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Spark-processed silicon (sp-Si) is an amorphous, luminescent material that 

exhibits emission spectra, peaked around 385, 525 and 650 nm. In order to understand the 

photoluminescence (PL) behavior of sp-Si, UV/visible optical absorption spectra of a 

large variety of silicon-based molecular clusters were calculated and compared with 

experimentally measured absorption spectra of sp-Si. All structures in this study were 

optimized with the AM1 or the PM3 method. The optical absorption spectra were 

calculated using the quantum-mechanical INDO method together with configuration 

interaction, which was parameterized for Si.  

The experimentally measured absorption spectrum of sp-Si exhibits peaks at 245, 

277, 325 and 389 nm. In an attempt to reproduce this spectrum computationally, the 

present work includes a detailed study of the optical properties of silica clusters, Si rings, 

Si clusters and cages, Si oxides and oxynitrides. 

vi 



 

While the spectra of silica, Si rings and OH-terminated Si clusters resemble certain 

features of the experimental absorption spectrum of sp-Si, remarkable agreement is 

achieved in the case of a Si cluster, surrounded by an amorphous matrix. The agreement 

improves when the size of the model Si cluster increases from Si3 to Si14. χ2 statistical 

analysis of the calculated spectra shows that the presence or absence of N influences the 

optical properties of such complexes.  

Silicon spark-processed in pure O does not photoluminesce when excited by laser 

light having a wavelength of 325 nm. The absorption spectrum of this material differs 

from the one obtained on Si spark-processed in air. The statistical analysis comparing 

various cluster models to the two spectra shows that certain Si cluster sizes are favored in 

the case of Si processed in air, while this is not true for Si processed in O.

vii 
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CHAPTER 1
INTRODUCTION

Silicon is a material of substantial importance for the electronic industry. It has

been studied in a course of decades and is extensively used in the production of electronic

elements and integrated circuits. Si is non-toxic, it is readily available and has stable

oxides, which are easily deposited and patterned on a Si substrate. Technologically, Si is

extracted from common sand (SiO2) and purified to electronic, high-purity grade material

by various crystal growth techniques.

Advanced technology has the goal to create miniaturized, high-speed electronic

devices. Utilizing Si for the fabrication of such devices would be highly beneficial due to

the advantages of this material. Due to the high speed of light, very high speeds of

communication are achieved when optical and electronic devices are integrated on the

same chip. However, crystalline Si has an indirect band gap and cannot be used for the

production of light-emitting devices.

Recent research efforts have resulted in the development of novel Si-based

materials, containing miniature Si particles with nanometer sizes. The physical properties

of systems with small dimensions are governed by the laws of quantum mechanics. The

band gap of nanometer-sized Si particles is no longer narrow and indirect, thereby

allowing emission of light. Therefore, the materials, containing Si nano-particles are of

special interest due to the optical properties of the small Si clusters embedded in them.

Research efforts have been directed towards the understanding of the physical properties
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of such materials with the goal of achieving detailed knowledge of the observed physical

phenomena, as well as preparing these materials for technological use.

In 1992, Hummel and Chang [1] developed a new method for preparation of a Si-

based luminescent material. The so-called spark-processed Si (sp-Si) photoluminesces in

the visible region, having characteristic peaks [2] near 385, 525 and 650 nm, as

established by Ludwig [3] (Fig. 1-1, the peak at 650 nm is seen as a shoulder of the

dominant blue/green peak). The photoluminescent properties of the material exhibit high

stability against etching in buffered hydrofluoric acid, thermal annealing up to 1100 0C

and UV irradiation. During the past few years, a number of papers describing and

characterizing various properties of sp-Si have been published. The main focus of

previous research has been on the optical properties with the goal to provide a description

of the photoluminescence (PL) mechanism. Generally, two approaches have been

applied−the first approach represents an effort to narrow down the number of possible PL

mechanisms utilizing various experimental techniques; the second approach involves

experiments to identify the luminescent centers and the physical process of emission.

The first approach has resulted in the elimination of a number of proposed

mechanisms [4]. Nevertheless, the PL phenomenon has not been identified with certainty

and detail. The second approach is inherently limited since sp-Si, being an

inhomogeneous material, is very difficult to characterize at an atomic level. The

traditional X-ray diffraction, X-ray absorption and other related methods are not able to

provide definitive data in the case of inhomogeneous, multi-phase materials since their

results are averaged over the bulk of the material. The average chemical composition of

the sp-Si has been studied at various depths with small-spot X-ray Photoelectron
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Figure 1-1. Room-temperature PL of (a) blue- (b) green-light emitting sp-Si.

Spectro-meter (XPS, Fig. 1-2). The material predominantly consists of four Si-based

phases – amorphous SiO2, amorphous and crystalline Si and Si nitrides [3, 5].

Amorphous SiO2 occupies most of the volume of the material. Crystalline Si and

amorphous Si clusters predominate in the areas, close to the Si substrate.

