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Molecular dynamics simulations of the solid phase epitaxy of Si: Growth

mechanism and orientation effects

E. Lampin® and C. Krzeminski

1EMN, Avenue Poincaré, 59652 Villeneuve d’Ascq Cedex, France
(Received 3 July 2009; accepted 29 July 2009; published online 23 September 2009)

The solid phase epitaxy of an amorphous layer on crystalline silicon is studied by means of
molecular dynamics. Three stacks of 5120, 4928, and 5184 atoms respectively oriented along the
[100], [110], and [111] directions are annealed with the Tersoff interatomic potential. The regrowth
proceeds via the motion of a planar interface for [100], the formation of facets for [110], and the
crystallization within (111) bilayers for the third case. In the absence of crystallization defects, the
velocities of regrowth are similar for [100] and [110] and two to five times lower for [111].
Moreover, defects were obtained in 8% of the cases along [100], 19% of the cases along [110], and
52% of the cases along [111] with a systematic formation of one or more twins in the last case. The
results are confronted with a schematic model of the solid phase epitaxy. © 2009 American Institute

of Physics. [doi:10.1063/1.3211972]

I. INTRODUCTION

The solid phase epitaxy (SPE) of amorphous silicon
(a-Si) deposited on crystalline silicon (c-Si) or formed by
high dose bombardment of ¢-Si has been the subject of in-
tensive experiments. In particular, Olson and Roth' devel-
oped a dedicated technique of interferometry to extract the
velocity of regrowth with a good control of the temperature.
Their studies were restricted to (100) substrates. The impact
of the substrate orientation on the SPE was first studied some
time before by Csepregi et al? They measured the velocity
of SPE at 20 various angles with a technique of backscatter-
ing. Their results are widely cited in the literature. Although
their contribution is less known, Drosd and Washburn® also
made some measurements by microscopy on (100), (110),
and (111) substrates. The velocities of SPE obtained by the
three groups are reported in Fig. 1. The dispersion up to a
factor of 10 is probably due to a weak control of the purity
and annealing temperature of the sample compared to nowa-
days technological capabilities. The amorphous layers stud-
ied by the authors have micrometric thickness, and their
characterization is mostly macroscopic. As pointed out by
Johnson et al.,* the method of the molecular dynamics using
interatomic potentials is of particular interest for the model-
ing of SPE. Preliminary studies on diffusion mechanisms in
the crystalline part5 or defect formation processes during the
regrowth of a (100) interface® were reported. We propose in
this paper to study the details of the SPE at the atomic level
in three orientations, (100), (110), and (111), in order to ob-
tain more information on the mechanism of regrowth, on the
velocities of SPE, and on the occurrence and nature of the
defects generated by crystallization.

The paper is organized as follows: The details of the
method used to build a-Si on ¢-Si stacks, simulate their an-
nealing, and exploit the simulations are given in Sec. II. The
mechanism of regrowth in the three directions is reported in
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Sec. III, while the SPE velocities and the defects of crystal-
lization are presented in Secs. IV and V. Finally, the results
are discussed in Sec. VI. before concluding in Sec. VIIL

Il. METHOD

First, an atomic stack of a-Si on ¢-Si has to be con-
structed. In a former work,’ the starting amorphous cluster
was obtained by a bond switching method following Wooten
et al.® The motivation was to start from a unique structure to
determine the most adapted interatomic potential for the
study of SPE. It was found that the Tersoff potential9 and a
modified Stillinger—Weber potential called SW115 (Ref. 10)
were the only ones that did not transform amorphous silicon
into a liquid. The Tersoff potential was chosen for the better
agreement of the regrowth velocity with Olson measure-
ments (see Fig. 2). The weakness of the potential is, how-
ever, a shift in the melting temperature to 2500 K that should
be accounted for any comparison with experiments. Since
the potential is fixed in the present study, we decided to
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FIG. 1. (Color online) Experimental SPE velocities reported in Refs. 1-3.
The symbols in black are for (100), those in red are for (110), and those in
green are for (111).
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FIG. 2. Regrowth velocity along [100]. Simulation (Tersoff, cross), experi-
ment (Olson, square), and common Arrhenius fit below 2000 K (line).

refine the construction of the a-Si/c-Si stack, and in particu-
lar the quality of the interface, using the Tersoff potential to
simulate the melting and quenching of the upper part of a
crystalline box. The melting was performed at 3500 K during
10 ps and followed by a ramp-down at 10 K/ps. Figure 3
presents the atomic structure of the three stacks constructed
along [100], [110], and [111]. The specific orientations used
for the representations in Fig. 3 correspond to convenient
views used further for the studies of the interface and de-
fects. The [100] and [110] boxes are cubic and contain, re-
spectively, 5120 and 4928 atoms, and their dimensions are
43X4.3%5.4 nm’. The [111] cell is rhombohedral, and its
sides measure 4.6, 4.6, and 6.2 nm. It contains 5184 atoms.
The number of atoms was increased in comparison to Ref. 7
(=2000 atoms). Indeed, the velocity of SPE regrowth has
already converged with 2000 atoms, but the study of crystal-
lization defects requires an increase in the size of the simu-
lation cell.

