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PHYSICAL REVIEW B, VOLUME 64, 233203

Silicon self-diffusion constants by tight-binding molecular dynamics

Anna Jaskelanen? Luciano Colombd* and Risto Niemineh
Laboratory of Physics, Helsinki University of Technology, P.O. Box 110062915 HUT, Finland
2Istituto Nazionale per la Fisica della Materia and Department of Physics, University of Cagliari, Cittadella Universitaria,
1-09042 Monserrato (CA), Italy
(Received 16 May 2001; revised manuscript received 19 July 2001; published 29 Novembger 2001

The thermodynamic integration method has been incorporated into the tight-binding molecular-dynamics
scheme to compute formation free energies of native point defects in bulk silicon. By combining previous
simulated diffusivity data with present free-energy estimates, we present a thorough quantum-mechanical
picture of self-diffusion in silicon that is both consistent with the state-of-the-art experimental data and able to
predict separately the vacancy and self-interstitial contributions.

DOI: 10.1103/PhysRevB.64.233203 PACS nuniber66.30.Hs, 61.72.Ji, 61.72.Bb

Self-diffusion in silicon has been the subject of intensewhich, combined with the above result for the tabadp(T),
research since it rules many fundamental materials phenonallows to evaluate th¥ contribution a$
ena, such as equilibrium and nonequilibrium properties of
native defects and processes of matter transport. It also un- CvA(T)dy(T)=0.92exig—4.14 eVkgT) cn’s ' (4)
derlies the microstructural evolution of bulk silicon under
many technologically-relevant processes, such as Czochr
ski crystal growth or ion implantation. It is nowadays well

establishe_d that the_ self-diffusion coeffici@p(T) follows CeYT)d,(T)=914ex—4.84 eVkgT) cnPs t, (5)
an Arrhenius equation

ther experimental datdave been published, according to
vhich the above diffusion constants should be

and
Dgp(T)=D%xp —E¥KkgT), (1)
- . CSA(T)dy(T)=0.6 exg—4.03 eVkgT) cn?s L. (6)
over a wide range of temperaturefRecent experimental

measurements of self-diffusion in isotope heterostructuresBoth data sets predict a self-diffusion dominated by self-
have shown a temperature dependence accurately describégerstitial (vacancy mobility at a high (low) temperature.
over many orders of magnitude by an activation energy oHowever, the crossover temperature for the dominating
migration E2=4.75+0.04 eV and by a preexponential fac- mechanism is different: 890 °C and 1000-1100 °C, for Egs.
tor D°=530" 250 cn? s L. (3),(4) and(5),(6), respectively.

Although the global picture is clear, there is still uncer- As for theory, a thorough study of self-diffusion requires
tainty about the relative contributions Bsp(T) due to the —accurate free-energy calculationsimed at predicting
various elementary mechanisms of diffusion. As a matter ofemperature-dependent equilibrium concentraficarsd ex-
fact, self-diffusion is influenced by vacandy) and self- tensive diffusivity simulationfaimed at computing migra-
interstitial (1) migration, as well as by the direct exchange oftion energies and diffusivity prefactordoth for I and V
two Si atoms, occurring between two neighboring latticedefects. Once the formation free energi€ ,=E|
sites® This latter mechanism, however, is usually disre-+TSf,V, as well as migration energids",, and diffusivity
garded since no experimental evidence has been found fcpxrefactorsdﬂv are known, Eq(2) can be recast in the form
it,> and its contribution toDgp(T) has been theoretically

) o : f f
predicted to be negligibly smdll.Accordingly, the self- 0 E/—-TS
diffusion coefficient can be cast in the fofm Dsp(T)=d; exp — TkaT exp(—E|"/kgT)
Dsp(T)=f,CEYT)d(T)+ f,CSHT)dW(T), (2 EL-TS
P R ralext] — 2 IV exp—EUkeT), ()
where CFYT) and C{Y(T) represent, respectively, tHaor- kgT