Earlier studies have shown that the presence of N in the ambient during spark

processing is essential for the optical properties of sp-Si [3, 6]. Since the origin of the



4

optical properties of sp-Si is unknown, it is appropriate that all four phases are studied by

examining the optical properties of molecular clusters that represent each phase.

To achieve this goal, quantum mechanical calculations have been used in the

present work to provide the geometry and optical spectra of the studied molecules.

Compared with first-principles calculations, these methods are faster, which allows a

large number of molecular clusters to be studied and the average trend of the change of

their physical properties to be identified. The calculated spectra of oxygenated Si

molecules in the present work are not applicable to sp-Si only; the optical characteristics

of any Si- or silica-based light-emitting material can be compared to the present results.

The clusters in this work can be related to OH-terminated, Si particles on the surface of

materials, or in the bulk when Si particles are buried in amorphous silica; likewise they

can describe Si particles, nucleating in the gas phase in the presence of oxygen during

laser ablation of Si or related growth processes of Si-based materials from the gas phase.

Our results are also applicable to the investigation and characterization of nebulae and

interstellar silicate dust clouds. Similar studies have been published in the literature [7 -

11].
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Figure 1-2. Small-spot XPS data for sp-Si. (Adapted from Ludwig [3], Hummel and
Ludwig [4], and Ludwig et al. [5]).
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CHAPTER 2
THE MOLECULAR ORBITAL THEORY

The Hartree-Fock Approximation

Our understanding of the nature of the electronic wave functions in a molecule is

based on the understanding of the electronic wave functions in an atom. The theory of the

methods used in the present work, treats such systems by considering the valence

electrons only; the core electrons and the nucleus of the atom are considered to form an

ion, which interacts with the valence electrons. Thus, in all our studies the term

“electronic wave function” will be used to describe a wave function of a valence electron.

The problem for the electronic structure of a H-similar atom is commonly treated in

the general courses of Quantum Mechanics. It provides knowledge about the appropriate

mathematical form of an electronic wave function in an atom:

),()(121 ϕϑρρφ ρα
lm

l
ln

l
nlm YLeB +

+
−+= (2-1)

where B and α are constants; n, l and m are the quantum numbers, L is a Laguerre

polynomial and Y is a spherical function. The general result is that the radial part of the

wave function of an electron in an atom can be approximated as an exponential function:

rAeCr −≈)(φ , (2-2)

where C and A are constants. Sometimes, φ(r) is approximated as a sum of Gaussians. In

chemistry, the electronic wave functions (2-2) for the atom are called Atomic Orbitals

(AO). The Molecular Orbital (MO) Theory has the goal to explain the properties of the

electronic wave functions in a molecule. Such wave function in a molecule with n
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valence electrons is accepted to be approximately equal to a linear combination of AO’s

of the type (2-2):

∑
=

≈
n

j
jiji C

1

φψ (2-3)

with coefficients Cij. In chemistry, the above wave function is called a Molecular Orbital

(MO).

Since the electrons are Fermions (from the Pauli principle for a system of n

undistinguishable particles), the total wave function ψ of the electronic system in the

molecule must be anti-symmetric. Then, it can be represented as a Slater determinant:
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The Schrodinger equation for the molecule becomes:

),,(),,(ˆ
2121 nn rrrErrrH KK Ψ=Ψ (2-5)

where the Hamiltonian operator H is non-relativistic and time-independent. It assumes

fixed-ions and has the following form in atomic units (h = e = m = 1) [12]:

∑ ∑∑ ∑ ∑
< <

++−∆=
k i A ji BA AB

A

ijAi

A
k R

Z

rR

Z
H

1

2

1ˆ (2-6)

A, B, 1, 2, ... designate ions; i, j, ... designate electrons and ZK is the corresponding

atomic number.

The equation (2-5) can be solved using the variational principle. A detailed solution

has been published by C. C. J. Roothaan [13]. However, if the variational principle is

applied over the MO’s, this leads to a system of intractable differential equations. This is
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the reason why the MO’s are approximated as linear combinations of AO’s (equation

2-3). Then the variational principle is applied over the AO’s and the coefficients Cij.

Substituting eq. (2-6) into (2-5) and multiplying both sides of the resulting equation by ψ

leads to

∑∑ −+=
ji

ijij
i

i KJHE
,

)(
2

1
(2-7)

where J and K are the two-electron Coulomb and exchange operator accordingly:

)2()1(
1

)2()1(,)2()1(
1

)2()1(
1212

ijjiijjjiiij r
K

r
J φφφφφφφφ == . (2-8)

In the expression (2-7), the ion-related terms are missing, since the variational principle is

imposed over a trial wave function ψ, which contains the ion coordinates Rk as

parameters.

Now we introduce another matrix, the so-called overlap matrix S as

jiijS φφ= . (2-9)

Varying (2-7) and the condition for orthonormality of the MO’s ψk

∑∑ −+=
ji

ijij
i

i KJHE
,

)(
2

1 δδδδ (2-10)
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and using the method of the Lagrangian multipliers, we get
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where (-εij) are the Lagrangian multipliers, Jj, Kj are the one-electron Coulomb and

exchange operator accordingly:

)2()1(
1

)1(,)2()1(
1

)1(
1212

jijjijjj r
K

r
J φφφφφφ == , (2-12)

and the matrices Ci are the coefficients for the MO ψi from eq. (2-3). It can be shown,

that the equations in (2-11) are equivalent, since the participating operators are

Hermitian.