The structure factor and angular distribution of the
melted-quenched half of the stacks are shown in Fig. 4. The
typical features of a-Si are evidenced, i.e., a peak of second
neighbors in the structure factor and a Gaussian-like angular
distribution with a mean value of 109° and a standard devia-
tion of =20°.
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FIG. 3. Amorphous on crystalline stacks of silicon along the [100] (left),
[110] (center), and [111] (right) directions.

The molecular dynamics technique is applied to deter-
mine the displacement of the atoms upon annealing. After a 4
ps equilibration at the target temperature by scaling the ve-
locities, the temperature is controlled by a Nosé—Hoover'"'?
thermostat. The temperature range is set to [1700-2500 K],
the lower limit being fixed by computation limitations and
the upper limit by melting. Periodic boundary conditions are
applied except in the direction perpendicular to the interface
to enable the expansion or contraction of the amorphous ma-
terial. The atoms of the two planes at the bottom are frozen
to their equilibrium position to mimic a semi-infinite struc-
ture. During the molecular dynamics calculation, the atomic
positions are saved at regular intervals to sample the recrys-
tallization process. The positions are used afterward either
for a graphic visualization to identify defects or to extract the
regrowth velocity. The regrowth velocity determination is
based on the positioning of the a-Si/c-Si interface. The pro-
cedure of Mattoni and Colombo' is used to get the interface
position. This procedure is based on the calculation of a one-
dimensional structure factor:
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FIG. 4. Radial and angular distributions of the amorphous half of the [100], [110], and [111] boxes.
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FIG. 5. [100] one-dimensional structure factor.
1 -
S@=|= X exp(jk-7)|, (1)

Nz 2<z;<z+dz

where 7=(x;,y;,z;) denotes the position of atom i, k is a
vector of the reciprocal lattice parallel to the interface, and
N, is the number of atoms in the layer [z;z+dz] with dz

=2.25 A. The values of k and dz in the (100), (110), and
(111) planes are, respectively,

S 27
kygo=—(X+7),
)

- 2
kiio= —(\Ex+y),
ag

. 2m
ki = a_(\Ef"' V65). (2)
0

In addition, S(z) is normalized by a factor of 0.7 for [110].
Figures 5-7 illustrate the correspondence between the order
at the atomic level and S(z). The levels of the factor in the
crystalline (S above 0.8) and amorphous (S below 0.2) re-
gions are similar in the three cases. The initial transition is
rather abrupt (<5 A), although the interface roughness may
further increase upon annealing.
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FIG. 6. [110] one-dimensional structure factor.
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FIG. 7. [111] one-dimensional structure factor.

lll. MECHANISM OF REGROWTH

The a-Si/c-Si interface is unstable. Below =2500 K, a
SPE gradually transforms the amorphous material at the in-
terface into a crystal. At temperatures higher than 2000 K,
the amorphous crystalline interface remains abrupt during
annealing, and the regrowth progresses toward the surface
until the complete transformation into a crystal is achieved.
At lower temperatures, the interface roughness is orientation
dependent and the regrown layer sometimes contains defects.
The differences in terms of the regrowth mechanism are il-
lustrated in Figs. 8—10 for a temperature of 1725 K. On each
of these series of pictures, the first image (labeled “Equ.”) is
obtained after the equilibration step. The other pictures are
labeled by the annealing duration.

The a-Si/c-Si interface of the [100] box (Fig. 8) presents
little roughness during SPE. The displacement of the

FIG. 8. Evolution of the [100] amorphous on crystalline stack at 1725 K.
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FIG. 9. Evolution of the [110] amorphous on crystalline stack at 1725 K.

a-Si/c-Si interface toward the surface shows little deviation
to a linear fit (see Fig. 11). In the present example, the final
structure is free of defects. Only 8% of the 35 calculations
carried out in the range of [1700-2500 K] resulted in the
formation of defects.

