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Mechanism of electron-irradiation-induced recrystallization in Si
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It has recently become clear that electron irradiation can recrystallize amorphous zones in semiconductors
even at very low temperatures and even when the electron beam energy is so low that it cannot induce atomic
displacements by ballistic collisions. We study the mechanism of this effect using classical molecular dynamics
augmented with models describing the breaking of covalent bonds induced by electronic excitations. We show
that the bond breaking allows a geometric rearrangement at the crystal-amorphous interface which can induce
recrystallization in silicon without any thermal activation.
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[. INTRODUCTION whether some simultaneous transfer of kinetic energy to tar-
get atoms is also necessary.
lon implantation is a widely used doping method in the We study this problem with classical molecular dynamics
semiconductor industry. It offers several decisive advantagesjmulations for Si amorphized by ion irradiation. This
such as good control of dopant depths and profil@ae  method allows for both examining how recrystallization pro-
main disadvantage of ion implantation is that the energeticeeds on an atomic level and testing various ways in which
ions damage the target material. Due to this, and also thonds can break. Simulations performgdaK are used to
achieve good activation of dopants, one needs to anneal thg&amine whether any thermal activation for bond migration
implanted structure$The method of choice for this has been js necessary in addition to the bond-breaking event itself. It
thermal annealing. However, this method usually broadengs also straightforward to test whether any transfer of kinetic

the implant profiles, which may become a problem as im-energy is needed for recrystallization to occur.
plant depths become very narrdWhus there is an interest

in alternative annealing methods. One can use different kinds
of energetic beams for this purpose. lon, laser, and electron
beams all have been shown to produce recrystalliz4tién.
For electron irradiation, it has been recently shown that We used two different potential models to describe
even quite low energy 425 keV) electron bombardment the Si-Si interactions, namely, the Terd8ff and
can produce recrystallization of amorphous pockets in sili-Stillinger-Webet' models. This was done to rule out any
con, germanium, and gallium arsenfi€.This is somewhat characteristic features that might arise from the model poten-
surprising, as such low-energy electrons can only transfer gals. The forces at small distances and for As-Si pairs were
few eV'’s of energy to target atoms, which is not enough toevaluated from repulsive potentials calculated with a DMol
displace atoms from their sites in a perfect lattice. Even irprogram packag#!®
amorphous zones, the cohesive energy per atom is of the At the beginning we had 2222X 28 unit cells(108 416
order of 3—4 eV, so it is not likely an atomic displacementSi atomsg in the simulation box with periodic boundary con-
can be achieved by an electron transferring only about 1 eMitions in two dimensions. The outermost layers were softly
of energy to an atom. Hence some other mechanism for rescaled to the heat-bath temperature. The closing of the bot-
crystallizing damage needs to be invoked. tom of the simulation box was done by fixing the two outer-
Jenic and co-workeShave shown that the explanation most layers and softly scaling the next two layers to the
which is most consistent with their experiments is thetemperature of the surroundings.
Spaepen-Turnbull mod@IThis model proposes that crystal-  Two different amorphous zones were studied, one for the
lization (both thermal and that induced by radiatiaran be  case where the Tersoff potential model was used and one for
explained by dangling bonds. They are formed at arthe Stillinger-Weber potential model. The amorphous zones
amorphous-crystalline interface, migrate along it, and find avere produced by giving an energy of 5 keV to an As atom
lower-energy state which is closer to the crystalline one. Al-and impinging it to the surface of the simulation box. The
though the basic mechanism of crystallization thus appean®sulting amorphous areas consisted of 600—1300 atoms. Af-
clear, there are still several issues which are not resolved. Féer the box was relaxed, all atomic layers more than two
instance, Spaepen and Turnbull suggest that some additionalyers away from the amorphous zones were discarded, to
thermal activation may be necessary to induce migration ofimit the amount of atoms used in the bond-breaking simu-
the dangling bonds. But since recrystallization has been oHations. The final simulation cells used contained 20 000—
served at temperatures as low as 36 iKwould seem un- 35000 atoms. The atoms in the amorphous zones were de-
likely this can be an important factor. Furthermore, it is nottermined by examining the potential energy of the atoms. All
clear whether a simple bond-breaking event induced by athe atomgexcluding the atoms on the surfaseith a 0.2 eV
electron or photon is enough to cause recrystallization ohigher potential energy than the energy of an atom in a per-