Then, if we define the total electron interaction operator G as

∑ −=
j

jj KJG )( , (2-13)

the one-electron operator H as

j
B

i
B

Bjiij R
ZH φφφφ 1

2 ∑−∆−= (2-14)

and the Fock operator as

GHF += , (2-15)

the equations (2-11) become

εCSCF =ˆ (2-16)

in matrix notation. This system of equations is known as Roothaan equations. Here one

needs to determine the MO energies, which are in the matrix ε; the matrix C also needs to

be calculated as it contains the coefficients of the MO’s from eq. (2-3).

We shall then proceed as follows – first, the S matrix will be diagonalized via the

transformation
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n

diag

s

s

s

SWSW

...00

............

0...0

0...0

2

1

==+ , (2-17)

where W is the transformation matrix. Second, we define the matrix S (-1/2) as

+−− = WSWS diag
)2/1()2/1( (2-18)

in which the matrix

n

diag

s

s

s

S

...00

............

0...0

0...0

2

1

)2/1( =− . (2-19)

Now we return to the Roothaan equations (2-16) and proceed to calculating ε and C:

ε
ε

ε
ε

ε

=
=

=
=

=

+

−−−
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'')'(

'''

)2/1()2/1()2/1()2/1(
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CFC

CCF

CSCSSFS

CSCFS

CSCF

(2-20)

In the last equation, F is in diagonal form and the MO energies εi can be determined. The

coefficients matrix C is calculated as

')2/1( CSC −= (2-21)

As a criterion for achievement of self-consistent field (SCF), we shall use the so-called

first-order Fock-Dirac density matrix P:

∑=
k

kjkikij nCCP , (2-22)

where n = diag{n1, n2, …nn}; nk are electron occupation numbers which are 0 or 2 in the

case of a closed-shell (zero magnetic moment) molecule. After a number of the described
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above consecutive approximations, the matrix elements Pij will reach convergence. Then

we can say that a self-consistent field (SCF) has been obtained and the Hartree-Fock

approximation is complete.

Computational Implementation of the Hartree-Fock Approximation

The SCF-based computer routines normally follow the following procedure [12]:

• Calculate the integrals necessary to form the Fock matrix F (equation 2-15).
• Calculate the overlap operator’s matrix S (2-9).
• Perform diagonalization of S (equation 2-17).
• Calculate Sdiag

(-1/2) and form S (-1/2) (equation 2-18).
• Form the Fock matrix F as:

−




+−∆−= ∑∑
lk

ljkiklj
B

i
B

Bjiij r
P

R
ZF

, 12

)2()1(
1

)2()1(
1

2
φφφφφφφφ





− )2()1(
1

)2()1(
2

1

12
jlki r

φφφφ

(2-23)

• Calculate F’ (equation 2-20).

• Diagonalize F’ (the last equation in 2-20) and obtain the energy eigenvalues εk.

• Calculate the coefficients Cij (equation 2-21).

• Calculate the density matrix P (equation 2-22).

• Check P for convergence. If the desired convergence tolerance has been reached,
then stop.

• If convergence has not been reached, extrapolate a new density matrix and repeat
steps 5 – 10 until SCF is reached.

• Output the results it a text format.

• Plot the calculated absorption spectra

• Optional: calculate the electron transition amplitudes for all excitations
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Further Approximations within Hartree-Fock

Intermediate Neglect of Differential Overlap (INDO)

The INDO approximation represents further simplification of the Hartree-Fock

method. Certain approximations are being accepted with the goal to increase calculation

efficiency. Detailed treatment of the INDO method has been published [12, 14 - 17].

Generally, Sij is the overlap matrix (equation 2-9). It is approximated so that

products φi(1) φj(1) are retained only in one-center integrals. However, the computational

efficiency of INDO is achieved mainly due to the approximations of the total electron

interaction operator G (equation 2-13). Gij is a sum of two-, three-, and four-center

integrals of the type

∫ 21
12

)2()2(
1

)1()1( dvdv
r lkji φφφφ , (2-24)

which are set to zero unless i = l and j = k. Those that remain are set as parameters and

their values determined from atomic spectroscopy.

