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Structure and energetics of c-Si/a-SiO, systems: Planar interfaces and embedded Si nanocrystals
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We use Monte Carlo simulations to study the properties of the interfaces between c-Si and a-SiO,, more
specifically planar interfaces and interfaces between a-SiO, and embedded Si nanocrystals (NCs). We find that
the Si(111)/a-Si0, interface with suboxide Si*!' only has the lowest interfacial energy among the planar cases
considered. We also find that embedded NCs smaller than ~20 A have even lower interfacial energy, suggest-
ing that a faceted shape is favorable only for large NCs. No significant differences are observed between
normal and twinned NCs, indicating that the experimentally observed stacking faults might result from the

coalescence of small defect-free NCs.
DOI: 10.1103/PhysRevB.77.085204
I. INTRODUCTION

Because of potential applications in single-electron trans-
istors,! memory,?? and light-emitting devices,* Si nanocrys-
tals (NCs) embedded in amorphous SiO, have drawn consid-
erable attention in recent years from both experimental®®
and theoretical’>™'? viewpoints. It is generally accepted that
the structure and energetics of the interface between the NCs
and the amorphous matrix, as well as nearby defects (bond-
ing, chemical, and structural), play an important role in the
performance of the devices. It is therefore important to gain
a thorough understanding of the properties of the interface
between ¢-Si and a-SiO,, and this can be achieved using
numerical models. Most models to date, however, consider
the SiO, matrix to be crystalline, which results in huge
stresses at the interface.”!”

In this paper, we propose a Monte Carlo (MC) scheme for
generating realistic composite ¢-Si/a-SiO, models. We use
this to study c-Si NCs embedded in a-SiO, with and without
a twinning layer; we examine their structure and energetics
as a function of the NC size, considering first the case of
planar interfaces. We find that the Si(111) interface with only
Si*! has the lowest energy; we also find that the faceting of
embedded c-Si NCs®%13 is driven by the minimization of the
interfacial energy and that structural microdefects such as
twinning®!'* in the embedded c-Si NCs result from the coal-
escence of smaller NCs.

II. COMPUTATIONAL DETAILS

The composite systems are generated by first constructing
a pure a-Si model (or more precisely region) using the
Wooten-Winer-Weaire (WWW) MC algorithm,!"'%15 then
decorating all Si-Si bonds in this amorphized region with O
atoms. The geometry is imposed by requiring selected atoms
to remain crystalline: for planar interfaces, appropriate c-Si
layers are fixed (depending on the orientation), and for the
embedded c-Si NCs, Si atoms within a predetermined radius
from the center of the cell are not allowed to move. The
WWW method, originally proposed for constructing a-Si
continuous random networks, proceeds through sequential
bond-switch Monte Carlo moves: at each iteration, a random
bond switch is attempted and accepted with probability
min(1,e 2F%s7) where AE is the change in energy resulting
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from the move. With small modifications, this algorithm can
be used for silica.!® In practice, several optimization steps
were invoked in order to speed up the simulations, notably
early rejection and local minimization.!®-!8

The energy of the system is approximated by Keating-like
potentials,
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where b, and 6, are the equilibrium bond length and bond
angle, respectively. We use the parameters proposed in Ref.
16, which have been found to be the most suitable for amor-
phous SiO, among several sets of parameters available.'®
However, since we are studying the composite system of Si
and SiO,, suboxide Si atoms (Si*!, Si*?, and Si*?) will be
involved and a suboxide “penalty” energy, which accounts
for the chemical energy cost associated with the formation of
suboxide atoms, must also be included; these are taken as
0.47, 0.51, and 0.24 eV for Si*!, Si*?, and Si*3, respec-
tively.'"!° Finally, a repulsive potential between third nearest
neighbors and beyond is also needed to prevent nonbonded
atoms from overlapping during the simulations. The follow-
ing simple expression is employed:
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where kg,;=0.4 eV/A* kgo=0.1eV/A% k{y=0.8 eV/A%,
rsisi,=3-84 A, rsio,=2.2 A, and roo,=2.6 A, respectively.
The limited-memory Broyden-Fletcher-Goldfarb-Shanno
method®*?! is employed for the energy minimization. Peri-
odic boundary conditions are applied in all cases.

