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Generation of amorphous silicon structures by rapid quenching: A molecular-dynamics study

Manabu Ishimaru, Shinji Munetoh, and Teruaki Motooka
Department of Materials Science and Engineering, Kyushu University, Hakozaki, Fukuoka 812-81, Japan

~Received 24 June 1997!

Amorphous silicon~a-Si! networks have been generated from melted Si with various quenching rates by
molecular-dynamics~MD! simulations employing the Tersoff potential. The cooling rates were set between
531011 and 131014 K/s; the latter is the slowest quenching rate in MD simulations previously performed.
Although the atomic configurations formed by the cooling rate of 1014 K/s could reproduce the radial distri-
bution function ofa-Si obtained experimentally, they contained numerous structural defects such as threefold-
and fivefold-coordinated atoms. As the cooling rate decreased, the average coordination number became'4
and tetrahedral bonds predominated. The structural and dynamical properties ofa-Si generated by a cooling
rate with ;1012 K/s were in excellent agreement with those ofa-Si obtained experimentally.
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I. INTRODUCTION

The determination of the microstructure of amorpho
silicon ~a-Si! is of great importance for electronic devic
applications ofa-Si. A molecular-dynamics~MD! simulation
is a useful technique to obtain atomic-scale information
the a-Si structure, and many researchers have proposed
preparation methods ofa-Si based on MD simulations.1 Re-
cently, Car and Parrinello2 and Stich, Car, and Parrinello3

generateda-Si from melted Si, employingab initio MD
simulations in which the volume of the MD cell was grad
ally increased by applying negative pressure. The structu
dynamical, and electronic properties of the comput
generateda-Si were in good agreement with those obtain
experimentally.4–6 However, ab initio MD simulations are
numerically so intensive that they are limited to a short
riod of time (;10 ps) and small numbers of atoms
(;100). Therefore, it is difficult to applyab initio MD
simulations for the analysis of relaxation and crystallizat
processes ina-Si, where much larger-size simulations
space and time are necessary.

To overcome this problem, various empirical interatom
potentials for Si have been proposed.7 Luedtke and
Landman8,9 tried to producea-Si by rapid quenching of the
liquid using an empirical potential developed by Stilling
and Weber.10 In their MD simulations, the strength of th
three-body term in the potential is artificially enhanced d
ing the cooling procedure in order to stabilize the tetrahed
structure. Thus the kinetics of quenching may not be w
described. In addition, the Stillinger-Weber~SW! potential,
which is often used to analyze the microstructure of liquid
~l -Si! anda-Si, has been pointed out not to reproduce exac
the structural and dynamical properties of the liquid phase
Si.11

Although much effort has been devoted to construct str
tural models ofa-Si, the preparation methods ofa-Si involve
unphysical treatments and the details of the microstructu
are not yet fully examined. We have recently performed M
simulations ofl -Si using the Tersoff potential12,13 instead of
the SW potential and found that thel -Si network generated
reproduces the features of the structural properties repo
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by previous experiments andab initio calculations.14,15In the
present study,a-Si networks were generated from the Te
soff liquid by various cooling rates. The structural and d
namical properties of the calculated atomic configurat
were compared with those reported by previous experime
andab initio calculations and the applicability of the Terso
potential for preparinga-Si was discussed.

II. PREPARATION PROCEDURE
OF AMORPHOUS SILICON

Cook and Clancy16 have conducted constant-pressure M
simulations of the solid-liquid transition using the Terso
potential and found that the density of computer-genera
l -Si is substantially different from that obtained experime
tally. In the present study, therefore, the MD calculatio
were carried out under constant-volume and -tempera
conditions. A cubic cell with periodic boundary condition
containsN5216, 512, and 1000 Si atoms interacting via t
Tersoff potential.13 The density of the MD cell was chose
as that of crystalline Si~c-Si!, namely, 2.33 g/cm3, since the
density ofa-Si without voids is close to that ofc-Si. The
atoms were initially arranged in the diamond structure a
then the system was heated up by rescaling the velocitie
the particles. The equations of motion were integrated us
the velocity form of the Verlet algorithm17 with a time step
of 0.002 ps.