H is approximated as follows:

∑
≠

−−∆−≈
AB

i
B

B
ii

A

A
i

AA
ii R

Z

R

Z
H φφφφ

2
(2-25)

j
A

A
i

AA
ij R

Z
H φφ −∆−≈

2
(2-26)

( ) ijBAijBAij
BA

ij SSH 000

2

1 ββββ +≈≈= (2-27)

where ∆ is the Laplacian operator, ZA is the core charge of atom A, RA is the distance

between the i-th electron and ion A. βij is referred to as a “resonance integral” and is

approximated via the parameters βAB
0, βA

0 and βB
0.
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Neglect of Diatomic Differential Overlap (NDDO)

NDDO is defined by the substitution
rdrrrdrr A

j
A

iAB
B
j

A
i

33 )()()()( φφδφφ → , (2-28)

where A and B denote two different atoms (sometimes referred to as centers) and δ is the

Kronecker symbol. In this situation, the Fock matrix will have the following elements

[12]: One-atom diagonal elements
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(2-29)

where VAA is the so-called effective ion potential, being determined from experimental

measurements. VAA prevents the valence electrons of atom A from penetration into its

inner orbitals. One-atom off-diagonal elements

∑

∑ ∑ ∑
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(2-30)

Two-atom off-diagonal elements

∑ ∑−=
A

k

B

l

B
j

A
k

B
l

A
i

kl
AB
ij

AB
ij PHF

2

φφφφ
(2-31)

where Hij
AB is given by equation (2-14). It is also important to note that NDDO includes

orbital anisotropies.
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Configuration Interaction

The Hartree-Fock approximation enables us to solve the Schrödinger equation for a

molecule and provides us with the molecular wave function Ψ(r1, r2,…rn) (equation 2-5)

of the ground state and its energy ε0. This energy is an upper bound to the true ground

state energy E0. The difference between these two values is called correlation energy

ηcorr:

00 εη −= Ecorr . (2-32)

The correlation energy accounts for interactions between valence electrons in the

molecule and amounts up to 1% of E0. Despite that the percentage is small, it is

equivalent to a few eV. Therefore, the Hartree-Fock approximation can be further

improved. The improvement will provide the value of ηcorr (or at least part of it) as well

as improved ground-state wave function of the molecule Φ. In addition, it will allow us

to calculate the energies and wave functions of the excited states and thus enable us to

predict the optical absorption spectrum of the molecule.

The correction of the Hartree-Fock approximation can be achieved via the so-called

configuration interaction (CI), also known as configuration mixing. It has been shown in

perturbation theory [18] that the molecular wave function contains contributions from

various electronic configurations. We shall express this dependence as a linear

combination [19]

∑ ∑ ∑ ∑
<
<

<<
<<

<<<
<<<

+Ψ+Ψ+Ψ+Ψ+Ψ=Φ
ra

sr
ba

tsr
cba

utsr
dcba

rstu
abcd

abcd
rstu

rst
abc

rst
abc

rs
ab

rs
ab

r
a

r
a CCCC

,

... , (2-33)

where Ψ is the Hartree-Fock wave function of the ground state, Φ is the improved

ground state function, Ca
r are coefficients and Ψa

r are called “excited determinants”. The

excited determinants are built from the function Ψ, as its a-th and the r-th row have
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exchanged places (which is, electron from a-th MO has been excited into the r-th virtual

MO). Each of these Slater determinants represents a different configuration. The first sum

in equation (2-33) represents single excitations; the second, double excitations; the third,

triple excitations, and so on. Usually, the above equation is truncated and only single

excitations are calculated:

∑ Ψ+Ψ≈Φ
ra

r
a

r
aC

,

, (2-34)

known as CI-S (CI-singles). For a Si-based molecule with 10 – 15 atoms, the number of

the excited determinants in the above sum (also known as CI size) is set to be around 65,

in order to provide good approximation. If the CI size is increased above this number, the

calculated energies do not improve.

The application of the variational principle to the coefficients Ca
r leads to the

secular equation

0)(det =− ESH , (2-35)

where H is the CI matrix, written in a block form















ΨΨ

ΨΨ
r
a

r
a H

H

ˆ0̂

0̂ˆ
, (2-36)

Ĥ is the hamiltonian of the system, E is a column of the energies of the CI excited states,

and S is the overlap matrix for the CI wavefunctions. The energies E are the eigenvalues

of H, while its eigenfunctions

∑ Ψ=Ψ
ra

r
a

r
aCI C

,

(2-37)
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are also called CI vectors. The zero parts in the CI matrix are due to integrals of the type

r
aH ΨΨ ˆ , which are equal to zero according to the Brillouin’s theorem [19].

If Ψ is the wave function of the ground state, ΨEXC is the wave function of the

excited state (one of the CI vectors) and $r is the operator of distance, then the probability

of transition (also known as oscillator strength) is proportional to the square of

µν ψψΨΨ reEXC ˆ , (2-38)

where Ψν,µ are the vibrational wave functions and their overlap is called a Frank-Condon

factor. The first term (or rather, its square) determines the transition intensity, while the

second term gives the overlap of the two vibrational functions and determines the shape

of the line.

In order to justify the use of the calculated excited state energies from equation

(2-35), one needs to apply the Frank-Condon principle, which states that the excitation

(absorption) transitions are vertical, that is, the electrons move faster than the nuclei in

the molecule.