The preparation of the initial a-Si matrix proceeds by
gradually quenching the system from 2.0 to 0.1 eV for a to-
tal of 2000n trial steps, with n the total number of Si atoms.
The highly strained model obtained after introducing the O
atoms is then relaxed to minimum energy by adjusting the
size of the system along z for planar interfaces, or the total
volume for embedded NCs, as well as the coordinates of the
atoms, while keeping the crystalline region fixed. A further
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WWW quench from 0.5 to 0.1 eV is carried out for another
2000N steps, with N the total number of Si and O atoms.
Since the computational cost associated with the WWW
method scales as N2, the efficiency of the procedure can be
considerably improved by ignoring the O atoms in the first
stage of amorphization. In the final quench stage (at 0.1 eV),
all atoms are allowed to switch bonds and relax (including
the atoms in the c¢-Si region—this is necessary to allow at-
oms near the interface to relax completely; elsewhere, they
have essentially zero bond-switch probability). The proper-
ties are calculated by averaging over the last 100N steps at
the lowest energy (0.1 eV). During the whole process, the
volume of the system is allowed to vary so as to minimize
the internal stress. The resulting models are found to be
defect-free; in particular, there are no O-O or dangling
bonds.

III. RESULTS AND DISCUSSION
A. Planar interfaces

Planar c-Si/a-Si0O, interfaces with four different c¢-Si ori-
entations were studied, viz., Si(001), Si(110), Si(111), and
Si(112). For flat interfaces, the ionization state of the subox-
ide Si atoms depends on the orientation and the depth at
which O atoms are introduced: for Si(001), the only possible
state is Si*?; for Si(110) and Si(111), there are two possibili-
ties, viz., Si*! and Si*?; and for Si(112), both Si*? and Si*?
are present, in a ratio of 1:2. (In what follows, the ionization
state is indicated in square brackets, e.g., [Si*!].) For all
planar interface models, the initial pure Si model has dimen-
sions of ~26 X 26X 30 A3 [e.g., 7X 7 unit cells and 20 lay-
ers for Si(001)]; O atoms are introduced in roughly half of
the simulation cell in the z direction. Figure 1 presents a
typical configuration. For each model, several independent
runs were carried out in order to ensure proper statistics; the
interfacial energies were evaluated by subtracting the ener-
gies of the bulk ¢-Si and a-SiO, phases (obtained in separate
calculations) from the total energies of the composite
systems. 122

The results of our calculations are presented in Table I.
The energy of the Si(111)[Si*']/a-SiO, interface is found to
be the lowest; next, we have the Si(112) and Si(001)[Si*?]
interfaces; Si(110)[Si*}] has the highest energy and is there-
fore not favored. The Si(111)[Si*?]/a-SiO, has a relatively
high interfacial energy, but this is quite comparable to those
of Si(001)[Si*?] and Si(112), suggesting that Si(111) would
be the most favorable surface to form an interface with
a-Si0,.

Our results agree with available data from the literature,
as can be appreciated in Table I; in particular, they are close
to those of Hadjisavvas et al.,'> even though these authors
find the Si(001)[Si*?] interface to have the lowest energy
among the orientations considered; however, the differences
are small—and can probably be viewed as error bars—
presumably resulting from differences in the modeling pro-
cedure. Our interfacial energies are also found to be of the
same order as those from ab initio calculations, noting, how-
ever, that these are limited in size and both subsystems are
assumed to be crystalline.??
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FIG. 1. (Color online) Slice of a ball-and-stick representation of
the interface model for Si(001)[Si*?]/a-SiO,. Large (yellow) and
small (red) spheres represent Si and O atoms, respectively.

There are very few experimental data to compare with;
Wang et al.'3 found that the interfacial energies for {100} and
{111} were in a ratio of about 1.1, in excellent accord with
our calculations which predict 1.13. Otherwise, there have
been numerous reports that {111} surfaces are predominantly
observed in Si NCs embedded in a-Si0,,%%132* in line with
the present prediction of a lowest interfacial energy for (111).

Although the interface structure is not known in detail
from experiment, there is strong evidence that all suboxide
states of Si are present.”>~2” A model for the Si(001) orienta-
tion with suboxides in a ~1:1:1 proportion was therefore
also constructed; this introduce some roughness into the in-
terface. It turns out that its interfacial energy is higher than
that of Si(001)[Si*?] (cf. Table I). This is consistent with the
experimental observation that Si*? dominates at the
Si(001)/a-SiO, interface.?> Likewise, for the Si(111) inter-
face, a suboxide ratio of ~1:1:1 leads to an energy which is
higher than that with Si*! or Si*? only. This is consistent with
x-ray photoemission spectroscopy which finds Si*! to be the
dominant suboxide on (111).2528

The bonding pattern at the interface—in particular, for the
(001) orientation—is of direct relevance to silicon technol-
ogy. For the Si(001)[Si*?] interface, as can be observed in
Fig. 1, nearly all Si atoms in the topmost Si layer are bridged
by Si-O-Si bonds, forming a mixture of the so-called “stripe”
and “check” phases.?> When Si*! and Si*? are also present,
besides the overwhelming bridging bonds, there is also a
notable proportion of Si-Si dimers, a structure often used in
interface models.?>?%3 We also observe that when all sub-
oxide Si atoms are present, Si*! atoms tend to lie within the
crystalline region, Si*t? at the interface, and Si*? near the
amorphous oxide.
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TABLE I. Calculated interfacial energies (eV/A?2) for various planar ¢-Si/a-SiO, interface models, and comparison with other calcula-

tions and models.

