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Tight-binding molecular dynamics simulations are performed to study self-diffusion, interstitial-vacancy
recombination, and formation volumes of point defects in crystalline silicon. The results shog) thelf-
diffusion is dominated by vacancie¥) at low temperature and by interstitial) (at high temperature(i)
interstitial-vacancy recombination at room temperature leads to formation of a metdstabtamplex, which
has an annihilation energy barrier of 1.1 eifi) interstitial and vacancy relaxation volumes in silicon are
approximately equal in magnitude and opposite in si@©163-18207)03218-9

[. INTRODUCTION These fundamental questions provide a wide opportunity
for theoretical studies. Some work has been done regarding

Intrinsic point defects such as vacancies and interstitialSi self-diffusio~** and formation volumé§** using either
mediate mass transport in crystalline solids. While the propthe Stillinger-Weber (SW) empirical potential or first-
erties of point defects are well known in metals silicon  principles local density approximatioftDA) calculations.
controversy remains regarding their diffusivities and equilib-The SW potential predicts the equilibrium ground-state neu-
rium concentrations. In addition, ion implantation of dopantstral interstitial configuration to be &110 dumbbell in two
into silicon is a common step in silicon device manufacturingpossible geometrical arrangements separated in energy by
that introduces large supersaturations of point and extende®i8 eV'® Although this is in good qualitative agreement with
defects? Upon annealing at elevated temperatures, these deecent LDA calculations, the exact geometry and relative en-
fects interact with the dopants and cause transient-enhancedgy of the two defects are different in the two caem
diffusion (TED).® TED results in changes in the junction fact, the low-energy SW configuration corresponds to a high-
depth and has the potential to degrade the performance ehergy defect in the LDA and vice versa. LDA calculations
future generation semiconductor devices. Therefore, miniaghave also been used extensively to study the interaction be-
turization of electronic devices demands a thorough undertween silicon defects and dopant atotis.” Recently, LDA
standing and accurate description of the diffusion processeslculations have also been used to study the structure and
of both intrinsic point defects and dopants. energy of divacancies in silicof.

Over the years, considerable experimental and theoretical Despite the tremendous power of the LDA method to
work has been carried out to study the structure, energeticstudy defect properties, the technique is limited by its ex-
and migration of point defects in silicon, as well as their roletremely high computational demands. While calculations that
in transient-enhanced diffusion. Experiments in silicon, how-minimize the energy of an ensemble of 64 atoms in a super-
ever, have produced conflicting evidence and have resultecell at zero temperature can be routinely done, studies of
in intense debate, especially on the relative contribution oflefect diffusion with accurate statistics are difficult.
vacancies and interstitials to self-diffusion and substitutional In this paper, we apply the tight-binding molecular dy-
dopant diffusiorf: On the other hand, theory has made sig-namics (TBMD) simulation method to study some of the
nificant progress using both first-principles calculattofis fundamental aspects of intrinsic point defects and diffusion
and atomistic simulations based on empirical interatomidn crystalline silicon. In a TBMD simulation, the band struc-
potentials’*> However, controversy remains regarding ture energy and the many-body forces are calculated directly
some of the most fundamental properties of intrinsic pointoy diagonalizing the one-electron Hamiltonian matfishis
defects. A number of key parameters such as the diffusivitiesnethod is much less computationally intensive than the LDA
and thermal equilibrium concentrations of vacancies andalculations and thus allows us to study larger systems with
self-interstitials, as well as their formation volumes, are farup to 216 atoms for time scales of up to hundreds of pico-
from well established. In addition, and of great importance taseconds, which is important for the description of the diffu-
the description of amorphization and implant damage anneakion process. In Sec. I, we briefly describe the TBMD model
ing, is the issue of interstitial-vacancy annihilation and theused in this paper. For the study of intrinsic point defects, it
possible existence of a barrier to mutual recombination, ats important that a model can describe the energetics and
has been previously suggested but never definitely sHdwn. structures of the basic defects accurately. Comparisons of
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formation energies with other methods including first- TABLE I. Point defect formation energies calculated by the
principles LDA calculations and classical potentials areLDA (GGA) method with energy gajicorrection by Zhuet al.
given. In Sec. lll, we present results of calculations of the(Refs. 5 and 8 current work(KBWHS), a previous TBMD model
self-interstitial and vacancy diffusivities. By comparing the (GSP (Ref. 22, and SW potential by Gilmeet al. (Ref. 9.

data to experiments and other first-principles calculations;

insight has been gained in understanding silicon selfPefects LDA  KBWHS  GSP SW

diffusion. In Sec. IV, we present the first atomistic study ofv‘acamy 3.65 3.97 3.96 264
|rr1]tersr§|t|al-vacancy recombme}uor} and i’:\nnlhn?uon: We f_|r.1dIT interstitial 5.1 4.39 4.40 4.84
that the spontaneous recombination volume of an interstitialy, ;o iitial 38 4.93 590 6.58

vacancy pair is strongly dependent on crystallographic orien-11 dumbbell 37 3.80 504 3 tend
tation. A type of metastable defect, an interstitial-vacancv< O dumbbe i ' i -Bextended

