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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 in the@001# direction
based on molecular dynamics~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 of@111# twins.
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I. INTRODUCTION

Silicon is one of the most important semiconductors
the substrate of microelectronic devices. In order to impro
electric characteristics of Si substrate, the ion implantat
has been adopted in the semiconductor manufacturing
cesses. Though ion implantation has an advantage for
trolling of dopant profiles, it induces defect formation a
amorphization in the implanted region. These defects
thermally removed and transformed to a crystalline state
the practical device fabrication.1 In the recrystallized region
however, some defects such as dislocations and twins
found to remain.2 It is extremely difficult to directly observe
these phenomena and thus the microscopic mechanism o
crystallization and/or defect formation processes have
been well understood.

The molecular dynamics~MD! simulation is a powerful
tool for studying the process of crystal growth. Recently,
reported crystal growth processes during solid-phase epi
~SPE! of Si in the @001# direction based on MD simulation
using the Tersoff potential,3 and successfully observed atom
istic crystallization processes. In addition, we have fou
that the calculated activation energy of SPE at lower te
peratures is in good agreement with the experimental va
('2.7 eV), while it becomes lower at higher temperatu
However, we could not observe the defect formation in
previous work. To the authors’ best knowledge, there is
report on the atomistic defect formation process, thou
many researchers have performed MD simulations of
crystallization.4,5 In this paper, we have carried out larg
scale MD simulations of solid phase epitaxy of Si, and f
ther investigated defect formation processes during SPE
the @001# direction.

II. CALCULATION METHOD

MD simulation have been performed using a large M
cell including approximately 10 000 Si atoms. Atomic mov
ments were determined by solving the following Langev
equations:
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mr̈ i~ t !5Fi~ t !2mg ṙ i~ t !1Ri~ t !, ~2.1!

wherem is the atomic mass,r i(t) the position vector of the
i th atom at timet, Fi(t) the interatomic force calculated b
the Tersoff potential,6,7 g the friction constant, andRi(t) is a
random force to control the temperature of systems con
ered, respectively. We employed the scheme developed
van Gunsteren and Berendsen8 for numerical integrations of
the Langevin equation. The time step for the integration a
friction constantg were set at 2 fs and 5 ps21, respectively.
While the Tersoff potential is well known that it gives rise
high melting temperature 2547 K,9 it can well reproduce the
structural properties of amorphous Si(a-Si) ~Ref. 10! and
liquid Si (l -Si).11,12

At first, we examined melting temperature of bulka2Si
obtained by rapid quenching of liquid Si with the coolin
rate of 1012 K/sec.10 Figure 1 shows mean-square displac
ment~MSD! for various temperatures. No appreciable MS
can be observed at temperatures less than 2100 K sug
ing that melting temperature is lager than 2100 K instead

FIG. 1. Average mean-square displacements~MSD! of bulk a-Si
for various temperatures. The bulka-Si has been prepared by th
cooling rate of 1012 K/s.
©2001 The American Physical Society14-1
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1700 K as was previously suggested.10 The difference of
melting temperature estimated can be attributed to superh
ing and supercooling which can be frequently observed
MD simulations due to finite simulation size effects. In ge
eral, accurate predictions of melting temperatures are by
means trivial to obtain in the direct simulations of pha
transitions using the method of simply heating the system
constant volume or even constant pressure. This is bec
finite size effects and free energy barriers separating
phases involved lead to hysteresis in the direct simulatio

Figure 2 shows the radial distribution functions~RDF’s!
of a-Si at 0 and 2000 K along with the mean coordinati
number. The mean coordination number has been calcul
by integrating associated RDF. The coordination number
the present bulk model ofa-Si are estimated by 4.09 an
4.25 at 0 and 2000 K, respectively, which are close to tha
crystalline Si (c-Si,4.0) and much lower than that ofl -Si
(4.6;5.0) by Cook and Clancy.9 Therefore, we believe tha
the present MD simulations can demonstrate atomistic p
cesses in Si SPE growth even at 2000 K. Detailed comm
on the atomic diffusion properties near thea/c Si(100) in-
terface during SPE based on the same MD techniques
been presented elsewhere.13

The initial amorphous/crystal (a/c) interface was pre-
pared using the same technique in the previous work,3 that is
by attaching eightc-Si(001) layers to a block of bulka-Si.
The original MD cell of a-Si was set to 21.7321.7
343.4 Å3 and the number of Si atoms was 1024, whi
were determined by using thec-Si density, 2.33 g/cm3. In
order to investigate defect formation processes during S
we have used a larger MD cell with a size of 65.1365.1
343.4 Å3 made by combining ninea-Si MD cells de-
scribed above. The total number of atoms in the MD cell w
9920. The MD cell was pre-annealed at 1000 K for 20 ps a
then heated at 2000 K. Periodic boundary conditions w
employed in the@100# and@010# directions. In the@001# or z
direction, the top two layers of the single crystal region we
fixed, while the bottom of the MD cell was assumed to b
free surface.

