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Low-energy recoils in crystalline silicon: Quantum simulations
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Tight-binding molecular dynamics has been performed to study low-eri@@325 e\j-recoil events in Si
and to determine the threshold energies of atomic displacement for collision alofiglthe(111), and(100
directions. Since classical molecular dynamics has been widely used to simulate radiation-damage phenomena
in Si, we found it of interest to compare tight-binding results with those obtained by classical calculations,
using different forms of the empirical potentials. Results show that tight-binding simulations provide threshold
energies that are, on average, lower than classical ones, and similar to those calculated with the Tersoff
potential. The relevant difference between quantum and classical calculations is that the former systematically
provide much larger relaxation energies of the defective configurations left at the end of the thermalization
phase. This result may reveal a tendency to further evolution and, possibly, recombination of defects on a time
scale relevant for microstructural evolution of implanted silicon.
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A basic concept used to describe the response of crystattynamics(MD) computer simulations.
line materials to particle irradiation is the threshold energy Except for a recent papérto the best of our knowledge
for atomic displacementHy).! Eq may be defined as the all calculations ofE, in Si reported so faF*? have been
minimum energy that, when released to a target atom embegberformed with classical MB°~*?It is generally recognized
ded in a crystalline host, leads to the formation of a latticethat none of the classical potentials developed for Si can
defect that survives at least the energy thermalization phasesproduce equally well its different properties and varying
lasting about 10%? s. The quantityEy has been extensively atom coordination and bondifg* Empirical potentials
used in the context of elementary-damage motlelssimu-  may be inaccurate when used outside the field of properties
lations based on the binary-collision approximationto which their parameters are empirically fitted. Neverthe-
(BCA).>*In the past several years there has been increasirigss, the strong interest in the study of radiation damage in
awareness that the mechanisms of radiation damage induc&i, has led to extensive application of classical MD in this
by heavy particlesas, for instance, during ion implantation field. In this context it is difficult to understand to what ex-
involve collective lattice propertieésee, for instance, Ref. tent the qualitative and quantitative description of radiation
5), and cannot be accounted for by the simple application oéffects may be affected by the inaccuracies in the model
Eq4 to atoms treated as individuals. Nevertheless, under corpotential. As a matter of fact, numerical result€gfin Si so
ditions where particle-target collisions are sufficiently sepafar reported are spread in a wide range, depending on the
rated in space and time, the process of damage accumulatichoice of the interatomic potential. Another critical issue
is approximated by the sum of individual-displacementconsists in the actual setup of the main parameters governing
events, andey; may be used to estimate the number ofthe simulation, i.e., cell size, temperature control, and time
radiation-induced defects within the BCA model. step. The cell size is crucially important: since most of the

Owing to the huge technological interest in silicon, manycalculations are typically performed with periodic boundary
studies on radiation damage have been focused on this meenditions, the sound wave emitted at the primary knock-on
terial. Experimental values oy lying between approxi- atom (PKA) event may eventually interact with the PKA
mately 10 and 40 eV have been reporfedepending on itself. This possible artifact is prevented either by selecting a
irradiation conditions such as crystal orientafioand large cell, or by providing an efficient mechanism to absorb
temperaturé. The experimental determination Bf; is a dif-  the thermal spikélike a thermalized boundary wallAs for
ficult task, since primary atomic displacements occur duringhe computer generation of atomic trajectories, when the dis-
very fast non-equilibrium events. In fact, a defect created anglaced atoms are accelerated by the PW# to a kinetic
surviving after 102 s may annihilate at later times due to energy much larger than the usual thermal)ptiee choice of
the long-term relaxation kinetics of the lattice. The experi-the time-step value becomes critical for an optimal integra-
mental detection of defects typically occurs at times mucttion of the equations of motion.
longer than 10*? s after the collision event, when a large  For covalent materials and interaction energies close to
part of damage may have annihilated. The meashkgeep- the chemical bonding regimésay <10 eV), methods that
resents in this case an effective value, which accounts alsaccount for the quantum-mechanical effects of valence elec-
for the kinetics following the energy-thermalization phase. Atrons are expected to be more accurate. Actually, the dynam-
chance to investigate the early stages of the displacemeis of low-energy recoils in Siis a problem where both short-
process at the relevant atomic scale is offered by molecularange internuclear forces and chemical bonding are expected
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to play a role. A method suitable both to the length scale angkectories, we implemented a multiple time-ste@t) algo-
time schedule of the problem under consideration, is theithm, where the actuabt was selected according to the
tight-binding molecular dynamioBMD).1>8|n this work ~ maximum particle displacement and velocity both computed
we report the results of a study on the early-stage dynamicat the previous step. The resultinff varied in the range

