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Amorphous Ge and its recrystallization are investigated by molecular-dynamics simulations using a
Stillinger-Weber-type interatomic potential. Unlike previously used parametrizations of this potential the pa-
rameter set employed in this work yields a reasonable description of all condensed phases of Ge. The prepa-
ration of amorphous Ge is performed by cooling from the molten state. Structural and thermal properties of the
amorphous phase such as the pair correlation function, the atomic density, as well as the melting temperature
are calculated and a good agreement with experimental data is found. In order to obtain the initial atomic
configuration for the simulation of recrystallization of amorphous Ge, a simulation cell that contains an
amorphous and a crystalline layer is carefully prepared by melting a part of a primarily crystalline simulation
cell and by cooling the liquid in a similar manner as in the preparation of bulk amorphous Ge. The recrystal-
lization is simulated in the temperature range between 600 and 950 K. The simulation cell is built in such a
manner that the main regrowth direction is parallel to �100�. Using an efficient characterization method the
configuration of the current amorphous-crystalline interface, its average position with respect to the �100�
direction, and its roughness given by the rms deviation of this position are determined throughout the simu-
lations. Consistently with former models for Si it is found that recrystallization of amorphous Ge occurs mainly
at small �111� facets and is characterized by a sequential local rearrangement of atomic bonds and positions. In
very good agreement with experiments the dependence of the velocity of solid phase epitaxial recrystallization
on temperature can be approximated by a straight line in an Arrhenius plot. However, the absolute value of the
velocity is too high compared to the experimental data. The main reason for this discrepancy may be the
overestimation of the flexibility of atomic bonds by the present interatomic potential which leads to an
underestimation of the activation energy. Similar to the state of the art in atomistic simulations of solid phase
epitaxial regrowth in Si, there is not yet a suitable interatomic potential which allows a consistent quantitative
modeling of both the condensed phases and the solid phase epitaxial recrystallization.
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I. INTRODUCTION

The renewed interest in Ge as a high mobility substrate
has led to numerous investigations on shallow junction for-
mation by ion beam processing �see, e.g., Refs. 1–3 and ref-
erences therein�. In order to achieve a substantial concentra-
tion of dopant atoms, they must be implanted at relatively
high fluences which may lead to amorphization of the Ge
substrate. On the other hand, an amorphous Ge layer may be
also formed by preamorphization implantation with Ge ions.
This processing step is often used before the implantation
of dopants in order to avoid channeling effects and to
enhance the electrical activation during postimplantation
annealing.1,3,4 In the first stage of annealing the amorphous
Ge layer regrows by solid phase epitaxy. Experimental inves-
tigations showed that this process occurs in a similar manner
as in Si. However, the effective activation energy is lower so
that at a given temperature the regrowth of amorphous Ge is
faster than that of amorphous Si.5–12

The main subject of the present work is the atomistic
simulation of amorphous Ge and its recrystallization.
Molecular-dynamics �MD� calculations using classical inter-
atomic potentials are employed. This method is very well
suited for the study of solid phase epitaxial recrystallization
�SPER� under relatively realistic conditions, since it allows
the consideration of several thousand atoms and/or a time
scale up to several hundreds of nanoseconds. This is hardly

possible if tight-binding MD or even MD simulations based
on the density-functional theory �DFT� would be used be-
cause they are much more computationally intensive than
classical MD simulations. While in the last decade several
authors investigated SPER in Si,13–17 the recrystallization of
amorphous Ge layers has not yet been considered. The
present paper is organized as follows. At first a Stillinger-
Weber-type interatomic potential is introduced which is used
in all investigations. The second part of the work deals with
the preparation of amorphous Ge with realistic properties.
The results of the MD simulations are compared to experi-
mental data and results of previous theoretical investigations.
In the third part of the paper a realistic atomic system con-
taining an amorphous and a crystalline layer is prepared.
Then, the system is heated to a given temperature and the
recrystallization of the amorphous layer is monitored by dif-
ferent methods including visualization and statistical analy-
sis. Regrowth velocities are calculated for a wide tempera-
ture range. The results are compared to experimental data
from the literature. During the simulation of SPER the
evolution of the roughness and the morphology of the
amorphous-crystalline �a-c� interface are investigated.

II. INTERATOMIC POTENTIAL

In the literature several parametrizations of Stillinger-
Weber-type potentials18 for Ge can be found19–28 whereas
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only one parameter set exists for a Tersoff-type potential.29

In this work a Stillinger-Weber-type potential shall be used.
This potential consists of a two-body part V2 and a three-
body part V3. The potential energy of an atomic system is
given by

Epot = �
i,j

i�j

V2�ri,r j� + �
i,j,k

i�j�k

V3�ri,r j,rk� .

The positions of atoms are denoted by ri, r j, and rk. The
two-body part is given by

V2�ri,r j� = �f2�rij/�� ,

f2�r̃� = �A�Br̃ −p − 1�exp��r̃ − a�−1� , r̃ � a

0, r̃ � a ,
	

where � and � are the scaling parameters for energy and
length, respectively. The quantity rij denotes the distance be-
tween atoms i and j, whereas r̃ is the atomic distance in units
of �. Furthermore, A, B, and p are the parameters of the
two-body part and a is the cutoff of the two-body and the
three-body parts. The following relations hold for the three-
body part:

