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An efficient means to obtain light emission from a silicon-based material would enable integrating both
optical and electronic functionalities on the same silicon chips. The long radiative lifetimes have until recently
obstructed efficient light emission from Si. A nanocrystalline approach has opened up a prospect for silicon in
the optoelectronics application field. However, the structure of the nanocrystal-matrix interface, which appears
to be important for the light emission, remains unclear. In the present work, by means of molecular dynamics
atomistic models, small nc-Si embedded into defect-free a-SiO2 are constructed using two different classical
interatomic potentials. The models allow analysis of the defects at the interface which may serve as radiative
and nonradiative recombination centers for excitons formed in nc’s and, thus, be responsible for the optical
properties of the structure. We analyzed the interface structures after a series of high-temperature annealing
runs and subsequent relaxation at room temperature. The results show that the nc-Si /SiO2 interface is orga-
nized by means of a thin suboxide layer �SiO2−x�, which contains a considerable amount of undercoordinated
defects as well. We also observed the spontaneous formation of silanone bonds �SivO�, frequently discussed
in the literature to be centers with an important role on the optical properties of the nc structures.
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I. INTRODUCTION

The normally inefficient light-emitting properties of sili-
con were recently significantly enhanced within a nano-
crystalline �nc� approach. Silicon nanocrystals showed a vis-
ible luminescence, interpreted to be a result of a quantum
confinement effect.1,2 The wavelength of emitted light was
also found to depend strongly on the size of the nc-Si: the
smaller the nanocrystals emitted, the shorter the lightwaves
with stronger intensity. Since such nanocrystals can be
manufactured with ion implanters, a tool commonly present
in industrial wafer manufacturing lines, this has opened up a
promising avenue for using low-cost silicon chips for opto-
electronics.

Already in 1990, Canham et al.1 found a strong photolu-
minescence �PL� in po-Si, where the length and intensity of
the light could be controlled by the porosity of silicon. Un-
fortunately, the functionality of po-Si was limited by insta-
bility of the optical properties, which are sensitive to the
external ambients. For instance, PL degrades quickly under
simultaneous exposure to the oxygen and light.3 In 2000,
Pavesi et al.4 indicated that stable light amplification can be
achieved with nc-Si embedded into a-SiO2. A year later,
Khriachtchev et al.5 showed that the amplified pulses in
these systems can be very short, which is very important for
fast operation of optical devices. These observations have
stimulated a generation of research activities in this field.
The main interest has been on obtaining better understanding
of the physical processes in order to control the optical prop-
erties and increase the optical gain in the structures.6 Maxi-
mization of the free carrier confinement and a significant
decrease of the radiative lifetime, responsible for the PL of
small nc-Si which is in the visible range, have been fairly
well explained within the quantum confinement theory.7,8

However, the superior properties of embedded nc-Si com-
pared to po-Si or freestanding nc-Si are still not clear.9

Regarding the embedded nanocrystals, the significance of
the nc-Si /a-SiO2 interface on the optical properties is inten-

sively debated.6,9 It has already been shown that the oxida-
tion of po-Si causes a large PL redshift as a result of stabi-
lized SivO surface states in the energy band gap, where an
electron or exciton can be trapped, especially for the small-
size nanocrystallites ��3 nm�.10 On the other hand, the
sharpness of the Si /SiO2 interface, as well as its stability
with respect to external agents, stabilizes the PL phenom-
enon. In addition, the oxygen and related defect states at the
interface can serve as radiative recombination centers for
carriers and make a significant effect on the optical proper-
ties of the system. This makes the embedded structures
highly promising for practical application9,11 and also em-
phasizes the importance of theoretical understanding of the
nature of the interface.

