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Molecular dynamics simulations of solid-phase epitaxy of Si: Defect formation processes
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We have investigated defect formation processes during solid-phase epitaxy of Si[@Offelirection
based on molecular dynami¢MD) simulations using the Tersoff potential. Two different types of defect
formation processes have been successfully observed in the MD simulations. They can be characterized by the
structure of Si-Si dimer bonds created at the amorphous/crystalline interface in the initial stage of the defect
formation. In the first type, the Si-Si dimer bonds form coupled dimer lines and these coupled dimer lines lead
to the creation of 111} stacking faults. In the second type, the Si-Si dimer bonds form a single dimer line
which leads to the creation ¢111] twins.
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I. INTRODUCTION mr;(t)=F;(t)—myr;(t) + Ri(t), 2.1

Silicon is one of the most important semiconductors for,,naremis the atomic mass;, (t) the position vector of the
the substrate of microelectronic devices. In order to improve, atom at timet, F;(t) the interatomic force calculated by
electric characterist.ics of Si sgbstrate, the ion implqntatioqhe Tersoff potentia‘lf;7 y the friction constant, ang, () is a
has been adopted in the semiconductor manufacturing proznqom force to control the temperature of systems consid-
cesses. Though ion implantation has an advantage for COlted respectively. We employed the scheme developed by
trolling of dopant profiles, it induces defect formation and,,,, éunsteren and Berend&or numerical integrations of

amorphization in the implanted region. These defects arg,e | angevin equation. The time step for the integration and
thermally removed and transformed to a crystalline state Briction constanty were set at 2 fs and 5 p$, respectively.

While the Tersoff potential is well known that it gives rise to

found 21t v difficult to directly ob L?‘ﬁgh melting temperature 2547 %t can well reproduce the
ound to remairt. Itis extremely difficult to directly observe - g properties of amorphous &iGi) (Ref. 10 and
these phenomena and thus the microscopic mechanism of tI uid Si (I-Si) 112

crystallization and/or defect formation processes have no

been well understood. . : . N N .
. . L obtained by rapid quenching of liquid Si with the coolin
The moleqular dynamicéMD) simulation is a powerful rate of 162yK/52c.1°qugure 1gshowg mean-square displacg—
tool for studying the process of crystall growth. Recently, .Wement(MSD) for various temperatures. No appreciable MSD
reported crystal growth processes during solid-phase ePItaXYan be observed at temperatures less than 2100 K suggest-

(SPB of Si in the[001] direction based on MD simulations . . . .
using the Tersoff potentidland successfully observed atom- ing that melting temperature s lager than 2100 K instead of

istic crystallization processes. In addition, we have found

At first, we examined melting temperature of bk Si

that the calculated activation energy of SPE at lower tem- 10 e 2500K .
peratures is in good agreement with the experimental value [ o 2300 .«
(=2.7 eV), while it becomes lower at higher temperature. 8F o 1900K .
However, we could not observe the defect formation in the S
previous work. To the authors’ best knowledge, there is no e .
report on the atomistic defect formation process, though = or . °
many researchers have performed MD simulations of Si = I o °
crystallization*® In this paper, we have carried out large- = 4f ¢ °
scale MD simulations of solid phase epitaxy of Si, and fur- T | . °
ther investigated defect formation processes during SPE in v o
the [001] direction. 2r . °
. REEEEEEE
Il. CALCULATION METHOD O0 20 40 60 80 100
Time (ps)

MD simulation have been performed using a large MD
cell including approximately 10 000 Si atoms. Atomic move-  FIG. 1. Average mean-square displacemémSD) of bulk a-Si
ments were determined by solving the following Langevinfor various temperatures. The bukSi has been prepared by the
equations: cooling rate of 18 K/s.
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FIG. 2. Radial distribution function€RDF’s) of a bulk a-Si (a)
at 0 K, (b) at 2000 K.

1700 K as was previously suggest@dThe difference of
melting temperature estimated can be attributed to superheat-
ing and supercooling which can be frequently observed in
MD simulations due to finite simulation size effects. In gen-
eral, accurate predictions of melting temperatures are by no
means trivial to obtain in the direct simulations of phase
transitions using the method of simply heating the system at
constant volume or even constant pressure. This is because
finite size effects and free energy barriers separating the
phases involved lead to hysteresis in the direct simulations.