The calculated absorption spectrum f(E) containing a total of N transitions, has

the form

∑
=












∆
−

−

∆
=

N

k

EE

k

k

epEf
1

773.2

2

0

2

355.2
)(

π
. (2-39)

In this work, each individual spectral line is assumed to have a Gaussian shape with

adopted full width at half maximum ∆ equal to 0.4 eV and a height pk, called an oscillator

strength (calculated as the square of equation 2-38).
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CHAPTER 3
COMPUTATIONAL METHODS

Background

There are several different methods available for studying chemical and physical

properties of materials at the atomic level. The most accurate is based entirely on

quantum mechanics without inclusion of adjustable parameters other than the quality of

the basis set expansion of the wave functions. The other extreme is classical molecular

dynamics, based on empirically determined interaction potentials between the atoms that

constitute the material or molecule under investigation. There are also various tight-

binding schemes (TB) that are quantum mechanical but rely heavily on empirical fitting

and therefore lack transferability to other systems, and bonding situations and so on, for

which they have not been parameterized.

Since the goal of the present work is to describe the optical properties of a real

material, one needs a fast and efficient method that allows a large variety of molecular

structures to be investigated. The most accurate methods are quite insufficient in that

respect, while the semi-empirical quantum-mechanical methods provide the efficiency of

calculation and acceptable accuracy. As it has already been described in Chapter 2, the

various semi-empirical methods use the approximation of Hartree-Fock for calculation of

the ground state energy of the molecule and the energy levels of its electrons. The

difference between the various methods is in the Hamiltonian they use, namely:

• The Hamiltonian operator is approximated in various ways within the different
methods;
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• The Hamiltonian operator is parameterized with semi-empirical parameters, which
are specific for the given Zero Differential Overlap (ZDO) method.

ZINDO

This method is known also as INDO/S or INDO/CI [16, 17] and has been

developed by Prof. Michael C. Zerner at the Quantum Theory Project at the University of

Florida. The method is based on the Hartree-Fock approximation and uses CI for

calculation of optical spectra. The accuracy of prediction of the optical transition energies

is 2000 cm-1, or 0.25 eV [12, 20].

The method has been successfully used in numerous studies of organic and organo-

metallic compounds and the parameters for H, C, N and O in particular have been

previously optimized to reproduce optical absorption spectra. Theoretical parameters for

Si, as well as those taken from atomic spectroscopy, have been implemented in the

program code.

In ZINDO, 31 theoretical/empirical parameters are used [21]. The following is a

list of the ZINDO parameters and their applicability for calculations of Si molecular

systems:

• 1, 2: ζs, ζp: Slater orbital exponents−according to Zerner [12, 22, 23], these are
taken from Santry and Segal [24] for Si atoms;

• 3-6: ζd1, its coefficient C1, ζd2 and its coefficient C2. It is important to note that d-
orbitals are not used in the calculation for Si atoms;

• 7-9: Is, Ip, and Id−ionization potentials for Si published by Santry and Segal [24]
(atomic data for Si);

• 10-12: βs, βp and βd (resonance integrals). In the case of Si, βd is neglected, βsp=
-9 eV [25];

• 13-20: F2(p,p), G1(s,p), F2(p,d), F2(d,d), F4(d,d), G1(p,d), G2(s,d), G3(p,d)
−Slater-Condon factors, published by Bacon and Zerner [23] for Si. These seven
parameters are used in the module INDO/1 for geometry optimizations;
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• 21, 22: Eatom−electronic energy of an isolated atom; Hatom - heat of formation
of an isolated atom−these two parameters are known from experimental atomic
data;

• 23-25: Is,a, Ip,a, Id,a−second set of ionization potentials, involving transitions to
d orbitals and are thus neglected in the case of Si;

• 25-28: C1, C2 and C3,a−fractional contributions of d-configurations to the core
integral−neglected in the case of Si;

• 29-31: γss, γσδ, γdd−two-electron one-center Coulomb integrals−calculated from
the Slater orbitals for Si, taken from Santry and Segal [24].

• Other parameters are set to be constants, such as fπ=0.585, fσ=1.267, for singlets
excitations. The two-center, one-electron integrals are used to calculate some of
the overlap matrix elements Sij and are treated as parameters.

Before INDO/S was used in this study, there was a need to re-optimize the β

parameter for Si (Eq. (2-27)). In the literature, there are a number of papers that provide

experimentally measured IR spectra as well a UV/visible absorption spectra for

molecules containing Si [26 - 33]. Only molecules that contain Si and atoms, for which

the INDO/S has been previously parameterized, were selected. In the chosen structures,

Si participated with both π- (for instance, in the cases of silabenzene and H2SiCH2) and

σ-bonding (for instance, in the cases of Me6Si2, (Me2Si)5 and (Me2Si)6). The geometry

of these molecules was optimized with the Austin Method 1 (AM1), predicting bond

length within a few percent of the corresponding experimental values. The absorption

spectra were calculated with the INDO/S for each molecule for various values of β.

Let us consider a total of N Si-containing compounds. The experimentally

measured absorption spectrum of each compound will exhibit electronic transitions with

energies E1, E2, .... EMk where Mk is the total number of transitions for a given compound.

If the calculated prediction of a transition energy is denoted as ek(β), then
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is the average error, associated with a given value of β.

