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Atomic-scale characterization of boron diffusion in silicon
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By means of density-functional based tight-binding molecular-dynaiésTBMD) simulations, we in-
vestigated the diffusion dynamics of boron in crystalline silicon. First, the energetics of single B defects in
silicon, given by the present model, has been compared to first-principle results, and a discussion is provided
on the overall accuracy of the DF-TBMD parametrization. We then computed the migration energy in the range
900-1500 K, obtaining a value 0.66 eV. By direct analysis of computer-generated trajectories, we show that B
diffusion is a self-interstitial assisted process, displaying no kick-out events. Rather, Si—B pairs clearly diffuse
through an interstitialcy mechanism. We predict a diffusion pre-exponential fdgte&.lx 102 cné/s.
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[. INTRODUCTION be ruled by a sort of “concerted-exchange” mechanism.
These two mechanisms look qualitatively different and imply
Controlling the behavior of diffusing dopant species is adifferent microstructural evolution of B-implanted silicon.
fundamental issue in silicon device technology. In particularHowever, they provide similar predictions for the B migra-
any further development in ion-implantation techniqées-  tion energyE,,, namely,E,=0.6 eV*® Nevertheless, the
pecially related to the fabrication of shallow junctipne-  estimation of the B diffusivity coefficient, at the tempera-
guires an improved atomic-scale understanding of thdures of experimental interest, is hindered by the lack of
mechanisms governing dopant diffusion and dopant-silicorknowledge of the diffusivity pre-exponential factor, not pro-
interactions. In the case of boron, experiments have showrvided by total-energy calculations. The importance of this
that it undergoes transient enhanced diffusion when a largparameter might be crucial. As a matter of fact, there is not
concentration of intrinsic self-interstitial defects is created byan ultimate experimental estimation for it. Furthermore, stud-
the implant damage. On the other hand, boron diffusion proies on surface diffusion have shown that large differences in
files also show a portion of immobile and electrically inac-the prefactors may come out from different diffusion mecha-
tive boron atom$, suggesting the formation of immobile nisms(like single hopping or concerted procg8s
mixed clusters of boron atoms and Si interstitials. Although The present paper stands as a contribution to the above
this issue represents a lively matter of discussion, an ultimaten-going discussion. In particular, it is aimed at providing a
atomic-scale picture about boron diffusivity is still missing, quantitative estimation of the diffusivity prefactor. At vari-
as well as a quantitative estimation of diffusion coefficient. ance with previous investigatioris> we did not guess the
Atomistic simulations are providing valuable information reaction path of diffusion from a total-energy landscape gen-
about the energetics and the possible reaction paths of merated at zero temperature. Instead, we simulated the diffu-
bile boron in the crystalline host. In fact, theoretical sivity of B at finite temperature, performing quantum-
investigationd™® have substantiated the early experimentalmechanical molecular-dynamicgviD) simulations in the
ided that B diffusion is mediated and enhanced by the presrange 900—1500 K. From several computer-generated trajec-
ence of self-interstitial atoms. The theoretical picture hadories, we extracted information on the involved atomistic
been obtained considering different defect configurationgnechanisms, as well as quantitative estimations of diffusion
containing a single boron atom in a silicon lattice and evalu-constants. Our approach, although conceptually simple and
ating total-energy differences and energy barriersstraightforward, is rather computer intensive, since atomic
Furthermoré,~® several possible charged states of the defectrajectories need to be followed for several tens of picosec-
have been considered, as well as the formation of Si-Bonds in order to provide a reliable source of information.
complexes.As for the diffusion mechanism, two conflicting Because of such a heavy computational work load, we
models have been proposed, both basedhborinitio elec- adopted a density-functional based tight-binding molecular-
tronic structure calculatiors® Zhu et al® have proposed a dynamicg (DF-TBMD) scheme, which allows to simulate, at
kick-out mechanism in which B is able to diffuse alone finite temperature, the interplay between electronic structure
through interstitial channels, once it has been kicked ouand atom dynamics. This is an important issue when dealing
from a substitutional site. More recently, this picture haswith materials characterized by directional and covalent
been contrasted by the proposed interstitialcy mechafitsm. bonding.
In this case, B-Si pairs diffuse in the lattice, the configuration At first, in Sec. Il, we provide a validation of the method
of the B atom being iteratively reversed from interstitial to by comparing the Si:B energetics obtained in the DF-TBMD
substitutional and back. Diffusivity of B is thus predicted to scheme to first-principle investigations. In Sec. lll, we dis-
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cuss the results obtained for B diffusivity, presenting our
estimations of migration energy and the pre-exponential fac-
tor. Finally, conclusions are drawn in Sec. IV.