1. COMPUTATIONAL DETAILS
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fect diamond lattice were labeled to be in the amorphousvas used to softly quench the temperature of the simulation
phaset+1® cell to the heat-bath temperature. Because of this quench, we

To simulate the breaking of a bond between two atomsgcannot directly associate our simulation times to real time.
two different models were applied. In the first model theFurthermore, we do not know the real rate of these bond
interaction between the atoms with a broken bond is purelypreakings under electron bombardment. The described pro-
repulsive, because the attractive part of the model potential isedure will later in this paper be referred to as one event.
eliminated. The neighboring atoms will interact with the pair After one event was run, the final positions and velocities of
in orderly fashion described by the model poten(igdrsoff, the atoms were saved as the starting state of the next event
Stillinger-Webey. In the other, a more sophisticated model, and a new pair of atoms for the bond breaking were chosen.
the pair which has undergone bond breaking will interactTo determine that a recrystallization really occurred, we
with a potential which was formed by the repulsive two-bodysimulated at least 4000 bond-breaking events with all differ-
part of the Tersoff potential with the addition of a screenedent models.

Coloumb potentiat® To rule out recrystallization due to thermal effects, a ref-
erence simulation, which used exactly the same conditions
but left out the bond breaking events, was run.

To calculate the amount of energy inserted into the simu-
. lation cell by one event, bond breakings were conducted in a
where A=1.8308x 1031 eV, A=2.4799 At (Ref. 10, Z  |attice quenched to 0 K. Several different bond-breakings
=14, anda=4.0 A"*. In the original paper where the \yere done in the same lattice to get statistics for the inserted
model was presented two different values for the parametelgnergy.
ro were suggeste(D.19 A and 0.065 A We used both these T further rule out the possibility of recrystallization due
values. This parameter is used to adjust the excitation energy thermal heating, we performed some artificial hot spot
at equilibrium internuclear distanc®.The interaction be-  simylations. In these simulations, instead of breaking a bond,
atoms will interact with a potential calculated widl initio e energy released in the breaking and rebonding of a bond.
simulations,” which is slightly repulsive. We shall hence- The inserted energy was given a Gaussian distribution
forth call the more sophisticated model the “antibonding” around the bond. The hot spot size was centered around the
model to distinguish it from the simpler, “nonbonding” hond to be broken and the size of it was chosen so that the
model. S _ nearest neighbors of the pair would be included in it. These

The recrystallization simulations were done by randomlysimylations were done to see whether the primary recrystal-
choosing an atom in the amorphous region and one of itfzation effect arises from the rearrangement of the atoms
neighboring atoms to undergo the bond breaking. The bongyring the time the bond was broken or from the local heat-
was broken in the beginn.ing of the simulation and reformeqng (hot spo} created by the bond-breaking event.
after 35 fs. This 35-fs interval was used because some ‘\ost simulations were carried out at room temperature,
in which a bond can reform after an excitation. Intervals of 5309 Ge all the amorphous clusters larger tha2 nm are
fs and 250 fs were also tested to determine the effect ofiaple at room temperatuf®;22
choice of the interval to the results. Although the excitation
effects of one electron in a solid are not known in detail, we
observe that the stopping power of the electrons used in the . RESULTS

i ly of th fleV f. 8); i.e. . ) . .
experiments are only of the order of 1 eV/riRef. 8; i.e., We first simulated some bond-breaking events in a crys-

the energy deposited in & 2-unit-cell-depth region is on llin mple. As expected no deviations from the crvstal
average less than the energy of one bond. Hence the excitE— € sampie. AS expected no deviations 1ro e crystal-

tions which lead to bond breaking can be considered to b ne structure were found. This was done to assure that our
spatially isolated on an atomistic scale. We further assumgr'no(';;ehgf S“”:)'ggg ﬂ:)e Ig%%?-g;f?ailt(ltnhge ?(;/Senli only to the
that where excitations do occur, it is more likely that they phous z wou UILS.