V3�ri,r j,rk� = �f3�ri/�,r j/�,rk/�� ,

f3�r̃i, r̃ j, r̃k� = h�r̃ij, r̃ik,� jik� + h�r̃ ji, r̃ jk,�ijk� + h�r̃ki, r̃kj,�ikj� ,

h�r̃ij, r̃ik,� jik� = � exp���r̃ij − a�−1 + ��r̃ik − a�−1�

�
cos � jik +
1

3
�2

,

where � jik is the angle between rij and rik, and � and � are
the three-body parameters. With regard to essential proper-
ties of diamond-structure Ge the existing parameter sets for
this potential can be divided in two classes. The first yields a
correct cohesive energy but a melting temperature more than
1000 K above the experimental value �cf. Refs. 19 and 27�,

and the second gives an incorrect cohesive energy but the
right melting point �cf. Ref. 27�. In both cases the lattice
constant is reproduced well. In the present work the values of
Ding et al.19 are used for the scaling parameters � and � as
well as for the parameters of the two-body part of the poten-
tial A, B, and p, since they provide the experimental data for
cohesive energy and lattice constant. The value for the cutoff
a is also taken from Ref. 19. The values of the three-body
parameters � and � are optimized under following condi-
tions: �i� For diamond-structure Ge the elastic constants, the
melting point, as well as the formation and migration ener-
gies of point defects are reproduced within certain limits. �ii�
The energetics of other crystalline phases and the structure of
the liquid are described reasonably well. The parameter set
of the potential used in the present work is given in Table I.
The structural and defect data calculated using this param-
etrization are given in Tables II–IV. Note that defect forma-
tion energy and formation volume were calculated using the
method described in Ref. 30. The values obtained for the
migration energy of the vacancy and the self-interstitial are
0.44 and 0.79 eV, respectively. The migration mechanisms of
point defects in diamond-structure Ge are identical to those
found in Ref. 30 for vacancies and self-interstitials in
diamond-structure Si.

The following discussion is focused to investigations of
the melting of diamond-structure Ge and of the structure of
the liquid. Both issues are relevant for the preparation of
amorphous Ge considered in Sec. III. Two alternative meth-
ods are used to investigate melting. In the first case the per-
fect crystal at 0 K is the starting point of �N , P ,H with P
=0� MD simulations, where N, H, and P are the total number
of atoms, the total enthalpy, and the pressure, respectively.
Heating is performed by the continuous but slow increase in
the velocity of the atoms and zero pressure is maintained

TABLE I. Parameters of the Stillinger-Weber-type potential used in this work.

Scaling Two-body part Three-body part Cutoff

�
�eV�

�
�Å� A B p q � � a

1.93 2.181 7.049 556 277 0.602 224 558 4 4 0 19.5 1.19 1.8

TABLE II. Properties of diamond-structure Ge obtained by the
Stillinger-Weber-type potential with parameters given in Table I.
d: lattice constant; Ec: cohesive energy per atom; c11, c12, and c44:
�unrelaxed� elastic constants; Tm: melting point; 	Hm: heat of
fusion.

d
�Å�

Ec

�eV�
c11

�GPa�
c12

�GPa�
c44

�GPa�
Tm

�K�
	Hm

�eV�

5.654 −3.86 119 62.4 84.7 1360 0.249

TABLE III. Formation energy Ef and formation volume 
 f of
the vacancy and different self-interstitial configurations in diamond-
structure Ge. The Stillinger-Weber-type potential with parameters
given in Table I was used in the calculations. The hexagonal inter-
stitial is not stable. Note that in the perfect crystal the volume per
atom is about 22.77 Å3.

Defect configuration
Ef

�eV�

 f

�Å3�

Tetrahedral vacancy 2.22 −25.5

Tetrahedral interstitial 3.98 19.6

�110
 dumbbell 3.59 7.47

Extended �110
 dumbbell 3.01 1.42

�100
 dumbbell 4.55 1.42
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using a Berendsen barostat.31 The most important result of
these calculations are representations of the average potential
energy per atom and the average atomic volume versus tem-
perature as depicted in Figs. 1�a� and 1�b�. These results
were obtained for a cubic simulation cell consisting of 1000
atoms. The figures show a hysteresis which is typical for a
first-order phase transition. The melting point and the heat of
fusion obtained from these figures are 1360 K and 0.249 eV,
respectively. Despite some differences this is in satisfactory
agreement with the experimental values of 1210 K �Ref. 32�
and 0.382 eV.33,34 Like in the case of Si and water, melting of
Ge leads to an anomalous increase in the density. This ob-
servation is confirmed by the simulations that provide a den-
sity increase of about 10%. It must be emphasized that the
hysteresis method yields only reliable results for a suffi-
ciently slow increase in the atomic velocities. Otherwise, su-
perheating causes an overestimation of the melting tempera-
ture. In this work the atomic velocities were scaled at every
3 ps using different factors fscal depending on the potential
energy per atom Ec

A: fscal=1.1 for Ec
A�−3.8 eV and Ec

A�
−3.1 eV; fscal=1.05 for −3.8 eV�Ec

A�−3.7 eV and
−3.2 eV�Ec

A�−3.1 eV; fscal=1.025 for −3.7 eV�Ec
A�

−3.6 eV and −3.3 eV�Ec
A�−3.2 eV; fscal=1.0125 for

−3.6 eV�Ec
A�−3.3 eV. Larger cubic cells containing 4096

and 8000 atoms were also considered in the melting simula-
tions. No systematic influence of the system size was found.
The analysis of the results of the different simulations yields
statistical errors of 
40 K and 
0.1 eV for the melting
temperature and the heat of fusion, respectively. The second
method considers the coexistence of the liquid and the solid
phase using �N ,V ,E� MD simulations, where E and V are the
total energy and the total volume, respectively. The coexist-
ence states are determined by altering the volume of the
whole simulation cell and by calculating the corresponding
values of pressure and temperature.35 The resulting represen-
tation P�T� yields the melting point at P=0. Using the
Clausius-Clapeyron equation the derivative dP

dT at the melting
point can be related to the melting temperature, the heat of
fusion, and the difference between the atomic volumes in the
solid and the liquid at the melting point. In this work the
coexistence method was selectively used to check the accu-
racy of the procedure that considers the hysteresis during the
phase transition. The simulation cell was a cuboid with the
long side parallel to the �100� axis and containing 3000 at-
oms. A melting temperature of 1307
15 K was obtained.