30 ns

FIG. 10. Evolution of the [111] amorphous on crystalline stack at 1725 K.

J. Appl. Phys. 106, 063519 (2009)

Amorphous/crystalline interface (A)

55

Time (ns)

FIG. 11. Position of the amorphous/crystalline interface as a function of
time at 1725 K corresponding to Figs. 8—10 and linear regression.

The [110] box has a clear tendency to form [111] facets
(Fig. 9). The faceting already starts during the phase of
equilibration and becomes particularly pronounced at 2 and 4
ns. Around 6-8 ns, the regrowth mainly progresses by the
facets of the prominent amorphous tip, and the roughness of
the interface decreases. This succession of sawtooth interface
formation/planarization continues until the surface is
reached. It may happen, as in this particular case, that a
defect forms and remains long after the surface is reached
(100 ns). Residual defects generated during the SPE were
obtained in 19% of the 42 annealing experiments for the
[110] box. The progression of the a-Si/c-Si interface is al-
most linear (see Fig. 11) but saturates at a lower value (45 A)
than the [100] box (52 A) due to the presence of the defect.

The SPE regrowth mechanisms along the [111] direction
are even more complex (Fig. 10). The transformation from
a-Si to ¢-Si occurs by rearrangements of complete or partial
bilayers. For example, in the case presented in Fig. 10, a first
bilayer is partially formed during the first step of 5 ns. In-
complete bilayers then form on the right part of the structure,
while the left part slowly rearranges (10-15 ns) and forms a
defect (20-25 ns) that finally cures, letting several crystalline
layers (30 ns) to suddenly appear. At this moment, a first
twin clearly appears at the tenth bilayer from the bottom, and
a defect is visible at the right upper part. The defect is pro-
gressively annealed (35 ns) until it disappears (40 ns). A
second twin now becomes apparent at the 14th bilayer from
the bottom. A buried defect and two disordered bilayers at
the top surface remain. The jerky regrowth is also evidenced
in Fig. 11. The evolution of the interface is formed of suc-
cessive plateaus whose height corresponds to the distance (or
a multiple of the distance) between (111) bilayers. The for-
mation of one or more twins in (111) planes was observed in
nearly all the temperatures simulated (one exception over 42
cases). Other defects are observed in 52% of the simulations.

IV. REGROWTH VELOCITY

The regrowth velocity was extracted for the tempera-
tures where defects are not formed. The velocity is obtained
by a linear fit of the a-Si/c-Si interface position versus time.
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FIG. 12. Regrowth velocity along the [100], [110], and [111] directions. The
error bars denote the deviation from a linear dependence of the interface
position with annealing time.

The results are given in Fig. 12 as a function of the tempera-
ture and for the three orientations. The velocities are very
close along the [100] and [110] and smaller along [111].

According to the classical theory of thermally activated
growth,14 the regrowth rate can be written as

E, AS(T, - T
U =10, exp _/QTT 1 —exp —k—BT , (3)

where v is a prefactor, E|, is the activation energy of the SPE
regime, 7, is the melting temperature, and AS is the entropy
difference between the solid and liquid phases. In the SPE
regime, the right hand side term of Eq. (3) is negligible, and
the rate follows an Arrhenius form,

E

UspE = Ug CXP(— kﬁ,) . (4)
The values of v, and E; have been calibrated for the [100]
direction using both Olson’s measurements' and our calcula-
tions up to a temperature of 2000 K to ensure a wider tem-
perature range and, consecutively, a better precision on the
activation energy in particular. The fit is shown in Fig. 2. The
resulting activation energy is Ey=2.87 eV, in accordance
with the experimental range from 2.4 eV by Csepregi et al.?
2.75 eV by Olson and Roth,' to 2.9 eV by Drosd and
Washburn.® The prefactor is v%loo]: 1.7X 107 m/s. The fit is
also reported in Fig. 13. Afterward, the activation energy E,,

10
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po— Tersoff [110] =
R Tersoff [111] =
@ 1k o
E e
z "
£ i
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0.4 0.45 05 0.55 0.6
1000/T(K)

FIG. 13. Fit of the velocity along the three directions according to Egs. (3)
and (4).
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FIG. 14. Buried defect obtained after annealing at 1850 K of the [111]
system. Section (left) and plane view (right).