malized equilibrium concentration o¥/'s and I's defects, o that a direct theory vs experiment comparison is possible.
while d,(T) anddy(T) indicate the corresponding diffusivi- At present, quantitative free-energy calculations are still
ties. Thef, andfy, terms represent the autocorrelation factorsragre, due to the considerable computational demands of
for native defect migration trajectories and are well knownfinite-temperature simulations: an accurate simulation in-
for the diamond lattic8. The open problem, therefore, con- cluding high-temperature anharmonic effects, as well as re-
sists of providing separately an estimation of |iable quantum-mechanical description of the bond dynamics
Cr9,Cy%,d; ,dy and their explicit dependences upon tem-involved in defect formation and migration, is in fact a very
perature. demanding task. A model potential molecular dynamics
By means of metal diffusion experimehishas been pos- (MD) simulation, based on the Stillinger-Wekd@&Ww) poten-
sible to characterize thiecontribution to self-diffusion as tial, has been presented by Sinabal® Although the pro-
eq _, posed numbers define a self-contained picture, the overall
CP(T)d\(T)=2980exp—4.95 eVkgT) cn¥s™*, (3)  reliability is questionable, due to the limitation of the SW
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potential, as confirmed by the direct comparison with experiof Slf~6kB, which, however, increases up${rv 10kg when
mental data reported below. A much more reliable picture hagcluding anharmonic terms through TI calculatidfsThe
been found by Elohl et al® by means of first-principles cal- case of a vacancy is more complicated. As a matter of fact,
culations. In that work, however, the huge computationadue to the high mobility of such a defeé@during the equili-
workload prevented from evaluating the temperature deperbration+ observation runs, the defect was mobile, thus add-
dence of thel contribution. Furthermore, as shown in the ing a sizeable contribution of migration entropy in the Tl free
following, room for improvement appears as far as vacancyenergy calculations. This is confirmed by the fact that the
mediated diffusion is concerned. Finally, a semi-empiricalcomputed value OSI,varied in the range 10.2—-1%Zin the
tight-binding molecular dynamic§TBMD) investigation®  selected temperature interval, with an average valus!of
has provided a reliable picture for formation and migrationwlo_a(B_ In fact, the migration contribution is already ef-
of native defects, while entropic contributions were fitted onectively included in TBMD simulations aimed at measuring
experimental data or guessed from previous investigationgjo 1, prevent the double counting of this term, we per-
Thus,.althoughthe agreement between thqse TBMD_dat_a ar}g/rmed short observation runs, taking care to select only
experimental dafd was good, the theoretical investigation y,ce simulations wher¥ diffusion actually did not take
lacked of internal consistency and, therefore, can hardly bg|,ce The convergence error thus included in our ensemble

cor}sr:derid as pred|ct_|ve. int t th q7 I verages results in an entropy overestimation-@&kg. In
€ above scenario points out tne need for a new, se conclusion, we estimate an average formatidne.,

contained, quantum mechanical and atomistic inveStigatio@onfigurational—vibrationa) entropy of SI,~8 &.. our
. B .

on self-diffusion constants, aimed at characterizing indepen: f £ . .
dently the two major mechanisms of diffusion. This is thenTBNID results for§ andS, are in good qualitative agree-

scope of the present work, where TBMD free-energy calcu;[mhent with {gs:-tpr)]rlng!ﬁles calc_ul?tt:ons tby E‘jbl eft fal. tl'n f
lations have been performed in the framework of the TB € sense that the difierence in the entropies of formation for

representation by Kworetal' and eventually combined 'S andV's is of the order of 1-Rg in both studies, which
with previous TBMD diffusion simulation¥ pred'lct a Iarger formation entropy .for the |ntgrst|t|al. .
The thermodynamic integration(Tl) method? was Diffusivity constants were obtained by using the migra-

adopted to evaluaIE,f’V. According to the Tl formalism, the tion prefactors and energies computed in a previous Work

. by means of the same TBMD scheme adopted here. In par-
free-energy differencé\F between two systems has been . 0 Y ) 0_
obtained by integrating ticular, we obtaind)=1.58<10 ! cnm?s ! and dy=1.18

X104 cmfs!, E'=1.37 eV andE]=0.1 eV. As for the

AF— fx=1< aH()\)> formation energies the TBMD results a¢=3.80 eV and
A

IN ®) E{=3.97 eV. In this way, we get a self-consistent set of
numbers, characterizing the various physical observables rel-

where\ acts as disposable parameter coupling a given initiaevant to self-diffusion.

stateH, (with a well-known free energyto the target final The vacancy contribution to self-diffusion predicted by

state (with unknown free energyH;: H(A)=AH;+(1 present calculations is reported in Fig. 1. Experimental data

—\)Ho. In this work the state of reference was chosen to béy Brachtet al? and Gseleet al,” as well as other Stvand

an Einstein crystal. During the MD simulations a massivefirst-principles:}* theoretical results are shown for compari-

Nose-Hoover chain was attached to each vibrational degreson.