Thanks to its wide technological application, the planar
Si /SiO2 system is one of the most studied interfaces. None-
theless, due to the complexity of the amorphous network, the
interface between crystalline silicon and amorphous silicon
dioxide has lacked a realistic theoretical model. The fairly
well-understood defects which may appear during the forma-
tion of the interface such as stretched SiuSi bonds and dan-
gling bonds are not included in the existing nc interface
models, even though they are important as they introduce
broad states into the band gap.12

Previous theoretical models of Si /SiO2 and nc-Si /SiO2
interfaces form basically two general groups. Models em-
ploying density functional theory �DFT� methods are able to
treat only quite small systems with a very limited number of
atoms in the nanocrystal due to the heavy computational
cost.9,13,14 Moreover, the DFT models assume an ordered
structure of SiO2, corresponding to �- or �-quartz supercells,
instead of a random amorphous network. Models employing
Monte Carlo �MC� bond-switch algorithms using the Keating
potential can treat realistic-sized nanocrystals �with diam-
eters of �2–5 nm�.15,16 However, in this MC algorithm, the
formation of dangling bonds is prohibited, as the algorithm
forces all atoms to have an ideal coordination environment.
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In spite of the rigid assumptions done in these models, they
show that the nc-Si /SiO2 interface behaves differently from
Si /SiO2, having an extended transition region, which affects
optical properties of the structure as well.9

In the present work, we utilize computationally efficient
classical interatomic potentials and molecular dynamics
�MD�17 simulation to approach the experimental conditions
by creating realistic-sized atomistic model of the nc-Si em-
bedded into an amorphous silica matrix. We employ inter-
atomic potentials that are able to treat both pure Si and SiO2
in the same functional form.18,19 In this approach, it is pos-
sible to carry out high-temperature annealings to optimize
the interface structure, without any built-in assumptions of
the bonding or matrix structures or atom movement paths.

II. METHODS

A. Atomistic models of amorphous silica

As a host matrix which has a peculiar amorphous struc-
ture, a silica cell requires a prior thorough preparation pro-
cedure. In our simulations, we are applying the interatomic
potentials of Watanabe19,20 and Ohta,18 which were devel-
oped to describe the Si-O mixed systems on the base of the
classical Stillinger–Weber potential. These potentials have
the advantage that they can describe in addition to the ideal
bonding environment also coordination defects.

To test how well the potentials can describe a-SiO2 with-
out any built assumptions, we carried out MD simulations of
the annealing of silica starting from atom positions distrib-
uted initially completely randomly, except that the minimum
interatomic distance was restricted to be no less than 1.9 Å
to prevent unrealistically high interaction energies between
both Si-O and Si-Si atoms.

Having started with the number of silicon and oxygen
atoms �as ratio 1:2� and a cell volume corresponding to the
atomic density of a-SiO2, we found that simple MD cooling
of the system to the room temperature indeed results in a
random silica network. The quality of the structure strongly
depends on the cooling rate. In quartz as well as vitreous

silica, the ideal coordination state is that all Si atoms have
four bonds to O and all O atoms have two bonds to Si. Thus,
any deviations from this coordination state can be considered
as defects in the random silica network.21

An additional number of subsequent annealing runs, con-
cluded by a pressure control MD run to zero pressure, al-
lowed improving the quality of the network by decreasing
the number of under- and overcoordinated atoms. Table I
displays the dependence of the quality of a silica cell �the
number of coordination defects and suboxide atoms� as a
function of the cooling rate. We use the denotation “suboxide
atoms” for atoms with the same coordination number as in
ideal silica �four for Si and two for O� that have bonds to
both Si and O atoms.

Although even the lowest cooling rates did not produce a
silica cell with no coordination defects in it, the table shows
clearly that the quality of the structure steadily improves
with decreasing cooling rate. The smallest cooling rate used
in these calculations gives less than 5% of defects and less
than 2% of suboxides. Thus, it is reasonable to assume that
on typical experimental cooling rates �much lower than those
accessible to MD simulations�, a virtually defect-free a-SiO2
would be obtained.

The higher probability of suboxide bond formation with
the Watanabe potential can be explained by the smaller dif-
ference of average cohesive energy per atom between a pure
silica and a pure silicon material �see Table II�. For the Ohta
potential, the creation of extra bond to a correctly coordi-

TABLE I. Number of coordination defects and suboxides in the a-SiO2 cubic cell with an initial side
length of 6 nm cooled by MD with periodic boundaries. The structures are obtained from the randomized
distribution of Si and O atoms as a function of the cooling rate. Results are given for the potentials of
Watanabe �Ref. 19� and Ohta �Ref. 18�.