Figure 2 shows the radial distribution functioRDF’s)
of a-Si at 0 and 2000 K along with the mean coordination
number. The mean coordination number has been calculated
by integrating associated RDF. The coordination numbers of
the present bulk model cd-Si are estimated by 4.09 and
4.25 at 0 and 2000 K, respectively, which are close to that of
crystalline Si €-Si,4.0) and much lower than that &fSi _ i
(4.6~5.0) by Cook and Clanc‘i/.Therefore, we believe that FIG.'3. The snap_shots (_)f the atomic arrangements during SPE of
the present MD simulations can demonstrate atomistic pro>! °Ptained by MD simulations at 2000 Ka) after 800 ps(b) after
cesses in Si SPE growth even at 2000 K. Detailed commen 00ps, andc) after 4300 ps. Atomic positions in these figure were
on the atomic diffusion properties near théc Si(100) in-  Proiected on the1l10 plane. A misoriented part was observed at
terface during SPE based on the same MD techniques havg0 PS in the regions encircled.
been presented elsewhére.

The initial amorphous/crystala{c) interface was pre- an example of these processes during crystal growth ob-
pared using the same technique in the previous wont is  served by projecting atomic positions on 4.0 plane. As
by attaching eight-Si(001) layers to a block of bulk-Si.  the annealing time increases, the locations ofahe inter-
The original MD cell of a-Si was set to 21X21.7 face move down and the crystallization occurs. The crystal-
x43.4 A® and the number of Si atoms was 1024, whichjized region enclosed in Fig(® includes a misoriented part.
were determined by using thesSi density, 2.33 g/cth I To obtain more detailed structures of the defect, Figure 4
order to investigate defect formation processes during SPEhows magnified pictures of the misoriented part, which are

we have used a larger MD cell with a size of 68485.1 given by projecting the atomic positions on {H4.0], [TlO],

X 43.4 A® made by combining nine-Si MD cells de- . ) X
scribed above. The total number of atoms in the MD cell Wasfemd [001] planes. During annealing at 2000 K, five-

9920. The MD cell was pre-annealed at 1000 K for 20 ps andnembered rings are created at #ie interface which results
then heated at 2000 K. Periodic boundary conditions werd? Si-Si dimer bonds formatiofarrows in Fig. 4b)]. It
employed in thd100] and[010] directions. In thg001] orz ~ Should be noted that these dimer bonds form a coupled dimer
direction, the top two layers of the single crystal region werdlines in the[110] direction as can be seen in tf@01] view
fixed, while the bottom of the MD cell was assumed to be an Fig. 4(b). This structures resembles thex2 recon-
free surface. structed Si(001) surface. These coupled dimer lines lead to
the creation off 111 stacking faults as shown in the region
enclosed by the solid lines in thd 10] view in Fig. 4c).

In this simulation, we have succeeded in observing two Figure 5 shows another example of defect formation pro-
different types of defect formation processes. Figure 3 showsesses found in the present simulations. In this case, the de-

[110]

Ill. RESULTS AND DISCUSSION
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FIG. 4. Magnified pictures of the misoriented part encircled in  FIG. 5. Another example of defect formation processes. Si-Si
Fig. 2(c). Si-Ei bonds have been observed to form a coupled dimep,n4s have been observed to form a dimer line in[fﬂeﬁ] direc-
lines in the[110] direction at 2400 pgarrows in(b)]. They lead to  tion at 3200 pgarrows in(b)]. This dimer line leads to the creation
the creation off 111 stacking faults in the region enclosed by the of [111] twins [arrows in(c)] and five- and seven-membered rings
solid lines in the[ 110] view. [stars in(c)]. This structure resembles that of the 30° partial dislo-

cation.
fect formation can be seen after 3200 ps. The Si-Si dimer !

bonds are also formed at ttedc interface[arrows in Fig. . . .
5(b)], but these dimer bonds form a sin[gle dimer Iinge asusing the Tersoff potential. Two different types of defect for-

shown in thg001] view in Fig. §b). This dimer line leads to mation processes have been successfully observed in the MD
. ' i - . simulations. They can be characterized by the structure of
the creation of hexagonal layesolid line in the[ 110] view

- . ) o Si-Si dimer bonds created at tla¢c interface in the initial
in Fig. S(c)] and twins[arrows in[110] view in Fig. S0)]. I gage of the defect formation. In the first type, the Si-Si
addition, some ring defects such as five- and seven

: . = T dimer bonds form a coupled dimer lines and these coupled
membered rings are formgdtars in th 110] view in Fig.  dimer lines lead to the creation $111} stacking faults. In
5(c)]. This defect structure also resembles that of the 30%the second type, the Si-Si dimer bonds form a single dimer
partial dislocation. line which leads to the creation §111] twins.

Khor and Sarm¥ performed MD simulations of the re-
construction of(001) Si surface using Tersoff potential, and
shown that energies and bond lengths of the1%5i(001) ACKNOWLEDGMENTS
dimer bonds were in good agreement with total-energy
density-functional calculations and dimer bonds were stablehe
Therefore, the(1100 dimer bonds at the/c interface are
also assumed to be stable and tend to lead to the creation @
the misorientated part during crystal growth.
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