The amorphous state was obtained by first equilibrat
l -Si at a high temperature of 3500 K and then quenching i
500 K. The cooling rates were set between 531011 and 1
31014 K/s. The slowest cooling rate of 531011 K/s in the
present study was about 200 times slower than that use
the previousab initio MD simulations (;1014 K/s) ~Ref. 3!
and almost the same as the estimated cooling rates that
achieved in laboratories to preparea-Si by laser annealing
techniques (;1012 K/s).18

III. RESULTS AND DISCUSSION

Figure 1 shows examples of~a! kinetic and~b! potential
energies of anN5512 system as a function of time with th
15 133 © 1997 The American Physical Society
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cooling rate of 1012 K/s. It should be noted thatl -Si is sim-
ply quenched without anyad hoc procedures such as th
application of negative pressure and the enhancement o
rahedral force components during the cooling procedure
described in Sec. I. There exists a kink in the potential
ergy around 1800 ps during the cooling. For comparis
with the other cooling rates examined, the temperature
pendence of the potential energy is shown in Fig. 2.@This

FIG. 1. Time evolution of~a! kinetic and~b! potential energies
per particle during quenching. The system isN5512 and the cool-
ing rate is 131012 K/s. It should be noted that the potential ener
has a kink around 1800 ps corresponding to a temperature of 1
K, though the kinetic energy decreases monotonically.

FIG. 2. Temperature dependence of the potential energies
various quenching rates. Note that the kink exists around 170
for 1012 K/s and its position moves toward higher temperature w
increasing cooling rate.
et-
as
-
n
e-

picture is obtained by converting the horizontal axis of F
1~b! into the temperature.# It is found that the kink appears
around 1700 K for 1012 K/s and it shifts toward higher tem
perature and disappears as the quenching rate increases
temperature at which the kink appears was confirmed
slightly decrease in the case of<1012 K/s ~not shown!. This
kink may correspond to the enthalpy change 34
64.2 kJ/mol upon melting of a-Si observed
experimentally.19

Figure 3 displays the potential energy at 500 K for vario
quenching rates. One can see that the values do not de
on the system size, therefore the present size (N5512) is
considered to be large enough. The potential energy
creases with the cooling rate. This suggests that nume
defects, such as atoms with under- or overcoordination nu
bers, exist ina-Si generated by the rapid freezing and the
defects can recover at slower cooling rates.

From the slope of potential-energy curve for 1012 K/s
~Fig. 2!, the cooling procedure can be divided into thre
parts: ~i! 3500–2300 K,~ii ! 2300–1700 K, and~iii ! 1700–
500 K. In order to obtain information about atomic arrang
ments for each temperature range, the radial distribut
functionsg(r ) of the samples quenched at 2700, 2000, a
500 K are demonstrated in Fig. 4. In Fig. 4~a! the first peak
falls at 2.46 Å with a maximum height of 2.3 and the seco
one appears at 3.94 Å. Thisg(r ) is essentially similar to that
calculated previously in the Tersoff liquid.14 The peaks be-
come sharper as temperature decreases@Fig. 4~b!# and finally
the location of the first peak is close to that ofc-Si ~2.35 Å!
and the minimum region between the first two peaks b
comes deep@Fig. 4~c!#. It should be noted that the third
nearest-neighbor peak ofc-Si ~4.50 Å! is not observed.
These results of Fig. 4~c! reproduce the features ofa-Si gen-
erated experimentally well.4,5 Although g(r ) of the sample
prepared by 1014 K/s is similar to that obtained by 1012 K/s,
the peak heights are a little smaller as shown in Fig. 4~c!.

