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Structural model of amorphous silicon annealed with tight binding
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We present a model of amorphous silicon generated by extensive annealing of a continuous random network
structure using a molecular dynamics simulation with forces computed by a tight-binding total energy method.
We also produce a refined model by relaxing the annealed model using density functional theory. Our annealed
structure is primarily a fourfold coordinated continuous random network, with a few coordination defects. The
first peak of the pair correlation function of the annealed structure is sharper and more symmetric than the
unannealed structure, a result confirmed in the density-function-theory relaxed structure and in good agreement
with static disorder results from recent x-ray diffraction analysis by Laaziri er al. The density, bond angle
distribution function, elastic constants, and vibrational density of states of the initial and annealed structures are
similar. The energy of the annealed structure is lower for both tight-binding and density-functional theory,
indicating that the structure with coordination defects is energetically favored. The electronic structure of the
annealed structure, computed with both charge-self-consistent tight-binding and density-functional theory, has

a wide gap with several occupied gap states.
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I. INTRODUCTION

Amorphous silicon (a-Si) is a model system for amor-
phous covalent materials, and it is closely related to hydro-
genated a-Si, which is technologically important as an inex-
pensive semiconducting material for electronics and
photovoltaic applications. It is believed to be primarily or
entirely tetrahedrally coordinated, but with no long range
order.! The assumption behind most theoretical work is that
the continuous random network (CRN) model, where every
atom has four-fold coordination, is the lowest energy struc-
ture for a-Si.> There is, however, no strong justification for
this assumption beyond chemical intuition. Simulations that
attempt a realistic description of the energetics of bonding
typically show some coordination defects, in particular five-
fold coordination. This observation is often attributed to the
influence of initial conditions, usually liquid silicon, and lim-
ited time scale for annealing.®> Experiments, on the other
hand, usually show coordination close to but less than than 4,
but the accuracy of these results are dependent on experi-
mental limitations and assumptions that influence the data
analysis.

Here we present a model of amorphous silicon generated
by a molecular dynamics (MD) simulation of a high-
temperature anneal of an amorphous silicon sample using a
quantum-mechanical (QM) model to compute forces. This
procedure produces a new structure whose features are de-
termined by QM energetics. The annealed model shows good
agreement with experiment for a range of properties, and
energetically stable deviations from four-fold coordination.
In the annealing we have used a tight-binding method that
the standard NRL-TB method, which does not include
charge self-consistency. Analysis of the final structure shows
that charge self-consistency changes the electronic structure
significantly but has almost no effect on the geometry and
total energies, even in the presence of coordination defects.
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All of these results are largely confirmed by ab initio density
functional theory calculations.

In Sec. II we present some background information on
experimental and simulation studies of the amorphous silicon
structure, and we describe our simulation methods in Sec.
III. We analyze the atomic structure, vibrational properties,
and electronic structure of the relaxed and annealed samples
using tight binding and density functional theory in Sec. IV.
In Sec. V we discuss our results, and we give conclusions in
Sec. VL.

II. BACKGROUND

Since a-Si is disordered, experimental atomic scale struc-
tural information is limited. Neutron and x-ray diffraction
yield the radial distribution function,*> including the effects
of both static disorder inherent to the structure and dynamic
disorder caused by zero-point and thermal motion. Some es-
timates of the bond angle distributions can also be extracted
indirectly from the radial distribution function.® Additional
information on bond lengths and numbers can be extracted
from EXAFS,”# and analyzing Raman peaks can give bond
angle deviations.’ Electron spin resonance, which is sensitive
to unpaired electrons, gives indirect information about coor-
dination defects,'% and variable coherency transmission elec-
tron microscopy gives information about medium range
order.'"'2 However, even basic questions about the structure,
such as what deviations from fourfold coordination are
present, are still unresolved.

Computer simulations have been widely used to study de-
tailed structural information that cannot be obtained through
experiment.>!13-22 These simulations use special computa-
tional procedures to create and anneal an amorphous sample,
either using a geometrically based algorithm,>!'3! fitting to
experiment,'® or by simulating a physical process such as
quenching a liquid or low temperature deposition.'#-17-19-20
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However, the computational expense has limited these stud-
ies. Most of the simulations employed interatomic potentials,
which are computationally efficient but do not capture the
quantum-mechanical (QM) nature of the electrons that me-
diate interatomic bonding.'3-10-202! The few QM simulations
were greatly limited in the amount of annealing, because the
methods are computationally demanding.'”'® One approach
is to begin with a model that is annealed with an interatomic
potential, and minimize its energy using QM computed
forces.2>2* However, in such a simulation with minimal or
no annealing using QM forces it is unclear whether structural
features such as coordination defects or the topology of the
network actually reflect the QM energetics. Interpretation of
comparisons with experimental results has been hindered by
the size and time limitations in the computational work. Fur-
ther, the effects of zero-point motion have only rarely been
computed®*-?7 or taken into account when comparing with
experiment.?