of low-energy (10—25 eV} recoils in Si using the TMBD 0.01-0.1 fs. Test calculations showed that large errors in the
method. The purpose is twofold. First, we aim to provide adeneration of atomic trajectories may arise when using a
description of the physical mechanisms at the atomic scalfxed time step of 0.1 fs, especially under conditidesy.
more accurate than the one observed with classical MD. Se&XA in the(111) bonding directionwhere the particles ex-
ond, we wish to point out the qualitative and quantitativePerience “head-on” collisions. In fact, in the latter case the
differences between quantum and classical MD results, Wheﬁ\rge steric mternu_clear repulsion leads to a very fast kinet-
the same simulation setup is adopted. The latter aspect is s, due to_the raplt_j_energy exchange b_etyveen the PKA and
great interest, considering the large amount of simulatior]. e target in th? initial phase of thg collision. The mulple
work done in the field of radiation damage with classical!Mme-Step algonthm here adopted 1S, of course, much more
MD. To this purpose, the TBMD model by Kwat al’ has computer demanding than its fixed time-step counterpart and

been applied for studying displacement events in Si alon herefore it results prohibitively expensive fab initio

. . - — alculations’ Under this respect the semiempirical nature of
three major lattice directiong{11), (111), and(100)) ata e agopted TBMD scheme has revealed as a breakthrough

bulk temperature of 0 K. The TB scheme employed here hag, s investigation. Nevertheless, such a numerical ap-

bgen _successfully applied in se_veral stuc_iies on for'”.n""ti.o_rbroach resulted into an heavy computational budget. The
migration, and clustering properties of native defects in sili- ork load of TBMD simulations was mastered by means of
con and, therefore, represents a thrustworthy theoreticae ative scalable eigensolvers for matrix diagonalization.
framework. We refer to Refs. 16—19 for further details on  afar the PKA event. the evolution of the system is fol-
the TB model. For comparison, classical MD calculatlons|owed for 4 ps and eventually the sample is cooled to BiK.

using different forms of the interatomic potential, namely, is defined as the minimum PKA ener :
. 20 21 ; gy for which some de-
Stillinger-Weber (SW),™ Tersoff (TS),”” and environment fects (i.e., Wigner-Seitz cells of the initial perfect crystal

dependent interatomic potenti@DIP),** have been per- containing zero, or more than one atoare observed at the
formed. In all cases no attempt to spline the many-body pogq of the final cooling phase

tentlals_ to a two-body potential for short |nteratom|c Table | summarizes the results of the simulations for PKA
separatioff was done. In fact, due to the low-PKA energies .