(1-V) complex, is formed by the interaction of an interstitial

and a vacancy. Ou_r 'cal'culations suggest an energy barrigr gglculations predict thg110) dumbbell structure, which
1.1 eV for the a_mn|h|lat|on of the complex. In Se(_:. V, moti- agrees with the prediction of the current model. The previous
vated by experimental measurements of relaxation vqumeéSP model predicts the tetrahedral configuration as the
of point defects produced by electron irradiation in Si at lowlowest—energy structure. Notice that although the SW poten-
temperaturé® we calculate the interstitial and vacancy relax—tial also predicts dllo).t e of dumbbell structure as the
ation volumes. The calculations show that these relaxatio west—eﬁergy configurati>£ﬁSits structure is different from

volumes cancel each other out, which agrees well with the, .\ hpall predicted bgb initio and tight-binding meth-

experimental findings. Finally, we discuss the implications O.fods. The structure predicted by the SW potential is rather

tmhgf]fs (i:r?lglcjalstl\ol?zggrcg;illljrgiigpsrei;ag%g (i;“current EXPeMlaxtended with significant distorti(_)n of the ngar_est—neighbor
: S atoms along thé110) dumbbell directiort® This is due to
the fact that the SW potential always tend to lower the en-
Il. COMPUTATIONAL FRAMEWORK ergy by favoring the Iocal_ configuration to be tetrahedfal.
The results presented in this work have been obtained by
All the main issues addressed in the present investigatiomeans of canonical or microcanonical ensemble simulations
concern quantum mechanical phenomena involved in thend, mostly, by using periodic supercells with 216 atoms
bond-formation and bond-breaking mechanisms occurringlus (minus the number of interstitialévacanciesinvolved.
during defect formation, migration, and recombination. ATo generate atomic trajectories we adopted the velocity-
quantum mechanical description of the interactions at tha/erlet algorithm, with a time step as small as 1®s. Typi-
atomic scale is, indeed, necessary. On the other hand, tal simulations for annealing and relaxation are performed
perform MD simulations of defect diffusion, we need to spanwithin tens of picoseconds. As for possible size effects, we
a time interval and a system size which hardly can beested convergence with system size by calculating the va-
handled by first-principles LDA-based calculations. Wecancy formation energy using a 511 atom supercell: We ob-
therefore adopted the TBMD scheme where the essentighinedE?=4.10 eV with negligible change in vacancy struc-
quantum mechanical features are taken into account on th@re. We therefore consider our numerical estimations of
basis of a simple, but reliable model. The key idea of theformation energies accurate within 0.2 eV. The defect diffu-
TBMD scheme is to derive at each step of the simulation thesjvities have been calculated using a 64-atom supercell, but
attractive contribution to the interatomic forces from themuch longer simulation times up to 200 ps. A check was
electronic structure of the investigated sample which, in turnmade for our calculations using a 215 atom Superce” to en-
is computed by an orthogonal tight-bindin@B) model  sure that size effects did not play a significant role in our
solved within the two-center approximation. The total energydiffusivity results.
functional from which to derive the net force on each atom
is, then, completed by a suitable effective short-range repul-
sive potential. Further details of the method can be found

elsewhere? Experimental data on Si self-diffusion show that the dif-

Inztlhis work, we make use of the TBMD model by Kwon fysjon coefficient exhibits Arrhenius behavior over a wide
et al=* (KBWHS mode) which represents an improved re- range of temperatures,

lease of the TBMD moc212eI for silicon presented in a seminal

paper by Goodwiret al=> (GSP model The repulsive po- _ _

tential is now given in the form of an embedded-atom poten- D(T)=Doexp( ~ EalksT), @
tial and different scaling functions for the TB hopping inte- with an activation energg, of 4—5 eV and a preexponential

grals are provided, according to the actual symmetry of th?actorDO much larger than that for typical metafsNever-

selected orbltals_. Finally, the short-ra_nge character of the tot'heless, the relative contribution from different mechanisms,
tal energy functional has been exploited so that no arbitrar

. . - - ¥|amely, from vacancies and interstitials, is still a matter of
cutoff for the interactions needs to be imposed. The resumn%iscussion In a recent review by Galeet al. 2% the experi-

TBMD scheme is more accurate than the GSP model. In . " e
. . ; mental data for interstitial I} and vacancy Y) diffusion

Table I, we show the formation energies obtained from the oy !
. e . coefficients are summarized by

two tight-binding models and compare them with those ob-

tained using the SW potentfaind ab initio calculations® .
For the neutral ground state of the self-interstiti, initio Cid,=914exg—4.84kgT) cnr/sec, 2

lll. SELF-DIFFUSION
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1.37 eV for vacancies and interstitials, respectively, and the

"4 T T T corresponding  diffusivity prefactors are 14804
ash N ] cnf/sec and 1.58 10~ * cm?/sec. The resulting ., value for
— Tr ] the vacancy is likely too small, in particular in view of the
S - vacancy experimental data of Watkirf® which indicates a value for
2 -5 E R the neutral vacancy activation energy for migration of 0.3
£ : eV.2° However, it is worth noting that when combining dif-
~ 85 ¢ E fusivity and formation data we obtain an overall activation
= i ] energy for migration of 4.07 eV and 5.18 eV for the vacancy
g” -6 L E and interstitial, respectively. These values compare well with
- ¥ ] the experimental range 4 e E, < 5 eV. This seems to
6.5 ¢ interstitial ] suggest that while the absolute numbersEgrandE; could
¥ ! T probably be affected by some error, the global picture de-
- 70 4' ‘ Io 5 “0 5 07 08 09 1 14 1.2 rived from these TBMD calculations of self-diffusion is
) ' ' ' ) ' ’ ' qualitatively correct. It is worth noting that previous molecu-
1000/T (1K) lar dynamics investigations based on classical MD with the

