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Density-functional theory calculations have been carried out in order to study the structural, electronic, and
optical properties of oxidized silicon clusters and silicon nanocrystals embedded in SiO2. For the isolated
clusters, different Si/O bonding geometries and various levels of oxidation have been investigated, checking
also the dependence of the results on the structure size. We provide strong evidences that not only the quantum
confinement effect but also the chemistry at the interface has to be taken into account in order to understand the
physical properties of these systems. In particular we show how the multiple presence of silanonelike SivO
bonds can be a reliable model for explaining the photoluminescence redshift observed in oxidized porous
silicon samples and it can be used as possible explanation also for the unexpected large photoluminescence
bandwidth in single oxidized Si quantum dots. For the silicon nanocrystals embedded in a SiO2 matrix, the
electronic and optical properties are discussed in detail. The strong interplay between the nanocrystal and the
surrounding host environment and the active role of the interface region between them is pointed out, in very
good agreement with the experimental results.
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I. INTRODUCTION

Silicon microelectronics devices have revolutionized our
life in the second half of the last century. Integration and
economy of scale are the two key ingredients for the silicon
technological success. Silicon has a band gap of 1.12 eV that
is ideal for room-temperature operation and an oxide that
allows the processing flexibility to place today more than 108

transistors on a single chip. The extreme integration levels
reached by silicon microelectronics industry have permitted
high-speed performance and unprecedented interconnection
levels. The present interconnection degree is sufficient to
cause interconnect propagation delays, overheating, and in-
formation latency between single devices. To overcome this
bottleneck, photonic materials, in which light can be gener-
ated, guided, modulated, amplified, and detected, need to be
integrated with standard electronics circuits to combine the
information processing capabilities of electronic data transfer
and the speed of light. In particular, chip to chip or even
intrachip optical communications all require the develop-
ment of efficient optical functions and their integration with
state-of-the-art electronic functions.1

Silicon is the desired material, because silicon optoelec-
tronics would open the door to faster data transfer and higher
integration densities at very low cost. Silicon microphotonics
has boomed these last years. Almost all the various photonic
devices have been demonstrated,1–3 the main limitation of
silicon photonics remains the lack of any practical Si-based
light sources. Several attempts have been employed to engi-
neer luminescing transitions in an otherwise indirect
material.1 After the initial impulse given by the pioneering
work of Canham on photoluminescencesPLd from porous
silicon sPSd,4 nanostructured silicon has received extensive

attention sfor review see Refs. 5 and 6d. This activity is
mainly centered on the possibility of getting relevant opto-
electronic properties from nanocrystalline Si. It is generally
accepted that the quantum confinement, caused by the re-
stricted snanometricd size, is essential for the visible light
emission in Si nanostructures1,5 but some controversial inter-
pretations of the PL properties of low-dimensional Si struc-
tures still exist. The question of surface effects, in particular
oxidation, has been addressed in the last years. Both theoret-
ical calculations and experimental observations have been
applied to investigate the possible active role of the interface
on the optoelectronic properties of Si nanostructures. Differ-
ent models have been proposed: Baierleet al.7 considered
the role of the surface geometry distortion of small hydro-
genated silicon cluster in the excited state. Wolkinet al.8

observed that oxidation introduces defects in the Si-
nanocrystalsNCd band gap which pin the transition energy.
They claimed the formation of a SivO double bond as the
pinning state. The same conclusion has been reached in Ref.
9 and by us,10 whereas Vasilievet al.11 have pointed out that
similar results can be obtained also for O connecting two Si
atoms ssingle bondd at the Si-NC surface. In Ref. 12, the
assistance of Si–O vibrations at the interface has been pro-
posed as the dominant path for recombination. The optical
gain observed in Si-NC’s formed by ion implantation in
SiO2,

13 by plasma enhanced chemical vapor deposition
sPECVDd,14 and samples prepared by magnetron sputtering15

is giving a further impulse to these studies. Interface radia-
tive states have been suggested to play a key role in the
mechanism of population inversion at the origin of the
gain.13,14,16

This paper aims at answering the question of the absorp-
tion and photoluminescence origin in silicon nanostructures.
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We provide strong evidences that the role of the interface
region surrounding the silicon nanostructures have to be
carefully taken into account in order to understand the strik-
ing optical properties of these systems. Within the frame-
work of the density-functional theorysDFTd we have exten-
sively studied the effects of oxygen on the electronic and
optical properties of various types of silicon clusters. Varying
the cluster size we have considered different bonding geom-
etries and different levels of oxidation. Moreover, we have
performedab initio total-energy calculations on small silicon
nanocrystals embedded in a SiO2 matrix stressing the inter-
play between the nanocrystal and the surrounding host envi-
ronment.

The paper is organized as follows. A brief description of
the computational methods is given in Sec. II. The study of
the isolated Si clusters is presented in Sec. III. First the ef-
fects of the different Si/O bond geometriessSec. III Bd are
discussed, then the specific case of multiple oxygen passiva-
tion with silanonelike SivO bondssSec. III Cd is consid-
ered. This particular bond has been studied also in view of its
role in the initial state of silicon oxidation.17 The work on Si
nanocrystals embedded in SiO2 is reported in Sec. IV, where
the electronic and optical properties are extensively dis-
cussed. Finally in Sec. V some conclusions are presented.

II. COMPUTATIONAL METHODS

All calculations have been performed within the frame-
work of the density-functional theorysDFTd with a plane-
wave pseudopotential approach. For the study of the isolated
nanostructures, two different codes have been used:FHI98MD

sRef. 18d and CASTEP.19–21 In the first case the electron-ion
interaction has been described via norm-conserving
pseudopotentials22 generated following Martins-Troullier
prescriptions;23 in the second case via ultrasoft
pseudopotentials.24 Different cutoffs for the wave-function
kinetic energy have thus been adopted: 680 eV inFHI98MD

and 380 eV inCASTEP. The structural relaxationsSRd has
been achieved using indifferently both codes, while the op-
toelectronic properties at relaxed geometry have been deter-
mined withCASTEP. For the embedded nanocrystals case we
have usedCASTEP only, with special pseudopotentials suit-
able for high-performance solid-state calculations21 and a ki-
netic energy cutoff of 260 eV.

