eV. The extensive search for
obtained in the previous calculations 1.0 €/8 €V) in the  the stable configurations performed here allows us to reach
GGA (LDA) (Ref. 21 and 1.03 eV(0.90 eV in the GGA the most stable configuratiorﬁ@.
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Table | shows calculated formation energies of B-related
defects with+ 1, 0, and— 1 charge states in the GGA and in

PHYSICAL REVIEW B4 235204

45
[ LDA

the LDA. The values obtained in the past are also shown.
The formation energies of th@netgstable geometries ob-
tained in the present calculations agree with the previous
DFT values within about 0.1 eV. This discrepancy of 0.1 eV
is presumably due to calculational parameters such as the
cutoff energy of the basis set or tkegpoint sampling, and is
typical in the DFT calculations. It is also noticed that the
LDA and the GGA provide similar values for metastable
geometries. For the formation energies for saddle-point ge-

ometries (ﬁty and 3?1;),), however, the differences between
the GGA and the LDA values are sizable. Therefore in de-
termination of diffusion barriers and corresponding activa-
tion energies, the LDA alone may be insufficigsee also
Fig. 5.

E((eV)

B. Electronic structures of boron-related defects

In this subsection, we present electronic structures ob-
tained from the total-energy calculations performed for the
Boron-related defects, and discuss their negative-U charac-
ters originally found in the pioneer experiments by Watkins [ 1
and his collaborator&.~2° 10 L 1

Figure 3 is an excerpt from the present total energy cal- T f # ]
culations for a variety of B-related defects described above L B/ K

E; (eV)

for positively charged, neutral and negatively charged states 25§ 6 re ]
as a function of Fermi levele) in the energy gap. From 4 A/ ]
Fig. 3, we obtain the occupancy level or the thermodynamic sok A/ ]
level £(Q/Q"), which is defined in the following statement: R 1
When the Fermi levekr is lower (highep than e(Q/Q’), ‘ (b)
the stable charge state@Q’). Our GGA calculation$Fig. 16 vt 11
3(b)] show thate(+/—) is located ats,+0.9 eV. Neutral 00 03 06 09
charge states are found to be only metastable in the GGA at g (eV)

any position ofeg in the gap. As stated above, the most
stable geometry for+1 charge state is the pairSEBiiT,

whereas it 'S,ﬁty for. —1 charge statg. T_he results from the slope of %), neutral(positively slanted lines with the slope &f),
LDA galgulatloqs[F|g. 3@)] are qualitatively same as but and negatively chargethorizontal line$ states as a function of
quan_tltatlvely different from the GGA.resuIts. In the LDA, rermi level €r). (@) The LDA results andb) the GGA results. Al
we find a narrow range of 0.12 eV in the gap where thee formation energies are measured from that gt Bhe forma-
neutral .Eg—S|i is the mTost stable. The previous LDA tion energies of BS, B-SiT", Bfr;tyl Bﬁty, Bi?ny: BF, and § are
calculatiorf* for the B-Si’ shows that the neutral state is shown by the solid line with triangles, the dashed line with tri-
metastable. The present LDA result disagrees at this poinkngles, the solid line with squares, the dotted line, the dashed line,
Yet, when we use the DFT band gap instead of the experithe solid line with circles, and the dashed line with circles, respec-
mental band gap in E{6), the present LDA calculation also tively. The formation energy of the saddle point geometry is drawn
indicates that the neutral state is metastable. In any casby the thick solid line.
since the GGA is better in principle than the LDA, it is safely
concluded from the present DFT calculations that theDLTS experiment$! From the analysis of the emission rate,
B-related defect in Si is a negative-U system in which thethe acceptor leved(0/—) is evaluated to be,—0.45 ev?’
neutral state is always metastable at any positiosedh the  and is later corrected to he,—0.37 eV on account of the
energy gap. Poole-Frenkel effect From this series of experiments, it is
The EPR experimefit on Boron in Si has observed a concluded that the B-related defect in Si is a negative-U
signal named Si-G28. From the loss of the Si-G28 upon ansystem. The Hubbard U experimentally determined is thus
nealing, a donor levet(+/0) is evaluated to be located at U=¢(0/—)—¢(+/0)=—-0.24 eV.
g.—0.15 eV wheres, is the conduction-band bottom. The  From the GGA calculation in Fig. 3, we obtai{0/—)
position of the donor level has been later corrected to be=e,+0.7 eV ande(+/0)=¢,+1.1 eV. Here we identify
£.—0.13 eV, and further the donor level is observed also bythe neutral center observed by the EPR and the photogener-
the photogenerated DLTS experiméhtElectron emission ated DLTS measurements as our neutrgl BThis identifi-
from the negative charge state has also been observed by tbation will be explained with the analysis of the wave func-