(001)
0:1:0

(001) (110)
~1:1:1 1:0:0

Si orientation
Si+l . Si+2 . Si+3

(110)
0:0:1 1:0:0 0:0:1

(111) (111) (111)

~1:1:1

(112)
0:1:2

This work 0.062+0.004 0.078=0.003 0.075+0.002 0.104%=0.005 0.055+0.001 0.066*+0.003 0.117=0.004 0.062*0.002
Ref. 12 0.046 0.056 0.056 0.051
Ref. 22 0.0068

Si orientation (001) (001) (001) (110) (111) (111)

Sit!:Sit2:Sit? 1:1:1 1:1:1 1:0:0 1:0:0 1:0:0 1:0:0

Ref. 23, GGA 0.084 0.090 0.070 0.115 0.099 0.108

Ref. 23, LDA 0.090 0.096 0.076 0.108 0.096 0.104

B. Embedded nanocrystals

For ¢-Si NCs embedded in a-SiO,, now, two cases were
considered, viz., normal spherical and spherical with a twin-
ning layer along the [111] direction. The latter is interesting
because it has been observed recently that NCs larger than
6 nm exhibit nanotwinning, while smaller NCs are usually
defect-free.®!4

The composite systems for the embedded NCs were pre-
pared by excluding the Si atoms within a spherical region of
the initial pure Si model from being amorphized and/or oxi-
dized. The latter is set up along the (111) direction and fol-
lows the --*ABCABC:---. stacking sequence for the normal
NC, and the --*ABCCBA--- sequence for the twinned NC,
the twin interface being located at the center of the system.
In addition, the initial model is chosen to be as closely cubic
as possible, and such that the thickness of the SiO, region
between the embedded NC and its images (because of peri-
odic boundary conditions) is always larger than 10 A. Mod-
els with embedded NC from ~1.0 to ~3.5 nm in diameter
were thus obtained, corresponding to NCs containing be-
tween 26 and ~1200 atoms; the total number of atoms in the
system ranged from ~1000 to ~7000. A typical example is
presented in Fig. 2.

The interfacial properties are studied as a function of the
NC diameter, given by D=22r;/ Ny, where Ny, is the num-
ber of suboxide Si atoms and r; is the distance from suboxide
atom i to the center of the NC. The interfacial energy of the
composite system is estimated from y=AE/7D?, where AE
is obtained by subtracting the bulk energies of a-SiO, and
c-Si from the total energy of the composite system. Several
independent calculations were carried out and averaged over
for each model.

We plot in Fig. 3(a) the dependence of the interfacial en-
ergy yon D. In both cases (normal and twinned), the energy
increases roughly linearly up to sizes of 20—25 A, then it
settles to an approximately constant value. There are no sig-
nificant differences between normal and twinned NCs. Fig-
ure 3(b) shows the corresponding variations of the width of
the interface, given by the standard deviation of the nominal

radius 7=D/2, 0=+/2(r;—7)*/Ngy,."" It can also be defined in
terms of the distribution of suboxide atoms, i.e., the distance
between the first and last suboxide shells along the radial

direction d; this is shown in Fig. 3(c). The two definitions are
somewhat arbitrary and need not agree; nevertheless, they
yield similar trends, as found for the energy, the width in-
creases linearly then saturates above 20—25 A. The suboxide
method provides a converged width of about 2.5 A, approxi-

FIG. 2. (Color online) Slices of ball-and-stick representations of
(a) a normal, spherical embedded NC and (b) a twinned NC; in both
cases, the NC diameter is ~2.0 nm. Large (yellow) and small (red)
spheres represent Si and O atoms, respectively.
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FIG. 3. (Color online) Variation of (a) interfacial energy v, (b)
interfacial width o, (c) spanning of suboxide Si across the interface
d, and (d) excess energy density p, with NC diameter. The horizon-
tal dash-dotted line in (a) indicates the interfacial energy for the
planar interface of Si(111)[Si*']SiO,.

mately the Si-Si bond length, suggesting an abrupt interface.
Again here, normal and twinned NCs behave in the same
manner. Evidently, the interface energy is closely related to
its width. The present results are at variance with those re-
ported in Ref. 11, where both the energy and the width de-
crease with size. This is apparently related to the procedure
used to generate the models which, according to our calcu-
lations, are incompletely relaxed and contain a fair amount
of stress; indeed, using the B-cristobalite structure as a start-
ing point (as in Ref. 11), we were able to lower the energy
significantly by a more thorough relaxation, especially for
small NCs. Evidently, both y and o should approach zero at
small diameter; for large NCs, the two calculations agree.