The relaxed geometry has been obtained within the local-
density approximationsLDA d for the isolated clusters, while
for the embedded nanocrystals within the generalized gradi-
ent approximation with the PBE exchange and correlation
sXCd functional. In all the cases one specialk point sGd has
been used for the Brillouin zonesBZd sampling. During the
relaxation procedure all the atomssin the isolated and em-
bedded systemsd and the cell parameterssin the embedded
systemsd have been left free to relax. The tolerance for the
force on atoms has been set to 0.05 eV/Å, a compromise
between good accuracy and computational speed. For the
electronic minimization we have used a density mixing
scheme with conjugate gradientsCGd Pulay solver;21 for the
internal coordinates optimization a Broyden-Fletcher-
Goldfarb-ShannosBFGSd scheme.21

At relaxed geometry the electronic properties in terms of
band-structure/energy levels, total density of statessTDOSd,
and orbital spatial distribution have been determined using
the same level of theory adopted during the SR. The optical
properties have been instead calculated within LDA with a
band-by-band scheme and for the embedded structures the
calculations were performed on differentk points.25 The ab-
sorption spectra have been obtained considering only direct
ssamek pointd interbandsbetween valence and conduction
bandsd transitions, with no phonon assistance and with the
electric-field vectors taken as a fully isotropic average. No
self-energy corrections, local-field, and excitonic effects
have been included. The choice of displaying the optical re-
sults through the absorption spectrasderived from the imagi-
nary part of the dielectric function21d is due to the possibility
of an easier comparison with the experimental measure-
ments.

For the isolated systems, because our method employs
three-dimensional periodic boundary conditions, the clusters
were placed at the center of a simple-cubic supercell of
vacuum in order to ensure a complete isolation. Various tests
have been performed considering different supercell side
lengths for each cluster size. The final side lengths have been
set between 1.4 and 1.8 nm in order to ensure, for all the
cluster sizes, a minimum distance of 0.8 nm between the
nearest atoms of the repeated supercells. In order to test our
setting band-structure calculations have been carried out for
some systems at relaxed geometry. The flat behavior of the
electronic bands for the entire valence bandsVBd and around
the bottom edge of the conduction bandsCBd proves the
achievement of a good confinement.

TABLE I. List of all the studied clusters, classified by the type
of surface passivationsrowsd and by the core sizescolumnsd.
“Full-H” stands for a passivation by H atoms only; “Si–O–Si” by
H atoms plus O in the backbond geometry; “SivO” by H atoms
plus O in the double-bond geomtery; and “Si–O–Si+SivO” by H
atoms plus O both in the back- and double-bond geometry.

Bond/size 0.5 nm 0.7 nm 1.0 nm

full-H Si10H16 Si14H20 Si35H36

Si12H16

Si–O–Si Si9H14–O Si14H20–O2 Si34H34–O

Si13H18–O

Si12H16–O2

SivO Si10H14vO Si14H18vO Si35H34vO

Si10H12vO2 Si14H16vO2 Si35H32vO2

Si10H10vO3 Si14H8vO6 Si35H30vO3

Si10H8vO4 Si13H18vO Si35H28vO4

Si10H6vO5 Si12H16vO2 Si35H24vO6

Si10H4vO6

Si–O–Si Si13H16–OvO

+SivO
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III. ISOLATED CLUSTERS

Silicon nanoclusters with a passivated surface are used as
the natural trial model for theoretical simulations on silicon-
based light emitting materials, such as porous siliconsPSd or
Si-NC’s. In a Si zero-dimensionals0Dd system, in fact, the
strong quantum confinement can increase the optical infrared
gap of bulk Si and consequently shift the optical transition
energies towards the visible range.26,27This, for many years,
has been considered the main explanation of the visible pho-
toluminescencesPLd from PS. In the literature most first-
principle calculations and empirical simulations have used
hydrogen as passivating agent for the dots surface.7,28–37On
the other hand, porous and nanocrystalline silicon samples
are obtained with a great variety of surface conditions. The
above-mentioned theoretical studies are in good agreement
with optical absorption measurements on hydrogen-
passivated silicon clusters,38 but experiments performed on

oxidized samples often display an optical gap redshifted with
respect to the predicted values39–41 and strong energy differ-
ences between absorption and emission peaks position. At-
tempts which include the Stokes shift between ground and
excited states42 or take into account the excitonic exchange
splitting43 have not been able to overcome the great discrep-
ancy between theory and these experiments. This has sug-
gested that other effects have to be considered. In 1999 some
experimental data have provided strong evidences that in

FIG. 1. Stick and ball representation of the final relaxed struc-
tures of some of the studied systems. The grey balls stand for the Si
atoms, the black ones for the oxygen, and the small white ones for
the hydrogen.sad Si10H16; sbd Si9H14–O; scd Si10H14vO; sdd
Si14H20; sed Si14H20–O2; sfd Si14H18vO; sgd Si13H18–O; shd
Si13H16–OvO; sid Si35H36; sld Si34H32–O; smd Si35H34vO.

FIG. 2. Energy levels atk-point G and total density of states for
two fully hydrogenated clusters, Si14H20 sad and Si12H16 scd; for two
clusters with SivO bonds, Si14H16vO2 sbd and Si12H16vO2 sdd;
for two clusters with Si–O–Si bonds, Si14H20–O2 sed and
Si12H16–O2 sfd; for a cluster with one Si–O–Si and one SivO
bond, Si13H16–OvO sgd. The zero in each plot refers to the top of
the valence bandsno relative alignment of the levels has been per-
formedd. The direct comparison clearly shows that a strong energy
gap reduction, due to the birth of new levels within the hydrogen-
ated energy gap, occurs by adding SivO bonds at the surfacessee
also the corresponding values reported in Table IId .
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silicon nanocrystals exposed to oxygen the chemistry of the
surface can produce substantial impact on their optoelec-
tronic properties.8 Thus the theoretical approaches have
started to take into account oxidation and defects at the sur-
face. But to date only a fewab initio calculations have been
carried out in this direction.9–11,44–48

In this section we report our results on the structural, elec-
tronic, and optical properties of isolated silicon clusters cov-
ered by hydrogen and oxygen. Various Si/O bond geom-
etries, coverage levels, and cluster sizes have been
considered. A comparison with the experimental outcomes
concerning PS and heavily oxidized silicon nanoparticles is
attempted. During the discussion we compare the results of
the electronic energy gaps to the PL energies of PS samples.
Because the emission processes are in general different from
the absorption ones, this can be considered a nontotally cor-
rect approach. Nevertheless, the study of the emission spec-
tra by DFT calculations is still a very difficult task and the
few theoretical works on the emission spectra from silicon
nanodots including oxygen44,47,48 seem to support our
conclusions.

A. Model and structural properties

Five classes of clusters have been considered: one with a
mean core diameter of 1.0 nmsSi35-core basedd, three with a
mean core diameter of 0.7 nmsSi14-, Si13-, and Si12-core
basedd, and one with a mean core diameter of 0.5 nm
sSi10-core basedd. Two types of Si/O bond geometries have
been extensively studied: the SiuOuSi backbond sor
bridged and the silanonelike SivO bond.49 In the backbond
geometry, typical of the SiO2, we have considered the O
atom in between both first and second nearest-neighbor Si
atoms; in the silanonelike configuration, where the O atom is
double bonded with one Si atom, different initial bond ori-
entations have been attempted in order to achieve, by geom-
etry relaxation, a structure that was the closest to the energy
global minimum as possible.

