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Realistic models of paracrystalline silicon
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We present a procedure for the preparation of physically realistic models of paracrystalline silicon based on
a modification of the bond-switching method of Wooten, Winer, and Weaire. The models contain randomly
orientedc-Si grains embedded in a disordered matrix. Our technique creates interfaces between the crystalline
and disordered phases of Si with an extremely low concentration of coordination defects. The resulting models
possess structural and vibrational properties comparable with those of good continuous random network mod-
els of amorphous silicon and display realistic optical properties, correctly reproducing the electronic band gap
of amorphous silicon. The largest of our models also shows the best agreement of any atomistic model
structure that we tested with fluctuation microscopy experiments, indicating that this model has a degree of
medium-range order closest to that of the real material.
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I. INTRODUCTION

Recent fluctuation electron microscopy~FEM! experi-
ments have shown signatures of medium-range order~MRO!
in as-deposited amorphous semiconductor thin films1,2

These results have been interpreted as indicating the p
ence in the amorphous films of small (,30 Å) topologi-
cally crystalline grains, which are distorted by strain a
embedded in a disordered matrix. Such material is ca
paracrystalline.2 It has the structure factor of amorphous m
terial, but nonetheless has significant MRO. It is difficult
verify this interpretation by other experimental techniqu
so computer modeling has been used to study the structu
these complex systems and the traces of MRO in them
this paper we present large scale atomistic models
paracrystalline Si that are electronically realistic. Simula
FEM on these models reproduces the experimental meas
ments more accurately than any other model tested.

Only a model that agrees with a whole set of experime
including structural, optical, and vibrational characteriz
tions, can reliably describe a real material. One of the m
common methods for constructing continuous random n
work ~CRN! models ofa-Si, the molecular dynamics~MD!
‘‘quench from the melt’’ procedure, does not meet this c
terion, as it produces models with relatively poor electro
properties. The best large~1000 atoms and more! models
created with this technique3 tend to have at least 3–4 % con
centration of coordination defects, as well as significant
0163-1829/2001/63~23!/235207~6!/$20.00 63 2352
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sidual network strain, which manifests itself as an increa
width of the bond-angle distributionDu compared to the
experimental value.4 The electronic states associated w
these structural defects fill out the optical gap of the mo
material,5,6 essentially turning the model from a semicondu
tor into a poor metal.7 This is clearly unphysical. However
these models can have a reasonable phonon spectrum
pair-correlation function, which can be misleading, since
results of simulations with these models involving their ele
tronic properties cannot be fully trusted.

The only family of models of paracrystalline Si prev
ously available was a set of models developed by Keblin
et al.2,8 using empirical MD with the Stillinger-Webe
potential9 and a ‘‘quench from the melt’’ procedure in whic
c-Si grains are introduced into the melt and not allowed
dissolve.10 Recently, these authors and others have ext
sively studied the properties of these models8 and found that,
like CRN models produced in a similar way, these paracr
talline models have an unphysically high density of def
electron states in the band gap region. They do, howe
better reproduce the degree of MRO present in experim
tally grown a-Si films2 than a variety of CRN models. Ou
challenge was therefore to create a model that would com
with all the experiments simultaneously. In order to do th
we have employed the bond-switching algorithm of Woote
Winer, and Weaire11 ~WWW!, modified by Barkema and
Mousseau,12 which produces the best current CRN mode
The original WWW method was used by Nomuraet al.13 to
©2001 The American Physical Society07-1



ra
n
n
co
ly
th
e
rg
a
ed

ta
si-
ri-
d
in
bo
lo

om

e
ld
th
m
to

in
i

ex
irs
rix
r
m

fo
i

o
e

tri
r
r o
a
ns
e
b

he
ain
o
e
b
tr
o
o
h
e
in

y is

we
The
ting
x.
he

ong
a

el,
me
n-
cen-
ll.

ed
o-

ted
u,

the
the

he
ile
del
the

by
del
e

en-

S. M. NAKHMANSON et al. PHYSICAL REVIEW B 63 235207
study electronic properties of nanocrystallites ina-Si but for
unknown reasons produced poor results.