The smallest average deviation was found to be 0.24 eV, which is achieved at β(Si)

= -9 eV. Table 3-1 shows a comparison between theoretical and experimental values for a

variety of transitions of ten different Si-containing compounds. It has to be emphasized,

that the error of 0.24 eV in the calculated transition energies, comes as a result of both

MOPAC geometry optimization and INDO/S spectroscopic calculation.

In conclusion, ZINDO is an INDO-based FORTRAN code, which allows one to

calculate optical absorption spectra (electronic structure) of molecules, containing the

elements H, Li, B, C, N, O, F, Si, P, S, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn with a

precision of 0.25 eV. Other elements have also been parameterized by research groups.

MOPAC: AM1 and PM3

In the 1970s, the MINDO/3 and MNDO codes (Zerner [12] and the references

therein) have been introduced. They represent a “Modified version of INDO”,

specifically para- meterized for prediction of geometries and heats of formation of

molecules. A brief explanation of the Fock matrix elements within MINDO/3 and

MNDO as well as a discussion on their parameterization can be found in the literature

[12].

Both MINDO/3 and MNDO are NDDO-based. The first practical program that

contained both approximations was the code MOPAC [34, 35]. It has been parameterized

for geometry optimization of molecules, vibrational frequency spectra, heats of
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formations and other properties [12]. However, the inability of MNDO to successfully

model hydrogen bonding has led to the development of the Austin Model 1 (AM1) and

the Parametric Method 3 (PM3), the last being the third parameterization of MNDO.

Table 3-1. Comparison between experimentally measured and theoretically calculated
transition energies and wavelengths for various Si-containing molecules

Compound Experiment [eV] INDO/S [eV]

(CH)5SiH [26]
3.88
4.56
5.85

4.28
4.59
5.56

H2SiCH2 [28] 4.68 4.68

MeSi(CH)5 [29]
4.00
3.85

4.20
4.20

(CH)6(CH2)2MeSi [29] 4.72 4.96

Me2Si(CH)2 [30]
4.53
5.12

4.46
5.06

Me(H)SiCH2 [31] 4.77 5.15

Me6Si2 [32]
6.43
7.52

6.60
7.90

Me2Si [33] 2.76 2.95
Me2Si5 [33] 4.68 4.83
Me2Si6 [33] 5.17 5.10

It is important to note that since AM1 and PM3 are both NDDO-based, they are

therefore founded on the Hartree-Fock approximation. In AM1 and PM3, the variational

principle is applied to the AOs and the molecular wave function, as described in Chapter

2. However, the coordinates {Rk} of the atoms in the molecule are also varied until the

condition

0=−==
∂
∂

k
k

FUgrad
R

U r
(3-2)

is satisfied, that is, until the forces acting on the different atoms are reduced to zero. U

represents the potential of interaction between the atoms in the molecule.
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The Hartree-Fock method and the variational principle are applied multiple times,

while the coordinates {rk} are being varied at each step, searching for a minimum of the

norm of the gradient in equation (3-2). The common mathematical procedures for

searching of the potential energy minimum are the method of the steepest descent, the

method of the conjugate gradient, Newton-Raphson and eigenvector following [21].

Detailed description of these methods can be found in any textbook of numerical

methods.

During the Hartree-Fock NDDO calculation, various empirical parameters are used,

many of which have been listed in Section 2.2. Other parameters, specifically introduced

in MNDO, and their influence on the geometry calculations are described in the literature

[12, 34].

MOPAC can calculate 32 different molecular properties [34]. The study of sp-Si

did not require the use of all 32 and therefore attention will be given only to the

quantities, applicable to the present research work.

The heat of formation ∆Hf of a molecule is calculated as follows: the Hartree-Fock

approximation applied to a system of n valence electrons in a molecule results in a

density, P, and Fock matrix, F. The one-electron matrix H, together with the matrices P

and F, participate in the expression for the total electronic energy

( )∑∑
= =

+=
n n

electron FHPE
1 12

1

µ ν
µνµνµν . (3-3)

If the energy of repulsion between two nuclei is En
pair, then the total energy of

repulsion between nuclei in the molecule will be given by

∑∑
<

=
A AB

pair
nuclnuclear BAEE ),( . (3-4)
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The energy necessary to strip all the valence electrons off atom A will be denoted

as Eioniz(A) and the total energy necessary to take all atoms from the whole molecule to

infinity will be Eatomiz. Then the heat of formation of a molecule, calculated by the semi-

empirical methods AM1 and PM3 at a temperature of 298 K in the gas phase is given by

the expression [35]

∑ +++=∆
atomsall

atomizioniznuclearelectronf EAEEEH )( . (3-5)

Eioniz(A) is calculated using empirical parameters. A detailed procedure and

description of these parameters has already been published. [34, 35]. The atomization

energy for the atoms in the molecule is

∑−=
atomsall

SCFSCF
atomiz AEEE )()0(

, (3-6)

E(0)SCF(A) being the lowest total energy for an isolated atom A in the self-consistent

field (SCF) approximation. For a cluster, containing a total of na atoms, one can define

average atomization energy per atom as
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It determines how strongly an atom is bound to the other atoms and therefore could

be used as a measure of the stability of the molecule.

