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The atomic and electronic structures of a set of proposed pentagonal thin �1.6 nm in diameter� silicon/silica
quantum nanodots �QDs� and nanowires �NWs� with narrow interface, as well as parent metastable silicon
structures �1.2 nm in diameter�, were studied using cluster B3LYP/6-31G* and periodic boundary condition
�PBC� plane-wave �PW� pseudopotential �PP� local-density approximation methods. The total density of states
�TDOS� of the smallest quasispherical QD �Si85� corresponds well to the PBC PW PP LDA TDOS of the
crystalline silicon. The elongated SiQDs and SiNWs demonstrate the metallic nature of the electronic structure.
The surface oxidized layer opens the band gap in the TDOS of the Si/SiO2 species. The top of the valence
band and the bottom of conduction band of the particles are formed by the silicon core derived states. The
theoretical band gap width is determined by the length of the Si/SiO2 clusters and describes the size confine-
ment effect in the experimental photoluminescence spectra of the silica embedded nanocrystalline silicon with
high accuracy.
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I. INTRODUCTION

Owing to their potential applications in optoelectronics,
the study of silicon nanowires and quantum dots is a very
active field of research. Optical properties of these confined
systems are known to be quite different from their bulk coun-
terparts and even from each other. The specific role of the
surface oxidized layer1–7 �or Si/SiO2 interface� in the forma-
tion of the optical properties of the species �see, for example,
Ref. 8� has not been studied theoretically yet because of the
complexity of the atomic structure of the silica embedded
nanocrystalline silicon particles.

Zero- or one-dimensional silicon and silicon-silica quan-
tum dots �QDs� and nanowires �NWs� of various shapes and
structures were synthesized under high-temperature condi-
tions �see, for example, Refs. 1–7 and 9–19�. The polycrys-
talline nature of the silicon core of some nanowires was
clearly seen1,2,9 on the transmission electron microscopy
�TEM� images of the species. The bulk-quantity Si nano-
wires covered by a SiO2 layer1,2 were synthesized by thermal
evaporation of powder mixtures of silicon and SiO2 or by
thermal evaporation of silicon monoxide.9 The laser ablation
in combination with the cluster formation and vapor-liquid-
solid growth method11 was used to synthesize the bulk quan-
tities of fine �6–20 nm in diameter� Si/SiO2 nanowires
�1–30 �m in length� using metallic iron as a catalyst. The
TEM images demonstrated the perfect crystalline structure of
the silicon core, as well as the amorphous nature of the outer
silica layer with perfectly round cross section.

In some special cases, the orientation of the main axis
�Ref. 20 and references therein� as well as an atomic struc-
ture of NW’s facets were determined. Mostly,20 the NW’s
axes are parallel to the �112� direction with �111� facets and
in some cases the �110� direction with �100� facets were

detected. The effective diameter of the species20 is in the
range of 1.3–7 nm.

The short survey paper13 demonstrates a number of per-
fect silicon NW structures with different sizes and shapes
from small round and polygonal cross sections up to square
ones for structures with relatively big characteristic thick-
ness. This fact can be explained by a strong surface tension
of the thin species that changes the crystalline nature of the
SiNWs. For the larger sizes, the surface tension becomes less
important and cannot change the cross section of the NWs,
which keeps the bulk nature of the atomic structure.

The structure and properties of silicon quantum dots with
characteristic diameters from 2 to 10 nm embedded into
silica environment were studied, for example, in Refs. 3–7.
In contrast with the semiconducting nature of the bulk sili-
con, the metallic behavior of the columns formed by nano-
crystalline silicon �nc-Si� particles was detected.3 Oxidation
of the columns leads to the formation of nc-Si �with the
characteristic size �2 nm� superlattice embedded into amor-
phous silica environment. The metallic conductivity was at-
tributed to the significant structural tension in the interface
regions. The decrease of the tension by hydrogen
chemosorption or by the creation of the oxidized layer on the
surface of the species recovers the semiconducting nature of
the silicon nano-objects.