II. MODEL PREPARATION

In the method of Barkema and Mousseau, atoms are
domly placed into a cubic box with periodic boundary co
ditions at crystalline density, subject to the condition that
two atoms are too close together. The atoms are then
nected by ‘‘artificial’’ bonds in such a way that a perfect
tetravalent network is created. These bonds exist only in
form of a neighbor list constructed for each atom, so th
can be unphysically long. The network is subjected to a la
number of bond-switching transpositions followed by loc
structural rearrangements which result in a highly relax
low-strain configuration.

We generally follow this procedure to create paracrys
line models, but before filling the box with atoms we po
tion inside it one or more crystalline grains, randomly o
ented with respect to one another. The grains are create
starting with a spherical section of crystalline Si and keep
only those atoms that have two and more nearest neigh
which also belong to the grain. For reasons described be
we also require the grain to contain an even number of at
that have three nearest neighbors.

When the grain is positioned inside the box, a near
neighbor list is created for it and the two- and three fo
coordinated atoms on the surface are identified. After
grains are set in place the remaining volume is rando
seeded with ‘‘matrix’’ atoms, which are then connected in
a perfectly fourfold network. The grains are at this po
disconnected from the disordered matrix and need to be
corporated into it in such a way that all the atoms have
actly four nearest neighbors. This is done in two steps. F
for any twofold grain atom the closest bonded pair of mat
atoms is found, the bond between the matrix atoms is b
ken, and two new bonds between each of the matrix ato
and the grain atom are formed. Second, for each three
grain atom the closest additional threefold grain atom
found, then the bonded pair of matrix atoms closest to b
threefold grain atoms is found, and the bond between th
atoms is broken and two new threefold grain atom/ma
atom bonds are formed. This requires an even numbe
three-fold grain atoms. This algorithm creates a numbe
unphysically long bonds, but these high-energy bonds
sure to be broken during the bond-switching transpositio

After the perfectly fourfold network containing both th
crystalline grains and the matrix is constructed, it is su
jected to bond-switching moves in order to minimize t
system’s energy. Unlike in the WWW method, we constr
the bond switching in order to preserve the crystalline top
ogy of the grains during energy minimization. Bonds b
tween grain atoms are not allowed to break; only bonds
tween a grain atom and a matrix atom or between two ma
atoms can be broken. An additional constraint is imposed
the positions of the grain atoms: during the initial phase
the relaxation, while strain in the system is relatively hig
the coordinates of the grain atoms are fixed. When the
ergy of the system with fixed grain atoms reaches its m
23520
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mum, the grain atoms are allowed to move and the energ
minimized again.

III. DISCUSSION OF RESULTS

A. Structure and vibrational properties

Using the procedure described in the previous section
have constructed three models of paracrystalline silicon.
first 400-atom model, called px400, has one grain consis
of 44 atoms, positioned in the center of a 20 Å cubic bo
This model was created mostly for testing purposes. T
second model, px1000, has 1000 atoms, of which 86 bel
to a single grain placed in the center of a cubic box with
side of approximately 28 Å. The third 4000-atom mod
px4000_4, has four crystalline grains of roughly the sa
size ~100 atoms!, randomly oriented with respect to one a
other and positioned at the vertices of a tetrahedron the
ter of which lies at the center of the 43 Å cubic superce
The two smaller models are 100% fourfold coordinat
while the largest one has eight fivefold and two sixfold c
ordinated atoms. All the models haveDu,10.6°, which is in
excellent agreement with experiment.

The radial-distribution functiong(R) for our largest
model px4000_4 is presented in Fig. 1. The curve compu
for a 4096-atom CRN model of Barkema and Moussea12

BM4096, and the experimental curve4 are shown for com-
parison. The curves for the models look almost exactly
same and both seem to be in very good agreement with
experimental data.

The bond-angleu and the dihedral-anglef distributions
for px4000_4 and BM4096 are presented in Fig. 2. T
bond-angle distributions for both models look identical wh
the dihedral-angle distribution for the paracrystalline mo
has a pronounced peak at 60° which is not present in
distribution for the CRN model. This feature is explained
the fact that compared to the CRN the paracrystalline mo
has a larger share of atoms~mostly the ones belonging to th

FIG. 1. Radial-distribution functiong(R) for 4000-atom
paracrystalline model and 4096-atom CRN model. The experim
tal curve is taken from Ref. 4.
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central regions of the grains! whose local environment is
very close to crystalline, thus favoringf560°. We should
note, however, that the total number of such atoms is
order of magnitude lower than the number of disordered
oms in the model, which makes the bond-angle distributi
for the paracrystalline and CRN models look almost ind
tical. An important point regarding the calculation
dihedral-angle distribution~or any other correlation function
of the same or higher order! is that except for the FEM
simulations~see below! it is the only nontopological way to
distinguish between CRN and paracrystalline structures.

