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Due to their tunable properties, silicon nano-crystals (NC) are currently being investigated.
Quantum confinement can generally be employed for size-dependent band-gap tuning at dimen-
sions smaller than the Bohr radius (~5 nm for silicon). At the nano-meter scale, however, increased
surface-to-volume ratio makes the surface effects dominant. Specifically, in Si-SiO, core-shell
semiconductor NCs the interfacial transition layer causes peculiar electronic and optical properties,
because of the co-existence of intermediate oxidation states of silicon (Si”", n=0-4). Due to the
presence of the many factors involved, a comprehensive understanding of the optical properties of
these NCs has not yet been achieved. In this work, Si-SiO, NCs with a diameter of 1.1 nm and cov-
ered by amorphous oxide shells with thicknesses between 2.5 and 4.75 A are comprehensively stud-
ied, employing density functional theory calculations. It is shown that with increased oxide shell
thickness, the low-energy part of the optical transition spectrum of the NC is red shifted and attenu-
ated. Moreover, the absorption coefficient is increased in the high-energy part of the spectrum
which corresponds to SiO, transitions. Structural examinations indicate a larger compressive stress
on the central silicon cluster with a thicker oxide shell. Examination of the local density of states
reveals the migration of frontier molecular orbitals from the oxide shell into the silicon core with
the increase of silica shell thickness. The optical and electrical properties are explained through the
analysis of the density of states and the spatial distribution of silicon sub-oxide species. © 2016

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4945392]

I. INTRODUCTION

One of the motivation for the study of silicon nano-
structures is their ability for quasi-direct transitions that
improves the weak phonon-assisted optical activity of silicon.'
Furthermore, the possibility of the band-gap engineering in
the strong confinement regime (r < agon)™™ renders silicon
NC as a promising candidate for photovoltaics and optoelec-
tronics.> Quantum confinement effects on the optical proper-
ties of silicon NCs have been studied for the first time with
intense visible-light emission from porous silicon.'® However,
because of numerous inter-related parameters including inter-
facial stress,“’12 defects,m’14 suboxide s.pecies,ls*17 and the
chemistry,'"®2° and geometry?' > of the NC’s surface, the
electronic and optical properties are still a subject of debate.

Chopra and Rai have studied the effect of surface passi-
vation of silicon NCs (<1 nm) with hydrogen, fluorine, and
chlorine.?* They have reported that the surface passivation
and the cluster size only weakly affect the conductivity of
considered NCs. Oxygen as a widely used material in silicon
technology is well known for the modification of the optical
and electrical properties of silicon NCs.**?° Puzder et al.®
have used quantum Monte Carlo simulations to show a sig-
nificant gap reduction in fully hydrogenated NCs with only a
few oxygen atoms at the surface of the NC. They have
shown that a double-bonded oxygen atom reduces the optical
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gap more effectively than bridged ones. By increasing the
number of oxygen passivants, the band-gap is further
reduced.”> The largest number of oxygen atoms exists at Si-
Si0, interfaces, specifically in the core-shell NCs with silicon
core and oxide shell which appears in some important struc-
tures including porous silicon and silicon NCs embedded in
silica host.'""'*1®!7 Due to the complexity of the interface,
however, few theoretical studies have been performed on sili-
con NCs with SiO, capping shell.?*® The first study on Si-
SiO, core-shell NC was performed by Wolkin er al.*’ They
have investigated the variation of photoluminescence (PL)
spectra of oxygen-free porous silicon samples for progres-
sively increased time of exposure to air. A redshift in PL
spectra during the first minutes of air-exposure has been
reported, without any significant variation for an air-exposure
longer than 200 min. This behavior has been explained in
terms of three different recombination mechanisms that
depend on the size of the NC: (1) recombination via free exci-
tons in large NCs, (2) recombination of trapped electrons with
free holes in intermediate size NCs, and (3) recombination via
trapped excitons in small NCs (diameters smaller than 2 nm).
For silicon NCs embedded in SiO, host, Liao et al.*
have deconvolved the Raman peaks into three of nano-
crystalline, amorphous, and the intermediate components
associated with the bond dilation at the grain boundary.
Arguirov ef al.'! have reported residual compressive stress on
silicon NC embedded in SiO, host, which is also observed in
our results for core-shell NCs. Many experimental techniques