The structure of ultrathin Si�111� /SiO2 interfaces was
studied in Ref. 20 by photoelectron spectroscopy. It was
shown that before annealing, the interface thickness is �2
monolayers of silicon whereas the annealing makes it more
abrupt ��1.5 monolayers�. The Si 2p x-ray photoelectron
spectroscopy spectrum6 of the nc-Si quantum dots embedded
into the �-SiO2 matrix �the thickness of the surrounding
�-SiO2 layer is estimated to be �1.6 nm �Ref. 6� demon-
strates only Si+4 �SiO2� and Si0 �nc-Si� components. It is a
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direct evidence of the real sharpness of the interface.
The photoluminescence �PL� properties of the nanosized

silicon were widely studied in the literature �see, for ex-
ample, Refs. 6–8 and 21–30 including a detailed review21�.
The strong size confinement dependence of the PL photon
energy upon the effective size of the nc-Si parts �or, exactly
speaking, upon the confinement parameter 1 /d, where d is
the characteristic size of the nc-Si parts� was demonstrated
for nanocrystalline silicon from 1 nm �Ref. 22� and up to
9 nm �Ref. 7� For the different samples, the PL photon en-
ergy can vary from 2.30 eV �1 nm �Ref. 22�� and up to
1.28 eV �4.5 nm �Ref. 24��. It was shown that the role of
surface effects in the determination of the PL properties of
the nc-Si structures is really important.8,23,28,31

The luminescence properties of the silicon nanowires
have been studied experimentally less extentsively.29,30 It
was shown29 that the quantum confinement effect increases
the width of the band gap from 1.1 eV �bulk silicon� up to
1.56 eV �NWs�. The electroluminescence peak with the en-
ergy of 600 nm �2.07 eV� �Ref. 30� came from silicon nano-
wires with average diameter of 4 nm as a result of band-to-
band electron-hole recombination.

Some possible pristine zero-dimensional �0D� and one-
dimensional �1D� silicon nanostructures without saturation
of the silicon surface dangling bonds were studied
theoretically32–39 using a set of ab initio electronic structure
methods and molecular-dynamics simulations. The atomic
structure of the most promising small 0D and 1D polygonal
nano-objects was proposed in Refs. 32 and 35 based on the
tetrahedral or 1D trigonal prism fragments of the bulk silicon
selected along the �110� direction. In the calculations, a re-
arrangement of the surface of the objects due to dimer for-
mation was found. The density-functional theory �DFT� elec-
tronic structure calculations of the 1D silicon structures
reveal the metallic or semimetallic nature of the electronic
structure of the objects.36,38

The atomic and electronic structures of 0D and 1D silicon
structures covered by hydrogen were studied in Refs. 32 and
39–49 using tight-binding �TB�,40,43,44 empirical Hamil-
tonian direct diagonalization,39 and local-density
approximation32,41,42,45–49 �LDA� approaches. To calculate
optical properties, the effective mass approach,39,43 dipole
approximation42,44 Green’s wave function,47,49 and time de-
pendent DFT �Refs. 46 and 48� approximations were used.
The atomic models of the 0D and 1D species were based on
the crystal structure of bulk silicon with square or rectangu-
lar cross sections. All electronic structure calculations dem-
onstrate a semiconducting forbidden gap and describe well
the quantum confinement effect.

The study of the role of surface oxygen in the electronic
structure of the nc-Si was performed less extentsively �see
Refs. 8 and 50–53�. The electronic structure of some small
silicon clusters covered by hydrogen with one SivO bond
on the surface was calculated using cluster LDA approach
only in Ref. 8. Based on the LDA results, some large silicon
structures ��5 nm effective size� covered by hydrogen with
one SivO bond on the surface were calculated using the TB
approach. Even one single surface SivO bond leads to a
considerable redshift of the band gap in the electronic struc-
ture of the objects.

As it has been shown in the Introduction, no realistic
atomic models of the Si/SiO2 quantum dots and nanowires
with narrow Si/SiO2 interfaces—taking into account the
silica environment of the nc-Si core—have been developed
and studied by ab initio technique. This is in spite of the
electronic structure of pristine silicon and hydrogen passi-
vated silicon nanostructures studied in detail through a set of
experimental and theoretical approaches. A molecular design
of the Si/SiO2 quantum dots and nanowires combined with
ab initio DFT and LDA calculations of the species, using the
cluster and periodic boundary condition �PBC� approxima-
tions, is the main goal of the present paper.