Rate
�K/fs�

Undercoordinated �%� Overcoordinated �%� SiOx �%�

Watanabe Ohta Watanabe Ohta Watanabe Ohta

1 13 12.8 0.5 5.7 5.7 0.3

0.5 10.3 12 0.4 5 4.2 0.2

0.3 9.2 10.5 0.3 5 3.8 0.2

0.2 8.6 10.2 0.3 4.6 3.8 0.1

0.1 7 8.6 0.3 4 2.6 0.02

0.05 6.1 7 0.2 3 2.5 0.05

0.03 5.7 6 0.14 2.6 1.8 0.02

0.02 5.5 5 0.12 2.5 1.9 0.05

0.01 4.5 0.12 1.8

TABLE II. The average cohesive energies per atom �Ec� in
pure silicon and silica according to the potentials of Watanabe and
Ohta. Also given is the experimental value of �Ec� for silica �Ref.
23�.

c-Si

a-SiO2

Watanabe Ohta Expt.

�Ec� �eV /atom� 4.33 5.26 9.7 6.42
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nated atom requires a lower-energy penalty compared to the
penalty required to substitute a neighbor atom with an atom
of opposite type. This is because the Ohta potential strongly
overestimates the Si-O binding energy �see Table II�. This
leads to the higher number of overcoordinated defects in the
Ohta potential.

The value of cohesive energy obtained with the Watanabe
potential is closer to the experimental value �last column in
Table II�. Due to this, in the remainder of the paper, we only
present results obtained with the Watanabe potential, since
both Si and SiO2 are present at the interface, and the high
probability of formation of overcoordinated defects may mis-
lead the interface analysis. In a previous study, we con-
structed 2.4 nm nc-Si inserted in smaller �4 nm of a side�
SiO2 cells with both the potential of Watanabe and Ohta.
There we found with the Ohta potential 14.3%, 3.8%, and
11% of the undercoordinated, overcoordinated, and suboxide
atoms at the interface �given as fractions of all interface at-
oms�, respectively, whereas the Watanabe potential gave
10.5%, 1.6%, and 12.8% for the same quantities. While the
main results were qualitatively the same for both potentials,
the main quantitative difference was a higher number of
overcoordinated interface defects and lower number of sub-
oxide atoms in the Ohta potential.22

Since obtaining fully coordination-defect-free silica was
not possible by the MD method, we also used the Wooten-
Winer-Weaire �WWW� technique for constructing a perfect
random network.24 To obtain a random silica network, we
used the WWW Monte Carlo code BOMC.25 In this approach,
the network is evolving by bond-switch Monte Carlo moves
which are accepted or not according to a rigid Keating
potential.25 As a second step, we relaxed the structure ob-
tained from the BOMC code by MD to room temperature and
zero pressure for 75 ps using the Watanabe potential. This
rearranged the positions of atoms to be compatible with the
potential used for the insertion of the nanocrystal.

We compared the pair correlation functions and
SiuOuSi bond-angle distributions for all the networks we
had obtained to the published experimental neutron-
diffraction data by Susman et al.26 and the Mozzi–Warren
diffraction results27 �Figs. 1�a� and 1�b��. Dashed lines cor-
respond to the MD annealed silica cells with the Ohta poten-
tial, and dotted lines correspond to the same cells annealed
with the Watanabe potential. Rarefied dotted lines stand for
the MC cell relaxed with the Watanabe potential and solid
lines are experiment. The good agreement for the pair corre-
lation function curves proves that the obtained networks are
realistic in structure. The second graph shows that the MD
annealed cells have also bond-angle distribution closer to the
real distribution than the ideal MC network. Unfortunately,
the significant number of coordination defects that remained
in the MD cell limits the application of annealed networks
for our study. For this reason, we chose the MC silica net-
work relaxed with the Watanabe potential. Bonding analysis
showed that after relaxation, this network generally remains
defect-free except for a small fraction ��0.1% of all atoms�
of coordination defects.