(typically, 10-25 eV the distances of minimum approach in (113, (111), and{100 _dlrectlons. For gach model, the
between particle§i.e., displaced atom and its neighbpase value QfEd and the potential energy variatiod Epo) and
always within the range of applicability of the classical and_rellr?\xatlon energyL(Ere[) of the cell at the end of the event
tight-binding potentials considered here. mmated by the P_KA W|_th energg,, are reportgad. Thfe re-
The PKA event was simulated as occurring at the Centelraxatlonfenergy 'S defined aSE e =AEpot—Epac™ Eint
of a periodically repeated cubic cell containing as many agvhereE,,. andE;,, are the formation energies of isolated
512 atoms. At variance with previous investigatiSnwe  vacancy and interstitial, respectively, calculated with the cor-
have found that this is the minimum cell dimension assuringesponding model potential. The latter column indicates the
no size effect whatsoever. For instance, for both TBMD andnechanism that leads to the formation of the defect. The
EDIP simulations the computed value®{ for recoils along different mechanisms are described in the figure caption.
the (100) direction only varied by about 6% when passing Ed values obtained from classical SW and TS calculations
from 216- to 512-atom cells. No further variation was ob-are in close agreement with previous repohS: On the
served for classical potential investigated by even largepther hand, TMBD valug11.75 eVf found for the antibond-
cells, containing up to 2744 atoms. On the other hand, prohing ((111)) direction is 4.5 eV largefi.e., about 36%than
lems were always encountered for the smali@st aton)  that of the TMBD value reported in Ref. 9. The discrepan-
cell: in this case TMBD results were found to be sensitive tocies in TMBD results are most likely due to the different TB
the thermalization procedufan exceedingly sizable amount models adopted here and in Ref. 9: as a matter of fact, they
of atoms were actually coupled to the thermostat lying at theorovide somewhat different values for the formation energies
boundary wall of the simulation cellAfter the initial equili-  of the different metastable self-interstitial configurations. We
bration at OK, one atom at the center of the cell was giveralso believe that another key point is represented by the
the momentum corresponding to the chosen energy and PK#emperature-control procedure actually applied. It is, how-
direction. No separate mechanism of inelastic energy transfezver, hard to further comment on this point since no detail
to the electronic systerfalmost in-influent for the dynamics about this feature is offered in Ref. 9. It is, however, worth
of the system in this PKA energy rarffewas considered. remarking that ouE, value compares more favorably with
Atomic trajectories have been aged by means of velocitythe first-principle result of 9.75 eV reported in Ref. 9.
Verlet microcanonical evolution. The recovery of the ther- Itis apparent from Table | that the valueskf calculated
mal spike occurring immediately after the PKA event and theby the SW potential are the largest for all PKA directions
following sample thermalization was operated through thenvestigated. Moreover the mechanism of defect formation is
thermalization of few atomic plane@ying at a boundary always different from that observed in TS, EDIP, and TBMD
wall of the simulation ce)lby velocity rescaling. Finally, to simulations. In fact, for the SW potential the defect forma-
obtain the best accuracy in the generation of the atomic tration always involves the displacement both of the PKA and
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TABLE I. Results of MD simulations of low-energy recoil events in Si. The labels SW, TS, EDIP refer
to classical calculations, made with Stillinger and WeliRef. 20, Tersoff (Ref. 21, and EDIP(Ref. 22
potentials, respectively. The label TBMD refers to tight-binding simulations performed with the model of
Ref. 17.E is the threshold energy of atomic displacemeXi, is the potential energy variation of the cell
at the end of the simulation§ E,e = AE o~ E} ,.— El; (whereE[,. andE[ are the formation energies of
isolated vacancy and interstitials the relaxation energy of the cell. The last column indicates the mecha-
nism leading to the formation of the defect)( the PKA becomes an interstitial itselfp): the PKA
displaces the near target and comes back to its original si)e;tlie PKA displaces the near target and

replaces it; (): both PKA and near target are found out of lattice sites at the end of the simulation.

PKA direction Model Eq4 (eV) AEqq (V) AE, (V) Mechanism

(113 SW 20.25-0.25 6.89 -0.18 (c)
TS 13.75-0.25 7.64 +0.49 (b)

EDIP 18.25-0.25 7.26 —-0.01 (b)

TBMD 13.25+0.25 6.01 —2.34 (b)

(112) S\ 17.25-0.25 7.63 —0.44 (d)
TS 10.75-0.25 7.87 +0.72 (a)

EDIP 11.25-0.25 7.24 —0.03 (a)

TBMD 11.75+0.25 6.02 —-2.33 (a)

(100 SW 23.50-0.50 7.23 —-0.24 (c)
TS 9.75-0.25 5.67 —1.48 (a)

EDIP 15.75-0.25 6.12 —-1.16 (a)

TBMD 11.75+0.25 6.51 —1.84 (a)

of the near target. This occurs also for the antibondingalso for MD calculation of cascades initiated by high-energy