SW potential showed similarly that the vacancy diffusivity is
FIG. 1. Temperature-dependent diffusivities for a single va-larger than the interstitial diffusivity at all temperatures.

cancy (diamond$ and a self-interstitialcircles obtained by the The migration path for the self-interstitial has been iden-
present TBMD calculations. tified by careful analysis of the computer generated trajecto-
ries. In Fig. 2, we show three snapshots takefh-atL000 K.
CYdy=0.6exg —4.03kgT) cné/sec, (3) The dumbbell[panel (8)] is found to move into the next

) o . tetrahedral interstitial positiofpanel (b)] along the(110
whered, and dy are single defect diffusivities an@* > direction and then move back to a dumbbell configuration
equilibrium defect concentration normalized to><502 [panel (c)] at the second nearest-neighbor lattice site with
cm~2. According to Geeleet al, C{d, is a rather reliable respect to the starting position. As for the vacancy, the mi-
and accurate quantity since two different types of experimengration path is obviously simpler and consists in jumps of
tal measurements, i.e., the U—Shaped in-diffusion profiles 0 earest-neighbor atoms into the vacancy site.
impurities (like Au, Pt, and Zn and tracer diffusion experi-  |n order to provide a complete picture of self-diffusion we
ments, give consistent results. On the other hand, the situgtjll need to compute equilibrium concentrations. To this
tion for the vacancy is still controversial. In addition, though aim, an estimate of the formation entropy and energy of the
Cd, is well established, the individual terms of diffusivity individual defects is required. The latter two quantities are
d, and concentratiolC;" are not known. The same holds in related to thgnormalized equilibrium concentration of the |

the vacancy case. and V defects through the relationship
A theoretical determination of the self-diffusion coeffi- .
cient requires three different calculation§) diffusivity Crv=exd —(Ef—TS)/kgT]. (6)

prefactor d, and migration energyE,,, (ii) formation We have already discussed the formation energies in the pre-
energyE¢, and (iii) formation entropyS;. As for dy and  vious section. In the present work we did not compBiéy
Em. they are related to the diffusivity according to the means of TBMD simulations. For vacancies, Bloehlal®
expression have computed the formation entropy within the thermody-
namical integration theory by means of a Car-Parrinello
di,v=doi,vexp( —Em v /ksT), (4 simulation and have reported a valueSpf = 9kg . Recently,

which can be calculated during a TBMD run straightfor- Kajihara et al. have also obtained a similar numbger.

wardly from the displacements of all atoms in the simulation”0r interstitials, only a rough estimate 8f, ~10kg is pro-
cell, vided by Blochl et al” We have obtained a value of the

interstitial formation entropy by combining our TBMD re-
1 R R 5 sults with the rather reliable high-temperature experimental
dy=lim e Zilri(t) —ri(0)]%, (5)  data forCid,. Since
t—oo

* —
which is obtained during microcanonical runs after a careful Cid=doexp( Sy [kg)exl — (B +Em)/keT], (1)
equilibration of the system. Because of the jumplike diffu-wheredy=1.58<10"* cm?%/sec,E;=3.8 eV, andE,,=1.37
sion mechanism of both and V defecté’ (see below for €V are obtained already from our TBMD calculations, the
more detaily long simulations are necessary to warrant nu-only unknown quantity isS;, . We have fittedC d, to the
merical convergence. Also note that the square displaceexperimental data point at 1250 °@ef. 26 and obtained
ments due to thermal fluctuation without migration do notS;;=11.Xg, which is consistent with the first-principles es-
contribute to the linear slope of the total square displacetimate. Combining all these numbers and using &g.for
ments. In this work we followed vacancy and interstitial mi- both interstitials and vacancies, we can calculate the tem-
gration path for 100 ps and 200 ps, respectively. Migrationperature dependence of the self-diffusion coefficient in sili-
energies and diffusivity prefactors are obtained by ancon and compare the results to experimental data at all tem-
Arrhenius interpolation of the diffusivity data, as shown in peratures. An Arrhenius plot of self-diffusion including the
Fig. 1. The values for the migration energies are 0.1 eV andalculation results and the experimental data as summarized
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FIG. 3. Temperature-dependent self-diffusion coefficient in sili-
con for vacancy and self-interstitial. Solid lines, TBMD results;
dashed lines, experimental dafef. 26.

diffusion. Using the TBMD data described above Erand
S;, we have determined the temperature-dependent equilib-
rium concentrations of interstitials and vacanci€$, and

¥, respectively. An Arrhenius plot of these quantities-
normalized valugsis shown in Fig. 4. Also included for
comparison is a plot of the equilibrium concentration of va-
cancies in a metal, Au, calculated using experimental data
for vacancy formation energy and entrapy.