B. nc-Si inserted into a-SiO2 cell

We constructed the atomistic model of a nc in an amor-
phous matrix, as depicted schematically in Fig. 2. A ball of

the given diameter initially cut out from a perfect crystalline
Si cubic cell �nc-Si� was inserted into the cubic a-SiO2 cell
with a sidelength of 6 nm obtained by the above-described
technique. The nc-Si replaced a hole of the same diameter
cut out in the center of the silica cell. Prior to insertion, we
slightly compressed the nc-Si over its volume �for 3 Å less
in diameter� in order to avoid the formation of unreasonably
short bonds due to the size equality of a nc-Si and a hole. A
following short MD pressure relaxation run released the
compressive stresses, restoring the nc into its initial state, but
allowing no short atomic distances at the interface. In this
way, we prepared the nc-Si; of three different diameters of
1.3, 2.4, and 3.6 nm with 71, 329, and 1226 atoms in each,
respectively, to be able to follow the size effect on the defect
structure of the interface.

The preparation of the nc-Si /SiO2 structure was per-
formed as a series of annealing runs combined with pressure
control. A statistical variation was provided by random shifts
of the insertion position of the nc, i.e., the same spherically
cut nc surface facing different parts of the silica matrix,
forming different interfaces.

(a)

(b)

FIG. 1. Pair correlation function in the form of weighted T�r�
�Ref. 26� �a� and bond-angle function �SiuOuSi for the a-SiO2 cells.
The data were obtained by cooling the randomized mixture of Si
and O atoms by MD �PARCAS� with the potentials of Watanabe
�dashed lines� and Ohta �dotted lines�, as well as by MC switch-
bond method �BOMC� �Ref. 25� with subsequent relaxation with the
Watanabe potential �black dashed lines�. The solid lines represent
the experimental curves from Ref. 26 in �a� and the Mozzi–Warren
diffraction result �Ref. 27� in �b�.
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A series of three different annealing runs were applied
between the temperatures, �i� 1100 and 300 K, �ii� 1400 and
300 K, and �iii� 1600 and 300 K, with subsequent decrease
of maximum temperatures, in order to find a reasonably low-
energy interface structure. A last pressure control run carried
out after every annealing mode at a constant temperature of
300 K run was used to release the strain due to temperature
ramping procedures. All the processes have been monitored
by the value of the average total energy per atom. The dif-
ference of this quantity in the final structures for different
interfaces never exceeded 0.02 eV/atom for either potential.
The small difference between different cells showed that the
system was overall well converged in energy. However, the
number of the interface atoms is much smaller than the num-
ber of atoms in the entire system. Hence, the actual number
of defects in the interface region is fairly small and thus
cannot significantly affect the averaged quantities.

The analysis of the interface in case of the smallest nc-Si
was confounded by the fact that the small nc-Si �1.3 nm in
diameter� in our simulations almost lost the crystalline struc-
ture already at the lowest annealing mode �i�. A similar fea-
ture of the small nc’s was reported in an MC study by Had-
jisavvas and Kelires.16 The bigger nc-Si kept the crystallinity
also after annealing mode �iii�, making the interface analysis
more reliable. Atomic models of nc-Si inserted into silica of
1.3, 2.4, and 3.6 nm in diameters are depicted in Figs.
2�a�–2�c�, respectively. The latter shows a clear interface re-
gion, which can be analyzed with respect to the nature of
defects.

III. RESULTS AND DISCUSSION

As discussed in the previous section, the analysis of the
interface formed by small nc-Si ��2 nm in diameter� with
a-SiO2 is quite confounding. Hence, we analyzed nc’s of the
larger sizes of 2.4 and 3.6 nm in detail, examining ten dif-
ferent interfaces in each case for nc’s to obtain statistics.

Plotting the potential energy for an entire cell per atom as a
radial distribution �Fig. 4�a��, one can see that all the defects
are clearly located in a narrow area around the interface, and
thus, the width of the interface region can be determined
from these plots. Quantitatively speaking, the width was de-
termined as the difference between two radii which restrict
the area where the concentration of coordination defects was
significant in comparison with the rest of a nc and a host
matrix. The additional plot of the radial distribution of coor-
dination defects, zoomed in to show the interface region for
the same structure, shown in Fig. 4�b�, helps in identifying
the nature of the defects. The most favorable coordination
defect formed at the interface is an undercoordinated defect
with one dangling bond; this result is well in line with the
defect model for planar Si /SiO2 interfaces discussed in Ref.
12 and also in very good agreement with DFT studies of
planar interfaces �see, for example, Ref. 28�.