II. OBJECTS UNDER STUDY AND METHODS OF THE
ELECTRONIC STRUCTURE CALCULATIONS

According to Ref. 35, the pentagonal SiNWs are the most
stable nanowires among all 1D structures with small diam-
eter, constituted by several silicon prisms cutout along the
�110� direction. This important theoretical result can be indi-
rectly confirmed by scanning tunneling microscopy images
�Ref. 13 and references therein� of thin SiNWs which have
almost polygonal or spherical shapes �in contrast with the
middle-size or thick particles which reveal the square or rect-
angular cross sections13�. Due to these facts, we used the thin
pentagonal silicon nanowires35 as the background to develop
the atomic models of silicon and silicon/silica 1D nanostruc-
tures with �100� silicon facets and the main axis parallel to
the �110� direction.20 To study the electronic structure of the
objects and to understand the role of oxidized surface layer,
we performed the electronic structure calculations of the spe-
cies in cluster and PBC approximations.

Like in Ref. 35, the silicon nanowires and nanoparticles
with pentagon cross section were designed by cutting out the
prisms along the �110� direction from the bulk silicon with
one �100� and two �111� planes forming a nearly 2� /5 angle.
Therefore, with little shear strain and inexpensive �111�
stacking faults, five such prisms can form a pentagonal wire,
where all �100� facets permit low-energy reconstruction with
characteristic dimer-row pattern.

All designed 1D silicon clusters �Fig. 1� have the same
diameter �1.2 nm�. The nanoclusters in Fig. 1 are presented
in two projections. In comparison, a fragment of ideal crys-
talline structure of silicon �Fig. 1�a��, calculated using LDA
plane-wave �PW� pseudopotential �PP� PBC approximation,
is presented. The silicon nanoclusters contain 85 �Fig. 1�b��,
145 �Figs. 1�c� and 1�d��, and 265 �Figs. 1�e� and 1�f�� at-
oms. To decrease the surface tension of the last structures
�Figs. 1�c�–1�f�� cap-shaped structure of the tips was formed
by cutting the silicon prisms along the �110� directions from
both sides of the wires with formation of correspondent �111�
surfaces. The length of the clusters is equal to 1.3, 1.8, and
3.7 nm, correspondingly. The 145 and 265 atom structures
can form two types of surface dimers perpendicular to the
main axis of the nanowires with the decreasing �Figs. 1�c�
and 1�e�� and increasing �Figs. 1�d� and 1�f�� of the surface.
The PBC calculations were performed using two slab models
�Figs. 1�g�, the low surface isomer, and Fig. 1�h�, the high
surface isomer� with 30 atoms each, developed based on the
results of the cluster calculations.
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The atomic structure of the Si/SiO2 nanoclusters was de-
signed by connecting the silicon atoms with dangling bonds
on the �100� surface of the silicon core by bridged oxygen
atoms. In Fig. 2, all Si/SiO2 clusters are presented in two
projections, as well as a fragment of crystal lattice of
�-quartz. The �111� / �100� edges of different silicon prisms
were connected to each other by the SiO2 fragments with
bridged silicon atoms between the SiO2 fragments. For the
thin Si/SiO2 nanowires, the structural tension of the Si/SiO2
interface is not large because of the relatively good matching
of the structural parameters of silicon surface and SiuO
chemical bonds. Such model of the Si/SiO2 interface allows
all surface related silicon atoms to keep the coordination
number 4 which is natural to the SiO2 oxide. The Si/SiO2
interface of the caps of finite clusters was designed based on
the same model. Due to the shape of the silicon core, each
cap has five silicon atoms with three SiuO bridged bonds.
We guess that this fact is not critical for our study. It is well
known �see, for example, Ref. 54 and references therein� that
silicon-oxygen clusters often have nonstochiometric compo-
sition.

The coverage of the smallest silicon cluster �85 silicon
atoms� by oxidized layer leads to Si/SiO2 structure with 230
atoms �Si125O105, Fig. 2�b��. The elongated Si/SiO2 clusters
contain 340 �on the base of initial Si145 cluster, Si195O145,
Fig. 2�c�� and 560 �on the base of initial Si265 cluster,
Si335O225, Fig. 2�d�� atoms. For the PBC calculations, the
slab model with 56 atoms �Si36O20, Fig. 2�e�� was chosen.