The initial cluster geometries have been obtained starting
from a crystalline diamondlike Si core structuresi.e., bulk
cutd with a Td interstitial symmetry and a hydrogen termi-

nated surface. The hydrogen atoms are positioned along the
tetrahedral directions in order to saturate all the dangling
bonds. Because experimental data suggest a crystalline ge-
ometry for the Si nanostructures in most of the samples we
are interested insparticularly PSd, we have considered the
crystalline bulk cut as the best starting structure to model the
Si core of the clusters. Clusters’ geometries obtained by
simulated annealing calculations at “high” temperatures can
be used as an initial guess if no information about the struc-
tural properties of the cluster are available or the simulation

TABLE II. HOMO-LUMO energy gapssEgd of the Si14-, Si13-,
and Si12-core-based clusters.

Structure Eg seVd

Si14H20 4.1

Si14H20uO2 4.0

Si14H18vO 2.4

Si14H16vO2 2.3

Si14H8vO6 2.1

Si13H18uO 3.7

Si13H18vO 2.4

Si13H16uOvO 2.2

Si12H16 3.8

Si12H16uO2 3.6

Si12H16vO2 2.3

FIG. 3. Comparison of the highest occupied Kohn-Sham orbitals
sHOMO’sd and the lowest unoccupied Kohn-Sham orbitals
sLUMO’sd for clusters with three different surface passivation:sad
H and two Si–O–Sibonds, Si14H20–O2; sbd H and two SivO
bonds, Si14H16–O2; scd H and both types of Si/O bonds,
Si13H16–OvO. The isosurfaces at 40% of the maximum amplitude
are reported together with the stick and ball representation of the
relaxed structures. The black arrows show the location of the oxy-
gen atoms. The localization of the orbitals on the double-bonded
oxygen shows clearly that the SivO bonds strongly influence the
character of the states at the band edges also when both types of
Si/O bonds are present.
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of a specific formationsgrowingd procedure is required. Fur-
thermore, the experimental evidences on the “ability” of H to
freeze the Si surface in the perfect crystalline geometry, also
at room temperature,50 support our choice, especially for low
oxygen-coverage levels when the dangling bonds at the sur-
face are mainly saturated by H atoms.

The oxidized clusters have been built up substituting H
and Si atoms of the initial hydrogen-capped structures with
oxygen. In particular the SivO bonds have been obtained
by replacing with one oxygen couples of H atoms bonded to
the same Si atom. At each oxygen introduction we have stud-
ied the different possible configurations of the surface, i.e.,
different relative locations for the SivO bonds, playing
with the symmetry of the systems and the six possible
O-double-bond sites available for each cluster. The structures
have been then relaxed by total-energy minimization. All the
systems, classified by type of Si/O bond and Si-core size, are
listed in Table I. The stick and ball representations of some
of the final geometries are reported in Fig. 1.

The relaxation has produced structural changes with re-
spect to the initial geometry which strongly depend on the
type of surface passivation. A full-H saturation, as expected,
leaves unchanged the initial bulklike structure of the Si core.
When SivO bonds are added at the surface, the modifica-
tion of the Si core is very limited. In the relaxed geometry

the SivO bond orientation is always “perpendicular” to the
surface, i.e., in the same plane of the two nearest Si–Si
bonds, along the bisecting line. This final geometry, which
does not depend on the number of SivO bonds present at
the surface, seems to be supported by an x-ray absorption
fine-structure study on the interface between Si and SiO2,

51

which reveals a “strong Si/O bonding oriented preferentially
closer to the surface normal.” On the other hand, the intro-
duction of the O atoms in the backbond configuration pro-
duces an appreciable modification of the Si core in the vicin-
ity of the bond position, especially when the O are placed in
between the first nearest-neighbor Si atomssSi14H20–O2d.
The angle and bond-length variations go towards a final ge-
ometry for the Si–O–Si close to the quartz one. A more
detailed discussion on the structural properties is reported in
Ref. 10.

B. Optoelectronic properties: The chemistry of oxygen at the
surface

The following discussion is mainly focused on the effects
of different Si/O bond geometries at the surface of clusters
with the same Si-core size. In particular the results for the
three classes of clusters with mean core diameter of 0.7 nm
are presented. In addition some results on the effects of the
Si-core size on the oxidized clusters are discussed. At the
end, a direct comparison with experimental results of Wolkin
et al.8 is attempted.

Once the relaxed geometry has been obtained, the elec-
tronic and optical properties of the clusters have been evalu-
ated. In the case of a full-H surface saturationsSi14H20d, a
huge opening of the electronic energy gapsEgd with respect
to the Si-bulk casessee Table IId is found, in total agreement

FIG. 4. Calculated absorption spectra for four different Si clus-
ters: sad Si14H20, sbd Si14H20–O2, scd Si14H18vO, sdd
Si13H16–OvO san artificial Gaussian smearing of 0.05 eV has
been appliedd. The optical behavior follows the electronic one with
the absorption onset strongly modified by the presence of the
SivO double bondssfirst optical transitions strongly redshiftedd.

FIG. 5. Energy-gapsEgd behavior as a function of the number of
silicon atoms of the cluster cores, i.e., as a function of the cluster’s
size. Circles: full-H passivated surface; squares: with one Si–O–Si
bond; triangles: with one SivO bond. While with a full-H passi-
vation the trend follows the quantum confinement theory, with the
SivO bond presence theEg seems practically unaffected by the
size of the cluster in agreement with the experimental results of
Wolkin et al. sRef. 8d.

AB INITIO STUDY ON OXIDIZED SILICON… PHYSICAL REVIEW B 71, 035340s2005d

035340-5



with the quantum confinement model.5 But if hydrogen is
replaced by oxygen the situation can change radically. The
way the changes occur is strictly related to the Si/O bond
type.

With SivO bonds new electronic states appear near both
band edges causing a strong reductionsred shiftd of the Eg
with respect to the full-hydrogen passivation casefFigs. 2sbd
and 2sddg. These new states are mainly localized on the oxy-
gen atoms, as shown by the spatial distribution of the Kohn-
Sham orbitals10 fsee, for example, the highest occupied
Kohn-Sham orbitalsHOMOd and lowest unoccupied Kohn-
Sham orbitalsLUMOd plotted in Fig. 3sbdg. The more SivO
bonds are drawn at the surface the more new oxygen-related
states approach the band edges and accumulate there. In this
way the electronic and consequently the optical behavior of
the clusters become characterized mainly by the double-
bonded oxygen. Even the presence of one SivO bond can
affect deeply the electronic behavior of the clusters. In the
Si14-core-based case, for example, theEg is reduced by
1.5 eV with the introduction of the first oxygen. This redshift

increases increasing the number of SivO bonds at the sur-
face.