© 2016 AIP Publishing LLC
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have been utilized for determining the structure of Si-SiO,
interface and its extent,"®*" but this remains elusive despite
many efforts. For flat Si0,-Si(100) and SiO,-Si(111) interfa-
ces, the distribution and intensity of intermediate oxidation
states of silicon have been studied using X-ray photo-electron
spectroscopy (XPS) and Raman spectroscopy.'®*** The ex-
perimental results range from atomically sharp to extended
interfaces of about 7 A wide consisted of a few atomic layers
containing silicon sub-oxide species, while most of the struc-
tural models assume an atomically abrupt interface with an
average transition region of ~2-3 A wide. 3¢

Zhou et al.*® have presented the first ab-initio study on
silicon-oxide interface by replacing hydrogen with hydroxyl
in hydrogen passivated silicon NCs. They have shown that
oxygen atoms localize the highest occupied molecular orbital
(HOMO) and the lowest un-occupied molecular orbital
(LUMO) which has been ascribed to the weakening of the
Si-Si back-bonds at interface silicon atoms. This finding,
which is also in good agreement with our results, is con-
firmed by later works.”**?" Many studies®’***' have
defined the Si-SiO, nano-structures in the form of spherical
silicon NCs embedded in f-cristobalite, polymorph of silicon
dioxide, which imposes much excessive unreal stress and
defects to the interface. Nama et al. have employed an ab
initio restricted Hartree-Fock method along with a large unit
cell to study core-shell Si-SiO, NCs with cubic and parallel-
epiped silicon core.*” They have shown that the lattice con-
stant of the core and oxidized surface decreases as the NC
size increases. In this work, we have employed the model
described in Ref. 28 which results in a smaller interface
roughness. Density functional theory (DFT) calculations are
used to study Si-SiO, core-shell nano-structures with 1.1 nm
diameter silicon core and amorphous oxide shell with thick-
nesses in the range of 2.5-4.75 A.

The paper is organized as follows: Sec. II describes the
employed computational method, Sec. III discusses the effect
of oxide shell thickness on the optical transitions of the nano
structure, the structural properties of the silicon core, the par-
tial density of states, the spatial density distributions of the
frontier molecular orbitals of core-shell Si-SiO, NCs with 1.6,
1.8, and 2.05 nm diameters. Finally, concluding remarks are
presented in Sec. I'V.

Il. STRUCTURES AND APPROACH

In core-shell Si-SiO, NCs, the effect of oxide shell can
interfere with that of quantum confinement and even domi-
nates it. Thus, the main objective of our work is elucidating
the oxide-induced modifications in the electronic and optical
properties of such NCs. The initial model of NCs is defined
by requiring the satisfaction of the following points: (i)
According to the experimental work of Matsumoto et al.,*
the crystallographic planes are exposed during the fabrication
process of core-shell Si-SiO, NC. Hence, the initial NCs are
defined in the form of Wulff shapes. (ii) The exposed crystal-
lographic planes in the core silicon and in the oxide shell are
not pure crystallines.*>** Thus, the amorphous phase of silica
is used for the capping shell. (iii) The f-cristobalite is well-
known to have a simple interface with silicon compared to
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other polymorphs of silicon dioxide,**** because of its cubic
lattice. However, in this scheme the interfacial stress and
defects are overestimated, specifically for our considered
curved interfaces. We have utilized the method of Kroll and
Schulte®® which was proposed for silicon NCs in SiO, host
that minimizes the dangling bonds and defects at the interface
which accordingly results in a smoother interface at the glass
matrix after relaxation.

We have defined NCs as Wulff shapes with 1.6, 1.8, and
2.05nm diameters carved from bulk silicon, in the form of
energy-minimized structures made from crossed crystallo-
graphic planes including the (100), (110), and (111) with rela-
tive surface energies of 1, 0.8, and 0.86, respectively.46 The
1-3nm size of NCs is consistent with the NC sizes defined in
the literature.'>***7 In the next step, the oxide layer is intro-
duced into the surface of silicon Wulffs. According to the
method proposed by Kroll and Schulte,® amorphous silica
is defined by adding oxygen atoms on the Si-Si bonds.
Accordingly, we add oxygen atoms outside the central 1.1 nm
diameter silicon Wulff resulting in Sij»g30;s, Si;720199, and
Si574037, NCs with oxide shell thicknesses of 2.5, 3.5, and
475A, respectively (see Fig. 1).