To calculate the electronic structure of silicon and
Si/SiO2 nanoparticles in cluster approximation, the GAMESS

�Ref. 55� code was used. With one exception, the electronic
structure calculations of all clusters including geometry op-
timization were performed at the B3LYP/6-31G�d� level of
theory56 �from 1615 up to 5880 basis set functions or 4520–
14 200 primitive Gaussians for the set of clusters described
above� and using the analytic energy gradients. For the
Si335O225 cluster, the atomic structure optimization was per-
formed at the B3LYP/3-21G�d� level �8390 basis functions
or 14 430 primitive Gaussians� and finally the density of
states �DOS� of the species was calculated using the
6-31G�d� basis set �9740 basis functions or 23 720 primitive
Gaussians�. The closed-shell electronic structure calculations
of all structures except the Si85 cluster were performed using
the D5h point group of symmetry. For the smallest Si85 struc-
ture, no symmetry restrictions were used because of possible
pronounced distortion of the system by the surface tension.
Plots of the calculated DOS were obtained using a broaden-
ing energy parameter of 0.1 eV. The resulting band gaps
have been extracted as the energy difference between two
points of the DOS with intensities less than 0.1%.

The LDA approximation has previously been successfully
used to describe the electronic structure of the silicon peri-
odic systems �see, for example, Refs. 32, 36, and 57�. To

FIG. 1. �Color online� Atomic structure of the pristine silicon
0D and 1D nanoclusters. �a� The fragment of the silicon crystal. �b�
Two projections of the Si85 quantum dot. �c� Two projections of the
low-energy Si145 elongated nanocluster. The surface dimers are
formed perpendicular to the main axis of the nanocluster to reduce
the surface of the object. �d� Two projections of the high-energy
Si145 elongated nanocluster. The surface dimers are formed perpen-
dicular to the main axis of the nanocluster to increase the surface of
the object. ��e� and �f�� Two projections of the low- and high-energy
Si265 elongated nanoclusters with decreasing and increasing of the
surface of the object. ��g� and �h�� Two projections of the low- and
high-energy silicon infinite �Si30 unit cells� nanowires with decreas-
ing and increasing of the surface of the object.

FIG. 2. �Color online� Atomic structure of the silicon/silica 0D
and 1D nanoclusters. �a� The fragment of the bulk �-quartz crystal.
�b� Two projections of the Si125O105 quantum dot. �c� Two projec-
tions of the Si195O145 elongated cluster. �d� Two projections of the
Si335O225 elongated cluster. �e� Two projections of the silicon/silica
infinite nanowire �the Si36O20 unit cell�. The silicon atoms are pre-
sented in darker shade whereas the oxygen atoms are presented in
lighter shade.
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compare the electronic structure of 1D periodic systems with
literature data, we used the LDA approach to compute the
electronic structure of the species within the PBC approxi-
mation. For all PBC calculations, the Vienna ab initio simu-
lation package58,59 �VASP� was used. The total-energy code is
based on LDA approximation60,61 with the Ceperley-Alder
exchange-correlation functional,62 PW basis sets, and ultra-
soft PPs.63 The pseudopotentials allow one to significantly
reduce the maximal kinetic-energy cutoff without loss of ac-
curacy. To calculate the electronic structure of all periodic
systems, we used 128 points of the k space with Ecutoff
=250 eV. All electronic structure calculations of the infinite
silicon and silicon/silica nanowires and bulk silicon and
�-quartz as well were performed within the PBC approxima-
tion �LDA PW PP PBC� without symmetry restrictions of the
unit cells. The geometry optimization was carried out until
the forces acting on all atoms became lower than 0.05 eV/Å.
The same procedure to build up the DOSs and extract the
band-gap values, as was described above for the cluster cal-
culations, has been used.

III. RESULTS AND DISCUSSION

A. Pristine silicon structures

The main factor affecting the atomic structure of the thin
silicon nanowires is the surface tension caused by dangling
bonds on the surface of the objects. The initial atomic struc-
ture of the smallest Si85 cluster was created using five trian-
gular prisms by the procedure described in the previous sec-
tion. The surface tension �the B3LYP/6-31G* optimized
atomic structure, Fig. 1�b�� leads to a formation of close to
spherical Si85 quantum dots, keeping the pentagonal nature
of the cluster with mirror symmetry along the xy plane.

Taking into account a conservation of the symmetry of the
smallest cluster, the atomic structure optimization of all other
silicon clusters was performed using the D5h symmetry re-
strictions. As it was mentioned above, the surface relaxation
of crystalline silicon occurs through the formation of the
surface dimers. For the 1D silicon structures, there are two
ways of dimer formation: parallel and perpendicular to the
main axis. In the case of parallel formation of dimers, the
atomic structure of the clusters becomes unstable and under-
goes fragmentation on small spherical particles �85+60 at-
oms, for example� during atomic structure optimization. The
main reason of the fragmentation is an involvement of tip
silicon atoms into the dimer formation process.