involve the transition of a single electron into an antibonding The total simulation time for the Tersoff model is 2 ns

state rather than several electrons at the same time. The bogam.e refgrs.to time in our s.|mu'lat|ons, not to real tD“ne.
breaking and the following reforming of the bond were uring this time the recrystallization for the reference run is

op . L o
achieved by scaling the bond-breaking potential with th .8%; however, the main recrystallization occurs within the

) o -
Fermi functionF (t) and the Tersoff—Stillinger-Weber poten- EEStstg.I;S' gtsf)1n6sl/2 ’ ;’Zire;orehgrr]]?h(saelztsf(t:r;arte}gee?e;rsn:rl]ée n
tial with 1—F(t). The Fermi function is ystatizatl WS down W I XS, W

before by Caturlat al* For the Stillinger-Weber model the
F(t)=(1+e Pt-t))~1 total simulation time was 4.5 ns. During this time the recrys-
tallization was 2.6% if the sudden drop is included and about
where b was chosen so that the transition from broken to0% if it was left out. The sudden drop is due to some single
rebonded would take approximately 10 fg,is the chosen amorphous “knot” being crystallized. The reference run was
bond-breaking interval time, artds the time from the start also simulated at 1000 K and then a recrystallization rate of
of the simulation event. The simulation was then allowed to4.2 atoms in a time corresponding to 100 bond-breaking
thermalize for 500—2000 fs, the last 200 fs of the simulatiorevents was observed. To definitely rule out any temperature

1 z?
V(r)= EAe‘W“OM —e
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_ FIG. 1. Number of atoms in the amorphous phase during the  F|G. 2. Number of atoms in the amorphous phase during the
simulation for the different models with the Tersoff potential at 0 K sjmyjation for the different models with the Stillinger-Weber poten-

and 300 K. tial at 300 K.

dependence at the lower temperatures, the antibondiﬁ'd 4 show the initial and final lattices for the Stillinger-
model simulations were also run at a 0-K heat-bath temperal/eber nonbonding model simulations. _
ture; the results were practically identical to the results of the T0 make sure that the experimentally observed effect is
300-K simulations. The only difference in this case was thaf1ot associated with the displacement of atoms we also simu-
the analysis gave a smaller size for the initial damage zonkated recrystallization by displacement. The maximum en-
due to the use of potential energy analysis. ergy which an electron with the energy of 25 keV can trans-
For the nonbonding model with the Tersoff potential wefer to a Si atom is in the order of eV's. To avoid creating
observed a recrystallization rate of 4.2 atoms per 100 event§lore damage to the lattice but still be able to do some struc-
For the antibonding model with the Tersoff potential we ob-tural rearrangement the displacement simulation energy was
served a recrystallization rate of 7.9 atoms per 100 eventghosen to be about the formation energy of Frenkel pairs,
with a value of 0.19 for the antibonding potential parametemhich is about 11.7 eV for Si in the Tersoff potential
ro (Ref. 16. With ther, value 0.065 we observed a recrys- model®® We observed no recrystallization in the displace-
tallization rate of 11.1 atoms per 100 events. The results fof1€nt runs.
the Tersoff potential simulations can be seen in Fig. 1.
Antibonding model simulations with a value of 5 fs fipr IV. DISCUSSION
showed very little recrystallization and a value of 250 fs

showed a recrystallization rate accelerated with a factor of %een suggested to be the reason behind the recrystallization.

compared to the 35 fs value &f. . . )
The energies inserted into the lattice by one event for theThese are beam heating, displacement of atoms, bond break

. ng, displacement of Si interstitials residing at the periphery
Tersoff nonbonding model was calculated to be (1.86| > L op
£0.03)x10°2 eV for the 5fs interval, (240.2) of the amorphous volun®, and local excitation$®> Beam

X102 eV for the 35-fs interval, and (5:0.9)

In previous studies several different mechanisms have

UL L EPLLLLLLLLLLLiLLL

X 1072 eV for the 250-fs interval. For the artificial hot spot P B e e & U el & G Bl
simulation the energy corresponding to the 250-fs interval LLLELLELULEtulie et
value was used to heat a local region. The artificial hot spot LU L e UG GO bl G b
simulations showed no observable recrystallization. B R R e