On the other hand, with the addition of Si–O–Sibridges
the electronic properties are less affected. The valence band
in fact maintains its hydrogenatedlike character and only the
conduction-band states show a new weak localization on the
added oxygen atomsfFig. 3sadg. TheEg is reduced, but not as
in the SivO bond cases. Also when the addition of oxygens
implies the substitution of some atoms of the Si core, mim-
ing the attack of oxygen towards the inner structure, the re-
duction is still of the order of a few tenths of eVfFig. 2sfdg.

The addition of both types of bonds on the same structure
sSi13H16–OvOd produces a finalEg value strongly red-
shifted fcompare Figs. 2sgd and 2sadg, very close to the cor-
respondent results for the double-bond casesSi13H18vOd.
The spatial distribution of the Kohn-Sham orbitals shows an
evident localization of the states around the band edges on
the oxygen of the SivO bond but not on the Si–O–Si
bridge fsee the HOMO and LUMO plotted in Fig. 3scdg.
Therefore the electronic properties are mainly related with
the presence of the SivO bond which overwhelms the back-
bond type. This result is important with respect to the obser-
vations of Chabal and co-workers.17,52 Studying the initial
stage of oxidation of hydrogenated silicon surfaces, they
have demonstrated that whereas for the Sis111d surfaces oxy-
gen is incorporated into Si–Si bonds, for the Sis100d sur-
faces the initial oxidation involves both the presence of
double bonded oxygen and oxygen in the backbond. Yet a
cluster contains more or less all the possible surface orienta-
tions, thus it is the presence of double-bonded oxygen that
mainly determines the electronic and optical properties of the
silicon nanoclusters.

The results of the optical properties reflect the electronic
ones. In Fig. 4 we show as an example the absorption spectra

TABLE III. HOMO-LUMO energy-gap valuessEgd for the
Si10-, Si14-, and Si35-core-based clusters. All the possible configu-
rations at each oxidation levelsnumber of SivO bondsd are re-
ported.X, Y, andZ label the SivO bond orientation with respect to
the system of reference of Fig. 8.

Structure Eg seVd

Si10H16 4.7

Si10H14vOfYg 2.5

Si10H14vOfZg 2.5

Si10H12vO2fZgf−Zg 2.5

Si10H12vO2fXgfZg 2.2

Si10H10vO3f−Xgf−XgfZg 2.0

Si10H10vO3fXgf−YgfZg 1.6

Si10H8vO4fXgf−XgfYgf−Yg 1.9

Si10H8vO4fXgf−Xgf−YgfZg 1.7

Si10H6vO5fXgf−XgfYgfZgf−Zg 1.7

Si10H4vO6 1.8

Si14H20 sFHI98MDd 4.1

Si14H18vOfZg sFHI98MDd 2.4

Si14H18vOfZg 2.5

Si14H16vO2fZgf−Zg sFHI98MDd 2.3

Si14H16vO2fZgfsx,−ydg 2.2

Si14H14vO3fsx,ydgfsx,−ydgfZg 2.2

Si14H12vO4fsx,ydgfsx,−ydgfs−x,−ydgfZg 2.1

Si14H12vO4fsx,ydgfsx,−ydgfs−x,ydgfs−x,−ydg 1.9

Si14H8vO6 sFHI98MDd 2.1

Si35H36 3.4

Si35H34vOfYg 2.3

Si35H32vO2fYgfZg 2.2

Si35H30vO3f−Xgf−YgfZg 1.8

Si35H28vO4fXgf−XgfYgf−Yg 1.8

Si35H24vO6 1.7

FIG. 6. HOMO-LUMO energy-gap values as a function of the
number of SivO bonds at the surface for the three classes of
cluster with different core size. Circles: Si10HnvOm; squares:
Si14HnvOm; and triangles: Si35HnvOm. The different values for
the same cluster at fixed number of SivO bonds correspond to
different relative locations of the SivO bonds at the surface. A
strong reduction with respect the fully hydrogenated cases occurs
with the addition of the first SivO bond. The addition of more
SivO bonds produces weaker reductions and a sort of saturation
limit seems to be reached.
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of some of the clusterssan artificial Gaussian broadening of
0.05 eV has been appliedd. The huge reduction of the elec-
tronic Eg caused by the presence of double-bonded oxygen
has its equivalent in the strong redshift of the absorption
onsetfcompare Figs. 4sad and 4scdg, whereas oxygen in the
backbond geometry slightly modifies the absorption behavior
fFig. 4sbdg. With the contemporary presence of oxygen in the
double and single bond configurationfFig. 4sddg the absorp-
tion onset is set exactly at the energy of the transition be-
tween HOMO and LUMOswhich are SivO related statesd
showing that the first optical transitions in this case are
mainly due to the SivO presence. In general it emerges that
for all the oxidized clusters the absorption onsets correspond
exactly to the HOMO-LUMO transition. Because we find
that all the transitions between the near-band-edges states are
allowed, the character of those states directly influences the
optical activity.

In the previous discussion we have shown that on clusters
with the same size the effects of the addition of oxygen at-
oms strongly depend on the type of Si/O bond that is
formed, i.e., on the chemistry of the surface. In Fig. 5 we
report the results on the effects of the oxidation once the
dimension of the Si core changes. The HOMO-LUMOEg for
three different surface passivations is plotted as a function of
the number of the Si-core atoms, i.e., of the cluster size. With
a full-hydrogen passivationscircles in Fig. 5d an inverse de-
pendence of theEg value from the size of the system is
displayed, in agreement with the quantum confinement
theory. Adding an oxygen in the backbond geometryssquares
in Fig. 5d produces a weak reduction of theEg but still the
difference between the values at different sizes is large. With
one SivO bond at the surface instead theEg seems practi-
cally unaffected by the core size: the valuesstriangles in Fig.
5d lie in fact within less than 0.2 eV. The quantum confine-
ment theory alone fails in explaining this behavior. If theEg
redshift is evaluated as the difference between the full-

hydrogen case and the oxidized one, an inverse dependence
of the redshift on the cluster size is displayed.

The experimental results of Wolkinet al.,8 on the PL be-
havior of freshly etched PS samples made of crystallites of
various sizes, show a large PL redshift when they are ex-
posed to open air. The great amount of the reduction is
achieved yet in the few first seconds of exposure8 when the
oxidation has just begun and it is supposed that only a few O
atoms have attacked the surface. This means that our hydro-
genated clusters with some Si–H bonds replaced by Si/O
bonds can be a reasonable model for this type of samples at
the beginning of the exposure. The reported PL shift displays
a clear inverse dependence on the initial hydrogenated Si
nanocrystallites sizes, the same trend shown by our cluster in
the presence of SivO bonds. Moreover, it is shown that the
shift is of the order of 1 eV for samples composed of crys-
tallites smaller than 2 nm in size. If we consider that the size
of our clusters is less than a half of the smallest samples of
Ref. 8 the agreement between our models with double-
bonded oxygen atoms and the experiment is very good. At
longer exposure times one can expect that the oxygen attacks
the Si structures forming a sort of thin capping SiO2. Wolkin
et al. clearly measuresby Fourier transform infrared spec-
troscopyd the growing of the signal relative to the presence
of the Si/O bonds with the exposure time, which at a certain
point saturate indicating a stable situation of the crystallites
surface.8 In the Si13H16–OvO case, in a certain sense, we
model this final situation with the contemporary presence of
bridges, typical of the SiO2, and SivO bonds. The new
states at the band edges localized on the SivO bond sug-
gests that also at long times of exposure the predominant role
on the optical activity of the nanocrystallites can be played
by the SivO bonds. Therefore in our opinion among the
possible configurations for the surface oxidation of silicon
crystallites, a model which contains SivO bonds is the most
appropriate to explain the peculiar PL properties of oxidized
PS samples and nanocrystals.