IV. INTERSTITIAL-VACANCY RECOMBINATION

Understanding the kinetics of interstitial-vacancy recom-
bination is important for the development of a complete pic-
ture of implant damage annealing and dopant diffusion. Es-
sentially, in all the continuum process simulators for dopant
diffusion a plus ond-1) or similar modet! is assumed: i.e.,
approximately only one interstitial per implanted ion partici-

FIG. 2. Migration path for dumbbell diffusion at=1000 K.  pates in the dopant diffusion process. A fundamental as-
The initial two dumbbell atoms are indicated by dark sphef@s. sumption involved in this picture is that the interstitials and

Initial dumbbell pOSitiOﬂ,(b) intermediate tetrahedral pOSitiOﬂ, and vacancies generated by ion imp|antation recombine and an-
(c) final dumbbell position at two nearest-neighbor distance away.

The dumbbell diffusion could change direction to be along anothe~

(110 chain at positior(b). Note that a bond is drawn if its distance 1020 F A ' ' ‘ ' ]
is within a cutoff of 2.6 A . Same applies to all bonds drawn in L — — — 4
relevant figures of this paper. ~ 10'® - vacancy in Au ™ ]

) g 1016 . |
by Goseleet al. is shown in Fig. 3. It is apparent that the _ 1 oM B interstitial in S ]
TBMD results are in excellent agreement with experiments s L i
and provide a very consistent picture of self-diffusion in sili- = 10'? | .
con. At low temperature, vacancies, which are the faster spe § 10" B ]
cies in silicon, dominate self-diffusion. However, because ot ¢ - -
entropy effectgnotice that the prefactor for the diffusivity is &  10° |- 7
three orders of magnitude larger for interstitials than for va- 10 B ~ ]
cancie$, the interstitial dominates at high temperature. No- W o]
tice also that the crossover temperature from the 10 ' ' ' ' ‘
I-dominated toV-dominated self-diffusion regime falls at °5 06 07 08 09 1 1ot2
about 1080 °C. This value compares favorably with the ex: 1000/T (1FK)
perimental finding of 1050°¢.

As mentioned above, the splitting of tigf',,d, , product FIG. 4. Predicted interstitia(solid line) and vacancy(short

into the two contributions(diffusivity and concentration dashed ling equilibrium concentrations in silicon. Also shown is
provides useful complementary information about self-the vacancy equilibrium concentratigiong dashed lingin gold.
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FIG. 5. Lattice sites in the vicinity of 81100 dumbbell. A
vacancy can be created at either of these sites. Arrows indicate tf
vacancy sites where interstitial-vacancy recombination occurs.

nihilate very efficiently. However, the mutual recombination
properties of interstitials and vacancies are not well estab
lished. In particular, in many experiments, dopants are im

planted to very high concentrations and these can act as r © @
combination centers and speed up the recombination process. o
In the literature, it has been found thialv recombination FIG. 6. SpontaneoukV recombination processa) At t=0, a

seems to be difficult in silicon containing a low dopant Vacancy is created at the second nearest-neighbor position along the
concentratio® But whether the small recombination rate is (110 dumbbell direction (shown by the open circle (b) at
due to an energy barrf@ror an entropy barrié? is still not t=114 fs, the left atom of the dumbbell moves into a regular lattice
known. Carefully designed experiments to measuké re- site and the right atom moves to the nearby tetrahedral site towards