To compare with the available data of neutron-diffractio
measurements,4,5 the static structure factorsS(k) calculated
by Fourier transformingg(r ) are given in Fig. 5. Thek

00

or
K

FIG. 3. Equilibrium potential energy at 500 K for various coo
ing rates: N5216~s!, N5512~d!, andN51000~h!. The line is
a guide to the eye. The potential energy decreases monotonic
with quenching rate.
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56 15 135GENERATION OF AMORPHOUS SILICON STRUCTURES . . .
,1.5 Å21 region contains substantial truncation error a
should be disregarded. It is clearly seen that the first pea
asymmetric in Fig. 5~a! and the peak shape resembles that
S(k) for a supercooled liquid.11 ~Note that the melting tem-
perature is about 3300 K for the system with the density
2.33 g/cm3 used in the present MD simulation.! This first
peak splits into two and these peaks develop with decreas
temperature. The result of 1012 K/s in Fig. 5~c! is in excellent
agreement with that obtained experimentally from evap
rateda-Si.4 On the other hand,S(k) for the cooling rate of

FIG. 4. Temperature dependence of radial distribution functio
g(r ): ~a! 2700, ~b! 2000, and~c! 500 K. Solid and dotted lines
denote the cooling rates of 1012 and 1014 K/s, respectively. These
functions are obtained by averaging over 500 configurations dur
500Dt ~1.0 ps!.
is
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1014 K/s includes some discrepancies in the height of
first peak and the shoulder of the third peak. Therefore,
quenching rate needs to be below 1012 K/s for the formation
of a more appropriate amorphous structure.

Figure 6 indicates the distribution of coordination num
bers as a function of temperature. The coordination she
defined by the first minimum ofg(r ). At 2700 K various
coordination numbers composed of primarily fourfold a
fivefold coordinations exist. The fourfold coordination pr
dominates at the lower temperatures, and the threefold s
vanish and only fivefold ones remain for the cooling
1012 K/s. The sample produced by 1014 K/s also includes

s

g

FIG. 5. Static structure factorsS(k) corresponding to Fig.
4: ~a! 2700,~b! 2000, and~c! 500 K. Solid and dotted lines denot
the cooling rates of 1012 and 1014 K/s, respectively, and open-circl
indicates an experimental result reported by Fortner and Lan
~Ref. 4!. The S(k) for 1012 K/s in ~c! reproduces the experimenta
result well.
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many floating bonds~19.5%! rather than dangling bond
~0.8%!. According to continuous-space Monte Carlo simu
tions by Kelires and Tersoff,20 the estimated formation ene
gies for fivefold-coordinated defects are smaller than th
for the threefold-coordinated defects, which is consist
with the present MD results. A similar tendency in the d
tribution of coordination numbers as a function of tempe
ture has been found also by Stich, Car, and Parrinello.3 The
average coordination decreases monotonically with the c
ing rate and the value is close to the coordination numbe
c-Si, 4.0 ~Fig. 7!.

Typical spin densities ofa-Si determined by electron
spin-resonance~ESR! measurements are 1018– 1020 cm23

and the dominant structural defect ina-Si is believed to be

FIG. 6. Distribution of coordination numbers for various tem
peratures during the cooling:~a! 2700,~b! 2000, and~c! 500 K. It
should be noted that primary defects consist of atoms with five
coordination.
-
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the threefold-coordinated atom, known as the dangling bo
Our a-Si consists of only 1000 atoms; therefore it is reaso
able that the threefold sites cannot be observed as show
Fig. 6~c!. Our simulations indicate that the fivefold
coordinated atoms are possible intrinsic defects ina-Si,
which is consistent with the results obtained by earl
simulations.8,9,20,21 If the fivefold sites are not ESR active
there is no discrepancy between the computer-generated
real a-Si structures. However, Pantelides22 has suggested
that the fivefold-coordinated atoms or floating bonds can
ESR active sites. Therefore, more detailed discussions
needed to clarify the dominant structural defect and E
active site ina-Si. It seems thatab initio MD simulations
including spin-polarization effects are useful for the analy
of native defects ina-Si. Actually, Stich, Parrinello, and
Holender23 have pointed out that the inclusion of spin ha
appreciable effects on the description of the bond break
and forming processes, which improves the description
the structural and dynamical behavior ofl -Si.