The DFT calculations are carried out using the SIESTA
code.”® The generalized gradient approximation (GGA) is
utilized based on the Perdew-Bruke-Ernzerhov (PBE) ver-
sion of exchange-correlation functionals generated using the
fhi98PP code.** Norm conserving pseudo-potentials along
with numerical atomic orbitals with double { polarized basis
set and a kinetic energy cutoff of 100 Ry are assumed.
Vacuum is added on all sides in order to have a large enough
supercell that prevents the interaction of neighboring cells.
The structures are relaxed using conjugate gradient calcula-
tions until the maximum force on each atom becomes
smaller than 0.02 eV/A. The duration of structural relaxation
calculations took about four months on a dual socket server
with 2 x AMD Opteron 6132 (8 cores, 2.2 GHz) processors.

The considered supercells consist of 243, 362, and 646
atoms. Because of the required computational demand, the
optical calculations are performed based on the first-order
time-dependent perturbation theory, as implemented in the
SIESTA code.*® The optical properties are evaluated based
on the complex dielectric function e(w)=¢€;(w)+ iex(w),
with the imaginary part™

&2h

a(w) =——
T i

ng dk|Wy(K)[*3 (0 — w;(K)), (1)

where the sum runs over all possible pairs of states in the
valence |¢;) and conduction |¢);) bands with corresponding
eigenvalues E; and E;, such that Ziw;(k) = E; — E;. The
electronic diploe transition matrix element W;i(k), which
represents the transition rate from state [¢;) to state |¢;), is
given by W;;(k) = (¢;(k)|é - p|¢;(k)), with & and p are the
polarization vector and the momentum operator, respec-
tively. The absorption coefficient is then extracted using the
Kramers-Kronig relation®'? which is based on the causal-
ity, linear response theory, and the boundedness of physical
observables
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FIG. 1. (a) The Sijs0115, Sii720100,
and Siz74037, NCs before and after
relaxation with CG calculations. (b)
The silicon core diameter and oxide
shell thickness in initial NCs. The sili-
con core diameter is 1.1 nm in all struc-
tures and the oxide shell thickness
varies between 2.5 ;X, 3.5 A, and 4.75A.

interface. Stress or trap levels, which will be discussed later,
can affect the trends. The broad peak remarkably resembles

ro = 9 A

S1;750,90 ¢ *
Si. 0 ry=10.25 A

1 < >*

274\ U372 reora= 55 A

Si core oxide shell
2" o'e; (o) ,

61(0))—1 _EPJO md&), (2)

where P denotes the principal value of the integral. Given
the real and imaginary parts of the complex dielectric func-
tion, the extinction coefficient and thus the optical absorption
coefficient can be evaluated.>”

lll. RESULTS AND DISCUSSION
A. Optical absorption coefficient

The calculated absorption coefficient spectrum is presented
in Fig. 2(a). GGA-DFT while being suitable in trend prediction,
is well-known to under-estimate the band-gap.*”*** Thus, we
focus on the trends which are in good agreement with available
experimental data.

The optical absorption spectrum indicates that (i) the con-
sidered NCs show two major absorption peak sets: the smaller
peaks between O and 2eV and the intense broader peaks
around ~5.5-6¢eV, (ii) with increased shell thickness, the op-
tical absorption coefficient is reduced and the absorption peak
energy is red-shifted in the low-energy part of the spectrum
which is more clearly observed in the imaginary part of
dielectric function presented in Fig. 2(b). The origin of the
observed peaks can be due to transitions of silicon, silica,
intermediate suboxide species and defects at the Si-SiO,

the experimental absorption coefficient spectrum of SiO,
(Ref. 55) which is added as the bold line in Fig. 2(a).