At the melting point the hysteresis method yields dP
dT

=−8.98�10−5 eV Å−3 K−1 whereas the coexistence method
gives dP

dT =−8.91�10−5 eV Å−3 K−1. Therefore, the results
obtained by both methods are rather similar.

Figure 2 shows the pair correlation function g�r� and the
static structure factor S�k� of liquid Ge determined by the
simulations in comparison with data measured by x-ray and
neutron diffraction as well as by x-ray absorption
spectroscopy.36–39 Simulations and experiments were per-
formed at or near the respective melting temperature. The
overall agreement of calculated and measured data is good.
However, the shoulder or hump to the right of the first peaks
of g�r� and S�k� which arises from a residual covalent
crystal-like arrangement of the atoms38 is overestimated by
the simulations. The simulation results for the atomic density
and the coordination number at the melting point agree well
with the corresponding experimental data.

III. PREPARATION OF AMORPHOUS Ge

The simulation cell is a cube consisting of 1000 atoms,
with x, y, and z directions parallel to the �100�, �010� and
�001� axes, respectively. At the beginning of the simulation
all atoms are arranged in a crystal with diamond structure.
The dimensions of the cube are 5d�5d�5d, where d is the
lattice constant. Three-dimensional periodic boundary condi-
tions and the isobaric-isothermal ensemble �N , P ,T with P
=0� are considered. The simulation cell is coupled to a Ber-
endsen thermostat and a Berendsen barostat.31 In the first
simulation step liquid Ge is prepared by equilibrating the
system at 2700 K for 100 ps. Then, the three-body parameter

TABLE IV. Properties of several lattice structures of Ge deter-
mined by the Stillinger-Weber-type potential with parameters given
in Table I. DIA: diamond structure; SC: simple cubic; BCC: body-
centered cubic; FCC: face-centered cubic; 	E: energy difference
with respect to diamond structure.

Lattice structure
d

�Å�
Ec

�eV�
	E

�eV�

DIA �A4� 5.654 −3.86 0

SC �Ah� 2.709 −3.67 0.19

BCC �A2� 3.371 −3.66 0.20

FCC �A1� 4.306 −3.56 0.30

(a)

E c
A
(e
V)

1000 2000 3000

-3.8

-3.6

-3.4

-3.2

T (K)

(b)

T (K)
1000 2000 3000

21

22

23

VA
(e
V)

FIG. 1. Average potential energy Ec
A �a� and average volume VA

�b� per atom versus temperature. The thick lines are the result of
smoothing the simulation data. The dotted and the thin solid lines
illustrate how to determine the melting point, the heat of fusion, as
well as the difference between the atomic volumes in the solid and
the liquid at the melting point.
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� of the interatomic potential is increased by a factor of 1.6,
and a further equilibration is performed at 2700 K for 100 ps.
In the next step the system is cooled down to 300 K at a
cooling rate of 0.1 K ps−1. Finally, the three-body parameter
� is decreased to its original value and the system is equili-
brated at 300 K for 100 ps. It must be emphasized that the
above procedure does not correspond to a real cooling pro-
cess. However, in the following it will be shown that the
present method yields amorphous Ge with realistic proper-
ties. On the other hand, in experiments amorphous Ge is not
produced by cooling from the melt but by other methods
such as ion implantation and sputter deposition. The prepa-
ration of amorphous Ge as described above corresponds to
the method suggested by Luedtke et al.40 in order to simulate
amorphous silicon. The temporary increase in the three-body
parameter � leads to an additional preference for the tetrahe-
dral coordination. The values for the temporary increase in
the three-body parameter � and for the cooling rate used in
present investigations are the result of an optimization with

respect to the properties of amorphous Ge. It should be men-
tioned that it was not possible to prepare amorphous Ge with
realistic properties performing only a very slow cooling from
the melt. However, in these investigations the cooling rate
was varied just by 4 orders of magnitude since the computa-
tional effort rises dramatically for slower cooling rates.

The structural properties of amorphous Ge prepared by
the method described above are presented in Table V and in
Fig. 3. The comparison with experimental data41–47 for amor-
phous Ge layers produced by different methods shows a gen-
erally good agreement. In particular the atomic density and
the coordination number determined by simulations agree
well with those of the samples prepared by ion implantation
or by evaporation followed by ion implantation. On the other
hand, sputtering and evaporation lead to samples with lower
atomic density and coordination which may be due to void
formation during deposition. The pair correlation function
g�r� and the static structure factor S�k� obtained by the simu-
lations are very similar to the experimental data determined
by x-ray, neutron, or electron diffraction �Fig. 3�. Further-
more, a good agreement between simulations and experi-
mental data is found for the average bond length, the average
bond angle, as well as for the root-mean-square �rms� devia-
tions of these quantities �Table V�. At 300 K simulations
yield a difference of 0.144 eV between the cohesive energy
per atom in amorphous and in diamond-structure Ge. This is
somewhat higher than the experimental value of 0.120 eV for
the heat of crystallization of amorphous Ge.33 The thermal
stability of the amorphous Ge prepared by the simulations
was tested by reheating to 900 K and subsequent cooling to
300 K. The structural properties obtained after this treatment
are almost identical to those of the originally prepared amor-
phous Ge. This demonstrates that the preparation procedure
described above yields fully relaxed material.

The melting of amorphous Ge was simulated in the same
manner as the melting of diamond-structure Ge. In agree-
ment with experiments a first-order phase transition was
found but the hysteresis is much less pronounced than in the
case of melting crystalline Ge. The melting point of 1024 K
determined by the simulations is close to the value of 965 K
which was estimated using experimental data of other ther-
modynamic quantities.33,48 On the other hand, the calculated
heat of fusion of 0.0726 eV/atom is less than the experimen-
tal value of 0.269 eV/atom.49,50 In Sec. II a similar difference
has been also found for the heat of fusion of diamond-
structure Ge. In qualitative agreement with measurements,
melting of amorphous Ge leads to an anomalous increase in
the atomic density by about 11%.