FIG. 7. Energy-gapsEgd values as a function of the number of
SivO bonds at the surface for the Si10HnvOm. EachEg value,
which correspond to a specific location of the SivO bonds, is
indicated with a different symbol. The dashed, dotted, and dashed-
dotted lines are only guides for the eye and show the further reduc-
tions of theEg when new extra SivO bonds are added in such a
way that the symmetry of the system is reduced.

FIG. 8. Cartesian system of reference used to label the different
configurations achieved positioning the SivO bonds on the six
available sites. The available sites are indicated as the dangling
bonds in the stick and ball representation of the Si10-core class.
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C. Optoelectronic properties: Effects of multiple passivation
by SiBO bonds

In the following we discuss in more detail the results on
multiple passivation by SivO bonds. In order to ideally
simulate the air exposure of the crystallites in PS samples,8

the number of oxygen atoms in the SivO geometry has
been progressively increased at the cluster’s surface.

In Table III the calculated electronic gap values are re-
ported for all the core sizes, coverage levels, and different
symmetries. As shown before, theEg with one SivO bond
at the surface is set almost at the same value for all the
classes of clustersswithin 0.2 eVd. The addition of new
SivO bonds reduces theEg, but the reduction is not linear
with the number of oxygen atoms. In all the cases in fact the
strongest redshift is achieved with the first SivO bond. The
presence of a second SivO bond produces a further reduc-
tion but weaker than the first and so on reaching a sort of
saturation limit. This behavior is clearly shown in Fig. 6
where theEg for the different core sizes is plotted as a func-
tion of the number of SivO bonds. Similar calculations
performed on a cluster with 66 Si atoms53 confirm our re-
sults: theEg shows a huge reduction with the first four oxy-
gen atomssin that case 24 sites are available for the forma-
tion of SivO bondsd and then a saturation limit occurs.

The addition of new SivO bonds can be done in various
ways. For a fixed cluster size and at fixed number of SivO
bonds, the differentEg values displayed in Fig. 6 correspond
to the various nonequivalent surface configurations achiev-
able. In Fig. 7 theEg of one class onlysSi10-core basedd are
reported using a different symbol for each of the ten possible

configurations. With one SivO bond theEg is independent
of the site where the bond is formedscompare
Si10H14vOfXg and Si10H14vOfYg; the adopted Cartesian
system of reference is defined in Fig. 8d. With two SivO
bonds, two types of configuration can be achieved: a more
symmetric one, with the two bonds along the same axissfor
example Si10H12vO2fXgf−Zgd and an asymmetric one, with
the bonds along different Cartesian axessfor example,
Si10H12vO2fXgfYgd. In the first case the gap is unchanged
with respect to the case with one SivO bond, while in the
second case a further reductionsaround 0.4 eVd occurs. With
three SivO bonds we obtain a similar result. Adding a new
SivO bond along an axis different from those of the exist-
ing SivO bonds induces a further redshiftsaround 0.5 eV,
see the differences between Si10H10vO3fXgf−XgfZg and
Si10H12vO2fZgf−Zg and between Si10H10vO3fXgfYgfZg
and Si10H12vO2fXgfZgd; instead a very small or almost zero
reduction of theEg occurs when the third SivO bond is
added along the same axis of an existing SivO bondssee
Si10H12vO2fXgfZg and Si10H10vO3fXgf−XgfZgd. Therefore
the introduction of a new SivO bond causes a further re-
duction of theEg only if it lowers the symmetry of the sys-
tem while if the symmetry is maintained the gap remains
unvaried. This is explained by the fact that when a new
SivO bond is formed at the surface, if its orientation is
equivalent to an existing SivO bond, the band-edge states
associated with the new bond have the same energy of those
of the equivalent pre-existing bond; this brings to a two-
times degenerate state at both band edges and no changes in
the energy gapfcompare, for example, Figs. 9sbd and 9scdg.
If the new bond is formed along a different direction no

FIG. 9. Energy levels atk-point G and total density of states for six different surface configurations of the Si10HmvOn class of clusters.
sad Si10H16; sbd Si10H14vOfYg; scd Si10H12vO2fZgf−Zg; sdd Si10H12vO2fXgfZg; sed Si10H10vO3fXgf−XgfZg; sfd Si10H10vO3f−Xgf−Yg
3fZg; sgd Si10H8vO4fXgf−XgfYgf−Yg; shd Si10H8vO4fXgf−Xgf−YgfZg; sid Si10H6vO5; sld Si10H4vO6. The zero in each plot refers to the
top of the valence bandsno relative alignment of the levels has been performedd. It is clear that when the SivO bonds are drawn on
equivalent “sites” degenerate states appear within the hydrogenatedEg while if they are set on nonequivalent sites the degeneracy is broken
causing a higherEg redshift scompare, for example, thescd and sdd casesd.
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degeneracy occurs and the new energy levels are shifted in
energy with respect to the existing ones with a consequent
reduction of the gapfsee Fig. 9sddg. Once the maximum dis-
order for the surface is reached the addition of further SivO
bonds can produce only an increasing of the symmetry which
can lead to an almost null opening of the gapsssee the values
for the configurations with four, five, and six SivO bonds in
Fig. 7d. A very similar behavior is displayed also by the other
classes of clusters, even if the differences between the vari-
ous configurations become weaker.