P : o . the vacancy;(c) at t=140 fs, the tetrahedral atom moves down
Co.mbmatlon properties are missing and n'o j[heoretlcal Calcut_owards theyv(aizancy;i) att=155 fs, the interstitial atom moves to
lations have been performed at the atomistic level. the vacancy location and theV annihilation process is complete
Here we present results of TBMD calculations of the ’
spontaneous recombination volume of an interstitial and a
vacancy in silicon. The initial conditions of the simulation pPSec at room temperature. This process is through the migra-
are an interstitial-vacancy pair which is separated by a partion of the interstitial, which goes through a tetrahedral site
ticular distance along different crystallographic orientationsand jumps into the second nearest-neighbor position.
and at room temperature. Figure 5 shows the lattice sites We also study the interaction betwelel pairs separated
around a(110 dumbbell interstitial. A vacancy is then cre- along the (1100 dumbbell direction by more than two
ated by taking out one atom from one of these sites antearest-neighbor spacings, up to sixth nearest-neighbor dis-
molecular dynamics simulations are performed at 300 K tdance. In these cases, we observe that the vacancy migrates
study the interaction between the dumbbell and the vacancyowards the(110) dumbbell. Upon close contact, instead of
In a perfect crystalline silicon lattice, one can view the struc-1-V annihilation, the interstitial and vacancy form a new de-
ture as equivalen{110) chains intersecting each other at fect structure at the site of thel10) dumbbell. Since this
each lattice site. Once @100 dumbbell is created in the defect structure does not involve any excess or deficit of
crystal, anisotropy is built up along tHd10) chains. The atoms and is formed by-V interaction, we call it arl-V
direction along which th€110 dumbbell aligns becomes a complex Besides thé110 dumbbell direction, we have also
preferred direction for spontaneolis/ recombination. We studied!-V pairs separated along othgr10) directions and
find that spontaneous recombination occurs only lfeY  at different distances. In all these cases, we observe similar
pairs separated by first and second nearest-neighbor dibehavior, i.e., the vacancy migrates towards the dumbbell
tancesalongthe (110 dumbbell direction(shown by arrows and al-V complex is formed. The reason forV complex
in Fig. 5. In the recombination process between lthé pair ~ formation instead of-V annihilation is the local distortion
separated by one nearest-neighbor distance, one of the dundround the/110) dumbbell induced by the close approach of
bell atoms is attracted to the vacant site; at the same time, ttibe vacancy.
other dumbbell atom is pulled to the regular lattice site As arepresentative of tHeV complex formation process,
which the dumbbell atoms shared before recombination. Inmve show in Fig. 7 the interaction between lal' pair sepa-
the recombination process between thé pair separated by rated along the€110) dumbbell direction by three nearest-
a second nearest-neighbor distance, the dumbbell migrates pn@ighbor distances. In Fig(ad), the vacancy is located at the
the second nearest-neighbor site and annihilates with the v#ird nearest-neighbor position; in Fig(bJ, the vacancy mi-
cancy. In Fig. 6, we show the major steps for this process. Iigrates towards the second nearest-neighbor position and the
Fig. 6(a), a vacancy is created at the second nearest-neighbdumbbell has been pulled towards the vacancy, thus causing
position at the beginning of the simulation; in Figbg after  local distortion; in Fig. Tc), the dumbbell is further pulled
114 time steps into the simulation, the dumbbell moves tdowards the vacancy and one of the dumbbell atglaf
the nearest tetrahedral site towards the vacancy; in iy, 6 one almost returns to the regular lattice site; in Fi¢d)7 the
after another 26 time steps, the tetrahedral atom moves downV complex is formed. This process typically takes place in
towards the vacancy; in Fig(®), the interstitial atom moves less than 1 psec at room temperature.
to the location of the vacancy after anther 15 time steps. Quenching the system to zero temperature results in the
Thus, the interstitial and vacancy annihilates in about 0.15%w-energyl-V complex structure shown in Fig(#. The
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FIG. 7.1-V complex formation
process(a) At t=0, a vacancy is
created at the third nearest-
neighbor position along th€110)
dumbbell direction(shown by the
open circle; (b) att=110 fs, the
vacancy migrates towards the sec-
ond nearest-neighbor positio(t)
at t=160 fs, the vacancy further
migrates towards the second near-
est neighbor. Local distortion
around the dumbbell occurs,
where the dumbbell is pulled to-
wards the vacancy and the left
atom of the dumbbell almost re-
turns to the regular lattice sitéd)

At t=410 fs, vacancy migration is
complete and an-V complex is
formed.

complex is composed of two atoms, both of which are four-diamond lattice structure shown in Fig(eB In this static
fold coordinated. The two atoms are very tightly bonded torelaxation procedure, the twieV complex atoms are moved
each other with a bond length of 2.28 @he equilibrium  systematically towards their final positions. At each step, the
bond length is 2.36 A Also, each atom in the-V complex  two |-V complex atoms are constrained to relax only in the
is bonded to two regular atoms at an equal distance of 2.3Blane perpendicular to the direction connecting their initial
A and to another regular atom at a longer distance of 2.4@nd final positions, while all other atoms are fully relaxed
A . As shown below, such a configuration can be formed bywithout constraint. The energy barrier thus obtained is 1.23
switching one bond for the twbV complex atoms between eV.
their first and second nearest neighbors. The formation en- Since the above process requires the twd complex
ergy of thisl-V complex is 3.51 eV. We have also performed atoms to behave symmetrically, i.e., to break and to form
ab initio plane wave pseudopotential calculations to confirmbonds simultaneously, a lower energy barrier may be pos-
the stability of thisl-V complex. The results clearly show sible in a slightly different process, where one bond can be
that thisl-V complex structure is indeed a metastable statdroken or formed before the other. To obtain the energy
with a formation energy in the order of 3 eV. barrier for this process, we pick the top atom as a driving
In order to study the stability of theV complex against atom and move it systematically towards its final position. At
thermally activated processes, we perform a TBMD simula€ach step of movement, this atom is constrained to relax in
tion at constant temperature of 1500 K. We find that the the plane perpendicular to the direction connecting its initial
V complex annihilates in about 10 psec and the system reand final position, while all other atoms are fully relaxed.
covers its defect-free crystal structure. The average lifetim@lote that in this process the secohd/ complex atom is
7 of the |-V complex at different temperatures can be esti-allowed to relax without constraint including in the direction
mated by connecting its initial and final positions. The energy barrier
found in this process is 1.13 eV. Therefore, the energy bar-
1 rier for thel-V complex to annihilate i€,=1.13 eV. Using
—~vexp(— Ep/ksT), (8  Eq.(8), we plot the estimated lifetime of tHeV complex at
different temperatures in Fig. 9. The estimated average life-

where v is estimated as the Debye frequency-e10™ Hz, time of thel-V complex at room temperature is in the order
andE, is the energy barrier against annihilation. We first useof hours, but only a few microseconds at typical annealing
the high-temperature molecular dynamics simulation atémperatures.
1500 K to identify the annihilation path, and then perform

static relaxation at zero temperature to obtain the energy bar-

rier. The annihilation path is identified to be a bond-

switching process. The major steps are shown in Fig. 8. Dur- The formation of a vacancy or an interstitial defect in a
ing this process, the two long bonds in FigaBwill be  crystal results in a volume change. First, there is a volume
broken progressively. Figure(ly shows the configuration increase(decreaseof approximately one atomic volume on
after the long bonds are broken; after a saddle point configuthe surface for the formation of a vacan@sgterstitia). This
ration shown in Fig. &), the twol-V complex atoms con- volume change is due to the replacement of the removed
tinue to moveFig. 8(d)] and begin to form new bonds with atom from the insidgsurface of a crystal to the surface
their regular nearest neighbor atoms and result in the perfecinside for a vacancyinterstitia). Second, there is usually a