The suboxide atoms are not visible in Fig. 3�b� since they
have fourfold bonds, but they are associated with a differ-
ence in the total energy. This is reflected as a much larger
number of dots in the interface “cloud” in Fig. 4�a� �potential
energy� compared with Fig. 4�b� �coordination defects�. We
analyzed the presence of suboxide atoms using bonding
neighborhood analysis. Although the particular nature of
suboxides is difficult to determine, we found that the most
common replacement of only one atom by the atom of dif-
ferent types had happened, while a smaller number of atoms
had 2 atoms replaced by atoms of different types. We have
also checked the possibility for both Si and O atoms �both
missing one bond� to appear close to each other. This com-
bination may result in the formation of a silanone SivO
bond, known as a radiactive recombination center for free
carriers generated in the nc in favor of a defect-assisted re-
combination mechanism for the PL in the nc structures.6,14 In
a DFT study, Luppi and Ossicini14 showed that the strong
reduction in the energy gap causing a huge redshift after
oxygen exposure of silicon nanoparticles can be explained
by the presence of a silanone bond �an oxygen atom double
bonded to a Si� at the surface of nanoparticle. However, ac-
cording to their model, a number of SivO bonds bigger
than one did not enhance the effect significantly. According
to our observations, the silanone bonds can be spontaneously
formed during the annealing process of embedded nc’s into
silica matrix. Almost at each investigated interface, at least
one silanone bond was found. The bigger area of the inter-
face �nc of 3.6 nm� gave better statistics, but we could not
observe a clear size dependence of the effect due to the poor
statistics.

In Table III, we summarized our results on the interface
analysis for 2.4 �upper part� and 3.6 �lower part� nm nc-Si,
respectively, versus the annealing temperature. It includes
the width of the interface, coordination defects, and subox-
ides as a percent fraction relative to the entire number of
interface atoms. We also calculated the excess interface en-
ergies of the system as

� = 1/�4�rnc
2 ��Etot

Sinc − �Ec,SiNSi
nc + �ESi

c,SiO2NSi + EO
c,SiO2NO��� .

Here, Etot
nc-Si is the total potential energy in the cell with an

embedded nc, Ec,Si is the average cohesive energy per atom

FIG. 2. Method for insertion of the crystalline ball into the hole
of the same radius inside of amorphous matrix. The crystalline ball
is cut out of a perfect crystalline cubic cell of bigger size than the
required diameter of nanocrystal.
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in pure silicon, ESi/O
c,SiO2 are the average cohesive energies per

Si /O atom in the pure silica cell, NSi/O are the numbers of
Si /O atoms in the silica part of the cell with an embedded
nc, NSi

nc is the number of Si atoms in the nc, and rnc is a radius
of the nc. Note that in this definition of an interface energy,

the surface energies are not substracted out, which is consis-
tent with previous usage in the field.13

The excess interfacial energies obtained in our calcula-
tions are shown in the last column. All the values compare
well with the recent DFT value of 0.093 eV /Å2.13 We did
not find a clear dependence of these values on the size of the
nc �the small discrepancies between � for both sizes at the

-5.6
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-4.8

-4.4

-4.0

E
to

t
/a

to
m

(e
V

)

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

r/r0

Si-nc (1.3 nm)
Si-nc (2.4 nm)
Si-nc (3.6 nm)

FIG. 5. Radial distributions of the potential energy per atom as
a function of the distance from the center of the cluster for cells
which contain 1.3 nm �dotted line�, 2.4 nm �dashed line�, and
3.6 nm �solid line� nc-Si. The average is over all atoms in the ten
simulation cells of the same-sized nanocrystal.

(a)

(b)

(c)

FIG. 3. Atomistic model of nc-Si ��a� 1.3 nm, �b� 2.4 nm, and
�c� 3.6 nm� embedded into amorphous silica obtained by MD after
series of annealing runs; gray and black circles are silicon and oxy-
gen atoms, respectively.

(a)

(b)

FIG. 4. Radial distributions of the �a� total energy per atom and
�b� coordination defects for the nc-Si /SiO2 obtained by annealing
of cell with 3.6 nm nc-Si at 1400 K. The Si atoms of nc-Si ��� are
shown differently from Si of a-SiO2 ���. � is used to represent O
atoms. Note that the r scale in �b� is focused on the interface region.
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same annealing temperatures are within the statistical error�.
At the same time, we observed a certain decrease of � for
both nc’s with elevating the annealing temperature.