In conclusion, MOPAC allows one to calculate 32 different molecular properties,

between which are the optimal atomic coordinates of a molecule (optimized geometry),

its heat of formation and ground state energy. ∆Hf, being a result of the above semi-

empirical methods, is useful when two molecules are compared. The relative difference
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of the heats shows the energy expenditure necessary for the transformation of one

molecule to another.
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CHAPTER 4
CALCULATIONS AND RESULTS

Known Facts About Spark-processed Silicon

Spark-processed Si (sp-Si) has been thoroughly studied since 1992, when found to

have visible PL at room temperature [1]. However, a large set of its properties have

technological importance only and as such will not be considered here. Some of the

characteristics of the material yield important information about the light-emitting centers

as follows:

• Sp-Si grown in air has PL spectra, which exhibit consistently three peaks: blue,
green and red (peaking around 385, 525 and 650 nm respectively). This fact
suggests that similar light-emitting centers are being formed always, when
crystalline Si (c-Si) is spark-processed in air.

• Temperature behavior of the PL suggests that quantum confinement is not the
mechanism of emission [3]. Therefore, c-Si or c-Si particles are not required in the
modeling of the light-emitting centers. However, the present study includes a
limited number of c-Si clusters for the sake of completeness.

• The PL of sp-Si is highly resistant against etching in hydrofluoric acid, aging, UV
irradiation and thermal annealing up to 11000C. This fact suggests that the emitting
centers occupy stable molecular geometries up to 11000C.

• X-ray diffraction studies [3, 36] show that sp-Si contains amorphous phases. This
fact suggests that the emitting centers, although similar throughout the bulk, are
posi - tioned in different atomic surroundings. In other words, the emitting centers
belong to the same family of molecular clusters and have similar characteristics,
but do not have identical molecular geometries.

• Small-spot X-ray electronic spectroscopy (XPS) studies of sp-Si show that the
material consists of four phases: amorphous SiO2 (a-SiO2), a-Si, c-Si and SiNx or Si
oxynitrides [3, 5]. This fact suggests that the luminescent centers are located in one
of these phases or at an interface between them.

• Earlier studies [4] on sp-Si show that its PL does not originate from SiO2.
Therefore, the emitting centers do not originate from the SiO2.
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• An earlier study [3, 37] states that the PL decay time of sp-Si is in the order of
nanoseconds. A more recent study suggests decay times in the order of picoseconds
[6]. In either case, the decay times are fast and it seems therefore that charge or
energy transfer mechanisms in PL are not likely. The absorption and emission of a
photon occur on the same center. This fact is also confirmed by preliminary PLE
(photoluminescence excitation, Figure 4-1) and absorption spectra of sp-Si, both
showing identical peaks [38]. The absorption spectrum of sp-Si was measured by a
differential technique, called differential reflectometry. Line-shape analysis of the
differential reflectogram (DR) is presented in Appendix A.

• Sp-Si is a diluted magnetic semiconductor and exhibits ferromagnetic properties.
They are annealed out at around 6000C. The PL properties are observed after
thermal annealing until at least 11000C. This fact suggests that the two phenomena
are not related and the light emitting centers are probably non-magnetic, having
singlet ground states (zero spin).

Figure 4-1. PLE, PL and DR (e.g., absorptivity, see Appendix A) characteristics of
Sispark-processed in air.
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The surface area of sp-Si constitutes mainly of a-SiO2. However, there is a

population of Si particles in the matrix of a-SiO2 [3, 36]. The emitting centers could be

related to Si particles in a matrix of a-SiO2.

The optical absorption spectra of sp-Si processed in air and sp-Si processed in pure

oxygen show similar bands between 200 and 300 nm. However in one of the cases (in

pure O) the bands are resolved (Figure 4-2), while they are convoluted in the other case

(in air). This fact suggests that the light-absorbing centers in both materials might be

related, but will have important differences.

Research Procedure

Since sp-Si consists of a-SiO2, a-Si, c-Si and Si nitrides/oxynitrides, the light-

emitting centers will be modeled as

• Amorphous SiO2 – based clusters with and without participation of N atoms;
• Amorphous Si – based clusters with and without participation of N atoms;
• Si nitride and oxynitride clusters;
• Clusters of the type a-SiO2/a-SiNxOy or a-SiO2/a-SiNx;
• Clusters of the type a-SiNxOy/a-Si or a-SiNx/a-Si;
• C-Si clusters will be included for completeness: a-SiNxOy/c-Si, a-SiNx/c-Si;
• Clusters of the type a-SiO2/a-Si and a-SiO2/c-Si.