There are two low-energy maxima in the imaginary
component of the dielectric function (Fig. 2(b)) which are
similar to that of e, spectral line-shape of silicon.”>*° Thus,
the low-energy peaks can be ascribed to the silicon suboxide
species at the interface, which can reduce the optical gap
through the creation of electrically active mid-gap trap lev-
els. The peak intensities also depend on the oxide shell thick-
ness. According to Fig. 2(a), the NC with thinnest oxide
shell has the maximum absorption coefficient in the low
energy part of optical absorption spectrum, whereas the NC
with the thickest oxide shell has the maximum absorption
coefficient in the high energy part of the spectrum. Similar
trends are observed in the imaginary part of dielectric func-
tion (Fig. 2(b)). Thus, it can be inferred that the low (high)
energy part of the optical response of core-shell Si-oxide
NCs is mostly associated with silicon (oxygen) atoms, and
the absorption strength is governed by the relative measure
of the oxide shell thickness and the radius of the central sili-
con cluster. This trend is also observed in the electronic
properties that will be discussed later in this work. Built-in
interfacial stress, suboxide species of the transition region
and the related dangling bonds can affect the electronic and
optical properties of NCs.
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FIG. 2. (a) The calculated optical absorption coefficient spectrum for NCs
with diameters of 1.6nm, 1.8 nm, and 2.05 nm, and the experimental absorp-
tion coefficient spectrum of SiO, from Ref. 55. (b) The calculated imaginary
part of dielectric function of considered NCs and the experimental data of
silicon are taken from Refs. 55 and 56.

B. Structural effect of oxide shell

Despite numerous experimental attempts, a thorough
understanding of the Si-SiO, interface is missing. However, it
is generally accepted that two distinct regions can be identi-
fied: (i) the near-interface region which consists of a few
atomic layers containing Si atoms in intermediate oxidation
states. The experimental results range from atomically sharp
to extended interfaces with a width of about 7 A, 1632333536
(i1) A second region which extends about 30A into SiO, over-
layer. It is common to assume an atomically abrupt interface
with a sub-oxide transition width of ~2-3 A for curved Si-
Si0, interface.?%27-3%3638 [ this work, NCs are defined with
a capping shell thickness in the range of 2A-475A to
accommodate the above-mentioned transition region width.

Fig. 3 depicts the NC cross-section before and after struc-
tural relaxation for a thin slice which passes through the cen-
ter of NC. It is clearly seen that a considerable compressive
stress is exerted on the embedded silicon NC as the oxide
shell thickness increases. The results are in agreement with
experimental data.''?%37% At the Si-SiO, interface, where
two materials merge with a large density gradient (~9%),
deformations in both sides are created in order to accommo-
date the transition® that results in the observed compressive
stress on the interior silicon NC.

The transition from Si to SiO, takes place through a
highly disordered interfacial layer. The region containing

J. Appl. Phys. 119, 144302 (2016)
different oxidation states of Si atoms, Si't, Si**, Si*", and
Si**, with their nearest neighbor oxygen atoms constitute the
interfacial layer. The distribution of silicon sub-oxide species
versus their distance from the center of NC is plotted in Fig. 4.
The results indicate that there is a relatively small number of
oxidation states in the transition region that are concentrated
close to the outermost Si layer, whereas a larger number of ox-
idation states spread over a broader region.

The root mean square (RMS) of the width of the transi-
tion region can be defined as o> (r; — f)z /Ngup, Where
Ny, is the number of silicon sub-oxide species, and r;
is the distance of sub-oxide from the center of the NC, and
F = > ri/Ngp is the nominal position of the interface. '~
Accordingly, the calculated nominal position of the interface
and the RMS width of the transition region for a center-
passing rod with a radius of ~2.5 A are listed in Table L. By
increasing the oxide shell thickness: (i) the nominal radius of
the interface decreases (), (ii) the RMS width (o) of the
transition region increases, (iii) the number of higher (lower)
oxidation states increases (decreases), and (iv) the sub-oxide
species are pushed closer to the outermost Si layer and
deeper into the shell.

According to Table I concentration variation of the five
silicon chemical states is in good agreement with the experi-
mental study of the as-deposited a-SiO, films.'® This indi-
cates that as more oxygen becomes available more silicon
atoms are oxidized into high oxidation states which leads to
the reduction of Si'" and Si*" species concentration and the
increase of high oxidation states. The results are also in
agreement with the photo-emission evidences for flat Si-
SiO, interfaces,'®*** indicating that Si' " and Si*" species
are mainly located at the interface and the Si*" is distributed
within a few Si-O bond lengths away from the interface.