FIG. 3. Calculated formation energies of a variety of B-related
defects for positively charge@positively slanted lines with the
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FIG. 4. Calculated charge densities of the deep Kohn-Sham lev- E sL T \‘\_- i h
elsD,; andD, induced by the ﬁty in Si. D, is lower thanD, in s "L 7 4L i
energy. Silicon atoms are drawn by black balls and boron atoms by ﬁ C / 1L o]
crosses. The charge density value for the highest contour line is o L © 1L >
0.045 (A3) and the subsequent lines increase by a factor of 1.86 B.-Si™ Bt B[ B.-Sir
(decrease by a factor of 0.64
1.0
tions of the deep levels later. Hence the theoretical estimate S B 10 10 |
of the Hubbard U is- 0.4 eV in reasonable agreement with i L 1L /
the experimental value. Also the theoretical positions of g6 - ar /
e(0/—) and &(+/0) are in accord with the experimental 2 4 i 10 A
values. The agreement is not conclusive, however. When we ic; o 11 o]
take the DFT band gap in E¢6) in our GGA calculations, T 2L 4L A 4L 7
e(0/—) shifts downward to be about, plus a few tenths of = @ \1/ D 1 @
eV. A new calculational scheme beyond the DFT is certainly 0 B B BA BS BS. B+
required to determine the positions of the occupancy levels " o ey '
accurately. FIG. 5. Total energy profiles along diffusion pathways

The Kohn-Sham(KS) energy levels and the correspond- for B. Thick solid lines are from the GGA calculations and thin
ing KS orbitals are not exactly related to the occupancy levdot-dashed lines are from the LDA calculations. The profiles are
els. Further, it may be ambiguous to identify each KS energya) between B-Si' * and B'*, (b) between 8" and B, (c) be-
level as a deep level, resonant level, or continuum leveliween B-Si'* and B ', (d) between B-Si'  and B**, (e) between
when we examine the location of the energy level only, since.-Si™ and B, (f) between B-Si’® and B, (g) between B, and
all the Ievels_ haye dispersion in principle in_ the supercellsa’w* , (h) between [%;y and Efn;y, and (i) between at,y and B'.
model. Examination of corresponding KS orbitals, howeverEnergies are measured from that of the most stable geometry for
allows us to clarify the chemical nature of each KS level, andceach charge state.
then characteristics of the corresponding occupancy level.

For B.S'S.'i , We observe no deep KS. levels in the energYine symmetry ofC3, and the wave function is mainly located
gap. This is interpreted as follows. It is known that the Si

self-interstitial at a tetrahedral site induces no deep levels: %:ethr?egggncjr:irltoss?r(\a/reegol;i ?hnemgll‘thZ?(tptehr?risr:it IS

state with symmetrg, is located below the valence bandtop . )
and triply degenerate states with symmaetyyare above the On the contrary, B, induces two deep KS levels. Figure

conduction-band bottofWhen a nearest neighbor Si of the 4 shows calculate_d KS orbitals _for the two deep Ievel_s. It is
Si self-interstitial is replaced with B, we reacQ—BiiT con- cleqr that the c_)rb|tals are Iocahze(_j near the bond-distorted
figuration. This replacement does not induce a new dee Fgion and mainly on the bor_on site. _In the neutral charge
level but splits the triply degenerate level to a doubly degenState: the lower deep levél, is occupied by an electron.
erate level and a single level since the symmetry changesherefore the neutral_fﬁy.ls.EPR active. The symmetry of
from T4 to Cs,. The resulting doubly degenerate level be-Neutral By is Cap Which is in accord with the EPR experi-
comes close to the conduction-band bottom. Yet the splittingn€nt. From these results, we argue that the observed EPR
is not so large that the doubly degenerate level is still resocenter is the neutral {i, which is metastable, higher in en-
nant or is shallow below the conduction bands. Further, th€rgy by 70 meV than the neutralfSi' .