Figure 8 illustrates the temperature dependence of
bond angle distribution functionsg(u). The cutoff distance
to characterize a bond is set at the first minimum position
g(r ). There exist two peaks around 60° and 100° in F
8~a!. The 60° peak becomes small at 2000 K, as shown
Fig. 8~b!, because it originates from atoms with th
overcoordination.15 At 500 K, g(u) is close to a Gaussian
distribution centered around the tetrahedral angle and the
peak remains in the case of rapid quenching (>1016 K/s).
This suggests thatl -Si transforms into glass for rapid
quenching rates. From the analysis of radial distributi
functions of as-depositeda-Si samples, Fortner and Lannin4

have estimated that the peak position and the standard de
tion of bond angles areū5108.4° andsu511.0°, respec-
tively. These values are in good agreement with those
tained by the present simulation~ū5108.7° andsu513.5°!.

In order to clarify the dynamical properties ofa-Si gen-
erated by the Tersoff potential, the phonon densities of sta
~PDOS’s! were calculated from the Fourier transform of th
velocity autocorrelation functions~see Fig. 9!. The PDOS

d

FIG. 7. Change in average coordination number for vario
quenching rates: N5216 ~s!, N5512 ~d!, and N51000 ~h!.
The line is a guide to the eye. With a decrease of cooling rate,
average coordination number is close to 4.
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56 15 137GENERATION OF AMORPHOUS SILICON STRUCTURES . . .
becomes zero atv50, therefore microdiffusion and atomic
rearrangements do not exist in our sample, which can be
seen in as-quencheda-Si of ab initio MD simulations.3 The
peaks around 20, 40, and 60 meV correspond to the acou
and optical vibrational modes ofc-Si. These positions are in
good agreement with the experimental ones indicated
open circles,24 suggesting thata-Si generated from the Ter-
soff liquid can reproduce not only the static structures b
also dynamical properties of actuala-Si.

From our previous14,15 and present MD simulations, it is
suggested that the Tersoff potential can be systematic

FIG. 8. Bond angle distribution functionsg(u) for the atomic
arrangements at~a! 2700,~b! 2000, and~c! 500 K. The peaks exist
around 60° and 100° in~a!. With decreasing temperature, the pea
center shifts toward the tetrahedral angle and the 60° peak di
pears in~c!.
so
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employed for the analysis of the structural and dynami
properties ofc-, a-, and l -Si. Therefore, based on this em
pirical potential, it is possible to conduct further investig
tions, such as the relaxation and crystallization processe
a-Si and the mechanism of the solid-phase epitaxial grow
More extensive study is currently under way.

IV. CONCLUSION

The structural and dynamical properties ofa-Si have been
investigated by using MD simulations; the following concl
sions have been reached.

~i! We succeeded in the formation of thea-Si structure
without the artificial procedure that is involved in previou
MD simulations. It was confirmed that the structures ofl -Si
are frozen in the cooling rate of>1016 K/s, while a tetrahe-
dral network is recovered at<1012 K/s.

~ii ! The static and dynamical behaviors ofa-Si generated
by the Tersoff empirical potential were in excellent agre
ment with those obtained by experiments. This represe
that the Tersoff potential is sufficient for the structural ana
sis of a-Si.

~iii ! The a-Si structure generated by the Tersoff potent
contained defects consisting of the five coordination and
concentration decreased with the cooling rate. More ext
sive study is needed to clarify the dominant structural def
and ESR active site ina-Si.
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FIG. 9. Phonon density of states ofa-Si obtained by the cooling
rate of 1012 K/s. Open circles indicate an experimental result
ported by Kamitakaharaet al. ~Ref. 24!.
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