The vibrational density of states~VDOS! curves for
px4000_4 and a 1000-atom CRN model of Barkema a
Mousseau, called BM1000 here, are shown in Fig. 3. T
results for two smaller paracrystalline models are not p
sented because their VDOS curves are almost identica
that of the largest model. The curves for both models sho
in the figure look very similar as well. The VDOS for all th
models has been calculated by a direct diagonalization
their dynamical matrices computed with the modifi
Stillinger-Weber potential.14 Prior to the dynamical matrix
calculation the models were relaxed with a simulated M
quench employing the same potential.

B. Electronic properties

In the upper panel of Fig. 4, we present the band g
region of the electronic density of states~EDOS! of px400,
px1000, and BM1000. The total EDOS is shown in the ins

FIG. 2. Bond-angle~upper panel! and dihedral-angle~lower
panel! distributions for 4000-atom paracrystalline and 4096-at
CRN models.
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FIG. 3. The VDOS’s for 4000-atom paracrystalline and 100
atom CRN models.

FIG. 4. The band gap region of the EDOS calculated with loc
basis ab initio method for 400- and 1000-atom models~upper
panel! and with empirical tight-binding Hamiltonian for 1000- an
4000-atom models~lower panel!. The total EDOS is shown on the
panel inserts.
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at this scale it is indistinguishable for all three models. T
EDOS for all these models has been calculated with theFIRE-

BALL local-basisab initio code.15 In the lower panel of Fig.
4, the band gap region for the EDOS of px4000_4 compu
with empirical tight-binding Hamiltonian of Kwonet al.16 is
shown. The total EDOS for px4000_4 is presented in
inset to the lower panel. The EDOS band gap region cu
for px1000 calculated with the same method is also sho
for reference—note how the empirical tight-binding calcu
tion tends to underestimate the band gap compared to
more advancedab initio method. We must point out that, o
course, both methods produce band gap widths that are q
titatively unrealistic.

We have also studied the nature of the valence band
and band gap states in our largest model, px4000_4. Al
these states are localized, and according to their localiza
patterns can be divided into two groups of roughly eq
size. The states from the first group localize on strained
gions of the network in the disordered matrix, which has a
been observed for large CRN Si models.17 The states belong
ing to the second group are localized on the grain bou
aries, which obviously also contain some highly strain
bonds. This leads us to believe that in paracrystalline Si
grain boundaries are electrically active, and that the e
tronic states localized on them govern the valence band
behavior of the material. An example of a valence band

FIG. 5. Electronic band gap state localized on the grain bou
ary. The black atom accounts for more than 20% of the total e
tron charge. Each atom pictured in dark gray accounts for betw
1% and 10%, and each light gray atom accounts for between 0
and 1%. The white atoms are all of the other atoms in the grai
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state localized at a paracrystalline boundary is shown in
5. Figure 5 also shows the topologically crystalline nature
the grain, retained by construction during the model pre
ration.

C. Medium range order

We have computed the fluctuation microscopy sig
V(k) for the models, shown in Fig. 6 with experimental da
from a sputtereda-Si thin film.18 V(k) is the normalized
variance of mesoscopic-resolution hollow-cone dark-fi
~HCDF! transmission electron micrographs as a function
the dark-field scattering vector magnitudek.1 A large V(k)
with significant structure ink indicates that the sample ha
significant MRO; a smallV(k) with little structure indicates
that the sample has little or no MRO.19 Quantitatively,V(k)
depends on the three- and four-body atom distribution fu
tions of the sample.20