III. METHODS

The structural model is generated by starting with a 216
atom continuous random network (CRN) model?® created us-
ing a modified version of the Wooten-Winer-Weaire (WWW)
geometrical algorithm that allows for four-membered
rings.!>3 This model is relaxed and annealed with forces
computed using the Naval Research Lab (NRL)-TB total en-
ergy method?!'* Si parametrization,® which uses a nonor-
thogonal sp*® basis and environment dependent on-site ener-
gies. A model that we designate TB relaxed (TBR) is
generated by relaxing the CRN cell and coordinates using the
conjugate-gradient algorithm3® with TB forces. This structure
was discussed in two previous publications.’*?® The sample
is then annealed using a constant energy and constant vol-
ume MD simulation with the predictor-corrector algorithm?’
and a 1 fs time step. To stabilize the dynamics when atoms
fluctuate close together to chemically irrelevant interatomic
distances, we add a hardcore repulsion in the form of a pair
potential contribution to the total energy. This potential has
the form
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with ,=1.85 A and r,=2.05 A. The TBR is used as the
starting point for the MD simulation, with random velocities
consistent with a kinetic energy corresponding to T
=1300 K. The anneal is performed at constant energy for
about 1.2 ns (1.2 10° time steps), and then quenched. The
quenching process proceeds by a sequence of ~35 ps con-
stant energy anneals, and the kinetic energy is reduced by
about 10% between each annealing stage. This slow quench
continues until the temperature is about 600 K, when diffu-
sion and connectivity changes are negligible over the 35 ps
time scale. The structure is again relaxed with the conjugate
gradient algorithm and TB forces to produce the final an-
nealed structure that we designate TB annealed (TBA).

The annealing process is intended to be carried out below
the melting point of a-Si. From experiment, crystalline Si
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melts at 1675 K, and a-Si melts at 1420 K.3® The precise
melting points predicted by the TB model for the crystalline
and amorphous phases are not known, although for the crys-
tal it is estimated via the Lindemann criterion®® to be around
1800 K.3> We have verified that the pair correlation function
during the anneal (not shown) has a distinct first neighbor
peak and a minimum value of nearly zero between the first
and second peaks, indicating that the structure during anneal-
ing is solidlike. The diffusivity (see Sec. IV A 1) is also
much lower than the experimental liquid-phase value of 4
X 107* cm?/s.40

Analysis of the electronic structure of the TBR and TBA
structures is done using the charge-self-consistent (CSC) ver-
sion of the NRL-TB method*'*? with U=10 eV, in order to
enforce approximate local charge neutrality. To check our TB
geometry and electronic structure results we also use first
principles density-functional theory (DFT) calculations.***
The initial CRN structure is relaxed using the Broyden-
Fletcher-Goldfarb-Shanno method with DFT forces to pro-
duce a structure that we designate DFT relaxed (DFTR). The
system at the end of the MD anneal and quench is relaxed to
produce a structure that we designate TBA-DFTR. The TB
and DFT relaxed atomic positions differ by less than 10% of
the nearest neighbor (NN) distance between (neglecting the
0.4% difference in lattice constants), so discussions of
atomic structure below focus on the TB relaxed structures.
To summarize, we consider four structures, all starting from
a CRN structure: the unannealed TBR and DFTR structures,
and the annealed TBA and TBA-DFTR structures.

IV. RESULTS
A. Annealing

During the annealing process, the sample is simulated at
constant energy with a temperature high enough to allow for
significant atomic motion, including point-defect formation
and annihilation, as well as diffusion. In principle, if this
annealing is carried on long enough, the final structure will
not carry any trace of the original geometry; it will simply be
an equilibrium configuration consistent with the QM energet-
ics that drive the annealing algorithm. To monitor this trans-
formation we track the diffusion of the atoms and changes in
the bonding. The diffusion is monitored by measuring the
mean squared displacement of atoms relative to their initial
positions. The slope of this quantity as a function of time is
the self-diffusivity. One way we monitor changes in bonding
is by periodically computing the neighbor list of each atom,
and comparing it to the initial neighbor list. Another is by
making a list of rings and comparing it to the initial list of
rings. These two analyses give quantitative measures of the
degree of commonality between the initial and annealed
structures.