The dimer formation perpendicular to the cluster’s main
axis with the decreasing of the surface of silicon nanostruc-
tures �Figs. 1�c� and 1�e�� leads to the low-energy isomers,
whereas the increasing of the surface �Figs. 1�d� and 1�f��
leads to the high-energy isomers. On the B3LYP/6-31G*

level, the first Si145 isomer is �0.05 eV/atom� energetically
preferable than the second one. For the Si265 pair, this differ-
ence is bigger �0.08 eV�. In both cases, the tip’s atoms of the
clusters are not involved in the dimer formation process. Be-
cause of this, the bigger the length of the clusters, the bigger
the energy difference between isomers.

The optimization of the atomic structure of the infinite
silicon nanowires made by LDA PW PP PBC calculations

without symmetry restrictions confirms the results of cluster
B3LYP/6-31G* calculations. The atomic structure of the
low-energy �Fig. 1�g�� and high-energy �Fig. 1�h�� isomers of
the thin silicon nanowires was determined. The decreasing of
the surface of the nanowires leads to the lowering of the
energy of the system. The energy difference between the
isomers is equal to 0.1 eV/atom. The considerable increase
of this value in comparison with the Si145 �0.05 eV/atom�
and Si265 �0.08 eV/atom� can be explained by the absence of
the tips of the objects in the PBC calculations.

The DOSs of the 0D and 1D structures calculated using
the B3LYP/6-31G* and LDA PW PP PBC methods as well
as the DOS of the infinite silicon crystal �LDA PW PP PBC
calculation� are presented in Fig. 3. The DOS of the Si85
quantum dot �Fig. 3�b�� is close to the shape of the DOS of
crystalline silicon �Fig. 3�a��, but with small finite density of
electron states at the Fermi level. The main difference be-
tween the DOSs is the presence of two small intensity peaks
from both sides of the Fermi level with −0.3 and 0.3 eV
energies, respectively. In general, the DOS of the Si85 cluster
reproduces well �relative peak energies and intensities� the

FIG. 3. �a� The LDA PW PP PBC DOS of crystalline silicon. �b�
Si85 B3LYP/6-31G* DOS. �c� The B3LYP/6-31G* DOS of the
low-energy �LE� isomer of the elongated Si145 cluster. �d� The
B3LYP/6-31G* DOS of the high-energy �HE� isomer of the elon-
gated Si145 cluster. �e� The B3LYP/6-31G* DOS of the low-energy
isomer of the elongated Si265 LE cluster. �f� The B3LYP/6-31G*

DOS of the high-energy isomer of the elongated Si265 HE cluster.
�g� The LDA PW PP PBC DOS of the low-energy isomer of the
infinite pristine silicon nanowire. �h� The LDA PW PP PBC DOS of
the high-energy isomer of the infinite pristine silicon nanowire.
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DOS of the crystalline silicon in wide energy region from −8
up to 2 eV �Figs. 3�a� and 3�b��.

Elongation of the clusters �Figs. 3�c�–3�h�� leads to fun-
damental changes in the DOSs of the species. All objects
have the metallic nature of the electronic structure. The big-
ger the length of the objects, the higher the DOS at the Fermi
level. Only low-energy isomers of Si145 and Si265 clusters
have close energy peak positions in the density of electron
states in the energy region from −2.5 to −8 eV. All other
structures have completely different DOS shapes. The most
fundamental changes of the DOSs can be observed at the
Fermi level. This fact clearly demonstrates the leading role
of the surface dimers and tension in the formation of metallic
conductivity of the silicon species with unpassivated or
strained surface.

The caps of the finite species are not involved in the pro-
cess of dimer formation perpendicular to the main axis of the
objects. The bigger the length of the nanoclusters, the
smaller the relative weight of the terminal cap structures. The
surface dimer structures lead to a considerable distortion of
the atomic structure of the silicon clusters �Fig. 1�, especially
in the case of high-energy isomers. The surface dimer forma-
tion and consequent atomic structure distortion of the species
are the main reasons of fundamental changes in the elec-
tronic structure of silicon 0D and 1D nanostructures.