The few previous attempts to simulate amorphous Ge
considered cooling from the melt at a constant atomic den-
sity given by the experimental value. The only exception is
the work of Bording51 who considered the isobaric-
isothermal ensemble �P=0� and the Tersoff29 potential. He
obtained realistic values for most structural properties of
amorphous Ge. Similar results were obtained using a
Stillinger-Weber-type potential.19 However, both the Tersoff
potential and the potential used in Ref. 19 yield melting
points for diamond-structure and amorphous Ge which are
far above the experimental values. Therefore, these poten-
tials are not suitable for the simulation of SPER. MD simu-

(a)

r(Å)

g(
r)

0 2 4 6 8 10
0

1

2

0 2 4 6 8 10
0.0

0.5

1.0

1.5
(b)

k(Å-1)

S(
k)

FIG. 2. Pair correlation function �a� and static structure factor
�b� of liquid Ge determined by simulations �thick lines� in compari-
son with experimental data �symbols�. The thick lines are the result
of smoothing the simulation data. Neutron-diffraction results of
Gabathuler et al. �Ref. 36� and Salmon �Ref. 37� are depicted by
open squares and diamonds, respectively. Data obtained by x-ray
diffraction �Ref. 38� and x-ray absorption spectroscopy �Ref. 39�
are shown by open circles and asterisks, respectively. The latter data
are only available in the range of the first peak and, therefore, the
asterisks are hidden behind the other symbols.
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lations based on the DFT also led to reasonable properties of
amorphous Ge.52,53 However, because of the computational
costs this type of simulations cannot be used to investigate
SPER.

IV. PREPARATION OF A SYSTEM CONTAINING AN
AMORPHOUS AND A CRYSTALLINE LAYER

The simulation cell is chosen as cuboid with the long side
parallel to �100� �x axis� and the short sides parallel to �010�
and �001�. Initially the atomic arrangement corresponds to
the diamond structure. In the present work a smaller cell with
3000 atoms and the dimensions 15d�5d�5d as well as a
larger cell with 54 000 atoms and the dimensions 30d
�15d�15d are considered. Three-dimensional periodic
boundary conditions are used. The simulation cell is subdi-
vided along the x axis: the inner part extends from −0.5fLx to
+0.5fLx, where Lx is equal to 15d or 30d, with f =0.8. The
two parts are coupled to different Berendsen thermostats, and
zero pressure is maintained at the cell boundaries at −Lx and
+Lx using a Berendsen barostat. In the first simulation step
the inner and outer parts are equilibrated at 2700 and 300 K,

respectively, for 100 ps. The inner part becomes liquid
whereas the two outer parts remain crystalline. Then, in the
whole simulation cell the three-body parameter � of the in-
teratomic potential is increased by a factor of 1.6, and a
further equilibration is performed for 100 ps, at the same
temperatures as in the first step. In the third step the inner
part is cooled from 2700 to 300 K at a cooling rate of
1 K ps−1 whereas the temperature of the outer part is main-
tained at 300 K. Finally, the three-body parameter � of the
interatomic potential is reset to its original value and the
whole system is equilibrated at 300 K for 300 ps. As the
result of the whole preparation procedure the inner and the
outer parts of the simulation cell consist of amorphous and
crystalline Ge, respectively. This system mimics the real situ-
ation with an amorphous surface layer and a single-
crystalline substrate. It is therefore well suited to be used as
initial configuration in the simulation of the recrystallization
of the amorphous layer. The preparation method described
above is similar to that employed in Sec. III to produce bulk
amorphous Ge. The values used for the parameter f , for the
temporary increase in the three-body parameter �, and for
the cooling rate are the result of an optimization under the
following conditions: �i� amorphous and crystalline Ge

TABLE V. Structural properties of amorphous Ge at 300 K: comparison between results of present
atomistic simulations with experimental data and previous theoretical results �n: atomic density; N: coordi-
nation number; Rb: average bond length; 	Rb: rms deviation of bond length; �: average bond angle; 	�: rms
deviation of bond angle�. In this work the coordination number was determined assuming a cutoff distance of
3.03 Å �cf. Fig. 3�.

n
�Å−3� N

Rb

�Å�
	Rb

�Å�
�

�deg�
	�

�deg�

This work 0.0434 4.03 2.48 0.081 108.9 11.08

Experimental results—preparation method/
analysis

Ion implantation at RT/surface profilometry and
Rutherford backscattering spectrometry in
channeling direction �Ref. 41� 0.0435

Evaporation/x-ray diffraction �Ref. 42� 0.0375 3.3

Evaporation followed by ion implantation/x-ray
diffraction �Ref. 42� 0.042 3.95

Sputtering at 150 °C/x-ray diffraction �Ref. 43� 0.0406 3.79 2.47 0.087 109.5 10

Sputtering at 350 °C/x-ray diffraction �Ref. 43� 0.0428 3.91 2.47 0.089 109.5 10

Sputtering at −20 °C/x-ray diffraction �Ref. 44� 0.0397 3.85 2.46 0.085 109 10

Electron beam evaporation at 100 °C/neutron
diffraction �Ref. 45� 0.0398 3.68 2.463 0.074 108.5 9.7

Ion implantation at RT/x-ray absorption
fine-structure spectroscopy �Ref. 46� 3.94 2.461–2.464

Previous theoretical results—method

Classical MD, Tersoff �Ref. 29� potential, P=0,
results for 0 K �Ref. 51� 0.0430 4.1 2.49

Classical MD, Stillinger-Weber-type potential, n
=const �Ref. 19� 4.01 2.48

Cooling from the melt, DFT-MD, n=const
�Ref. 52� 4.04 2.48 0.1 107.7 17.9

Cooling from the melt, DFT-MD, n=const
�Ref. 53� 4.18
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should form well separated layers. �ii� The structural proper-
ties of both phases should be almost identical to those of the
corresponding bulk amorphous and crystalline material. Both
conditions imply that recrystallization of the liquid phase
must be suppressed during the cooling process.