1. Diffusion

The mean squared displacement of each atom was calcu-
lated every 1000 time steps (1 ps) by subtracting the current
position of the atom from its initial position, and averaging
the squared magnitude of the distance over the configuration.
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FIG. 1. Mean squared displacement of each atom as a function
of time during annealing (solid line) and linear fit (dashed line).

This quantity is plotted in Fig. 1. During the annealing pro-
cess atoms move an average of 3.74 A, a small but signifi-
cant distance on the atomic scale. This distance is compa-
rable to the second neighbor distance in the crystal, so there
could be significant rearrangement in the structure.

To compute a diffusivity we fit the mean squared dis-
placements to a straight line over a time range from 200 to
1200 ps, which excludes an initial transient period and the
quenching process. The slope from the fit is 7.6
X 1077 ¢cm?/s. This number is much higher than our estimate
of 1.6 107!2 cm?/s from the experimental results in Ref.
45. It should be noted that the experimental estimate in-
volves extrapolations both in temperature, from about
700-1300 K, and in composition, from an a-SiGe alloy to
pure a-Si. Since the annealing temperature is probably close
to the melting point, this extrapolation may be unreliable.
Soon after the quenching process begins at r=1.2 ns the dif-
fusion slows down greatly, and once the temperature goes to
about 1100 K the diffusion becomes negligible over the
simulation time scales.

2. Network connectivity

Since the goal of the simulation is to create an amorphous
structure that is representative of the energetics of the QM
description of bonding, it is important to determine how
much of the original bonding in TBR remains in the final
relaxed TBA structure. We monitor two quantities during the
annealing process to determine the degree of similarity: the
neighbor list of each atom, and the list of rings up to size
eight. In Fig. 2 we plot the number of atoms n,, that have m
unchanged neighbors. We define atoms as neighbors if they
are within 2.8 A (see also Sec. IV B 1). The number of at-
oms that have four of their neighbors unchanged (this corre-
sponds to all of the neighbors for nondefect atoms) decreases
rapidly, reaching about 15 (out of 216) by the end of the
annealing. The number of atoms that have no neighbors in
common with their initial configuration increases to about 90
during the anneal, and an additional 50 atoms have only one
neighbor in common. This proves that the majority of the
atoms have almost completely changed their local environ-
ment, and that the local structure in the TBA model should
be mostly unrelated to the geometry of TBR.
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FIG. 2. Number of atoms n,, that have m neighbors in common
with the initial (TBR) configuration as a function of annealing time.

The neighbor-list-change measure quantifies the change in
local order, but there is also longer range order in the amor-
phous structure. We monitor changes on this intermediate
length scale by computing the list of rings up to size 8§ at
different times during the annealing process. The number of
initially existing rings that remain as a function of time is
plotted in Fig. 3. The number of rings that remain intact
quickly drops from the total number of rings in the TBR
structure (950) to about 32 half way through the annealing,
and then saturates. This drop indicates that the intermediate
range structure that governs the topology of the network in
the final TBA structure is almost completely unrelated to the
initial TBR structure.

One question that remains is what are the specific bond
rearrangement mechanisms that take place during annealing.
For example, does the geometrical algorithm proposed by
Wooten, Winer, and Weaire'® correspond to the actual motion
of the atoms? Such details are difficult to extract from the
simulation. There are many atoms, many steps in the trajec-
tory, and large amplitude thermal vibration that would need
to be filtered out. However, the deviations from fourfold co-
ordination observed during the annealing (15 at. %) and re-
maining after the slow quench (3.5 at. %) already indicate
that the WWW mechanism, which always maintains four-
fold coordination, is probably not sufficient to represent all
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FIG. 3. Number of rings n up to size 8 in the initial (TBR)
configuration that remain intact as a function of annealing time.
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FIG. 4. Pair correlation function for TBR (dotted line), TBA
(dashed line), and TBA-DFTR (thin solid line) models, as well as
the experimental full peak (thick dashed line) from Ref. 5. The inset
shows smoothed results for distance range beyond first neighbors
with an expanded vertical scale.

of the bond rearrangements that occur in MD. A detailed
analysis, using the approach of Ref. 46, will be the subject of
future research.

B. Structure
1. Pair correlation and angular distribution functions

The static pair correlation functions for the TBR and TBA
models are shown in Fig. 4. The main plot shows pair cor-
relation functions with a rectangular broadening width of
0.02 A, and the inset shows the larger r range with a broad-
ening width of 0.2 A. There is very little change due to the
annealing visible on this scale. The first neighbor peak is
much sharper than the experimental result, as expected for a
comparison of a static pair correlation function with a zero-
point broadened experimental measurement.”*?® The first
neighbor peak is analyzed in more detail below. Beyond the
first neighbor distance range, the agreement with experiment
is very good even for the static RDF. As our previous analy-
ses have shown,?*?® zero-point motion leads to only subtle
changes at these interatomic distances.