III. RESULTS AND DISCUSSION

In this simulation, we have succeeded in observing t
different types of defect formation processes. Figure 3 sh

FIG. 2. Radial distribution functions~RDF’s! of a bulk a-Si ~a!
at 0 K, ~b! at 2000 K.
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an example of these processes during crystal growth
served by projecting atomic positions on the~110! plane. As
the annealing time increases, the locations of thea/c inter-
face move down and the crystallization occurs. The crys
lized region enclosed in Fig. 3~c! includes a misoriented part
To obtain more detailed structures of the defect, Figure
shows magnified pictures of the misoriented part, which
given by projecting the atomic positions on the@110#, @ 1̄10#,
and @001# planes. During annealing at 2000 K, five
membered rings are created at thea/c interface which results
in Si-Si dimer bonds formation@arrows in Fig. 4~b!#. It
should be noted that these dimer bonds form a coupled di
lines in the@ 1̄10# direction as can be seen in the@001# view
in Fig. 4~b!. This structures resembles the 231 recon-
structed Si(001) surface. These coupled dimer lines lea
the creation of$111% stacking faults as shown in the regio
enclosed by the solid lines in the@ 1̄10# view in Fig. 4~c!.

Figure 5 shows another example of defect formation p
cesses found in the present simulations. In this case, the

FIG. 3. The snapshots of the atomic arrangements during SP
Si obtained by MD simulations at 2000 K:~a! after 800 ps,~b! after
3200 ps, and~c! after 4300 ps. Atomic positions in these figure we
projected on the~110! plane. A misoriented part was observed
4300 ps in the regions encircled.
4-2



e

a

e

0

-
d

rg
bl

n

rin
s

r-
MD
of

-Si
led

er

for

of
the
-
e

. T.

in
m

e

i-Si

n
s

lo-

BRIEF REPORTS PHYSICAL REVIEW B 64 193314
fect formation can be seen after 3200 ps. The Si-Si dim
bonds are also formed at thea/c interface@arrows in Fig.
5~b!#, but these dimer bonds form a single dimer line
shown in the@001# view in Fig. 5~b!. This dimer line leads to
the creation of hexagonal layers@solid line in the@ 1̄10# view
in Fig. 5~c!# and twins@arrows in@ 1̄10# view in Fig. 5~c!#. In
addition, some ring defects such as five- and sev
membered rings are formed@stars in the@ 1̄10# view in Fig.
5~c!#. This defect structure also resembles that of the 3
partial dislocation.

Khor and Sarma14 performed MD simulations of the re
construction of~001! Si surface using Tersoff potential, an
shown that energies and bond lengths of the 231Si(001)
dimer bonds were in good agreement with total-ene
density-functional calculations and dimer bonds were sta
Therefore, thê 110& dimer bonds at thea/c interface are
also assumed to be stable and tend to lead to the creatio
the misorientated part during crystal growth.

IV. CONCLUSIONS

We have investigated defect formation processes du
SPE of Si in the@001# direction based on MD simulation

FIG. 4. Magnified pictures of the misoriented part encircled
Fig. 2~c!. Si-Si bonds have been observed to form a coupled di

lines in the@ 1̄10# direction at 2400 ps@arrows in~b!#. They lead to
the creation of$111% stacking faults in the region enclosed by th

solid lines in the@ 1̄10# view.
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using the Tersoff potential. Two different types of defect fo
mation processes have been successfully observed in the
simulations. They can be characterized by the structure
Si-Si dimer bonds created at thea/c interface in the initial
stage of the defect formation. In the first type, the Si
dimer bonds form a coupled dimer lines and these coup
dimer lines lead to the creation of$111% stacking faults. In
the second type, the Si-Si dimer bonds form a single dim
line which leads to the creation of@111# twins.

ACKNOWLEDGMENTS

The authors would like to thank S. Shibagaki and S. Ii
helpful discussions. One of the authors~T.M.! was supported
by JSPS Research for the Future Program in the Area
Atomic Scale Surface and Interface Dynamics under
project of ‘‘Dynamic Behavior of Silicon Atoms, Lattice De
fects and Impurities near Silicon Melt-crystal Interface.’’ Th
author’s gratitude also goes to Dr. S. Kobayashi and Dr
Sakai~Sumitomo Metal Industries, Ltd.! for their encourage-
ment in this research.

er
FIG. 5. Another example of defect formation processes. S

bonds have been observed to form a dimer line in the@ 1̄10# direc-
tion at 3200 ps@arrows in~b!#. This dimer line leads to the creatio
of @111# twins @arrows in~c!# and five- and seven-membered ring
@stars in~c!#. This structure resembles that of the 30° partial dis
cation.
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