The interface with the oxide induces significant distor-
tions in the positions of the atoms. Figure 4 shows the dis-
tortion pattern induced by the existence of the interface for
an ~30 A NC. The angles subtended by Si atoms (i.e., Si-
Si-Si, Si-Si-0, and O-Si-O) remain close to 109.4° on aver-
age but exhibit large variations (~4.5°) as the interface is
approached (and passed). Likewise, the Si-Si bond length is
slightly stretched over most of the NC, with negligible varia-
tions except near the interface. The Si-O bond, in contrast, is
slightly compressed near the interface, but rapidly settles to
its normal value when moving into the oxide. This is per-
fectly consistent with x-ray reflectivity results which show
the interfacial region to have a higher density than either c-Si
or a-Si0,.3!

The above results suggest that, in the composite system,
strain lies not only at the interface but also within the NC.
This finds an echo in the distribution of energy. The total
energy can be decomposed into individual atomic contribu-
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FIG. 4. Radial distribution of (a) bond angle on Si atoms «, (b)
Si-Si and Si-O bond lengths b, and (c) average atomic energy & for
a normal, spherical NC of diameter ~30 A. The vertical dashed line
indicates the position of the nominal radius; the horizontal dotted
lines in (b) represent the equilibrium Si-Si and Si-O bond lengths.
The “error bars” are the standard deviations of the data within the
corresponding radial shell.

tions by dividing the bond-stretching energy equally between
the two bonding atoms, assigning the bond-angle energy to
the vertex atom and adding the chemical penalty energy to
the suboxide Si atom. This is reported in Fig. 4(c): far into
the NC, the distortion energy is negligible, but gets increas-
ingly large upon approaching the interface, reaching a maxi-
mum and decreasing thereafter. Throughout the main oxide
region, the average atomic energy does not show pronounced
variations.

As a final observation concerning the structure, just as in
the planar interface case, there is a large proportion of bridg-
ing bonds: for all NC sizes, nearly 90% of suboxide Si atoms
have at least one bridging bond with other suboxides; all
suboxides are present at the interface, with a majority of Si*3,
but Si-Si dimers are seldom found.

C. Discussion

The faceting of freestanding NCs results from the mini-
mization of surface tension. The interfacial energy is there-
fore expected to play an important role in determining the
equilibrium shape of embedded NCs. Experiments show that
embedded NCs smaller than 50 A are spherical, while larger
ones develop well-defined facets.®!3 Our calculations pro-
vide a rationale for these observations: from Fig. 3(a), we
find that the interfacial energy for NCs smaller than 20 A is
lower than that of the corresponding planar interface, sug-
gesting that spherical NCs are favored over faceted ones in
this size range. The crossover diameter we find is, however,
smaller than that observed in experiments; this is likely due
to limitations of our approach—the exact nature and orienta-
tion of the interface is a delicate balance between numerous
factors. Nevertheless, the behavior we observe is qualita-
tively correct and our calculations account for the experi-
mental observations.

It has been observed that Si NCs grow with annealing
time.3>33 This might seem to be counterintuitive since the
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interfacial energy increases with size. The relevant quantity,
however, is the excess energy density, defined as p=AE/Q)
=6vy/D, where QO=mD3/6 is the volume of embedded NC.
This is plotted in Fig. 3(d); indeed, the excess energy density
decreases with size. Again, here, we find no difference be-
tween normal and twinned NCs. Twin planes are, however,
observed in real NCs only at diameters larger than 60 A;
smaller NCs usually are defect-free.»'* We may speculate
that there is some sort of kinetic barrier against twinning
during nucleation and growth or that the barrier for an atom
to diffuse from a twinning site to a normal site is so low that
a normal state readily forms. Thus, all NCs would be “born”
without defects; defects (such as twin planes) develop upon
further growth, e.g., on coalescing with another NC. In fact,
the coalescence of small Si NCs by twinning has been found
experimentally to play an important role in the growth of
large embedded Si NCs.2+34

IV. SUMMARY

We have used MC methods to investigate the interfacial
properties between c-Si and a-SiO,. Large embedded NCs
are found to have higher interfacial energies than smaller
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ones; we also found that NCs larger than ~20 A have inter-
face energies larger than that of Si(111)[Si*']/a-SiO,, which
has the lowest energy among the different orientations exam-
ined. As a consequence, large NCs are faceted while small
ones are spherical; the driving force for faceting is the mini-
mization of the total interfacial energy. Finally, our calcula-
tions reveal no significant differences between normal and
twinned NCs, suggesting that the experimentally observed
stacking faults in large NCs might result from the coales-
cence of smaller defect-free NCs.
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