) i o O LU LW U GO W G Guist (e
Since we used the potential-energy criteria to observe the ek Gk *% CLLLLLOLLgE e

atoms in the amorphous phase, we wanted to make sure that ¢, &fdg @i ¢ G e & el e

a real recrysta_llization actually occurred and not_ just some e g‘% e G U L v e @ Gl G €
internal relaxation of the amorphous areas. The simplest way v o ‘:"Wtﬁ*& CLLLL @ Cle Cetut
of doing this is just by looking at the crystal structure. In ' ‘: z?g& b2 39%%?@@%¥ Lebeecec
Figs. 3 and 4, below, the crystal structure is illustrated and i t%‘b& X u“*%‘& ,‘_éz':‘z‘: Z";“f:‘i
one can easily observe the recrystallizatiqn. _From th_ese fig- e g@&%%@ : iuuu& G gLlotd
ures one can also see that the recrystallization begins from R S T 7R TR frevbec e
the outer regions of the amorphous zone and continues in- e el L W‘&%t G & Gl a
wards. 28 V0 70N I VO SV é—%‘ﬁftuﬁxﬁgogccc

S L B W GO T L e g
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We also simulated the nonbonding model with the
Stillinger-Weber potential and found a smaller recrystalliza-
tion than in the Tersoff case; the recrystallization rate was
about 1 atom per 100 events. The results for the Stillinger- FIG. 3. Initial lattice of the Stillinger-Weber nonbonding simu-
Weber potential simulations can be seen in Fig. 2. Figures &tion. Only a specific part of the whole lattice is shown.

125313-3



J. FRANTZ, J. TARUS, K. NORDLUND, AND J. KEINONEN

,uuobéuvu@ouwuocyuuec
PG G L GO G e ARG
YR VR T ol VL SRR CR VN PRV R O AR o SR O
LG K G e G Ul G e Gl LG G e
P A VI T S PR P P N A AR VR T 3 TR N <O <l Ol
OGO UL 6 Wl & Wl &b
bb&h&bu%u@u‘ubuugbﬁﬁé
Sy wq‘;u& w.tduwb W GO G Cal g e Gt
.uo@%w&%@w chmcbc;ubuac:
,uég&m@&l,%u%cw'umm (PRSP

,uuwgm %u@%bcgtgc
PR & ¢ wlk @ ©uou
,suuu%e&% @ Cebeececeleec
PR W BB B g Cew e ek a

a&b&&&@%%%%@(ttckﬁ,ct
Floth 6 Al 6w 60 € € Gl & € WO G
VOB LLUULELLEELERE UEQCE(
P A (W L G 6 G
SEELUEEO Ll eo L Lk 't ¢

PHYSICAL REVIEW B4 125313

ates a hot spot around the bond which might lead to reorder-
ing of the bonds and recrystallization of the lattice. However,
in a prior work® a threshold energy of 0.8—1.0 eV has been
suggested for recrystallization. Since our simulations only
insert a maximum energy of 3:410™2 eV, it seems very
unlikely that the heating alone could be the reason behind the
observed recrystallization. This was definitely confirmed by
the artificial hot spot simulationgwhich involve no bond
breaking; see Sec.)lwe carried out. These showed no re-
crystallization. Hence we can conclude that the recrystalliza-
tion in our simulations primarily originates from geometric
rearrangement during the time the bond is broken. By geo-
metric rearrangement we mean that after a bond between
atomsi andj breaks, the atonh can reform the bond with
some other atork in the local neighborhoodand similarly
with j and some other atoh). Although this is quite unlikely