KS orbitals of these levels have the amplitudes not only on As shown in the next subsectigRig. 5, the migration or

the boron site but also on the Si at the tetrahedral site and athe reaction energy barriers fronﬁg’) to BS-SiiT via another

its nearest neighbor Si sites. The EPR signal Si-G28 lackmterstitialcy configuration is about a half eV. This may cor-
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B B (@) (b)
T+, ".\
\%/ S
BS, B B
v 0.95 =
(a) B}, (b) BE,, () By, 0.32
B.-Si™ B.-Si™* B.-Si™* B.-SiI B.-Sil-
FIG. 6. Atomic configurations which appear during B diffusion. ©
(a BRy. (b) Bf,, and(c) Bﬁ,’ly. Large brighter balls depict B at- ) -
oms, whereas large darker balls and small balls do Si atoms. ,~’ ’\\
7 N
respond to the observed reorientation or the diffusing-away - S
barriers of the EPR center, which are both estimated to be 0.t
ev?®
B.-Si' B.-Si'
C. Mechanism of boron diffusion FIG. 7. lllustrations of relevant diffusion pathways and activa-

We are now in a position to discuss mechanisms of borofion energies. The vertical axis is energy in eV and the horizontal
diffusion. We have identified severahetastable configura- axis is the configuration coordinatés) The diffusion for the posi-

: ) : . tively charged state. There are two plausible pathways: the kick-out
gg?ﬁng;;hfi E éezt:r?] defect. Then we next search d'ﬁus'orfoathway(a dot-dashed lineand the pair diffusion pathwata solid

Let us start with the diffusion of positively charged B. line). (b) The diffusion for the negatively charged stai®. Recom-

. T4 .~ bination enhanced diffusion with the capture of a single electron.
The most stable geometry is &5} so that the geometry is The dot-dashed line is for the diffusion without the electron capture

the starting point for the diffusion. We have first examined 8, the solid line is for the recombination enhanced diffusion. In

process in which the B in the BSi| " is kicked out to a (c), the energy profiles are obtained with the Fermi lewgk e,
nearby interstitial site. Figures(&®, 5(b), and c) show +0.6 eV.

the calculated results. We have found one and two peaks,

respectively, in energy profiles along a path froe®' " parrier for this rotation of the self-interstitial is about 1.1 eV,
to Bf'* and B'". We have found a local minimum along a a little higher than the pair diffusion pathway involving
path from B-Sif © to B{'". This minimum configuration is BF'*. The diffusion of B with positively charged state is
labeled as §,, [Fig. 6@)]. This By, is similar to the con-  summarized in Fig. ().
figuration obtained by the recent GGA calculatitnéabeled It is of interest that the GGA and the LDA results for the
as BS in Ref. 2J). total energy profiles are substantially different to each other
The activation energy from sBSiiT+ to BiH+ is 0.95(1.08 although qualitative features are common. The obtained total
eV in the present calculations. On the other hand, the activasnergy profile for the processgBi’ " —B['*—Bg-Sif * is
tion energy from %Siiﬂ to BiT+ is found to be 1.121.26 similar to the results from the previous GGA calculatiéhs.
eV. It is thus likely that B migrate mainly along a path from  We next examine the diffusion of B with the neutral
B.-Si' " to BI'*. The total energy for B" is lower than that ~ charge state. Again the diffusion starts from the most stable
for B* by 0.23(0.04 eV and there is no additional energy configuration B-Si°. Figures %e) and §f) show calculated
barrier between the two configuratiofféig. 5(b)]. Therefore, total energy profiles from BSii° to B'® and to B°, respec-
once B is kicked out from BSi'* to BI'*, B athermally tively. We have found that the pathway along & to Bf*°
migrates to the nearby tetrahedral interstitial site, and onljpas definitely lower activation energy compared with that
0.23(0.04 eV is required to move along a channel throughalong B-Si’® to B/®: The calculated activation energy for
the hexagonal and tetrahedral interstitial sitdsck-out Bg-Si'® to B° is 0.40 (0.70 eV, whereas the value for
mechanism Yet a kick-in barrier is 0.150.22 eV [Fig.  B¢-Si’® to B/® is 0.83(1.01 eV. Further, it is found that the
5(a)] so that a long-distance migration via the kick-out activation energy along the interstitial channel is 0(@88)
mechanism is unlikely. On the other hand, the pair diffusioneV, whereas the energy barrier for the kick-in process from
mechanism in which BSi"" becomes B and then be- B to B-Si' is 0.11(0.19 eV. As for the diffusion via the
comes another BSi' " provides the activation energy of bond-center configuration, it is found that the formation en-
0.95(1.08 eV. ergy of B3, is relatively high, 0.67 eV in the GGA, indicat-
Another pathway may be a bond-center path in which théng the bond-center diffusion process is irrelevant for the
saddle point is an interstitial B located at the bond-centeregeutral charge state. It is thus reasonable to conclude that B
site[Bi‘?{y depicted in Fig. €)]. Energy cost from 5SiiT+ to  with neutral charge state migrates via the pair diffusion
Bhy is found to be 0.811.23 eV [Fig. 5(d)]. Further, for mechanism, BSi °— Bf'°—B.-Si’® and so forth.
long distance diffusion, it is necessary for a Si interstitial to  The conclusion that the pair diffusion is important for the
move to another nearby tetrahedral interstitial site with thepositive and neutral charge states has been already claimed
boron being at the substitutional site. The calculated energgy the previous calculatiorf8:>* However, the conclusion is
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only corroborated by the present comparison among the paie obtainE, =0.04 eV in the GGA in this case. Therefore