V. FORMATION VOLUMES
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(c) (d)

FIG. 8. |-V complex annihilation path(@) quenched -V complex structure(b) after two long bonds are brokefg) saddle point
configuration,(d) new bonds are about to form, ag perfect diamond crystalline structure is recovered.

contraction or expansion around a point defect caused by thidefected system until zero pressure is recovered, one obtains
relaxation of neighboring atoms due to restructuring ofthe volume change after relaxation around a point defect.
atomic bonds corresponding to the vacant atom site or extr@ihus, we obtain the relaxation volume of the point defect. A
atom added. The volume change due to this relaxation ofupercell of 216 atoms is found to be large enough since all
neighboring atoms is called thelaxation volume V#. The  atomic relaxation involved are found to be well confined
overall effect of volume change, i.e., tfiermation volume within the simulation cell.

AQ,is Aﬂvzv{,e'+9 for a vacancy and (), =V,re'—Q for The internal pressure is calculated W= —JE/dV,
an interstitial, where is the volume per atom in crystalline where the expression is derived analytically from the tight-
silicon. binding total energy function. Since the volume change un-

In our calculations, a single point defect is generated atler pressure is determined by the compressibility of the sys-
the center of a crystal of 216 atoms at its equilibrium densitytem, we first calculate the bulk modul@susing the current
with constant volume and periodic boundary conditions. Thenodel. At small volume changes, we obtain a linear curve
system is then fully relaxed in the same manner as describeglation betweerP-V, the slope of which gives us the bulk
above for the calculations of the formation enefgBince  modulus B=—VJP/dV=86.0+0.5GPa. Compared to the
the simulation cell volume is fixed, introduction of a point experimental value of 97.8 GPa, the difference is about
defect and its subsequent relaxation induces an internal pre$0%. This close agreement gives us confidence that the
sure in the system. For contractigexpansion around a volume-pressure behavior can be properly described by this
point defect, one expects a negatiyp®sitive) internal pres- model, which is a necessary condition to obtain reliable re-
sure. The reference state of a perfect crystal at its equilibriurtaxation volumes.
density has zero pressure. By adjusting the volume of the Since the pressure of the defected system averages the
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Our calculated relaxation volumes are within 7% of each

8
107 ‘ ‘ ' ' ' other in magnitude and have opposite sign. This result agrees
10* | . well with recent diffuse x-ray scattering measureméfis
> | ] these measurements, Frenkel pairs are produced by electron
L i irradiation at low temperatur& K). The scattering ampli-
10° | . tude and lattice constant change provide a measurement for
ol 7 the relaxation volumes by
107 -
10% . Sycc(VE +viE?)  and  Aalax(VE+VIEY, (10)
10° ] where S, is the Huang scattering intensity. While an in-
108 F a crease ofS, was observed at high electron dose, the lattice
ol . ’ ‘ ‘ ‘ 7 constant did not show any consistent increase. Therefore, it
10 0.5 1 15 5 5 3 35 was concluded that the relaxation volumes of the vacancy

and the interstitial must have opposite signs and cancel each
other?® This conclusion, considering experimental error

) - ) bars, is consistent with our calculations, where we obtained
FIG. 9. Estimated-V complex lifetime as a function of tem- el | rel_ —0.07)
Vv I . :

perature.

1000/T (°K)

It is interesting to note that the vacancy formation volume
in silicon was previously reported by Antonelli and
effect of relaxation around a point defect over the wholegernholc* using pseudopotential LDA calculations. They
simulation system, a small value of the internal pressure igptained a relaxation volume ef0.25) or a formation vol-
expected for a single point defect. In order to obtain a reliyme of 0.7%), which is quite different from our results. The
able number for the volume change, an accurate comparisQitigin of these discrepancy likely lies in the fact that the
of pressure in the defected system and the perfect crystal DA calculations of Antonelli and Bernholc were performed
required. Using the lattice parameter value of 5.451 A given,sing a supercell of only 32 atoms. Recent studies show that
in the original paper by Kworet al.** we obtain a pressure in order to achieve good convergence, a supercell of 64 at-
of —2.5x10"" GPa for the undefected system. The pres-oms with 2x2x 2 k-point mesh is necessa#/Second, in
sures obtained with a vacancy and an interstitial arghe DA work of Antonelli and Bernholc, the relaxation vol-
—7.4<107 " and 1.1x10"* GPa, respectively. These three yme was accounted for by only nearest-neighbor atom relax-
pressures are all in the same order of magnitude, which sugttions and no contribution was from the volume changes due
gests that the crystal is not in its perfect equilibrium stateto the relaxation of further shells of atoms. Because of the
Thus, we need to refine the lattice parameter to reach the trugnall size restriction, it is likely that only nearest-neighbor
zero pressure reference state. We change the volume of t@e|| relaxation was significant in their calculation. But as
system by rescaling the length of our simulation box. Severajound in our study using a large cell of 215 and 511 atoms
iterations are performed until the pressure change of tW@or the fully relaxed vacancy structure, the displacements
consecultive trials and the absolute value of pressure itself akgs|d can extend to the third and fourth nearest neighbors.
in the order of a convergence criterion of TOGPa. If we  The first shell displacement with respect to the equilibrium
definel/ly as the ratio between the current box length andygnd length is~20%; the second shell is5—-10 %; and the
the original box length corresponding to the lattice parametethird and fourth shells are-1-5%. Therefore, both effects
of Kwon et al, the new equilibrium box length is found to be mentioned above in the LDA calculation of Antonelli and
leq/lo=0.999 042 and the pressure ix20 * GPa. Bernholc would tend to underestimate the relaxation volume