Another way of seeing theEg behavior as a function of
the SivO bond number is to plot the relative redshift with
respect to the full-HEg as done in Fig. 10. The zeros corre-
sponds to the full-H case. A bigger number of SivO bonds
can be seen as a longer exposure to air, i.e., oxidation, of the
crystallites in PS samples. Thus, assuming that the excited
state does not change radically the band-edges situation at
the ground state, the behavior of theEg redshift as a function
of SivO bonds of Fig. 10 reproduces very closely the be-
havior of PS samples redshift vs air exposure time of Ref. 8.
At the same time Fig. 6 shows clearly how, independently
from the size of the clusters, the gaps for oxygen saturated
surfacesssix SivO bondsd assume very similar values, in
full agreement with the alignment of the PL peaks measured
on oxidized crystallites with different sizes in Ref. 8. The
model with multiple SivO bonds at the surface reproduces

amazingly well the experimental outcomes on the optical
behavior of intentionally oxidized crystallites in PS
samples.8,46

The presence of a saturation limit for the PL redshift can
be explained through our model thinking that each SivO
bond acts separately from the others producing its own lo-
calized states that interacts very weakly with those produced
by another SivO bond. This view is supported by the com-
parison of the energy levels and TDOSsas an example, see
Fig. 9d. Independently from the structure size, for one SivO
bond we see one new state at the top of the VB and one at
the bottom of the CB. For two SivO bonds in the asym-
metric case we clearly distinguish two states at the top of the
VB and two at the bottom of the VB. For four and six they
become four and six, taking into account the degeneracy in-
duced by equivalent SivO bond positions.

These results can provide a reliable model to explain re-
cent measurements on the PL peak widths of single oxidized
silicon quantum dots. Normally, in PS and Si nanocrystal
samples, a large PL bandwidth is observed, but this fact can
be associated to the presence of silicon nanostructures with
different dimensions in the samples. The differences in size
bring to different PL energies as a consequence of the quan-
tum confinement effects. Yet Valenta and co-workers54 have
been able to measure the PL bandwidth of single oxidized Si
quantum dots. The Si nanocrystals were fabricated using
electron-beam lithography and reactive ion etching resulting
in Si nanopillars that were subsequently oxidized to pro-
duced luminescent silicon cores. These nanocrystals are or-
ganized in a regular matrix which enables repeated observa-

FIG. 10. Energy-gap redshift for three different classes of clus-
ters as a function of the number of SivO bonds at the surface.
Circles: Si10HnvOm; squares: Si14HnvOm and triangles:
Si35HnvOm. The redshift is calculated as the difference between a
specific surface configuration and the corresponding fully hydro-
genated onesthus the zero in the plot for each class stands for the
nonoxidized casem=0d. A saturation tendency is clearly displayed
in all the three cases reproducing the results of the PL redshift of
oxidized crystallites in PS samples measured by Wolkinet al. sRef.
8d.

FIG. 11. Top view of the relaxed structure for the Si10/SiO2b
supercell. The white and the gray balls stand for the Si and O atoms
of SiO2b, the black ones for the Si atoms of the NC. The two
dashed circles help to highlight the three different regions in which
the final relaxed structure is organized: the strained Si NCsinner
regiond, a cap shell of distorted SiO2b around the NCsbetween the
dashed circlesd, and an outer region of crystalline SiO2b.
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tion of a specific single nanocrystal. Contrary to the
expectations a quite large bandwidths120–210 meVd is ob-
served. This fact is still under debate. Several explanations
are possible: the broadening of the PL spectrum could be
originated by the participation of one or more phonons to the
optical transitions or by the presence of vibrations at the Si
nanocluster-SiO2 interface, or also by the presence of stress
in the Si nanocluster core. Our results suggest, however, as a
possible explanation, the existence of several localized levels
in one single Si nanocrystal due to multiple SivO bond
presence at the surface of the clusters. These levelsssee Fig.
9d are separated by about 20–100 meV and can participate to
the emission properties of the nanoclusters. At room tem-
perature these levels can be grouped into two broad bands
which can be involved in the optical transitions. Thus the
width of these bands can be at the origin of the broadened
PL. We expect that at lower temperatures the PL broadening
will be strongly reduced.

IV. EMBEDDED NANOCRYSTALS

The possibility of a silicon based laser suggested by the
optical gain measurements on Si nanocrystalssNC’sd formed
by ion implantation13 and by PECVDsRef. 14d in SiO2 has
attracted a lot of interest on this type of system and produced
a lot of debates especially on the gain mechanisms.16 Inter-
face states localized at the surface of the light emitting sili-
con nanocrystals have been proposed as good candidates for
explaining the peculiar optical behavior observed.13,14 Thus
the nature and the properties of the interface between the Si
NC and the SiO2 host matrix has become crucial in order to
confirm or not this model. Until the year 2003 the works
related to Si clusters or nanocrystals in the presence of oxy-
gen have been all focused on isolated systemsssee previous
sectiond, except a DFT study on the electronic and optical
properties of Si and Ge dots inside a SiC host matrix, in
which the authors carried out electronic energy minimization
at fixed geometry without performing any structural
relaxation.55 In 2003 we have published theoreticalab initio
calculations on small silicon nanocrystals embedded in a
SiO2 matrix.25 It is the firstab initio study in which both the
host matrix and the embedded nanostructure have been fully
relaxed, but it represents only the first step towards more
complicated models closer to the real samples. Despite this it
can provide fundamental indications on which directions the
future calculations have to be pointed and a lot of interesting
links to the experimental outcomes have been found.25 In this
part of the paper we would like to discuss in more detail all
the results not yet presented on this system, in order to give
further support to our conclusions regarding the role of the
interface region.25 The idea is to present, together with the
first part of this paper, a unified discussion on the electronic
amd optical properties of oxidized silicon nanostructures.

A. Model and structural properties

In the following the main characteristics of the model that
has been adopted are summarized. A more detailed descrip-
tion can be found in Ref. 25.

In real samples, due to the high-temperature annealing
used for the preparation, the SiO2 is present as amorphous
silica. Nevertheless, for the structural model of the embed-
ded nanocrystal, a crystalline SiO2 has been adopted in order
to keep the supercell size as small as possible and to exploit
the symmetry. With this approximation a final supercell of
180 atoms has been obtained: 116 atoms are oxygen and 64

FIG. 12. sad Electronic band structure along high-symmetryk
points of the BZ for the relaxed Si10/SiO2b. The zero refers to the
top of the valence band. The flat states at the band edges are related
to the embedded NC while the dispersed states deep inside the
bands show the typical behavior of the SiO2b bulk. sbd Electronic
band structure along high symmetryk points of the BZ for the pure
SiO2b bulk. scd Energy levels atk point G for the isolated Si10-NC
capped by hydrogen Si10H16s1d at optimized geometry;sdd energy
levels atk point G for the isolated Si10-NC capped by hydrogen
Si10H16s2d with the same Si skeleton of the NC in the relaxed
Si10/SiO2b fSi–Si bond length 14% strained with respect to the
Si10H16s1dg. The zero in each plot refers to the top of the valence
band.
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are silicon. Ten of these 64 Si atoms are bonded together to
form a small nanocrystal, the remaining are bonded with
oxygen to form a crystalline host matrix of SiO2, in the
b-cristobalite formsSiO2bd, which surrounds the nanocrys-
tal. The NC tetrahedral coordination is ensured by the pecu-
liar symmetry of the SiO2b. No defectssdangling bondsd are
present at the interface and all the O atoms at the NC surface
are single bonded with the Si atoms. Unfortunately this ge-
ometry implies a high stretching of the Si–Si bond length of
the NC with respect to the bulk cases+33%d which has been
reduced relaxing the initial supercell by total-energy pseudo-
potential calculations.