The first peak does undergo some change upon annealing,
as Fig. 5 shows: annealing sharpens the peak, moves the
maximum to larger distances, and makes the peak more sym-
metric by eliminating most of the tail at large interatomic
distance. A similar result is seen in the DFTR and TBA-
DFTR structures (the latter is also plotted in Fig. 4), although
the peaks are slightly higher and narrower than the TB re-
laxed structures. The change in peak shape upon annealing is
significant for interpreting experimental results.?* The emer-
gence of a symmetric peak shape only after annealing sig-
nificantly modifies the results in Ref. 24 (which used a model
equivalent to TBR), and again emphasizes the importance of
annealing, not just relaxing, with a QM method in generating
a representative amorphous structure. Our current results
provide some theoretical validation of the Gaussian peak
model used by Laaziri et al.’ Direct comparison with experi-
ment is difficult because of the challenges in obtaining high
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FIG. 5. First peak of the pair correlation function for TBR (dot-
ted line), TBA (dashed line), and TBA-DFTR (thin solid line) mod-
els, as well as the experimental full peak (thick dashed line) and
estimated static disorder contribution (thick solid line) from Ref. 5.
The experimental static disorder estimate is plotted assuming the
experimental coordination number of 3.88.

spatial resolution experimental diffraction data and because
of the effects of zero-point and thermal motion. The analysis
performed by Laaziri et al. from their x-ray diffraction mea-
surements at 7=10 K on both amorphous and crystalline sili-
con gives a static disorder parameter o=0.031 A.5>*7 The
value of o for the TBA-DFTR structure is sensitive to the
precise cutoff distance used. If we include only the main
peak (r<2.45 A), we find 0=0.035 A, in good agreement
with experiment. A less ambiguous comparison can be made
by examining the height of the first neighbor peak of g(r)
(Fig. 5). For the TBA-DFTR structure we get a peak height
of 14.0, as compared with 14.7 for the estimated static dis-
order peak by Laaziri et al. For comparison, the raw experi-
mental peak (measured at 7=10 K, or about 2% of the De-
bye temperature), which includes both static disorder and
zero-point motion, has a much smaller height of about 7.

Earlier TB MD work by Servalli and Colombo'® reported
pair correlation function results from a simulation of the
quench of a liquid. The resulting structure had an overly
broad first neighbor peak, with a height of about 7 as com-
pared with about 15 from experiment, as we discuss above.
This difference may be a result of the short quench and brief,
low temperature anneal mandated by the computational ex-
pense of the simulation. One of the best CRN models, con-
structed by Barkema and Mousseau,” using a procedure
based on the WWW algorithm,'3 showed perfect fourfold
coordination, a narrow bond angle distribution, and very low
energy as evaluated by interatomic potentials. However, its
pair correlation function first neighbor peak is also too broad.
In fact, the static peak height is even lower than the raw
experimental peak (as seen in Fig. 4 of Ref. 2).

The minimum between the first and second neighbor
peaks is around 2.8 A, so we use that distance to define
“nearest neighbors” geometrically. The physical significance
of this criterion is discussed further is Sec. IV E. The bond
angle distribution function is plotted in Fig. 6. In this plot we
see minor differences that arise during the annealing process.
The main peak, centered just above the ideal tetrahedral
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FIG. 6. Bond angle distribution function for TBR (solid line)
and TBA (dashed line) models.

angle of 109.5° is significantly smoother after annealing,
although its peak position, peak value, and width are essen-
tially unchanged. A more interesting change is that a small
peak has developed near 60°, associated with coordination
defects (see Sec. IV B 2). The presence of small angles are
consistent with the findings of Kugler et al.,* and may ex-
plain the presence of electronic states in the gap (Sec. IV E).
Quantitative measures of the pair correlation and angular dis-
tribution function peaks are listed in Table I. Experimental
estimates from diffraction experiments give bond-angle peak
widths of 11°.# Unfortunately, quantitative results from ear-
lier TB MD work!? is not available. We do find a signifi-
cantly narrower range of bond lengths, and a slightly broader
range of bond angles, as compared with the latest CRN
models.? These differences are consistent with our sharper
and taller pair correlation function first neighbor peak, which
is in better agreement with experimental results than the
CRN models.