is maintained constant for the three directions as no theoret-
ical argument justifies a variation and as experimentalists get
a constant value.” In these conditions, the two prefactors
v%“o]=1.7>< 10’ m/s and 05111]=1_2X 10’ m/s are deter-
mined by fitting an Arrhenius law (Eq. (4)) on the tempera-
ture range of [1700-2000 K]. The melting temperatures, on
the other hand, are calculated by molecular dynamics. The
determination is made with a box formed of half liquid and
half solid equilibrated at a fixed temperature. Below the
melting temperature, the interface propagates toward the lig-
uid. Above, the interface moves toward the solid. The melt-
ing temperature is at the transition between the two regimes.
The values obtained in this way are 2510 K for the [100] and
[110] boxes and 2490 K for the [111] box, with an error of
+20 K. A reduced melting temperature along [111] had al-
ready been measured by Ivlev and Gatskevich." Using Eq.
(3) enables us to fit the molecular dynamics calculation, as
evidenced by Fig. 13. The values of AS/kp deduced from
this fit are 5.1, 5.3, and 3.6 for the [100], [110], and [111]
directions, respectively.

V. DEFECTS

The annealing of [111] boxes systematically results (at
only one exception over 42 cases) in the formation of one or
more twins. An example is shown in Fig. 14(b), where two
of these stacking faults are evidenced by the dark zigzag line
at the right side. Indeed, the first neighbor distances are iden-
tical and the angles are undistorted in the twin configuration.
Therefore, the difference in energy is expected to be negli-
gible compared to the thermal energy, which could explain
their frequent formation. The order within the bilayer being
correct, as well as the distance with the underneath and
above bilayers, we did not rule out the [111] configurations
with twins for the calculations of the velocities presented in
the previous section.

Apart from the twins, the SPE regrowth sometimes pro-
duce defects. The defects mainly occur at low temperatures.
Their frequency of appearance is high for the [111] box
(52%), smaller for the [110] (19%), and very low for the
[100] box (8%). The defects are of two main kinds: (i) (111)
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FIG. 15. Two views of the crystallization defect formed at 1750 K in the
[110] oriented system.

in-plane defects observed on [111] boxes and (ii) misoriented
crystalline grains observed in the three cases.

The first category is illustrated in Fig. 14. The annealing
temperature applied to this [111] box is 1850 K. In Fig.
14(a), the section of the entire structure after regrowth is
given. A defect is visible at approximately midheight of the
structure, with a length equal to the third of the box width.
The defect involves two bilayers. Figure 14(b) is a zoom on
the defect and the neighboring bilayers. Figure 14(c) is a
plane view obtained by the superimposition of the two bilay-
ers containing defects and a third perfect one. If the periodic
boundary conditions are used to bring closer the various
parts of the defect, a triangular shape is observed. Figure
14(d) is a plane view of one of the two bilayers containing
the defect. This view evidences that the outline of the tri-
angle is formed of five- and eightfold rings and sevenfold
rings at the corners. Similar triangular defects were also ob-
tained by Itoh'® in his study of the Si (111) homoepitaxy.
Five-, seven-, and eightfold rings are also observed in {113}
defects induced by electron irradiation or ion implants,17 In
our calculations, other defects of the same kind were ob-
served at other temperatures, having in common a rearrange-
ment of atoms inside the bilayer.

The second kind of defects was observed in the three
orientations. These defects are formed of misoriented crys-
talline regions. Indeed, misoriented regions after SPE were
already suspected by Cerva and Kiisters'® to act as precur-
sors of hairpin dislocations. Here, a first example obtained in
our calculations is given in Fig. 15. The defect formed upon
annealing the [110] box at 1750 K. View (a) is obtained with
all the atoms while layers have been clipped at the fore-
ground and the background to isolate the interface structure
in view (b). Figure 9 shows the annealing conduct to the
[111] faceting of the amorphous/crystalline interface. When
the facets emerge at the surface, the triangular region in be-
tween does not cure even during ten times the duration re-
quired for the facets to reach the surface. It seems like the
facets, perhaps containing defects and/or twins, and the pres-
ence of the surface, probably acting as a particular sink for
stress, combine their effects to allow this recrystallization in
a misoriented direction.

Another geometry of misoriented defects is shown in
Fig. 16. The defect formed upon annealing of the [110] box
at 1800 K. View (a) proves that the defect is delimited on
one side by a vertical (100) plane and on the other side by a

J. Appl. Phys. 106, 063519 (2009)

[m gy

FIG. 16. Two views of the crystallization defect formed at 1800 K in the
[110] oriented system. The location of the slice presented in view (b) is
specified in view (a).

plane tilted of 55°. The location of the cross section pre-
sented in view (b) is also specified. View (b) evidences a
twinned crystalline region that separates the bottom bulk
crystal from the top. Smaller misoriented regions or aggre-
gates, containing less than ten atoms, were also observed.