At leq, the pressures for the fully relaxed vacancy andand give rise to a much larger formation volume for vacancy.
interstitial become—3.87x10 ! and 3.5& 10! GPa, re-

spectively. By rescaling the box lengths for the two defected
systems until the pressures are within the same convergence
criterion, we find the box length corresponding to the fully  As we have mentioned in Sec. lll, despite decades of
relaxed defect systems ard,/l1,;=0.9985085 and experimental work on self-diffusion in silicon, the only con-
l1/1eq=1.001 390 3 for the vacancy and interstitial, respeclusive result is thaC} d, obeys Arrhenius behavior in the
tively. The relaxation volume in units d?, i.e., the atomic  high-temperature rangel000—1300 °¢ with an activation
volume per silicon atom at the equilibrium denSity, is CalCU'energy ranging from 4.7 eV to 5.1 eV and a prefactor rang-
lated by ing from 900 to 9000 crf¥sec* The activation energy and
prefactor obtained from our calculations are 5.17 eV and
3 _ 3 11555 cnf/sec, respectively, which agrees well with the
rel ! vV qu . o ;
Viv=—a37 (9) general picture. In addition, several experiments suggest a
ledN break of the Arrhenius behavior at about 1050*€liggest-
ing that different mechanisms operate above and below this
whereN=216 in this study antﬂzlgc{N. Thus, we obtain  temperature. Our calculations show that at 1080 °C, a cross-
V= —0.97) andV!®=0.90 for vacancy and interstitial, over betweenl-dominated self-diffusion an&/-dominated
respectively. The corresponding formation volumes areself-diffusion occurs.
AQy=0.0) andAQ,=—0.1Q0). Besides the produdE; d,, however, little conclusive in-

VI. DISCUSSION
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formation exists regarding the individual terr@$ andd, . Thus duringl injection, the vacancy undersaturation will be
This is because the value df measured experimentally var- inverse proportional to interstitial supersaturation. However,
ies by almost ten orders of magnitutfayhich is far beyond the_ time to reach the steady state is determined by the inter-
what could be expected from experimental uncertainties. Thaction between interstitials and vacancies. If there ig a barrier
discrepancies concerning, were attributed to the much for thel-V annihilation process, the steady state will not be
lower effective diffusivities of interstitials due to interactions ¢ached instantaneously. Our simulations-f interactions
with vacancies as proposed by Tan ands&e® In this presented_aboye are almed to glve.a_dlrect atomistic picture
so-calledvacancy-dominated effective | diffusivinodel, the of I-V annihilation. We find that annihilation only occurs for

resulting thermal equilibrium concentration of vacancies is/€"Y limited sites and that, instead, a complex defect is often

much higher than interstitials while the vacancy diffuses’o'med as a result of the-V interaction. Since the binding

much slower than the interstitial. Recently, the same author€"€rgy of the -V complex with respect to separate | and V is
have reinterpreted the much lower effective diffusivity of the VY high (4.3 eV, its dissociation is very unlikely at all
interstitial based on trapping of interstitials by carbon praqucal anneahng temperatures. T.herefo.r.e, the effect of for-
atoms? Gossmanret al3” have in fact shown that depend- Mation of thisl-V complex on the interstitial and vacancy
ing on C concentration in the matrix, the effective interstitial CONcentration changes in the system seems to be no more
diffusivities can vary by many orders of magnitude. Stolk different than the annihilation of thé-V pair. However,
et al38 have shown that high C concentrations can be used t8ince the lifetime of the complex is estimated to be long at
suppress TED which is mediated by excess interstitials fronio0m-temperature, other effects are expected due to its exis-
implantation damage. In this so-calledrbon-dominated ef- {€nce. In particular, we expect thieV complex to play an
fective | diffusivitymodel, the resulting thermal equilibrium important role in the kinetics of silicon amorphization by
concentration of vacancies becomes much lower than that ¢ght ions such as boron. It is well known that silicon cannot
interstitials and hence the vacancy diffusivity becomed?® amorphized by room temperature boron irradiation except
higher than that of the interstitial, both of which are highly @ extremely high dose ratés.Since boron implantation
supported by our results shown in Fig. 1 and Fig. 4. gives rise to very diffuse dgmage distributions consisting