of freedom to keep the ensemble canonic¢dlhe target state It is apparent that our TBMD investigation is in excellent

was, in turn, the TBMD Si sample. The ensemble averagagreement with state-of-the-art experimental data, providing

appearing in Eq(8) was performed during constant volume,

A=0

-10 T T T

constant-temperature simulations on at@4 atom periodi- e )
cally repeated cell. The net fordg acting on theath atom ~. B e
was defined a$,=\f;2MP+(1-\)f5"" . At each state— ol S L

defined by a given value of—the lattice was first carefully N S ® Theo. [Ref.14]
equilibrated with runs long up to 16 gene time step corre- ~.
sponding to 1 fsand finally averaged over several more ps. -
The thermodynamical integration was performed ovex 16 g
points. Our benchmarkgerformed on 2161 atoms and/or =
A =5 point9 proved that it is more important to include a ~ _i4 |
higher number of\ points in the TI evaluation than to en- &
large the size of the simulation box. We estimate the presen -
energy integrals given in E48) to be converged to within 18 +
~10 % eV. All free-energy calculations were performed at
four different temperatures: 300, 500, 1000, and 1400 K.

The formation entropyslf for the self-interstitial defect -20 : : :
was found almost constant with temperature, the average 03 065 07 085 095

g . I . 1000/T (K™)

value beingS;=11.XKg. First-principles calculations per-
formed in the local harmonic approximatibpredict a value FIG. 1. Vacancy contribution to self-diffusion coefficient.
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-10 . . ; -10 : , . |
—— Expt. [Ret:.ZI «+++ Expt. [Ref.7]
"""""" Expt. [Ref.7] — Expt. [Ref .2
N ——~ Theo. [this work] 12+ .= Theo. Ithis work| -
-12 + N —-— Theo. [Ref.8] 8
R ® @ Theo. [Ref.9]
)
~ 714
._4A NE - I~ —
" =14 2
g 2
S o
a 3 -16 -
=-16
=14]
S
_18+ _
_18 L
2 X ! . ! . ! .
8.55 0.65 0.75 0.85 0.95
_20 . ; . ~N 1000/T (K™
0.55 0.65 0.75 0.85 0.95
1000/T (K ™) FIG. 3. Total self-diffusion coefficient in silicon.

FIG. 2. Interstitial contribution to self-diffusion coefficient. ~ calculations were performed at one temperature only, so that
no estimation for the activation energy lotliffusion can be

S . e obtained.
an overall atomistic picture fok-mediated self-diffusion

h liable th del-potential simulati We b Finally, we remark that our investigation predicts the
Mmuch more refiable than model-potential simufations. We e;'g/efects to dominate self-diffusion at high temperatures, as

lieve that the main source of disagreement between the S ; - . o
) . roved experimentally and confirmed by first-principles cal-
and experimental data is due to the very low value of th P y y b b

_ ; ‘ ctulations. Furthermore, the/-mediated andI|-mediated
vacancy formralltl?]n energE\,:s.S eV, which ulnfavorably bmechanisms give equal contributions Bt-1030 °C. This
compares with the 3.8 eV and 3.3—-3.7 eV values given . . . . . . ;
TBMD and first-principles calculations, respectivelyThe Yesult is again consistent with available experimérts.

. In conclusion, we propose the set of TBMD values re-
agreement is better for TBMD even when pompared atth ported here for the diffusion constarftghich frequently may

this is due to technical details of the calculations, both per-md'v'dl“""lIIy carry some model-related or method-related er-
formed within the same formal framework, but with a differ- r(_)r)_ as the more compIeFe and consistent set O.f values pro-
ent choice for the number of points over which operate the viding a correct g_lob_a_l picture for self-dlffu_s|on In bul_k Sl
Tl integration(only three points were used in Ref.)14n- The degree of rel|ap_|l|ty of present results IS summanzeq n
der this respect, the semi-empirical character of TBMD had 19 3 wh_ere the silicon TBMD total self-diffusion coeffi-
proved to be an advantage: thanks to the reduced computg'—emDSD_ 2,'74_ Dy is compared with state-of-the-art experi-
tional workload it is possible to perform TI simulations in a mental_ datz: The present numbgrs should be, therefore,
fully-converged regime, still keeping a quantum—mechanicaf’sefUI in modeling Si bulk processing.
description of atom interactions. One of us(L.C.) acknowledges support by CNR under
As for self-interstitials, Fig. 2 confirms the predictivity project “5%—Microelettronica.” This research has been
and reliability of the present results. We note that in this cassupported by Academy of Finland through its Center of Ex-
model-potential data are not so bad, while first-principlescellence Program 2000-2006.
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