((111)) direction, where the neighbor target is not displaced2 keV) recoils in Si, where the application of TS potential
as a result of direct impact, but as the consequence of theroduces a factor of 2 more defects than those resulting from
removal of the PKA. These peculiarities of the SW potentialthe use of the SW potentialAs EDIP is concerned, it is
lead also to a larger average separation of the self-interstitiaWorth mentioning that, to the best of our knowledge, this is
vacancy(l-V) pair, which is in the range of 2.5-3 bond the first time that such potential of relatively recent
lengths, compared to 0.6—1.6 observed in all other cases. THermulationt*??is used to simulate a collision event.
above features are due to the strong tendency of the SW The results obtained by its application are somewhat in-
potential to favor the reconstruction of the perturbed crystatermediate between TS and SW ones. This may be explained
in a tetrahedral configuration. by the fact that the many-body part of the potential becomes
One reason for which the SW potential has been extensimilar to the SW one for structures close to the equilibrium,
sively used for radiation damage calculations in Si is that itwhile it resembles the TS one for highly distorted configu-
reproduces quite accurately its melting temperature, and thusitions. The distinctive feature of TBMD results is the
it is thought to better describe the dynamics of hot atoms irstrongly negative\E,,, with absolute values systematically
cascades induced by heavy-ion bombardment. It must be utarger than those found in classical MD calculations. These
derlined that these conditions are very different from thoseesults are surely related to the specific energy landscape
encountered in the present simulation, where, due to the loywrovided by the present TB model for displaced atoms. Nev-
amount of energy/atom introduced in the system, the maxiertheless, we remark that—although single values for forma-
mum temperature reached in the simulation cell is aboution energies may be affected by the semiemprical nature of
100 K above the bulk value. the method—when combining our diffusivity and
As a matter of fact, it occurs that ti®, values calculated formatiort® data we obtained an overall picture for native
with TS and EDIP potentials are in much better agreemendefects in silicon that resulted in excellent agreement with
with the results of TBMD simulations, than values obtainedrecent state-of-the-art experimental d&talhis makes us
using the SW potential. In particular, quantum-mechanicatonfident about the overall reliability of the present picture.
calculations give lovE values, generally very close to those It is rather interesting to observe that large differences in
calculated with the TS potential. It is worth mentioning that AE,¢| exist between the TBMD and TS results, even if they
the similarity between TS and TMBD results, and their goodgive very similar values oEy. Although both classical and
agreement withab initio calculations, have been previously quantum-mechanical simulations reported here do not allow
observed in the study of the structure of the 90° partial disto determine the fate of defects at times much longer than 5
location in Si?® ps, the values oAE,,; may give an indication about their
TBMD, TS, and EDIP allow a Si lattice “softer,” and stability. A negative value speaks in favor of defect recom-
thus more easily damaged by particle collision, than the onéination, since the evolution towards a separké pair
depicted by SW. The same feature has been demonstratetiould be prevented by the fact that the formation energy of
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the latter is higher than the energy available in the system. In conclusion, we have shown that the application of
Following such interpretation, it would appear that while in TBMD to the simulation of low-energy recaoils in Si, gives a
the initial phase of displacement the classical MD with TSpicture of the early-stage atomic displacement process that is
potential gives a picture of the event that is most similar tosignificantly different from that given by classical MD. Even
that calculated with TBMD, the description of the subse-if E4 values determined with TBMD are close to those ob-
qguent relaxation phase is rather different. In fact, the largeained by MD with TS potential, the relaxation energies of
negative values dAE, .| are associated in TBMD results to a the defective configurations found by TBMD after 4 ps from
large atomic relaxation around defects, especially around thiéhe displacement event are much larger than those calculated
vacancy. This could prelude bV recombination at later with any of the classical model potentials. This might
times. An energetically possible alternative to recombinatiorprelude to defect recombination at later times, thus leading
could be the evolution towards a “bond defect” compléx, to “effective” E4 considerably larger than values deter-
characterized by formation energies smaller than the one ahined on the time scale typical of the energy-thermalization
the isolated Frenkel pair. phase.
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