II. ENERGETICS

The adopted DF-TBMD consists of a nonorthogonal TB
scheme, where the two-center linear combination of atomic
orbitals (LCAO) Kohn-Sham Hamiltonian and overlap ma-
trix elements, are evaluated within the framework of an
atomic orbitals formalism. For detailed descriptions of the
method, we refer the reader to Refs. 9 and 10. The atomic
eigenfunctions of a given atom type are obtained from a
self-consistent calculation using density-functional theory in
the local density approximatiaidFT-LDA). In order to con- B.SiT
fine the range of valence electrons, the atomic calculations ==
are actually solved for slightly contracted pseudoatoms. The FIG. 1. Defect configurations relaxed at zero temperature: B
potential added to the free-atom potential, has the fornmatoms(white, smaller radius Si self-interstitial (black, larger ra-
=(r/ro)?, wherer, is related to the covalent radius of the dius) and their first neighbor’¢gray, larger radiusare shown over
atom. In the present parametrization we used a confinemetite underlying diamond lattice. The two dumbbell structures are in
radiusro=1.74 A for Si atoms and 1.48 A for B atoms. the upper panel, denoted as BSitkft) and BSi-S(right). In the

The short-range repulsive potenti@ccounting for ion- lower panel, the §+Si;rd (left) and the interstitial B in the tetrahe-
ion interactions and correcting the double counting ofdral position, B¢ (right) are shown.
electron-electron ongds obtained from the difference be-
tween the band structure tight-binding energy and the correstructure, with the Si-B dimer oriented along thE00) di-
sponding total energy of a self-consistent DFT-LDA calcula-rection, has been found to be 0.2 eV higher in energy from
tion for a given reference system, usually as simple as théghe BSiX. The B+ SiiTd geometry, where B sits on a substi-
diatomic moleculé. The difference decays rapidly with in- tutional site stabilizing a Si self-interstitial in a nearby tetra-
creasing interatomic distance and can be approximated by igedral position, is further up in energy-0.31 eV), together
polynomial expression inr(-r¢), with a cutoff radiusrc,  with the configuration BY, i.e., the interstitial B in the tet-
which is _smaller than. twice the nearest-neighbor d'SFancesl‘ahedral position. The interstitial hexagona[*XBis the
For _the Sl-B parametrization, we calculated the rep_ulswe pohighest-energy structure in our picture 0.68 eV).
tential, taking as a reference system thgB8i;, configura- With respect toab initio results, we obtain the lowest-

tion, i.e, a B atom surrounded by four Si atoms with hydro- gnerqy defect structures in the same energy range, but there
gens saturating the dangling bonds. The arrangement of thge gitferences in the details of the calculated energetics.

B-Si bonds in §jBH,; is in fact more similar to the environ- - preyigus first-principle calculatiofs® found that the ground
ment seenya B defect in a Si matrix than the simpler Si-B T

. state is the positively charged {BS;j; d)* complex. We
dimer referenc;e systgm. We'choosce 2.38 A (254 A) have not taken into account charged defects, hence a direct
for the Si-B(Si-Si) pair potential.

o o . _ . comparison is not possible. However, first-principle reédlts
The reliability of the actual parametrization for Si:B in- P P P R

teractions in the crystalline environment has been tested, pe'rr]dlcated also that the same configuration;+&i ", is the

forming DF-TBMD calculations on cubic, periodically re- Iowest-_energy one among neutral defects. . .
S : . . We independently performed total-energy calculations in
peated cells, containing 216 Si atoms and one B |mpur|ty,[h

and using thd-point approximation for Brillouin-zone inte- e framework of the density-functional theory in the local

gration. We relaxed the configurations by means of finite- . . . .
temperature simulated annealing. The atomic structures re- TABLE I. Energetics of the Si:B defect configurations from DF-
laxed at zero temperature are shown in Fig. 1, while theTBMD (first-column and VASP (second-column calculations.

total-energy values are reported in the first column of Table ITotaI-gnergy Vf.ilues are referred to the respective grou_nd-state con-
gurations, indicated by arrowsee the text The values in paren-

Also, only neutral defects were considered in the resenn:1 s
paper y P theses in the second column are DFT-LDA values extracted from