In parallel to the design of the Si10/SiO2b, we have stud-
ied three other systems. The first two are isolated NC’s,
Si10H16s1d and Si10H16s2d, the third is a pure SiO2b bulk.
The goal is to separate the properties related to the NC from
those related to the crystalline matrix in order to check the
possible role of the NC/matrix interface. The Si10H16s1d and
Si10H16s2d have been obtained by capping with H atoms the
NC taken from the Si10/SiO2b structure. For the first one we
have extracted the NC from the unrelaxed SiO2 matrix and
relaxed it within a cubic supercell of vacuumsL=14.32 Åd,
with the same prescription used for the Si10/SiO2b ssame
pseudopotentials and XC functionald. In the second case the
NC core has been taken directly from the relaxed Si10/SiO2b
geometry, without performing any further relaxation. The
comparison between the Si10H16s1d and the Si10/SiO2b rep-
resents a way to understand the SiO2b matrix influence on
the NC relaxation process. The comparison between the iso-
lated NC’s, instead, can point out the effects of a strained
Si-core structure on the final properties.

From the analysis of the relaxed Si10/SiO2b supercell
emerges a three-region picturessee the detailed description
in Ref. 25d: sid a Si-NC with a strained structure with respect
to the bulk Si sbut with the strain strongly reduced with
respect to the starting geometryd, sii d a cap shell, with a
thickness of 8–9 Å, of distorted SiO2b which surrounds the
NC, progressively reducing its stress going from the NC to

the external region, andsiii d an unstressed crystalline SiO2b
around the shell. These three regions are highlighted in Fig.
11. Despite the simplicity of the model this picture is in close
agreement with what emerges from energy-filtered transmis-
sion electron microscopysEFTMEMd and x-ray measure-
ments on Si nanocrystals in SiO2 samples produced by
PECVD.25,56Our result is very important because it provides
theoretical information on the structural properties of these
types of materials, suggesting the existence of a not-sharp
interface between Si NC’s and the host SiO2 matrix in which
they are immersed. The SR of the Si10H16s1d shows a final
crystalline geometry with Si–Si distance very close to the
bulk-cut situation. This means that in the embedded case the
SiO2 matrix has highly conditioned the relaxing process of
the NC, forcing the bond lengths of the Si skeleton to a mean
value between the SiuSi distances in the SiO2b and the
Si-bulk bond length. On the other hand, the presence of the
NC has modified the structure of the matrix forcing a rear-
rangement in its neighborhoods. The system is a whole, in
which each part influences the others and cannot be sepa-
rated from them.

B. Electronic and optical properties

The electronic and optical properties of the relaxed struc-
tures of Si10/SiO2b, Si10H16s1d, Si10H16s2d, and SiO2b bulk
have been computed. Figure 12 shows the comparison be-

TABLE IV. Energy gapssEgd of the Si10/SiO2b compared to the
SiO2b bulk and to the isolated NC’s. The labelssdird and sindd
indicates the nature of the gap, respectively direct and indirect.

Structure GGA-PBEEg seVd LDA Eg seVd

Si10/SiO2b 2.1 sdird 2.0 sdird
SiO2b bulk 5.8 sindd 5.5 sindd
Si10H16s1d 4.7 sdird
Si10H16s2d 4.0 sdird

FIG. 13. Isosurfacess10% of the maximum amplituded of the square modulus of some of the Kohn-Sham orbitals of the relaxed
Si10/SiO2b in the valence and conduction bands:sad HOMO-7; sbd three times degenerate HOMO, HOMO-1, HOMO-2;scd three times
degenerate LUMO, LUMO+1, LUMO+2. Close to the band edgessbd and scd the orbitals are localized mainly on the NC Si core and
partially on the O atoms at the NC/matrix interfacefflat, confined states in Fig. 12sadg, while far from the band edgessad the localization is
practically only on the crystalline SiO2b-bulk part fdispersed states in Fig. 12sadg.
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tween the band structuressenergy levelsd of all the systems.
In Table IV theEg values are reported according to the dif-
ferent levels of theory used in the calculations.

We have also calculated the optoelectronic properties of
the Si10/SiO2b at the initial geometrysno relaxationd. The
electronic band structure reveals a clear metallic behavior
which has no counterpart in the experimental outcomes. A
band-structure calculation on a bulk Si with the same
strained Si–Si bond length reveals a similar metallic charac-
ter, indicating that it is the high strain of the Si skeleton
responsible for that behavior. This clearly shows the impor-
tance of considering a full optimization of the geometry
when studying nanostructures embedded into a host matrix
and highlights the risk of modeling this type of system sim-
ply combining together the embedded and the host parts as if
they were independent.

Looking at the properties of the relaxed structures, we
find, on one hand, a strong reductionsaround 3.5 eVd of the
Si10/SiO2b Eg with respect to the SiO2b-bulk case; on the
other hand, a strong reductionsaround 2.5 eVd of the
Si10/SiO2b Eg also with respect to the isolated NC
Si10H16s1d. The reduction with respect to the SiO2b-bulk
case is clearly due to the formation at the CB and VB edges
of confined, flat, states as displayed in Figs. 12sad and 12sbd.
These new states can only be related to the Si NC presence
and they are the evidence of the strong influence of the em-
bedded NC on the electronic properties of the host matrix.
Deep inside the bands the typical behavior of the SiO2b bulk
is still recognizable, showing how the NC influence tends to
vanish far from the band edges. The strong energy variation
with respect to the isolated NC Si10H16s1d, instead, cannot be
due only to the effects of the strainsthe final relaxed NC
skeleton in the Si10/SiO2b case is in fact strained with re-
spect to the bulk geometryd. The results for the two hydro-
genated NC’s, in fact, show that a strained Si structure
fSi10H16s2dg, like the one in the relaxed Si10/SiO2b, can
cause a reduction of theEg with respect to the bulklike case
fSi10H16s1dg at the most of around 0.7 eV. This means that
the NC cannot be the only cause of the peculiar electronic
behavior of the Si10/SiO2b, but there must be a key contri-
bution of the surrounding host matrix and in particular of the
interface between SiO2 and NC. The strong interplay be-
tween the embedded system and the host material is clearly
pointed out.