In addition to the magnitude of the interstitial diffusivity, MoStly of isolated Frenkel pairs and small clustérae ex-
our results also provide information on the atomistic mechaPect the stability of thd -V complex to play an important
nism of interstitial diffusion, as shown in Fig. 2. We have role in boron-induced silicon amorphization. For typical ion
found that the neutra{110) dumbbell interstitial migrates irradiation conditions, cascade overlap times are of the order
via the tetrahedral site to a second nearest-neighbor lattic¥f tenths of seconds to tens of seconds depending on dose
position where it again forms @10 dumbbell. This is in fate. Itis easy to see then how & complex with an anni-
contrast to interstitial diffusion in bce and fcc metals, wherehilation barrier of 1 eV could act as the rate-limiting factor in
(110 and (100 dumbbells migrate to a nearest-neighbor@morphization. If the dose rate is such that defects from one
site by rotation and exchange of one of the two atoms witff@scade can reach the debris from a previous one and anni-
that site®® Recently, Nastaet al!? have investigated inter- Nilate thel-V complexes, then damage accumulation is too
stitial migration mechanisms in silicon using the Stillinger- SIow and no amorphization ensues. However, for high
Weber interatomic potential. In contrast to the results pre€nough dose rates, damage accumulation can proceed very
sented here, these authors found that there are actually tw/ickly without intracascade defect annihilation. We are
metastable dumbbell configurations and that the low-energresently following up and testing these ideas using a hybrid
one is not actually the migrating species. They observed HID-kinetic Monte Carlo algorithm.
two-stage migration mechanism consisting of a jump rotation 1 Ne long lifetime of thel -V complex at low temperatures
followed by another rotation of the high-energy dumbbell. SUJGESts its existence in low-temperature electron irradiation
The source of the discrepancy between the tight-binding angXPeriments. As we discussed earlier, the experiments of
the Stillinger-Weber results arises because the low-energgauschet al”" showed that the total relaxation volume is
interstitial configuration obtained by the classical potential isZ€ro for isolated Frenkel pairs. Will the existence of the
actually a high-energy unstable or metastable configuratiof complex change the fact that the total relaxation volume is
according to the tight-binding results. In fact, within the Z€ro? To answer this question, we have also calculated the
tight-binding calculations presented here, the high-energyelaxation volume of thé-V complex as well as other pos-
dumbbell configuration(corresponding to the low-energy sible close Frenkel pairs. We find that the relaxation volume
configuration with the classical potenfiammediately re- ©Of the I-V complex is 0.29), which by itself will induce
laxes to the low-energy configuration shown in Fig. 5 even a¥olume increase. However, possible close Frenkel pairs may
room temperature, so that it is either not a stable configuracontribute negative relaxation volumes. Our calculations
tion within tight-binding, or the energy barrier is very small. confirm that the relaxation volumes fbiV pairs separated at
Therefore, while a diffusion mechanism similar to that of third nearest-neighbor position along and perpendicular to
Ref. 12 where the migrating species is a metastable defect t§€ (110 dumbbell direction are-0.2%) and —0.13, re-
in principle possible, it is not feasible for the system studiedspectively. Therefore, the total relaxation volume can still be
within the tight binding model described here. very small with the coexistence ofV complexes, separated

It has long been assumed that during interstitial injectionFrenkel pairs and close Frenkel pairs.

due to surface oxidation steady state would be reached
wherf? VII. CONCLUSION

. Within the tight-binding framework of Kworet al, we
CCy=CiCy. (1) have revisited the fundamental aspects of intrinsic point de-



14 288 TANG, COLOMBO, ZHU, AND DIAZ de la RUBIA 55

fects and diffusion in silicon. Our results show that the acti-For example, in fcc Au, the formation volumes are @56

vation energy for vacancy diffusion is much lower than thatand 0.44) for interstitials and vacancies, respectively. We
for interstitial diffusion. The vacancy diffusivity was found believe this is due to the difference in the nature of atomic
to be higher than the interstitial diffusivity at all tempera- honding and the resultant crystalline structures. In open
tures. For self-diffusion, however, our calculations, coupledstructures such as that of silicon, small formation volumes

with some experimental data and previous LDA results Ofyre intuitively understandable. Similar results of formation
the entropy of vacancy formation, clearly show that intersti-yojumes in germanium are expected.

tials dominate self-diffusion at high temperature and vacan-
cies dominate at low temperature. The crossover temperature
is 1080 °C, which is in good agreement with the experimen-
tal estimate of 1050 °C.

The interaction of interstitials and vacancies can lead to We acknowledge stimulating discussions with Dr. G. H.
formation of anl-V complex defect. This-V complex has a Gilmer, Dr. R. S. Averback, and Dr. P. B. Griffin. The work
very high binding energy of 4.3 eV, suggesting that it cannois performed under the auspices of the U.S. Department of
dissociate at typical annealing temperatures. However, thEnergy by Lawrence Livermore National Laboratory under
annihilation barrier is of the order of 1 eV. This appears toContract No. W-7405-Eng-48. We also wish to thank Dr. S.
indicate that thé-V complex could play an important role in T. Dunham for useful discussions and providing access to
the kinetics of room-temperature amorphization of silicon bythe Boston University Center for Computational Science,
light ion bombardment. where part of the calculations were performed. One of us

In addition, we have found that the relaxation volumes of(L.C.) acknowledges CILEA(Milano, Italy) for computa-
interstitials and vacancies are close to each other in magniional support under project “Fisica Computazionale dei Ma-
tude and opposite sign, which is in good agreement witheriali.” We acknowledge partial financial support by
experimental observations. The fact that both formation volNATO-Scientific Affairs Division under Contract No.
umes are very small is in contrast to typical results in metalsCRG.950645.
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