LT GO G & GG T i to occur in the crystalline state, in an amorphous state pro-

duced by irradiation there are weak bonds which are rela-
tively easy to break, and there can be nearby atoms in non-
equilibrium bonding configurations, making it much more
heating and displacement processes as possibles solutiolitely that a new bond forms with another atom. At the
have already been rejected by a prior wétheaving bond amorphous-crystalline interface this process wih aver-
breaking and local excitations as possible mechanisms. age induce recrystallization since the more crystal-like
All models used in these simulations gave similar resultsponding configurations lie lower in energy.
suggesting that bond breaking can successfully be modeled The real amount of kinetic energy transferred directly to
with classical molecular dynamics simulations. The anti-atomic motion by electronic excitations is not known, so the
bonding model is the most realistic model used as it is dereal “hot spot” energy could be higher than in our simula-
rived from ab initio calculations. However, despite its sim- tions. However, even if the energy is higher than in our simu-
plicity, the simple nonbonding model also describes thdations, it would not qualitatively change our observations on
recrystallization fairly well when compared with this more the recrystallization. Extra heating could enhance the recrys-
sophisticated antibonding model and experimental tfata.  tallization rate, but our results demonstrate that no hot spot
Both model potentials used in this study lead to similareffect is necessary to produce recrystallization.
results. However, both the rate of recrystallization and the Experiments with electron irradiation also show that re-
amount of atoms in the amorphous zones produced by therystallization of the amorphous pockets takes place at the
5-keV As recoil were considerably lower in the case of theamorphous-crystal interfac¢é Experiments have also shown
Stillinger-Weber potential than of the Tersoff potential. that the size of the amorphous pockets have a linear depen-
These differences could arise from the fact that the Stillingerdence on the dosé,which is also the trend in our simula-
Weber potential is fitted only to the tetrahedral configurationtions (excluding the short-time scale fluctuation$he ex-
and thus penalizes nontetrahedral bonding types. The stifiperiments also show that the size of the amorphous pockets
ness of this potential has also been found to be too largsometimes even appears to increase in size over short-time
when comparing it with the tight-binding methéd. scales’® However, due to the two-dimensional nature of the
For the antibonding model the value of thg parameter transmission electron microscopy imaging used in the ex-
was found to have a rather large impact on the recrystallizaperiments, the experiments could not conclusively determine
tion rate. The potential energy difference between the twavhether this is a real growth or only a rearrangement of
values ofr is 0.6 eV at the nearest-neighbor distance in asome three-dimensional feature which appears as growth in a
crystal, and this is apparently enough to change the behaviamwo-dimensional projection. In our simulations we some-
This 0.6-eV potential-energy difference corresponds to théimes observe growth of the amorphous zoftee bumps in
potential-energy difference between the two different valueshe curves in Figs. 1 and)Z2strongly indicating that the
for ther, parameter. This does not in any way correspond texperimentally observed effect indeed is associated with a
the inserted energy of one bond-breaking event. A change ireal growth.
the t, parameter also changes the rate of recrystallization. The Spaepen-Turnbull model of recrystallization at
Even though we get different rates with different parametersinterface$ predicts that recrystallization would occur at in-
it does not change the fact that we see similar recrystallizaterfaces due to bond breaking and migration of the dangling
tion in all the simulations. Thus, although there clearly arebonds “with little additional activation.” Our results are con-
some model dependences in our simulations, they are not sistent with the basic idea of the model, namely that recrys-
large that they would preclude us from drawing qualitativetallization occurs at the interface due to bond breaking. How-
conclusions on the recrystallization mechanism. ever, the fact that we also observe recrystallization at 0 K
In our models, when the bond is reformed, kinetic energyshows that no thermally activated migration of dangling
of the order 102 eV is inserted into the system. This cre- bonds is necessary for recrystallization to proceed.

FIG. 4. Final lattice of the Stillinger-Weber nonbonding simula-
tion. Only a specific part of the whole lattice is shown.
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V. CONCLUSION nally suggested model, no thermally activated dangling bond

In this paper we have presented our results for recrystalr_nigration is necessary for recrystallization to occur. Also, no
lization in Si utilizing a bond-breaking model. Two different kinetic-energy transfer from irradiating electrons to the target

atom is necessary for recrystallization. The bond-breaking

models were used, namely, the nonbonding model and th ; .
antibonding model. Both models show similar results. Thegnd rebonding event itself can supply enough energy fo the

nonbonding model was tested with both the Tersoff and th(%tcocrﬂrs surrounding the bond for structural rearrangement to
Stillinger-Weber potential, which also both gave similar re- '
sults.
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