The width of interfaces in all cases agrees excellently
with the experimentally estimated value of 0.8 nm for the
planar Si /SiO2 interface.29 Our calculations of single nano-
crystal size show that the bigger size of the nc-Si stabilizes
the interface, constraining it in a thinner region. To under-
stand this observation, we analyzed the average potential en-
ergy per atom as a function of radius. The results are shown
in Fig. 5, where the energy in each cell is displayed relative
to the radius of original nc. The interface affects much stron-
ger the outer parts of the silicon crystal structure. The distor-
tion of the crystal structure grows severer with decreasing nc
diameter, since the larger crystals have an internal cohesion
which can better counteract the stress from the interface. The
shift of the maximum of potential energy inside of the nc-Si
shows that the width of the interface grows with decreasing
of nc diameter. The potential energy of the smallest nc re-
mains much higher than the potential energy of pure silicon
up to its center and corresponds to the value of amorphous
silicon.30 Note also that the areas under the curves corre-
sponding to the 2.4 and 3.6 nm nc’s are almost equal, which
confirms that the interfacial energies for both sizes would not
differ significantly.

Our observation on the fair amount of dangling bonds
�which mostly serve as centers for nonradiative recombina-
tion of excitons� present at the nc-Si /SiO2 interface �Table
III� is well in line with experimental evidence of PL enhance-
ment in samples which contain nc-Si embedded into the
silica matrix found after passivation of the samples in differ-
ent annealing ambients. The increase of PL intensity was
attributed to the elimination of nonradiative recombination
centers in the SiO2 matrix and in the nc-Si /SiO2
interface.31,32

IV. CONCLUSIONS

By means of MD methods, we have constructed atomistic
models of Si nanocrystals of three different sizes embedded

into a-SiO2. The interfaces were prepared applying three dif-
ferent annealing temperatures. The results showed that the
smallest nanocrystals with sizes of �2 nm lose the crystal-
line structure already at the lowest �1100 K� annealing tem-
perature. The interface analysis of bigger nc’s �2.4 and
3.6 nm in diameter� showed that the interface mainly affects
the outer part of Si crystallites and that the smaller nc has a
lower interfacial energy. The most common coordination de-
fects created in the interface are Si atoms with one dangling
bond. The relative number of coordination defects almost
does not vary with the size and never exceeds �10% of the
total number of interface atoms. We also found the fair
amount of suboxide atoms �right-coordinated atoms with
both Si and O nearest neighbor atoms� which was close to
the number of dangling bonds at the interface. The ratio be-
tween coordination defects and suboxides is slightly chang-
ing with increasing annealing temperature: most likely, some
of the coordination defects eventually turn into suboxides.
The analysis also revealed the presence of SivO �“sil-
anone”� bonds, which are known to be important for the
optical properties of nc-Si /SiO2 structures. The width of the
interfaces was shown to agree well with an experimental
value of 0.8 nm obtained for a distribution of nc sizes. From
our simulations, we were able to compare how the interface
width changes with the precise nc size and showed that the
bigger nanocrystal had a thinner interface region.
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TABLE III. nc-Si /a-SiO2 interface defects as the percentage of the total amount of interface atoms, the
mean width of the interface, and corresponding interfacial energies for both 2.4 nm �upper part� and 3.6 nm
�lower part� nc-Si. The error bars are the standard error of the mean.

Ta

�K�
Undercoordinated

�%�
Overcoordinated

�%�
Suboxide atoms

�%�
	rIF

�Å�
�

�eV /Å2�

1100 9.2
0.3 1.8
0.2 11.1
0.4 9.9
0.8 0.087
0.002

1400 8.4
0.6 1.6
0.2 10.2
0.5 9.9
0.8 0.076
0.003

1600 8.3
0.6 1.4
0.1 11.8
0.9 9.3
0.9 0.072
0.002

1100 11.1
0.5 2.1
0.1 9.9
0.7 7.3
0.4 0.094
0.003

1400 10.5
0.5 2.3
0.2 11.1
0.7 6.9
0.2 0.083
0.002

1600 9.6
0.3 2.2
0.1 11.3
0.6 7.0
0.2 0.077
0.002
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