2. Coordination number statistics

One important question about amorphous silicon is
whether it is perfectly fourfold coordinated in equilibrium. It
is clearly possible to create reasonably low energy fourfold
coordinated amorphous structures, e.g., using the WWW
method, but it is not clear that these are necessarily the low-
est energy structures. Since this question involves the exis-
tence of dangling and floating bonds,* a quantum-
mechanical description of bonding is expected to be
important. In Table I we list the concentration of atoms of
each coordination present in the sample, from 3 to 6. The
coordination is defined using the same geometrical criterion
for nearest neighbors as used elsewhere in this work. The
TBR structure is perfectly fourfold coordinated, as in the
CRN model from which it is derived. The TBA structure, on
the other hand, shows a number of coordination defects.
Overcoordinated atoms dominate, although some undercoor-
dinated atoms are also present. The precise numbers depend
on whether weak bonds (see Sec. IV E) are included. Both
over and undercoordinated defects have been extensively in-
vestigated in the past. It has been argued that both
dangling™-? and floating**4-3% bonds are needed to explain
experimental data.!®37-% The presence of overcoordinated at-
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TABLE I. Structural properties: mean nearest neighbor distance
NN, Toot mean squared (r.m.s) neighbor distance deviation Aryy,
bond angle distribution main peak mean 6, and width (r.m.s) A6,
concentration of atoms r,, with coordination m, number of minimal
rings per atom r; of size /, number density p, energy per atom
relative to the crystal without E and with ECSC charge self-
consistency, and elastic constants c¢;;. Crystal elastic constants are
from Ref. 35.

crystal TBR TBA
N (A) 2.35 236 236
Argy (A) 0.0 0.048 0.044
6 (deg.) 109.5 109.2 109.1
A6y (deg.) 0.0 11 11
ny 0 0 0.93%
ny 100% 100% 97%
ns 0 0 1.9%
ne 0 0 0.46%
r3 0 0 0.028
ry 0 0.028 0.014
rs 0 0.44 0.51
re 2 0.75 0.62
ry 0 0.52 0.48
rg 0 0.17 0.15
ro 0 0.042 0.074
10 0 0.0046 0.0046
p (A7) 0.0501 0.0494 0.0497
E (eV) 0.0 0.217 0.189
ECSC (eV) 0.0 0.220 0.194
¢y, (GPa) 179 165+1.3 163+0.4
¢y, (GPa) 73 49.2+0.9 48.6+0.6
cas (GPa) 95 57.8+0.5 57.1+0.2

oms in structural models is often ascribed to the fast quench-
ing from the liquid phase (which is six-fold coordinated).
Our method does not involve a liquid structure and overco-
ordinated defects are spontaneously formed during annealing
of the CRN structure. Earlier TB MD work that simulated
quenching of an overcoordinated liquid also showed roughly
equal numbers of undercoordinated and overcoordinated
atoms,'® although at higher concentrations. The differences
may be caused by the large differences in annealing times
and temperatures, or by the choice of TB models. Directly
comparing these results to experiment is not possible be-
cause experimental probes can not detect coordination de-
fects. Indirect measurements based on electron spin reso-
nance and carrier lifetime exist, but it is not possible to relate
them quantitatively to coordination defect densities.

The positions of the defect atoms are visualized in Fig. 7.
There is distinct clustering of the overcoordinated atoms, but
none apparent for the undercoordinated atoms. The coordi-
nation defects appear to be an equilibrium property of the TB
description of amorphous silicon, since they also correspond
to a lower formation energy (Table I). The energy gain could
be attributable to the presence of the defects themselves, or
to the changes in the bond length distributions reflected in

205202-5



BERNSTEIN, FELDMAN, AND FORNARI

FIG. 7. Visualization of coordination defects, labeled by geo-
metric coordination (most four-fold coordinated atoms are not
shown), bonds corresponding to three-membered rings, and quasilo-
calized eigenvector displacement amplitudes (arrows). The high-
lighted bond is weak (Sec. IV E), and therefore the coordination of
adjacent atoms may be lower by one and the adjacent three-
membered rings may be unphysical.

the first peak of the pair correlation function. It is impossible
to separate these effects, and in fact it may be that the exis-
tence of the defects is needed to produce the sharp, symmet-
ric peak observed by us and in experiment.’ If the energy
difference is attributed entirely to the coordination defects, it
corresponds to an average energy gain of 0.9 eV per defect
atom. Our DFT total energy results confirm the TB results.
The DFT energy for the amorphous models relative to the
crystal is about 0.17 eV per atom, close to the TB value of
about 0.20 eV/atom. More importantly, the energy differ-
ence between the DFTR and TBA-DFTR is of the same or-
der as the corresponding TB energy difference, showing an
energy gain of about 0.5 eV per defect atom.