In order to distinguish atoms of the crystalline part from
atoms of the amorphous part the following characterization
method is applied to the configuration obtained as the results
of the above preparation procedure. During an additional
equilibration step at 300 K time averages of the atomic co-
ordinates are calculated over a period 	tav=2 ps. From these
data the bond angles are obtained for the averaged system.
The time average eliminates the thermal vibrations of the
atoms in the crystalline state and reveals its inherent
structure.54 Such a structure can be also determined by
quenching the system to 0 K. The inherent structure shows a
much narrower bond angle distribution than the instanta-
neous structure at a given temperature. On the other hand, in
the amorphous state the disorder is not due to thermal vibra-
tions but due to the amorphous structure itself. Therefore, the
time average does not change the bond angle distribution in
this case. Based on time averages of the atomic coordinates
the following criteria are used to assign an atom to the crys-
talline part: �i� the atom has four nearest neighbors within the
cutoff distance of 3.03 Å. �ii� The maximum deviation of the
cosine of all bond angles from the ideal value − 1

3 defined by
the diamond structure must not exceed a threshold 	 costh
=0.15. �iii� Two or more nearest neighbors of the atom be-
long to the crystalline part. �iv� Three or more second nearest
neighbors belong to the crystalline part. Note that the values
of 	tav and 	 costh as well as for the cutoff distance are the
result of several attempts aimed at an optimal characteriza-
tion.

An alternative but less consistent method to determine
whether an atom belongs to the crystalline or the amorphous
part is based on the consideration of the structure factor16

s�x� =
1

Nx
� �

x�xi�x+	x

exp�ikri�� .

The quantity k is a vector of the reciprocal lattice parallel to
the x axis, k= 8�

d ex, ex being the unit vector along the x axis.
Nx denotes the number of atoms in a crystalline layer per-
pendicular to the x axis and the sum is over all atoms i
having time-averaged coordinates ri and xi=riex between x
and x+	x. In the present work 	x= 1

2d is used. The structure
factor s�x� is equal to 1 and around 0 if the depth interval
belongs to the crystalline and the amorphous part, respec-
tively. In this manner it is possible to determine the ratio of
the number of atoms in the crystalline part to the total num-
ber of atoms in dependence on x. This ratio is called crystal-
line fraction. It should be noticed that the characterization
via s�x� becomes incorrect if stacking faults are formed dur-
ing recrystallization.

Figures 4�a� and 4�c� illustrate the atomic configurations
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FIG. 3. Pair correlation function and static structure factor of
amorphous Ge obtained in this work �thick gray lines� in compari-
son with experimental data and results of previous calculations
�symbols�: �a� Results of neutron diffraction �Ref. 45� �full circles�
and x-ray diffraction �Ref. 43� �open circles�. �b� Data obtained by
electron diffraction �Ref. 47� �open diamonds� and neutron diffrac-
tion �Ref. 45� �full circles�. �c� Results of calculations using a
Stillinger-Weber-type potential �Ref. 19� �open circles�, the Tersoff
�Ref. 29� potential �Ref. 51� �open asterisks�, and DFT �Ref. 52�
�full circles�. �d� Results of DFT calculations �Ref. 52� �full circles�.
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FIG. 4. �Color online� Initial atomic configurations used in Sec.
V in the simulation of the recrystallization of the amorphous layer.
The smaller system consists of 3000 atoms �a�, whereas the larger
system contains 54 000 atoms �c�. The spheres depict the positions
of atoms time-averaged over 2 ps at a temperature of 300 K. The
figure demonstrates the ability of the characterization procedure
based on the criteria �i�–�iv� �see text� to distinguish between atoms
in the amorphous and the crystalline part which are shown by red
and gray color �gray scale: dark and light gray�, respectively. For
the smaller system the distribution of the crystalline fraction fc

along the x axis is also shown �b�. Two alternative methods to
determine whether an atom belongs to the crystalline or amorphous
part were applied: criteria �i�–�iv� �see text� and the structure factor
s�x�. The results of the first and the second method are depicted by
thick and thin lines, respectively.
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obtained as the result of the preparation procedure described
above. The inherent structure determined by time averaging
over 2 ps is shown. Well separated amorphous and crystal-
line layers are found. The simulation cell comprises about
80% amorphous and 20% crystalline material. The figure
demonstrates the ability of the characterization procedure
based on the criteria �i�–�iv� �see above� to distinguish be-
tween atoms of the crystalline and the amorphous material.
The two systems shown in Fig. 4 are used as start configu-
rations in the simulation of the recrystallization process in
Sec. V. Figure 4�b� depicts the crystalline fraction in depen-
dence on the x coordinate for the system given in Fig. 4�a�.
The two alternative methods to determine whether an atom
belongs to the crystalline or amorphous part yield very simi-
lar results. Therefore, only the first procedure is used in the
following. The pair correlation function and the bond angle
distribution for the amorphous and crystalline part of Fig.
4�a� are displayed in Fig. 5. These characteristics are shown
for the instantaneous and the inherent structures. Figure 6
demonstrates that the pair correlation functions and the bond
angle distributions for the amorphous and crystalline part of
Fig. 4�a� agree well with the corresponding characteristics in
bulk amorphous or crystalline material. Note that this figure
depicts the results for the inherent structures obtained by
time averaging. The data for bulk material were determined
considering a system containing 1000 atoms �cf. Sec. III�.
The peaks of the distributions for the crystalline part are less
pronounced than those for the bulk crystal. This is due to
distortions of the crystalline material near the a-c interface.
The difference would be smaller if the extension of the crys-
talline part along the x axis was larger.