The energy landscape, provided by DF-TBMD for Si:B, Ref. 4.
indicates_that the_lowest—ene_rgy s_tructl(llr_lgreafter referred DETB VASP (DET-LDA)
to as BSiX) consists of a Si self-interstitial dna B atom
sharing the same lattice site, with the Si-B dimer lying in the BSi-X —0.0 0.6 (0.26)
(110 direction. The first column of Table | reports total-  BSi-S 0.20 (0.43)
energy differences between all considered defects structures B 0.27 (0.82)
and the BSiX one. The DF-TBMD BSKX structure is actu- B+ Si'¢ 0.31 —0.0 (0.0
ally slightly tilted with respect to the ideal dumbbell configu-  gf 0.68 (0.41)

ration by an angled from the (110 direction. The BSi-S
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o ‘ ' ' ' ' low minimum. Our DF-TBMD results are in agreement with
64—atoms cell T this finding; the B' is not stable upon the annealing cycles,
041 —_—— = at any finite temperature. All other DF-TBMD structures are
) 16atomd instead stable.
< 03} B — We remark, however, that the features of the energy land-
= scape are somewhat different in the two pictures. DF-TBMD
Df" 8 @ ] parametrization does not reproduce, in all details,aéni-
w021 1 tio results with regard to the ground-state configuration and
h ot B e B +SiTd| ] the relative energies with respect to it. Deviations could be,
o1l sl Bl ° o BSi-X i however, within the uncertainties of DFT-LDA calculations,
| B3 A B L ® | as the discrepancy between the present calculated value of
oL .Eé;: #_*LL B | Eiot(BSI-X)-E;oi(Bs+ Side) (0.6 eV) and the result of Ref. 4
0 273 546 8.19 1092 1365 1638 (0.26 eV suggests. However, DFT-LDA and DF-TBMD en-

distance from defect lattice site (A) ergy differences are of the same order of magnitude, which
should lead to a reliable value for the migration energy. De-
FIG. 2. S_.train fieId|Ri_—_Ri°| as a function of the distance from spite the present DF-TBMD model being parametrized, we
the defect site. All quantities are in A. believe that the correct gauge for B interstitial energy is well
reproduced.
density approximation for the two neutral-charge configura-
tions, B+ Si'  and BSiX. DFT-LDA calculations were done lll. DIFFUSION
within a plane-wave pseudopotential scheme, using the Vi-
ennaAb initio Simulation PackagéVASP (Ref. 11]. We
used ultrasoft pseudopotentials, a cutoff energy

The computer generated atomic trajectories were col-
lected during very long simulations, playing special attention
, ) ) to assure the highest numerical accuracy and stability. In
=257.1 eV, 4&X4x4 grid for thek-points sampling, and a pariicular, the Si:B system was at first equilibrated at the
2X2X2 supercell64 atoms. , desired temperatures by means of constant-temperature,
V\{ed obtained an energy differende(BSi-X)-EwoBs  constant-volume simulations. Then, we followed the mobile
+8i;7)=0.6 eV, slightly larger than the value reported by B gynamics generated in the microcanonical ensemble, using
Sadighet al” In agreement with the previously published 3 time step as small as 0.5 #&The quantitative estimation
results, the B+ S structure has the lowest energy. It is of diffusion constants was provided by the calculation of the
worth noticing that, according to the present VASP calculasquare displacemehArg(t)|? of B and by the random-walk
tions, the BSIX complex is actually an unstable structure equation for diffusivity, namely,dg=lim_ _|Arg(t)|%/6t.
that converts into the B Si'® during the atomic relaxation o
procedure we followed. However, for the sake of compari-We extrapolate the value for the migration energy,

son, we reported in Table | the total energy of the metastable:(0 66+0.08) eV. This value is in excellent agreement

From the behavior oflg as a function of the temperatufe

BSi-X complex. . .
; . . with the 0.6 eV experimental vall@nd also compares well
Since the DF-TBMD calculations were performed using, . . - L X
the larger 3<3x 3 unit cell (216 atomy we wanted to in- wn?ﬁprewousab initio predictions ranging from 0.4 to 0.6

vestigate the convergency of the VASP results with respect to | . . - .
the size of the unit cell. In order to clarify whether the 64- Let us first discuss the relevant characteristics of the dif

. . ; .~ fusion process deduced from the analysis of the atomic tra-
atom cell is large enough to contain the lattice relaxatio

created by the defect structure, we calculated the atomi ectories. Starting with a configuration where B sits in a sub-