The significant strain contrast is the source of the larger
number of sub-oxides which corresponds to extended inter-
face width. In addition, high oxidation states can reduce the
band-gap of NC.'> Thus, the identified increased number of
high oxidation species is a cause of the observed slight red
shift in the absorption spectrum. The increased number of
sub-oxide species can affect the conduction and valence
band tails, create trap levels, and modify the spatial distribu-
tion of the frontier molecular orbitals. A detailed investiga-
tion of the density of states and their spatial distribution is
conducted next to elucidate the main factors governing the
optical processes.

C. Partial and local density of states

To analyze the separated contribution of the core, inter-
face, and shell atoms on the band-gap of considered NCs, the
partial density of states (PDOS) is examined in Fig. 5.
Several features are observed: (i) the density of states of core
region remains constant in the three considered structures.
And the density of states of either the silicon and the oxygen
atoms increases with shell thickness with saving the line-
shape, (ii) the conduction band (CB) and valence band (VB)
tails shift as the shell thickness increases, which reduce the
ground-state band-gap (see the inset of Fig. 5), and (iii) mid-
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FIG. 3. The variations of silicon core diameter with oxide shell thickness for NCs with the same initial core diameter (1.1 nm) and varying oxide shell thick-
nesses (2.5 A—4.75 A). Cross sections are displayed for a thin slice which crosses the center of NCs before and after relaxation.
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FIG. 4. The distribution of silicon sub-oxides as a function of their distance
from the center of NC. ¢ denotes the rms width of the transition region, and
7 denotes the nominal radius of the core-shell interface. 1, 2, and 3 indices
correspond to Sij250115, Sij720190, and Si»74037, NCs, respectively.

gap states appear in Si»74037, NC so that they nearly close
the band-gap.

It is worth-mentioning that the ground-state HOMO-
LUMO gap (electronic gap) which is depicted in the inset of
Fig. 5(a) has a similar trend to that of the optical absorption
peak variations which confirms the validity of the results.
Part (ii) reveals the energy range where silicon and oxygen
atoms mainly affect the band-gap of a core-shell Si-SiO,
NC. The VB edge of the three discussed NCs shifts upward

TABLE I. The number of silicon sub-oxide species, the nominal radius of
interface (r), and the transition region width (o) in a center-passing rod with
aradius of ~ 2.5 A for Si;»3015, Si1720190, and Si»74037, NCs.

Number of sub-oxides

si®  si't st st st FA) o)

Si1280115 10 11 1 0 0 4.700 2.353
S11720190 6 0 2 10 4.440 4.602
Si2740372 7 2 4 15 5 3.761 4.717

with increased number of oxygen atoms which is in agree-
ment with previous experimental studies on moderate oxida-
tion of a bulk silicon samples.**%

The percent-stacked chart of the oxygen and silicon
atoms to the total DOS for Si»74037, NC in an energy win-
dow around the Fermi level is depicted in Fig. 6. Oxygen-
induced states (interface + shell) mainly affect the valence
band tails (light area bellow the Fermi level), whereas the
silicon-related states (core + interface + shell) mainly affect
the conduction band tail (dark area above the Fermi level),
which is in accordance with the observed optical response
that has been discussed earlier. These results are also in
agreement with photo-emission experiments for a-Si films
covered with oxygen mono-layers which indicate oxygen-
induced variations in the valence band tail.®> This can be
interpreted through the large electro-negativity difference
between the oxygen and the nearest-neighbor Si atom that
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regions. UMO (OMO) denotes the (un-)occupied molecular orbital. The
light (dark) area corresponds to oxygen (silicon) atoms.