The present method to prepare the initial configuration for
simulating SPER is more advantageous than gluing a simu-

lation cell containing amorphous material onto a crystalline
substrate. This procedure was often used to prepare the initial
configuration for the simulation of SPER in Si.13,14,16,17 By
gluing the two systems defects are generated at the interface
which can be hardly removed, especially if recrystallization
at relatively low temperatures is considered.13 During the
preparation used in this work the two a-c interfaces are
formed in a less artificial manner. Compared to a simulation
cell with an amorphous surface layer and a bottom crystal-
line layer15,17 the present configuration has two advantages.
Since the simulation cell is always very small in comparison
to a real sample, the simulation of the recrystallization pro-
cess would be influenced by the presence of a free surface.
On the other hand, this influence does not play an important
role during SPER in the real sample. Moreover, the present
configuration contains two a-c interfaces. This allows an av-
eraging over statistical fluctuations and the determination of
a mean regrowth rate.

V. SOLID PHASE EPITAXIAL RECRYSTALLIZATION

The simulation of recrystallization of amorphous Ge is
performed using the two systems shown in Fig. 4 as start
configurations. In most simulations the smaller system is
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FIG. 5. Pair correlation function g�r� and bond angle distribu-
tion g��� inside the amorphous ��a� and �b�� and the crystalline part
��c� and �d�� of the time-averaged atomic configuration displayed in
Fig. 4�a� �black lines�. These characteristics are also shown for a
snapshot of the same atomic configuration at 300 K �thick gray
lines� and for the inherent structure obtained by quenching from
300 to 0 K �open circles�.
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FIG. 6. Comparison of the pair correlation function �a� and the
bond angle distribution �b� obtained for the amorphous and the
crystalline part of the time-averaged atomic configuration shown in
Fig. 4�a� �black lines� to corresponding characteristics of bulk
amorphous and crystalline material �gray lines�. The thick and thin
lines show the data for the amorphous and crystalline case,
respectively.
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considered. Due to the remarkably higher computational cost
the larger system is only examined in selected cases for com-
parison. The whole simulation cell is coupled to a Berendsen
thermostat and zero pressure is maintained at the cell bound-
aries at −Lx and +Lx using a Berendsen barostat. Before the
simulation of recrystallization the temperature of the system
must be increased from 300 K to the temperature at which
the regrowth is to be investigated. The heating is carried out
at different rates ranging from 1 to 100 K ps−1. The simula-
tion of recrystallization is performed at temperatures be-
tween 600 and 950 K. At the lower temperatures the required
simulation time is much longer than at the higher tempera-
tures. Table VI gives an overview of the calculations per-
formed. The pair correlation function and the bond angle
distribution of the amorphous and the crystalline part of the
simulation cell are determined for each regrowth tempera-
ture. In all cases the characteristic properties of the two
phases are found. During the simulation of recrystallization
melting of the amorphous material17 is never found.
Throughout the simulation the characterization method based
on time-averaged atomic coordinates and the criteria �i�–�iv�
�cf. Sec. IV� is continuously applied in order to distinguish
between atoms belonging to the crystalline and the amor-
phous part and to determine the current crystalline fraction as
well as the current configuration of the a-c interface. The
latter is obtained in the following manner: an atom is situated
at the interface if it belongs to the crystalline part and if it
has at least one nearest neighbor belonging to the amorphous
part. Using the data on the current a-c interface its average
position with respect to the x axis and its roughness given by
the rms deviation of this position is calculated throughout the
simulation of recrystallization. Since the simulation cell con-
tains two interfaces an additional averaging of the results is
performed. It should be noticed that the procedure to calcu-
late the average position of the a-c interface with respect to
the x axis and its rms deviation does only work properly if
the amorphous part is contiguous and if the positions of the
left and the right interfaces are at x�0 and x�0, respec-
tively.

TABLE VI. Overview of recrystallization simulations.

Simulation cell
Heating rate

�K ps−1� Temperature �K�
Simulation time

�ns�

15d�5d�5d, 3000 atoms

1, 10 600 250

1, 10 650 200

1, 10, 20, 50, 100 700 40

1, 10, 20, 50, 100 750 16

1, 10, 20, 50, 100 800 5

1, 10, 20, 50, 100 850 1.5

1, 10, 20, 50, 100 900 1

1, 10, 20, 50, 100 950 0.8

30d�15d�15d, 54000 atoms

10 700 20

10 750 9

10 800 8

10 850 3

10 900 2

(b)

(c)

(d)

(e)

(a)

FIG. 7. �Color online� Recrystallization of the amorphous Ge
layer at 800 K: after �a� 1 ns, �b� 2 ns, �c� 3 ns, �d� 4 ns, and �e� 5
ns. The simulation cell contains 3000 atoms. For details of the
presentation see Fig. 4. Note that atoms that belong to defects
formed by stacking faults are also shown by red color �gray scale:
dark gray�.
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Figure 7 illustrates the recrystallization of amorphous Ge
at 800 K. Two stages are found. The initial stage �Figs.
7�a�–7�c�� corresponds to the SPER process. Here, the amor-
phous part is contiguous and its thickness is large enough so
that the two interfaces do not influence each other. In the
final stage �Figs. 7�d� and 7�e�� the amorphous region be-
comes thinner and, eventually, isolated amorphous regions
may exist and recrystallize independently of each other. This
may lead to the generation of �111� stacking faults and de-
fects as shown in Fig. 7�e�. However, the occurrence of �111�
stacking faults may be overestimated by present simulations
since the Stillinger-Weber-type potential used does not pe-
nalize the formation of this type of stacking faults since the
corresponding stacking fault energy is zero. Atomic mecha-
nisms of regrowth are illustrated in Fig. 8. The a-c interface
contains small �111� facets where recrystallization mainly
takes place. This process is characterized by a sequential
local rearrangement of atomic bonds and positions. In the
well-known model for SPER in Si �Refs. 55 and 56� two
stages are assumed: �i� kink formation at �111� terraces and
�ii� kink propagation along �110
 ledges on these terraces.
The second stage is similar to the rearrangement process de-
scribed above. However, using present simulation results it
was not possible to find kink formation. This might be due to
fact that the complexity of the atomic rearrangements hin-
ders a proper identification of the formation of the kinks.
�111� facets and complex interface structures containing
these facets were also observed in atomistic simulations and
experiments on SPER in Si.14–16,57