B. Silicon/silica structures

The DFT and LDA optimizations of the atomic structure
of silicon/silica objects clearly demonstrate the stabilization
role of the surface oxidized layer. The bridged oxygen atoms
on the surface of silicon cores prevent a formation of the
silicon dimer structures and considerable distortion of the
atomic structure of the silicon cores of the Si/SiO2 nanoclus-
ters. The parameters of the SiuO chemical bonds in
�-quartz �the SiO distance is equal to 1.298 Å and the
O-Si-O angle is equal to 111.8°� cannot exactly match the
unrelaxed �100� surface of silicon. The cluster
B3LYP/6-31G* and LDA PW PP PBC methods give practi-
cally the same parameters of SiuO bonds at the Si/SiO2
interface. On the pentagon apexes �see both parallel and per-
pendicular projections of the infinite Si/SiO2 nanowire, Fig.
2�, the SiuO bond length is equal to 1.839 Å and the
O-Si-O angle is equal to 149.1°. The lengths of two other
SiuO bonds of the SiO2 fragments are equal to 1.671 Å
with the O-Si-O angle of 126.3°. The bridged SiuO bonds
that connect the SiO2 fragments with the �100� silicon sur-
face are equal to 1.684 Å with the O-Si-O angle of 127.4°.
Finally, the bond length of the bridged SiuO fragments on
the �100� silicon surface is equal to 1.72 Å with the O-Si-O
angle of 127.5°. So, the SiuO bonds deviate from the bulk
SiO2 ones in the ranges 28%–42% �bond lengths� and 13%–
33% �bond angles�. Nevertheless, the structural strength of
the Si/SiO2 interface allows the existence of the thin 0D and
1D silicon/silica nanoclusters. This cannot be true for the
large ones �see the Introduction� due to the large total surface
tension caused by mismatching of the silicon and silica crys-
tal lattices.

The total and partial silicon and oxygen DOSs, calculated
using the B3LYP/6-31G* and LDA PW PP PBC methods, of

all 0D and 1D Si/SiO2 species are presented in Fig. 4, as
well as one of the �-quartz. All 0D and 1D species have
definitely pronounced semiconducting band gaps �Figs.
4�a�–4�d��. A comparison of the experimental7 and cluster
B3LYP/6-31G* theoretical data �Table I and Fig. 5� demon-
strates an excellent agreement between the B3LYP/6-31G*

theory and PL experiment for the elongated Si/SiO2 clusters
of different sizes �1.7–3.8 nm�. The theoretical data clearly
confirm the size confinement effect7,8,22,24,26 shortly de-
scribed in the Introduction. The band gap of the finite
Si/SiO2 clusters varies from 2.2 eV for the 1.7 nm cluster
�230 atoms� up to 1.4 eV for the 3.8 nm cluster �560 atoms�.
The band gap of the Si/SiO2 infinite nanowire is equal to
0.6 eV �Fig. 4�d��, which is smaller than the band gap of
bulk silicon �1.1 eV� probably due to the well-known under-
estimation of the semiconducting band gaps by the LDA

FIG. 4. �Color online� �a� The Si125O105 quantum dot
B3LYP/6-31G* DOS. �b� The B3LYP/6-31G* DOS of the elon-
gated Si195O145 cluster. �c� The B3LYP/6-31G* DOS of the elon-
gated Si335O225 cluster. �d� The LDA PW PP PBC DOS of the
infinite silicon/silica nanowire. �e� The LDA PW PP PBC DOS of
bulk �-quartz. The total densities of states are presented by solid
lines. The partial oxygen DOSs are presented by dashed lines with
filled circles. The partial silicon DOSs are presented by dashed lines
with filled diamonds.
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approximation. Comparison of the metallic nature of the
pristine Si nanostructures �see previous paragraph and Fig. 3�
with the electronic structure of thin Si/SiO2 0D and 1D
nanoclasters clearly demonstrates the main role of the SiO2
oxidized layer in the band-gap formation. This effect can be
explained by the neutralization of surface dangling bonds
and the prevention of surface silicon dimer formation, low-
energy position of strongly localized SiuO chemical bonds,
and polarization of the electronic structure of the silicon core
by negatively charged oxygen ions from the surface oxidized
layer.

The excellent agreement between the experimental7 and
theoretical data for the objects under study can be explained
by two reasons. Firstly, even for the smallest Si125O105 quan-
tum dot, the total number of the basis functions �3950 or
9440 primitive Gaussians, 6-31G* basis set� is good enough
for the correct description of the electronic structure of the
object. For the large elongated clusters �Si195O145 and
Si335O225�, the corresponding numbers �5880 and 14 200 and
9740 and 23 720� are considerably larger. So, the large total
number of the basis functions �or primitive Gaussians� in
combination with the hybrid B3LYP DFT potential can be

the main reason for the high accuracy of the DFT calcula-
tions of the Si/SiO2 nanoclusters.