3. Ring statistics

While coordination number statistics give information
about short range order, ring statistics reveal medium range
order. We have computed the number of minimal rings>
(rings that cannot be decomposed into two smaller rings) up
to size 10. The results are listed in Table 1. For reference, the
crystal has two six-membered rings per atom. In the TBR
structure there is a predominance of six-membered rings,
with substantial numbers of five- and seven-membered rings
as well. There are also a few four-membered rings, and some
larger rings including one ten-membered ring. Annealing the
structure with TB reduces the overall number of rings, in
particular six-, seven-, and eight-membered rings, although
the number of five-membered rings increases. A small num-
ber of three-membered rings are formed, and there is one
ten-membered ring, although it consists of different atoms
than the ten-membered ring in the TBR structure. If we treat
weak bonds (see Sec. IV E) as broken bonds, these numbers
change slightly: two of the three-membered rings are elimi-
nated (r3=0.019) and one four-membered ring is created
(r4=0.019). The well relaxed CRN model by Barkema and
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Mousseau?® had very similar ring statistics overall, although
they did not observe any ten-membered rings, and only some
versions of the model had four-membered rings. This simi-
larity suggests that a wide range of short range structural
features (e.g., coordination defect concentrations and bond
length distributions) can be present in structures with very
similar medium range order.

A visualization of the three-membered rings in Fig. 7
shows that they are not randomly distributed. The rings
themselves occur in edge-sharing pairs, and all are associated
with overcoordination defects. This is presumably not the
case for the four-membered rings, since those exist even in
the TBR structure which is perfectly four-fold coordinated.

C. Density and elastic constants

To assess whether the microscopic structural changes lead
to changes that can be observed macroscopically, we ana-
lyzed the simulation cell density and elastic properties of the
TBR and TBA models. The densities are listed in Table I.
The annealing process produces a density change of only
+0.6%, despite the significant changes in bonding topology
and point defect concentration. The TBA density is about
0.8% lower than the crystal, as compared with a difference of
1.7% measured experimentally.®

The elastic constant matrix gives mechanical property in-
formation about the material. The constants were computed
from finite-difference derivatives of the stress with respect to
strain. We applied 0.1 and 0.2 % strains to the TBR and TBA
models, relaxed the atomic positions, and evaluated the
stress in the deformed cell. The stress values at the two dif-
ferent strains were compared in order to confirm that the
deformation was in the linear regime. In Table I we list the
elastic constant matrix elements, averaged over different ori-
entations assuming that the system has maximal (cubic) sym-
metry. In fact, our elastic constants are quite isotropic, and
satisfy the relation

Cqa = @ (2)

quite well. The error estimates in the table reflect the root
mean squared deviation between the different matrix ele-
ments that contribute to each average value. The TBR elastic
constants are in very good agreement with our previous
calculations,”* and do not show significant change in magni-
tude after the annealing process. This indicates that despite
the changes in bonding and point defect concentration, there
is no evidence of aging in the infinitesimal-deformation me-
chanical properties. The error estimates, which quantify the
anisotropy in the sample caused by the finite size of the
simulation, are about twice as small after annealing, indicat-
ing that the TBA structure is substantially more isotropic
than the TBR structure.

D. Vibrational density of states

Another view of the type and strength of bonding and
disorder in the structure comes from the vibrational density
of states (VDOS). We compute the full force-constant matrix
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FIG. 8. VDOS for simulated structure (solid line), VDOS for
experiment (Ref. 66) (dashed line), and IPR (solid impulses).

by calculating the forces for displaced atom positions. We
take positive and negative displacements to remove odd or-
der anharmonic terms in the potential, and two values of
displacement in order to check that even order anharmonic
terms are not significant. From the eigenvalues of the force
constant matrix we calculate the VDOS and from the eigen-
vectors the inverse participation ratio (IPR).%° As can be seen
from Fig. 8 the VDOS is qualitatively, if not quantitatively,
quite accurate. This is true for both the TBR (previously
published in Ref. 24) and TBA structures. The main differ-
ence between the results for TBA and TBR seems to be the
single low frequency possible quasi-localized mode, indi-
cated by the IPR peak below 100 meV. Such modes have
been observed in calculations based on empirical potentials
for several glassy and amorphous systems including amor-
phous silicon.’*¢!-%3 They may also have experimental sig-
nificance for the boson peak that is observed in glassy sys-
tems, although apparently not in amorphous silicon to our
knowledge.®* On the other hand, they could also be due to
finite size effects.®> The displacement eigenvector of the
quasilocalized mode is visualized in Fig. 7 and it is clear that
it is associated with a structural defect. It seems to be con-
centrated around an atom with four-fold geometric coordina-
tion but with only three strong bonds to its neighbors.