Figure 9 depicts the shift of the average position of the a-c
interface with respect to the x axis versus time for the ex-
ample of recrystallization at 800 K. As described above,
these data are continuously produced during the simulation.
The differences between the data obtained for the various
velocities of heating the system from 300 to 800 K are due to
statistical fluctuations. In order to determine the velocity of
SPER a linear fit is performed to the curves depicting the
shift of the a-c interface versus time. In the case of recrys-
tallization simulation in the smaller cell containing 3000 at-
oms only the first 1 nm of the interface shift is included in
the fit, since at the later stage of regrowth the amorphous
layer is relatively thin and the two interfaces may influence
each other. If the larger system with 54 000 atoms is consid-
ered the linear fit is performed up to a shift of 2 nm. At a
given temperature the mean velocity of SPER is obtained by
averaging over the corresponding velocities obtained for
samples with various heating rates. At high temperatures the
regrowth proceeds continuously and the shift of the a-c in-
terface depends nearly linearly on time �Fig. 10�a��. On the
other hand, at low temperatures a discontinuous and rather
nonlinear regrowth is found �Fig. 10�b��. In this case the role
of thermal fluctuations is more obvious than at high tempera-
tures where they act more frequently and lead to a smoother
regrowth. The development of the roughness of the a-c inter-
face expressed by the rms deviation of the average position
of the interface with respect to the x axis is shown in Figs.
10�c� and 10�d�. At 900 K a nearly stationary value of about
0.21 nm is reached during the SPER stage of recrystalliza-
tion. The value for 650 K is only 5% lower. The difference
may be due to statistical fluctuations.

The finite dimension of the simulation cell may cause the
suppression or the preference of certain regrowth modes
which are mainly determined by the boundary conditions
perpendicular to the main recrystallization direction. Results
obtained for the smaller and the larger cells are presented in
Fig. 11. In the latter case the velocity of SPER is somewhat
larger than in the former. Such a small difference is observed
at all temperatures considered in the simulations. One cause
may be the preference for different regrowth modes in the
smaller and the larger cell. Another reason may be the fact
that in the larger cell no stationary value of the interface
roughness is reached during SPER simulation. However, it is

(b)

(a)

[100]

FIG. 8. �Color online� Recrystallization of a faceted interface:
the upper and lower figures show a part of the a-c interface at 2 and
2.5 ns after the start of recrystallization, respectively, at 800 K.
�111� planes containing facets and lying perpendicular to the �110�
plane of the figures are marked by dotted lines.
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FIG. 9. Shift 	d of the average position of the a-c interface with
respect to the �100� direction versus time t for the example of re-
crystallization at 800 K. Curves are shown for different velocities of
heating the system from 300 to 800 K before the recrystallization
simulation. The velocity of SPER is obtained by a linear fit to the
curves within the first 1 nm of the interface shift. This region is
marked by the dotted line. The results were obtained for the simu-
lation cell consisting of 3000 atoms.
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also possible that the difference is simply due to statistical
fluctuations.

Additional simulations were performed in order to inves-
tigate the influence of the conditions set by the barostat. Zero
pressure is maintained not only at −Lx and +Lx but at all
boundaries. Therefore, in contrast to the simulations dis-
cussed up to now, the extensions of the simulation cell in the
�010� and �001� directions are not fixed to a value related to
the lattice constant d �cf. Sec. IV� but are dependent on the

recrystallization temperature. The smaller simulation cell
consisting of 3000 atoms was considered. Various tempera-
tures and samples that were heated to the given regrowth
temperature at different rates were studied. The results are
very similar to those presented above for a simulation cell
with zero pressure maintained at the boundaries −Lx and +Lx.
There are only small differences due to statistical fluctuations
but no systematic deviation is found.

Figure 12 shows the velocities of SPER obtained by simu-
lations at different temperatures in an Arrhenius plot. In ex-
cellent agreement with experiments the theoretical results
can be approximated by a straight line. In the case of the
smaller system containing 3000 atoms the effective activa-
tion energy of SPER and the pre-exponential factor are 1.09
eV and 3.21�106 nm ns−1, respectively. For the larger sys-
tem with 54 000 atoms the estimated values are 1.09 eV and
5.55�106 nm ns−1. The possible reasons for the difference
between the results obtained for the smaller and the larger
system have been already discussed above. The value of the
effective activation energy cannot be simply related to for-
mation or migration energies of the point defects �cf. Sec. II�,
or to the sum of point defect formation and migration ener-
gies. Doubt is cast on the idea that SPER occurs through a
single thermally activated process. Instead several complex
atomic rearrangement processes such as the bond switching
at �111� facets described above contribute to the effective
activation energy of SPER.12,13