VI. DISCUSSION

Drosd and Washburn® proposed a phenomenological pic-
ture of the SPE regrowth based on successive completions of
sixfold rings of atoms at a perfect crystalline interface. These
sixfold rings are presented in Fig. 17 for the three interfaces
((100), (110), and (111)). Depending on the orientation of the

FIG. 17. Schematics of the sixfold ring model of Drosd and Washburn (Ref.
3) for the three orientations.
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FIG. 18. (Color online) Motion of three atoms (#1 in red, #2 in blue and #3
in green) at the (100) a/c interface between 2 and 3 ns at 1725 K.

interface, the sixfold rings are lacking of one ([100] case),
two ([110] case), or three ([111] case) atoms. The two con-
sequences are that the velocity of the SPE regrowth should
decrease and that the probability of forming defects increases
from [100] to [110] to [111]. In particular, the triplet can be
correct or twin at the (111) interface without expected un-
filled bounds and, consecutively, with a high probability of
formation. The decrease in the velocity from [100] and [110]
to [111] and the increase in the occurrence of defects from
[100] to [110] to [111] are obtained by molecular dynamics
calculations, as shown in the previous sections. However, to
test the assumptions made at the atomic level by Drosd and
Washburn in more detail, we follow the motion of atoms at
the amorphous/crystalline (a/c) interface during the incorpo-
ration. The calculations at 1725 K already presented in Figs.
8-10 are chosen for this purpose.

Figure 18 is a zoom of the motion of three atoms at the
(100) interface. At 2 ns, the three atoms are in the disordered
part. At 3 ns, the atom in red is incorporated in a sixfold ring,
while the two others bond to adjacent rings at 4-5 ns. The
picture by Drosd and Washburn is therefore observed in our
molecular dynamics calculations. As a consequence of this
process, the a/c interface remains planar during regrowth as
shown at 6 ns.

The details of the (110) interface are presented in Fig.
19. At 1.5 ns, the interface is already faceted. Four pairs of
atoms are successively incorporated into the crystal at 1.5-2
ns (pink-light blue), 2.2-2.4 ns (orange-violet), 2.8 ns
(yellow-blue), and 2.8 and 3 ns (red-green). The eight atoms
fulfill sixfold rings by pairs, as assumed by Drosd and Wash-
burn, and the process obviously propagates the facet. Such a
regrowth mechanism is accounted for the nanofaceting of the
interface and the generation of defects at the corners of
source/drain regions by Saenger et al." in their model.

Finally, an example of the (111) interface evolution is
reported in Fig. 20. Five atoms initially in the amorphous
part make and break bonds in order to form a first triplet
(atoms blue, yellow, and violet) at 7.6 ns and a second neigh-
boring one (red, green, and yellow) at 7.8—8 ns. The front of
crystallization therefore progresses by bilayers. At 8 ns, re-
constructed sixfold rings begin to form on top of the two
above rings, in coherence with the observation of partial re-
growth bilayers in Fig. 10.

J. Appl. Phys. 106, 063519 (2009)

FIG. 19. (Color online) Motion of eight atoms (#1 in pink, #2 in light blue,
#3 in orange, #4 in violet, #5 in yellow, #6 in blue, #7 in red and #8 in
green) at the (110) faceted a/c interface between 1.5 and 3 ns at 1725 K.

VIl. CONCLUSION

The molecular dynamics calculation of the SPE re-
growth was reported in this work for [100], [110], and [111]
directions. The regrowth proceeds by a motion of a planar
a-Si/c-Si interface for [100], while the interface is nanofac-
eted for [110]. The regrowth of the [111] box is based on the
reconstruction of the crystal within (111) bilayers. The ve-
locities of SPE regrowth were furthermore extracted when
the crystallized layer is defect free. The velocities are similar
along [100] and [110] and two to five times lower along
[111]. The occurrence of defects increases from [100] to
[110] to [111]. Finally, the mechanisms proposed by Drosd
and Washburn are evidenced at the atomic level. The atom-
istic picture of the initial stage of SPE provided by the

FIG. 20. (Color online) Motion of four atoms (#1 in blue, #2 in yellow, #3
in violet, #4 in red and #5 in green) at the (111) a/c interface between 7 and
8 ns at 1725 K.
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present study could help to understand defect formation
when silicon is amorphized in complex conﬁgurations19 or in
nanodevices.”
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