J. Appl. Phys. 119, 144302 (2016)

FIG. 5. Partial density of states of
Si1280115, Si1720190, and  Sir74037,
NCs for silicon and oxygen atoms of
core, interface, and shell regions. The
inset shows the ground-state HOMO-
LUMO band-gap variations.
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A tar-a_ U
i ’1‘ X

@ Silicon
* Oxygen

results in a transfer of charge density localization center
from the neighboring Si sites to the oxygen and a consequent
raising of the Si p and s levels. The VB tail states are mainly
involved in the bonding or non-bonding O(2p) states, and the
CB tail states are mostly formed from either a localized anti-
bonding Si-O level or a CB state involving Si-Si and Si-O
interactions.

In order to study the origin of the observed mid-gap states
in part (iii) the spatial distribution of the density of HOMO
and LUMO states is plotted in Fig. 7. Only in case of
Si574057,, the HOMO density distribution involves a localized
feature near the center of NC, which is absent in its LUMO
distribution. Thus, the local density of states (LDOS)—as a
comprehensive visual representation of eigenstates—is also
examined with an energy window which involves the energy
range consisted of larger number of frontier molecular orbi-
tals. LDOS is by definition, the number of states per unit
energy weighed by the spatial distribution of each state
weighted by the Fermi energy®®
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FIG. 7. The density iso-surfaces of HOMO and LUMO for Si 28015, Si;720190, and Si»74037, NCs with an iso-value of 0.004 electron/A>, Only positive po-

larity is plotted.

D(r:E) =2 |(rld,)[*3(E — E,), 3)

where the sum extends over both occupied and empty states.
The interpretation of LDOS is similar to the constant current
scanning tunneling microscope (STM) images which are the
maps of constant LDOS close to the Fermi energy. The
LDOS integrated in an energy window (*0.1eV) around the
HOMO/LUMO energies is plotted in Fig. 8. The calculations
are carried out using the SIESTA code® and the results are
visualized by utilizing the XCrySDen software.” With
increased shell thickness, both of the occupied and un-
occupied frontier molecular orbitals partially migrate to the
central silicon NC which is clearly observed in Siy740375.
This is in contrast to the observed central feature of the den-
sity iso-surfaces of the HOMO state which is not observed in
the LUMO state. This can be due to the contribution of other
frontier molecular orbitals which correspond to the observed
mid-gap energy levels.

Remembering that the smallest nominal interface radius
is observed in Si»74037, along with the observed protrusion
of sub-oxides into the central cluster and knowing that high

oxidation states of silicon are known to localize the wave-
functions,15 it can be inferred that the migration of frontier
molecular orbitals into the central region is due to the pro-
truded silicon sub-oxides. However, another intriguing expla-
nation can be due to charge transfer from surface atoms as a
result of surface relaxation effects and a consequent strength-
ening of their back-bonds which lead to the observed migra-
tions. As a summary, the red shift in the optical gap and the
corresponding reduction in the ground-state HOMO-LUMO
gap are mainly because of the protrusion of sub-oxide species
into the core silicon NC as a result of relaxing the excess
strain exerted by the thick oxide shell.

IV. CONCLUSIONS

A comprehensive computational study using DFT of the
effect of oxide shell thickness on the structural, optical, and
electrical properties of Si-SiO, core-shell stand-alone NC is
presented. The optical absorption spectrum of such NCs con-
sists of the parts: the high energy section corresponds to the
a-Si0O, in which the peak energy is slightly blue shifted and
the absorption strength is increased. The low energy section
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corresponds to the silicon oxidation states in which the peak
energy is slightly red shifted and the absorption strength is
decreased. The percentage-resolved analysis of partial den-
sity of states indicates that the states in the valence band tail
are mainly introduced by oxygen atoms and the states in the
conduction band tail are mainly introduced by silicon atoms.
Structural investigation demonstrates that a thicker oxide
shell exerts larger compressive stress to the silicon core
which affects the statistics and distribution of silicon sub-
oxide species. Analysis of the distribution of sub-oxide spe-
cies shows an increase (decrease) in the number of high
(low) oxidation states, a decrease in the nominal radius of
the interface, and an increased transition region width with
the oxide shell thickness. Investigating the local density of
states reveals the migration of frontier molecular orbitals
into the central silicon cluster with increased shell thickness.
Protrusion of sub-oxide species due to stronger stress from a
thicker oxide shell can be viewed as misfit dislocations
which correspondingly creates mid-gap trap levels which
lead to the observed small red shift in the absorption peak
energies of NCs.
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