diffusion process, the bond-center diffusion process, and thge pair diffusion mechanism seems to be more probable

kick-out and kick-in processes for different charge states. than the kick-out mechanism, though their activation ener-
As for the negatively charged states, the most stable conyies are found to be comparable for the positively charged

figuration is ﬁ&. The starting point for the diffusion is thus state.

this configuration: The E‘ configuration identified as the

most stable configuration in the_ p%f_sts found to be only IV. CONCLUSIONS

metastable. As a result, the diffusion pathway and corre-

sponding activation energies obtained in the present work is We have performed extensive first-principles total energy

quite different from the results in the past. First, the configu-calculations for boron-silicon interstitial complexes with

ration 3?1& previously identified as the saddle point various configurations and charge states using the density

configuratioR® along the diffusion pathway has compara- functional theory. We have found that there are several stable

tively high activation energy 0.620.71) eV [Fig. 5h)]. and metastable configurations depending on the charge state.

Successive migration B —B"" B> has a barrier of The most stable configuration is a pair of a substitutional B

0.38(0.45 eV [Fig. 5i)]. We have found another appropriate and an interstitial Si (BSi') for positively charged state,

saddle point configurationﬁl;"@ [Fig. 6c)]. It has been clari- whereas an interstitialcy conﬁguratioﬁ,@is Fhe most stable
fied that the most plausible pathway for the negatively!Or N€gatively charged state. The f(T)rmanon energy of the
charged state is-‘ﬁy—>BS' B ... with the activation neutral @ty is higher than that of BSi; only by 70 meV in

' inty * inty S the GGA, inferring that the substantial portion of neutral B
energy of 0.320.41) eV [Fig. S(g)]. This situation is illus-  {ayes the form of By From analyses of Kohn-Sham orbit-
trated in Fig. Tb).

e als, it is proposed that the neutraﬁ,@ is the microscopic
resNg\r,:I d\iﬁe h:&?v;ct)ilcj)rr]]d é:itr t?ees dg];gs'g;h%?tgvgzﬁi?:dtgotrt;origin of the EPR center experimentally observed in the past.
chae e stagte of the diffusin gs ecies. This opens a possibility - GGA calculations also show that the B-Si complex is

g gsp - SIS Op P Xegative-U system in which neutral charge states are only
of charge-state dependent or recombination enhanced or r

e : " letastable with the Fermi energy at any position in the en-
tardeﬁB diffusion. For instance, when the po§|t|vgly charge rgy gap. Further, we have clarified diffusion pathways and
Bs-Sij © captures an electron during the migration, it be-

. iial For BT , corresponding activation energies for the B-Si complex. It is
comes the neutral B interstitial; Bor B; . When we consider ¢5,nd that the boron is likely to diffuse in Si crystal as a

this recombination process, the activation energy decreasgsym of a B-Si pair. However, the diffusion pathways and the
from 0.95 eV to 0.85 e\Fig. 7(c)] when the Fermi level is  activation energies are sensitive to the charge state, opening

located ats, +0.6 eV. o ~ a possibility of recombination enhanced diffusion.
Finally, we briefly discuss on migration length Experi-

mentally, the temperature dependence offollows an
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