E. Electronic structure

Defects in the bonding topology are often associated with
electronic states in the band gap of silicon. To determine the
effects of the TBR and TBA geometries on electronic struc-
ture we calculated electronic density of states (EDOS) by
computing a histogram of the electronic eigenvalues. Since
conventional TB calculations, without charge self-
consistency, can lead to spurious charge transfer, especially
near defects, we compared our TB results to calculations
using a charge-self-consistent (CSC) version of the TB
model.*!*> We used the CSC TB method to evaluate the total
energy and electronic structure for the TBR and TBA struc-
tures, and found only small changes to the total energies of
the two structures (Table I). The energies relative to the crys-
tal increase by about 1-3 %, and the difference between the
two decreases from 0.028 to 0.026 eV/atom. Relaxing both
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FIG. 9. Electronic density of states for the TBR (solid line) and
TBA (dashed line) structures near the Fermi level (E=0) computed
using the CSC NRL-TB method. Inset: complete EDOS for the
TBR structure, which is nearly identical, except in the gap region,
to the TBA EDOS.

structures produces minimal structural changes, with atoms
moving less than 0.1 A.

The EDOS, on the other hand, shows significant effects
due to the charge rearrangement. In the non-self-consistent
TB results (not shown), both structures have gaps of about
0.6 eV, and the TBA structure has no gap states despite the
presence of coordination defects, a result that seems unphysi-
cal. The CSC-TB results, plotted in Fig. 9, show that both
structures have gaps containing a few electronic states. We
define the gap states as those that appear to be separated
from the continuous bands. In the TBR structure the gap
between occupied and unoccupied bands is about 0.6 eV,
and there are two unoccupied states in the gap. The anneal-
ing process, which creates coordination defects in the TBA
structure, leads to a wider gap of about 1 eV, but with more
gap states. Two of these gap states are occupied, and three
more are unoccupied. The gap size and positions of gap
states are confirmed by the DFT calculations on the TBA-
DFTR structure. Gap states in CRN models have previously
been observed,®” and may be associated with the presence of
small bond angles, as discussed by Kugler et al.*

By analyzing the electronic structure, we can determine if
the overcoordination is apparent in the interatomic bonding,
or if it is simply a geometric construct with no underlying
physics. Using our CSC TB method, we compute overlap
occupations®®® between atoms I and J

ny= 2

ieb(l),jeb(J)

SijPij» 3)

where S is the overlap matrix, p is the occupied state density
matrix, and b(I) is the set of basis orbitals associated with
atom /. A sum over J of n;; gives the Mulliken population on
atom 1.9%% In the DFT calculations, which use a plane wave
basis, we project the wave function on atomic orbitals to
analyze electron localization.

In the TBR model, where all atoms are geometrically
fourfold coordinated, the overlap occupations for geometric
nearest neighbors range from 0.07 to 0.11 (in arbitrary units).
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The largest overlap occupation for a pair of atoms that lie
beyond the maximum NN distance (2.8 A) is only 0.002. In
the TBA model we examined the overlap occupation for each
atom, and compared the geometric coordination with the
number of relatively strong bonds. The geometrically under-
coordinated atoms each have three roughly equally strong
bonds (0.082-0.097), and much weaker bonds to other atoms
(=0.013). The one sixfold coordinated atom has six signifi-
cant bonds of varying strength, with overlap occupation
ranging from 0.032 to 0.095. All but one of the fivefold
coordinated atoms have two or three strong bonds (0.087-
0.105), with the remainder of the bonds somewhat weaker
(0.042-0.062). There is one very weak bond (0.015, high-
lighted in Fig. 7) between atoms within the geometrical cut-
off: a four-fold coordinated atom and a five-fold coordinated
atom at a distance of 2.7 A. It may be more accurate to
regard these two atoms as three-fold and four-fold coordi-
nated, respectively. This interpretation would decrease the
number of five-fold coordinated atoms by one, yielding ns
=1.4%, and increase the number of three-fold coordinated
atoms by one, yielding n;=1.4%.

V. DISCUSSION

The definition of coordination in atomistic models of a
-Si is usually based on geometry, i.e., a critical distance be-
low which two atoms are considered to be neighbors. While
this approach is natural in an interatomic potential simula-
tion, quantum-mechanical methods allow for definitions
based on the presence or absence of electrons in the covalent
bond. Our comparison of the two definitions shows that the
geometric criterion for defining neighbors, and therefore co-
ordination r=2.8 A is consistent with the electronic struc-
ture in all but one case; there is one very weak apparent
bond, with r=2.7 A. However, a geometric criterion with a
shorter cutoff of about 2.65 A is fully consistent with the
electronic structure analysis of bonding. We also note that
the overcoordinated atoms are clustered, and associated with
three-membered rings. The undercoordinated atoms are dis-
persed, and one is associated with a very soft quasilocalized
vibrational mode with a high IPR.