V(k) for the models is found by computing the varian
of a series of simulated HCDF images of the model. Ea
HCDF image is built up from many coherent tilted dark-fie
~TDF! images. The TDF images were computed in t
phase-grating approximation,21 which approximates the
sample with a transmission function that is just the poten
of the sample projected along the direction of travel of t
electron beam. For a crystalline lattice of the same size as
models studied here, this would be inadequate, since it
nores effects such as dynamical scattering and electron c
neling. However, these effects are greatly suppressed in
absence of a crystalline lattice. The TDF image intensity
the squared modulus of the incident wave multiplied by
transmission function and then convolved with the mic
scope point-spread function. To compute the intensity for
incoherently filled hollow-cone annulus of finite width, w
sum the TDF image intensities for many incoming wave v
tors inside the annulus. In an effort to better approach

-
c-
en
%

FIG. 6. Simulated fluctuation microscopy signalV(k) for the
models, and experimental measurements for a sputtereda-Si thin
film, all at 15 Å resolution.
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REALISTIC MODELS OF PARACRYSTALLINE SILICON PHYSICAL REVIEW B63 235207
ensemble average of structures, we compute HCDF ima
for each model in a large number of orientations for eachk.
This is equivalent to assuming that the grain orientations
uncorrelated, which is also assumed in the model prep
tion. Images were computed at a resolution of 15 Å
match the resolution used in the experiment.

Despite the use of the phase-grating approximation, th
are residual effects inV(k) from the different number of
unique atoms in the models. These have been corrected u
a variation on the empirical thickness correction techniq
developed fora-Si thin film experimental measurements.22

The thickness correction expression contains a param
that allows for the formation of a surface oxide on the th
foil; that parameter has been set to zero for these calculat
since the models have no oxide.

The raw simulatedV(k) is larger than the measured var
ance by approximately an order of magnitude. This is due
several effects, the first of which is the small size of t
models ~at most 43 Å) compared to the thickness of t
experimental samples, which is;200 Å. The empirical
thickness correction cannot fully correct for this because
experimentally determined fitting parameters employed
not sufficiently accurate, making the procedure unreliable
large thickness corrections. It has been employed in the
periments to correct for small thickness perturbations; i
used here in the same spirit to make the models compar
to one another. The experimental images are also band
filtered to remove experimental artifacts associated w
sample nonuniformities, but the simulated images are
small for this treatment. The simulations also do not acco
for several sources of small-angle scattering, including
elastic scattering, multiple scattering, and thermal diffu
scattering, which are present to some degree in the exp
mental measurement, and will tend to reduce the image v
ance. All of these effects~thickness, filtering, and small
angle scattering! are k independent, so in Fig. 6 we hav
simply scaled all the data by a multiplicative factor to get t
best match to the experimental data for the best mo
which is px4000_4~see below!. We then interpret the simu
lations only in terms of the positions and relative magnitud
of features inV(k).

V(k) for BM1000 shows the nearly featurelessV(k) that
is typical of CRN models.2,8 px1000 shows the prominen
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peak atk50.3 Å21 that is observed in the experiment an
is a measurable signature of paracrystallinity. It does
fully reproduce the second peak atk50.55 Å21 seen in the
data, most likely because it has only one grain and a v
small degree of MRO. The simulatedV(k) curve for our
largest model, px4000_4, presents the best match curre
available to the experiment: the simulatedV(k) closely fol-
lows the shape of the experimental curve and correctly
produces the ratio of the first to the second peak heights
positions of both peaks.

It is unlikely that the combination of grain size, densit
shape, spatial distribution, and orientation distribution
px4000_4 is unique in producing aV(k) with this level of
agreement with experiment. Further simulations are requ
to explore the effects of all these parameters on the sh
and magnitude ofV(k). ImprovedV(k) simulations should
also bring the simulated magnitude closer to the experim
tal value.

IV. CONCLUSIONS

To summarize, we have created a family of models
paracrystalline Si that not only have structural MRO in qua
tative agreement with experiment, but also have realistic
brational, structural, and optical properties. The EDOS b
gaps are comparable in width with the gap for the best C
models fora-Si. Except for measurements focused direc
on the medium-range order, it is essentially impossible
distinguish between the amorphous and the paracrysta
models.

The evidence presented here shows that our current m
els can serve as a reasonable description for tetrava
paracrystalline, semiconducting material and as tes
grounds for other measurements of medium-range orde
disordered semiconductors.
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