T . . . titutional site, we did not observe any B diffusion until a
strain f|e|<_j of the (t)W_O DF-TBMD conf|gL_Jrat|ons. In_F|g. 2 silicon self-interstitial(Sil) approaches the substitutional B.
the quantity|R;— R;| is shown as a function of the distance

) 0 . .~ When this occurs, a Si-B complex is formed. Its actual ge-
from the defect site, wher;’ andR; are the atomic posi-  ometry changes in time, exploring the different configura-
tions before and after the relaxation. Although the relaxationy;, o BSiX, B+ Side, and BSi-S. Eventually B is converted

induced by the BSk com[_:)TI((jax,. has a wider spatial extension jn.q an interstitial position. It is worth remarking that we
compared to that of BrSi ", it decays to zero well within - heyer observed the so-calléitk-out mechanism discussed
the 64-atom cell boundaries. Thus, we can conclude that thg, Ref. 3. From the interstitial position, in fact, the boron
convergence with respect to the cell size is fully achievedyiom falls soon into the closest lattice site, kicking out a Sil,
with a 64-atom cell. ~ which either diffuses awatjf the “kick” was strong enough

In the second column of Table I, we report the first- o stays bound to the boron atom, iterating a new diffusion
principle total energy values available from Ref. 4. Totaleyent. We remark that whenever the Sil diffuses away from
energies of the Si:B defect structures are all contained in thgye sybstitutional B, we did not observe any further B diffu-
same energy window found for the DF-TBMD results. Ref-gjon This implies that diffusion, via a direct exchange
erence 4 finds that the interstitial"B rapidly diffuses into mechanism(i.e., B switching between two substitutional
the ground-state configuration. In the same way, the smaliiteg results to be unlike. Our simulations thus provide sup-
barrier (=0.05 eV) around the B configuration, calcu- port to the picture that B diffusion is a self-interstitial as-
lated by Windlet al.® confirms that B* lies in a very shal- sisted process.
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FIG. 3. Arrhenius plot for B diffusion in silicon. The extrapo-
lated values for the migration energy and the diffusivity prefactor
are discussed in the text.

In Fig. 3,dg is reported as a function of the inverse of the
temperature 10T, on a semilogarithmic plot. Each set of
points refer to a different choice of the simulation param-
eters. The lower computational load of our tight-binding
method, with respect tab initio MD, allowed us, in fact, to
test the convergence of the DF-TBMD results, varying th
total number of atoms in the unit cefrom 64 to 216 and
the total length of the simulation tim@om 100 to 200 ps
We can observe that the combined use of a larger unit ce
(216 atomgand a shorter simulation tim@00 ps compares
well with the results obtained with the smaller supercell an
longer molecular-dynamics runs.

The diffusivity shows a nice Arrhenius-like behavior;
Indg is linear with 171 in the whole range of temperatures

investigated. This obviously indicates that the same mecha-

nism is responsible for B diffusivity, at both high and low
temperatures. The order of magnitude of B diffusivity varies
between dg=1.3x10"°® cn?/s at T=900 K, dg=0.2
Xx107° cmf/s atT=1200 K, anddg=0.6x10"° cné/s at
T=1500 K. We extrapolated the value of the migration en-

€
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ergy E,, and give a prediction for the diffusivity prefactor
d3=(1.1+0.4)x 102 cn?/s. This value is of the same or-
der of magnitude as the prefactor obtained for typical single
hopping processes assuming a rhte 10'® s™! (a Debye
phonon frequengy This is an important qualitative feature
of the B migration path. In fact, our results prove that the
present interstitialcy mechanism does not exhibit an anoma-
lous large prefactor as was otherwise suggested in other dif-
fusion processes.

IV. CONCLUSIONS

In this paper, we developed a new DF-TBMD representa-
tion for Si-B interactions and we have applied it to the study
of B migration in Si. Our investigation shows, by means of
very long-time MD simulations, that B migrates through an
interstitial mechanism for which a Si self-interstitial atom is
also involved. The computed migration energy is in agree-
ment with available experimental data and other theoretical
calculations. We further provide a prediction for the diffusion
prefactor.

Furthermore, we have shown that, although considering
e electronic structure within an approximate DFT treat-
ent, the present simulation method allows for the study of
the diffusion processes in a crystalline environment by
means of a reliable description of the bond dynamics occur-
Ping during dopant defect migration. There is, however, room
or improving the overall accuracy of the method and work

th
m

Oin this direction is in progress. In particular, effort is focused

on a better modeling of the delicate energy balance between
Si-Si and Si-B bonds in such heteroatom defects and, possi-
bly, on the role of charged states.
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