Even the authors of Ref. 7 claimed the spherical shape �or
0D nature� of the nc-Si parts; our DFT calculations of the 1D
species describe well the experimental7 size confinement ef-
fect. It is well known that under the transition from the small
clusters to the bulk semiconductors, one can expect a nar-
rowing of the band gap.64 In the first approximation, for the
elongated systems, the effect can be scaled using two param-
eters 1 /r+1/L, where r and L are the radius and length of a
cluster, correspondingly. At the beginning, for the spherical
case, we have the following condition: r=L. Because of the
equivalence of the r and L coordinates for the spherical case,
the energy difference between the occupied and vacant
states, derived from the separate r and L parameters, is ex-
actly the same. Elongation of the cluster �increasing of the L
value with keeping the r value constant� leads to a splitting
of the degenerated electron states at the top of the valence
band and the bottom of the conduction band and to decreas-
ing of the energy difference between the electron states, de-
rived by the L value, keeping the r-derived value constant.
Since the size confinement effect reflects the inverse depen-
dence of the band gap upon the size of the species, the lead-
ing term in the expression is the smallest 1 /L one, whereas
the constant 1 /r is just a parameter of the system.

The DOS of the infinite Si/SiO2 nanowire �Fig. 4�d�� in
the region from −5 to −8 eV obtained by the LDA PW PP
PBC method reflects the shape of �-quartz LDA PW PP PBC
DOS �Fig. 4�e��. Both DOSs have close relative peak inten-
sities and energy positions. This fact can be explained by the
localized character and high energy of the SiuO bonds. The
top of the valence band �energy region −5–0 eV� of all
Si/SiO2 species mainly consists of the Si-derived states of
the silicon core �Fig. 4�. The conduction band of the infinite
Si/SiO2 nanowire �Fig. 4�d�� contains some small amount of
oxygen density near the Fermi level. The analysis of the
partial DOSs of the species shows that the Si-derived states
of the silicon core near the Fermi level �in both valence and
conduction bands� are responsible for the transport and opti-
cal properties of the species.

IV. CONCLUSIONS

Based on the DFT calculations, we have shown that thin
pristine silicon pentagonal nanowires are metastable struc-

TABLE I. Experimental PL �Ref. 7 and reference therein� and theoretical transition energies for the
nc-Si/SiO2 QDs.

Experiment �Ref. 7� Theory �cluster B3LYP/6-31G*�

Size
�nm�

PL1
�eV�

PL2
�eV�

Size
�nm�

First transition
�eV�

Second transition
�eV�

2.0 1.8–1.9 1.7�1.6 1.3 2.2

2.3 1.8 2.3�1.6 1.3 1.8

3.8 1.45 3.8�1.6 0.8 1.4

4.2 0.9 1.4

1.5 2.0 2.5 3.0 3.5 4.0 4.5

E
n
er
g
y
,
eV

1.2

1.4

1.6

1.8

2.0

2.2

2.4

B3LYP/6-31G* (present work)

Experiment [12]

Size, nm

FIG. 5. �Color online� The theoretical B3LYP/6-31G* and ex-
perimental �Ref. 7� quantum confinement response of the nc-Si.
The dark solid line presents the theoretical B3LYP/6-31G* results,
whereas the dashed line presents the experimental data.
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tures. The stability of the nanoclusters directly depends on
the method of formation of �100� surface silicon dimers. The
dimer formation parallel to the main axis of the nanowires
leads to a fragmentation of the 1D nanowires and formation
of the 0D silicon quantum dots. The metastable silicon 0D
and 1D structures have finite density of electron states at the
Fermi level. The surface tension and silicon dimers play the
dominant role in the formation of the metallic nature of the
electronic structure of the silicon nanoclusters. Because of
the localized character of the SiuO chemical bonds, the
oxidized layer opens an energy band gap in the electronic
structure of the Si/SiO2 nanoclusters, preventing formation
of the silicon dimers and decreasing of the surface tension.
The DFT calculations clearly confirm the 1/d size confine-
ment effect in the optical spectra of the silica embedded
nc-Si species with effective size up to 3.8 nm. The Si-
derived states of the silicon core determine the optical and
transport properties of the silicon/silica objects.
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