In Fig. 13sbd the square modulus of the HOMO is re-
ported. The spatial distribution is mainly localized on the Si
NC region but some weight on the O atoms at the NC/SiO2
interface is evident for low percentage of the charge-density
maximum value. The degenerate HOMO-1 and HOMO-2
show the same localization of the HOMO. The HOMO-3 and
HOMO-4 sdegenerate tood are instead localized on the SiO2
sthe square modulus are in fact distributed on all the O atoms
of the host matrixd. Because the HOMO-3 and HOMO-4 are
still associated to very flat bands, i.e., they are not yet pure
SiO2b-bulk-related states, their spatial localization on the
oxide is, in our opinion, a clear proof of the strong interplay
between the NC and the surrounding matrix, i.e., of the cap-
shell presence. When the typical band behavior of the SiO2b
bulk is displayedsHOMO-6 and HOMO-7, localized at
−2.259 and −2.311 eV below the top of the valence bandd

the orbitals tend instead to be localized on the corner of the
supercellfFig. 13sadg where the pure crystalline SiO2b ge-
ometry is preserved. This supports our previous conclusion
on the organization of the relaxed host matrix. In the CB, the
LUMO and the degenerate LUMO+1 and LUMO+2 follow
the same trend of the VB top edge. They are localized mostly
on the Si NCsbut with a different symmetryd and partially on
the O atoms at NC/SiO2 interfacefFig. 13scdg. The LUMO
+3 loses the Si-NC character and tends to be localized
mostly on equivalent oxygen atoms at the NC surface, as
witnessed in Fig. 14sad, with a weak contribution on the the
NC-nearest-neighbor Si atomssthe same happens for the
LUMO+5d. LUMO+4 has a NC-centered distributionfFig.

FIG. 14. Isosurfaces at fixed values10% of maximum ampli-
tuded of the square modulus of the lowest but threesad and but four
sbd unoccupied Kohn-Sham orbitalssLUMO+3 and LUMO+4d for
the relaxed Si10/SiO2b. The tendency of shifting the orbital local-
ization from the Si atoms of the NC core towards the first oxygen
atoms around it is clearly displayed.
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14sbdg. The orbital’s localization on the NC supports the
view of near-band-edges states related to the NC, suggested
by the band-structure analysis; the contribution on the O at-
oms points out the role of the surrounding SiO2 on the
energy-levels organization. A lot of degenerate NC-related
states are present. They reflects the Si10 symmetries as the
analysis of the Si10H16s1d and Si10H16s2d energy levels con-
firm. But despite a general maintenance of the spatial-
distribution behavior of the hydrogenated NC’s, the NC once
embedded in the matrix undergoes a change of the character
of its states, with a different organization of the levels near
the edges and new contributions on the oxygen atoms both at
the interface and partially on the cap-shell structure.

The electronic properties are reflected into the optical
ones. Figure 15sad shows the calculated absorption spectrum
for the Si10/SiO2b san artificial Gaussian broadening of
0.1 eV has been appliedd. The first two peaks, which are set
around 2.1 and 2.3 eV, have a very low intensitysnot visible
in Fig. 15d. This means that the associated transitions,
fHOMO, HOMO-1, HOMO-2g/fLUMOg and
fHOMO,HOMO-1,HOMO-2g / fLUMO+1g, have a very
low probability to occur, i.e., they can be considered forbid-
den. The first really pronounced feature is centered instead at
around 2.7 eV. This energy corresponds to transitions which
can involve as initial states the three at the top of the VB, and
as final states the LUMO+2, LUMO+3, and LUMO+4. Be-
cause the LUMO+2 has the same symmetry of the LUMO
+1 and because the transition probability from the top of the
VB to the LUMO+1 is very small, we deduce that the tran-
sition involving the LUMO+2 is practically forbidden. Thus
they remain the LUMO+3 and the LUMO+4. Because the
LUMO+3 is mainly localized on the O atoms at the surface
of the NC, it follows that the SiO2 around the NC can di-
rectly participate to the optical activity of the system. This

result goes in the same direction of the x-ray experimental
outcomes, where through a comparison between total elec-
tron yield sTEYd and photoluminescence yieldsPLYd it re-
sults in an active role in the photoluminescence played by
the silica cap shell around the silicon nanocrystals.25,56

The peculiar electronic behavior induced by the NC pres-
ence in the SiO2b supercell produces a new line shape of the
absorption onset that results in a completely different optical
character with respect to the SiO2b bulk. New transitions are
now displayed in the visible region and at higher energy
within the optical gap of the SiO2b bulk fsee in Fig. 15sad
the features on the left of the vertical line which represents
the onset of the SiO2b bulkg. On the other hand, the absorp-
tion result for the Si10H16s1d displays an onset energy of
4.7–5.0 eV, far away from the values of the Si10/SiO2b. The
Si10/SiO2b cannot be reduced to a simple sum of a SiO2
matrix and an isolated NC. The strong interplay between the
silicon nanocrystals and the embedding SiO2 represents one
of the main results of this work. It is an important evidence
that has to be taken into account for future characterization
of these complicated systems.

V. CONCLUSIONS

In conclusion, we have performed a theoretical study of
the properties of Si nanocrystals. We have demonstrated, by
first-principle calculations, that the structural, electronic, and
optical properties of Si nanocrystals strongly depend on the
size and on the different passivation regimes. Starting from
hydrogen-covered Si nanoparticles we have shown that
single bonded oxygen atoms originate small variations in the
electronic properties and bigger changes in the structural
properties. On the contrary, oxygen atoms double bonded to
silicon make a small contribution to geometry variations, but

FIG. 15. sad Absorption spectrum for direct interband transitions between the states of the Si10/SiO2b at relaxed geometrysa Gaussian
smearing of 0.1 eV has been appliedd. The gray vertical line indicates the energy onset for the SiO2b-bulk absorption spectrum. All the
features in the white region are not present in the SiO2b-bulk spectrum and they are related to the presence of the embedded NC.sbd
Magnification of the absorption spectrumsad near the first interesting peak in the onset regionsa Gaussian smearing of only 0.02 eV has been
appliedd. The first peak energy corresponds to the transition between the HOMO and the LUMO+3 and/or LUMO+4.
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a strong reduction in the energy gap. Moreover, when both
oxygen types are present at the silicon nanocluster surface,
the electronic and optical properties are mainly determined
by the oxygen in the double-bond configuration. Thus the
presence of double-bonded oxygen atoms seems more appro-
priate to explain not only the huge redshift observed in pho-
toluminescence, after oxygen exposure, in heavily oxidized
silicon nanoparticles,8 but also the large photoluminescence
bandwidth of single oxidized silicon quantum dots.54 In the
case of Si nanocrystals embedded in the SiO2 matrix, our
results show that the SiO2 cage is only slightly deformed by
the presence of the nanocrystals, that new electronic states
are originated within the silica band gap and that both the Si
atoms in the nanocrystals and the O atoms at the interface
play a role in the optical properties. This theoretical analysis

clearly point out the important role played not only by the Si
nanocrystals but also by a modified silica capping region in
determining the optoelectronic properties of the system. Our
results help to clarify the experimental outcomes regarding
the structural, electronic, and optical properties of Si nano
crystals dispersed in SiO2.

25,56,57
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