The first peak of the pair correlation function shows
subtle changes between the TBR and TBA structures. The
peak in the latter structure is sharper and more symmetric,
but not precisely Gaussian in shape. The symmetric peak
shape is consistent with analysis of experimental data by
Laaziri et al., and stands in contradiction with our earlier
work on the TBR structure.”* The height of the peak is in
much better agreement with the extracted static disorder g(r)
of Laaziri ef al. [computed by us using their Gaussian J(r)]
than earlier TB MD results and very well relaxed CRN struc-
tures.

The presence of coordination defects in the TBA structure
is associated with a lower energy and larger band gap than
the perfectly four-fold coordinated TBR structure. It is not
possible to determine whether this energy gain is associated
with the defects themselves or with the changes in the bond
length reflected in the pair correlation function. Even if they
are not directly energetically favored, the coordination de-
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fects may very well be necessary for obtaining the sharp first
neighbor peak that can lead to a lower energy overall. The
energy comparison is clearly dependent on the choice of ref-
erence CRN structures. While our initial structure is not the
most relaxed CRN structure available, we note that we find a
total energy for the TBA structure that is marginally lower
than the TB-relaxed version of a very well relaxed Barkema
and Mousseau 1000 atom structure.?® However, this com-
parison is not exact because of differences in system size and
unit cell shape constraints. The TBR structure has a finite
band gap, as expected for a perfectly fourfold coordinated Si
structure, although there are unoccupied states in the gap,
presumably associated with defect levels. The TBA structure,
with its coordination defects, has a wider gap than the TBR
structure, but some of the defect states in the gap are
occupied.

Our first principles DFT calculations validate the TB re-
sults. Structural changes induced by DFT relaxation are
minimal, and the topology of the network is unchanged. The
DFT results confirm the observation of energetically favor-
able coordination defects and the features in the pair corre-
lation function and EDOS.

We have calculated four experimentally observable quan-
tities: pair correlation function, elastic constants, VDOS, and
EDOS. None of these measures show large changes between
the TBR and TBA structures, despite the changes in bonding
topology and coordination defect concentrations. The first
peak of the pair correlation function of the TBA structure is
somewhat sharper and more symmetric, and this structure
has a low frequency quasilocalized vibrational mode which
could manifest itself in neutron scattering or specific heat
measurements. However, the small size of the sample makes
it difficult to determine whether this vibrational mode repre-
sents a real, although low concentration, feature of bonding.

VI. CONCLUSIONS

We have generated an amorphous silicon structure using
tight-binding molecular dynamics annealing at 1300 K for
over 1.2 ns. Tracking short and medium range order during
the annealing process indicates that bonding topology in the
final structure is largely uncorrelated with the initial continu-
ous random network structure. We find significant micro-
scopic changes, including the formation of 3.5% coordina-
tion defects and changes in ring statistics. Annealing also
produces a sharper and more symmetric first neighbor peak
in the pair correlation function, bringing it into good agree-
ment with experiment. The total energy (relative to the crys-
tal) for the annealed structure with the coordination defects is
about 10% lower than that of the initial amorphous structure.
These results show that the perfectly fourfold coordinated
CRN structure is not necessarily the lowest energy structure.
Structures with coordination defects, including overcoordi-
nated atoms, can be energetically stable rather than existing
only as artifacts of an overcoordinated liquid initial state.
The annealed structure is slightly less dense than the crystal
and has a significant band gap with occupied and unoccupied
defect levels. The only signature of the coordination defects
is a very low frequency quasilocalized vibrational mode as-
sociated with one defect.
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We have shown that it is possible to anneal a good CRN
structure and produce a structure with coordination defects
that is in better agreement with the experimental pair corre-
lation function and lower in energy. Additional work could
be useful in further improving the annealed structure. Differ-
ent initial structures and longer simulations could eliminate
the remaining traces of the initial geometry. Improved ap-
proximations, for example, charge-self-consistency terms
used during annealing and constant pressure (rather than
constant volume) molecular dynamics, could also improve
the reliability of the annealing procedure. Finally, more de-
tailed analyses of the effects of zero-point motion and of the
detailed atomic bond rearrangement mechanisms that occur
during annealing will enable more precise comparison to ex-
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periment and shed light on the microscopic annealing pro-
cesses.
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