The measured velocities of SPER are much lower than the
values determined by the present simulations.5–12 Most re-
cent and very detailed experiments12 yielded an activation
energy of 2.15 eV and a pre-exponential factor of 2.6
�107 nm ns−1. The main reason for this large discrepancy
between simulations and experiment may be the quality of
the interatomic potential used in the calculations. Although
this potential allows the simulation of crystalline, amor-
phous, and liquid Ge with realistic properties it does not
describe SPER quantitatively correct. The activation energy
of SPER may be related to the flexibility of the atomic bonds
at the a-c interface. Obviously, the interatomic potential used

FIG. 10. Recrystallization versus time: shift of the average po-
sition of the a-c interface with respect to the x axis at 900 K �a� and
650 K �b� as well as the rms deviation of the average position of the
interface with respect to the �100� at 900 K �c� and 650 K �d�. For
more details see Fig. 9.
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FIG. 11. Results obtained for the smaller �thin lines� and the
larger cell �thick lines� at 900 K. In the case of the smaller and the
larger cell the velocity of SPER is determined within the first 1 nm
�dotted line� and 2 nm �dashed line� of the interface shift,
respectively.
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FIG. 12. Velocities of SPER obtained by the simulations in an
Arrhenius plot. Results for the smaller and the larger system are
depicted by full and open symbols, respectively.
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leads to an overestimation of this flexibility and, conse-
quently, to an underestimation of the activation energy. The
flexibility of bonds may be decreased by increasing the
three-body parameter � of the potential. However, this would
increase the melting temperature both for amorphous and
crystalline Ge which is predicted properly by the interatomic
potential used in this work. Therefore, such a modification of
the potential would not lead to a physically consistent mod-
eling of recrystallization. A similar case was discussed by
Krzeminski et al.17 These authors simulated SPER in Si us-
ing several interatomic potentials and found that most poten-
tials lead to regrowth velocities that are much higher than the
measured data. Apparently, a good agreement with the ex-
periments was obtained using the Tersoff potential.58 How-
ever, the melting temperatures of amorphous and crystalline
Si obtained by this potential are 600–800 K higher than the
experimental values. If the temperature is rescaled using the
ratio of the melting temperatures determined by experiment
and simulation, the velocity of SPER determined using the
Tersoff potential becomes also much higher than the mea-
sured data. This demonstrates that the use of the Tersoff po-
tential does not result in a physically based improvement in
the modeling of recrystallization. Until now it has not been
possible to find a suitable interatomic potential for Si which
allows both the correct prediction of the melting tempera-
tures and the precise simulation of the SPER velocity.13–17

Obviously, the same situation exists in the case of Ge.

VI. SUMMARY

Comprehensive atomistic simulations of amorphous ger-
manium and its solid phase epitaxial recrystallization have
been performed using a Stillinger-Weber-type interatomic
potential. Contrary to previously used parametrizations of
this potential the parameter set employed in this work yields
a reasonable description of all condensed phases which are
observed at zero pressure, i.e., diamond-structure, amor-
phous, and liquid Ge. The preparation of amorphous Ge has
been performed by cooling from the melt using a method
similar to that employed in the simulation of amorphous Si.
The pair correlation function, the atomic density, the coordi-
nation number, the average bond angle, the melting tempera-
ture, and other structural and thermal properties have been
calculated. The results of simulation are in good agreement
with experimental data.

An atomic system that contains an amorphous and a crys-
talline layer has been prepared by melting a part of an ini-
tially crystalline simulation cell and by cooling the liquid in
a similar manner as in the preparation of bulk amorphous Ge.
This system is employed as initial configuration in the simu-

lation of the recrystallization of amorphous Ge. The simula-
tion cell is built in such a manner that the main direction of
regrowth is parallel to �100�. An efficient characterization
method to distinguish atoms of the crystalline part from at-
oms of the amorphous part uses time-averaged atomic coor-
dinates and criteria concerning the atomic coordination, the
bond angles, as well as the first and the second neighbor
atoms in the averaged system. The present procedure to pre-
pare the initial state for simulating the recrystallization of
amorphous Ge leads to a more realistic system than methods
previously used in the simulation of SPER in Si.

The recrystallization has been simulated in the tempera-
ture range between 600 and 950 K and over 0.8–250 ns. The
configuration of the current a-c interface, its average position
with respect to the �100� direction, and its roughness given
by the rms deviation of this position have been continuously
determined during the simulation. The recrystallization pro-
cess consists of two stages. The first stage corresponds to
SPER whereas in the second stage the amorphous region
becomes thinner and, finally, isolated amorphous regions
may recrystallize independently of each other. This may
cause the generation of stacking faults and defects. The ve-
locity of SPER has been obtained from a linear fit to the
initial part of the curves depicting the shift of the a-c inter-
face versus the simulation time. The velocity of SPER in the
smaller simulation cell containing 3000 atoms is somewhat
smaller than in the larger system with 54 000 atoms. This
may be due to the fact that the finite cell dimensions may
cause the suppression or the preference of certain regrowth
modes which are determined by the boundary conditions per-
pendicular to the main recrystallization direction. The recrys-
tallization has been found to take place mainly at small �111�
facets. This process is characterized by a sequential local
rearrangement of atomic bonds and positions. The depen-
dence of the velocity of SPER on temperature can be ap-
proximated by a straight line in an Arrhenius plot. This
agrees very well with the experimental results. However, the
velocity of SPER determined by the simulations is too high
compared to measured data. The main reason for this dis-
crepancy may be the quality of the interatomic potential
used. Obviously, the potential overestimates the flexibility of
atomic bonds and, consequently, underestimates the activa-
tion energy of SPER. Similar to the state of the art in the
atomistic simulation of SPER in Si it has not yet been pos-
sible to find an appropriate interatomic potential which al-
lows both the reasonable prediction of the structural and
thermal properties of the condensed phases and a quantita-
tively correct calculation of the SPER velocity. This impor-
tant aspect should be taken into account in future efforts on
the improvement of the interatomic potential.
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