For all 7 families of molecular clusters the following procedure was applied:

• Without exception, the cluster geometries were based on previously published
studies, showing sufficient experimental and/or theoretical support for their
existence;

• Modification of the above geometries was done strictly following the rules of
bonding for O, N, Si and H;

• All dangling bonds were terminated with H atoms;

• The structures of all clusters were optimized with AM1/PM3;

• ZINDO/S spectroscopic calculation was performed for all clusters, resulting in a
calculated optical absorption spectrum;

• The calculated spectrum was compared with the spectrum of sp-Si.
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• 

Figure 4-2. Differential reflectogram (e.g., absorption spectrum, see appendix A) of
Silicon spark-processed in O atmosphere. The material does not show
PL,when excited with a He-Cd laser (325 nm) [39].

Many of the studied complexes were tested for spin state contamination by

projecting the molecular Slater-type wave function Ψ over wave functions, representing

the pure multiplicities (the eigenfunctions of the spin operator S2). In the case of

Unrestricted Hartree-Fock (UHF) type of field, all molecules studied in this work satisfy

the condition

UHFUHFS Ψ≈Ψ σ2ˆ , (4-1)

where σ is a scalar quantity. Therefore, the clusters studied in the present work have been

considered to have singlet ground states (closed shell configurations) and the Restricted

Hartree-Fock (RHF) implementation of the INDO code was used.



29

The high temperature stability of the PL in sp-Si suggests the emitting centers

occupy equilibrium molecular geometries, which excludes defects from consideration.

Certain defects in the sp-Si bulk are responsible for its magnetic properties, which are

annealed out at ~ 600 0C [40], while the PL properties remain at this temperature. To add

more weight to this argument, one can also point to the fact that N atoms in Si-rich silica

are proven to improve the properties of the dielectric by reducing the density of charged

and neutral defects [41 - 50] and at the same time it has been established that N is of key

importance for the PL in sp-Si. Still, some high-strain structures and clusters with

hypercoordinated atoms were included systematically in the calculations, but did not

provide acceptable predictions of the properties of sp-Si.

The calculations with clusters from the various cluster families led to consecutive

approximations to the spectrum of sp-Si with increasing accuracy. They are presented

below in the order the original research was conducted.

Optical Properties of a-SiO2 – based Clusters

Nearly 100 silica ring clusters (Fig. 4-3) were optimized with the AM1 and

modified by substitution of O atoms with N atoms [25]. Various schemes of attachment

of clusters were also applied with the goal to invoke a change in the optical properties of

the resulting structure. After the geometry optimization, INDO/S spectroscopic

calculations were performed for each individual cluster. The optical transitions of the

majority of the studied clusters occur at energies, higher than 6.2 eV (lower than 200

nm). Some of the structures though, allow optical transitions that are in close

resemblance of those in sp-Si. The two-member ring is a planar structure having two

double bonds Si=O [15, 51 - 55]. The ring was modified by

• Substitution of an O atom with a N atom;



30

• Substitution of Si=O with Si-(NH2);

• Replacing of all double bonds with single bonds, concomitant with the addition of a
H atom.

If an N atom takes the place of an O atom and if a double bond Si=O is present then

the resulting absorption spectra exhibit a single peak near 245 nm (5.05 eV, Fig. 4-4). If

all of the O atoms in the cluster are substituted with N atoms, or no N atoms are present,

the peak vanishes.

Figure 4-3. Silica ring-shaped clusters. (a) Two-member ring; (b) three-member ring;
(c) four-member ring; (d) five-member ring and (e) six-member ring.
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The three-, four-, five- and six-member silica rings are non-planar structures [56]

that do not contain double bonds. Substitution of O atoms with N atoms does not result in

absorption peaks that are close to those of sp-Si. However, attachment of a modified two-

member ring may result in alteration of the optical properties. For instance, if a two-

member ring is attached to a six-member ring, an electron transition near 245 nm (Fig. 4-

5) emerges in its absorption spectrum. A similar trend can be observed for some clusters

that are structured as a combination of an extended two-member ring and a six-member

ring (Figs. 4-6 and 4-7).

Further understanding about the process of absorption can be obtained by

considering some specific features of the molecular orbitals in a given cluster. In CI, the

absorption spectrum is calculated from the transitions between CI vectors, which are

mathematically represented by linear combinations of Slater-type determinantal wave

functions. If a transition is possible for a pair of CI vectors, then the energy of the

transition can be identified. The Tabulator program within the CAChe code [57] builds a

three-dimensional coordinate grid and calculates at each point, the value of the electron

probability amplitude for the HOMO and the LUMO. Electron isosurfaces are

constructed, using all points, at which the above calculated amplitude is equal to 0.07

atomic units (a. u.). The occupied and unoccupied orbital surfaces are displayed in

different colors.

Fig. 4-8 is a three-dimensional image of silicon oxynitride molecules and the

orbital isosurfaces for the transition at 245 nm and its vicinity. Similar plots were done

for structures with different sizes. If these exhibit an absorption peak near 245 nm, then

always the HOMO and the LUMO at this excited configuration (which is, the electron
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transition amplitude) are located over the small ring structures with participation of the

oxygen atom in the Si=O bond.
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Figure 4-4. Equilibrium geometries and spectra of modified two-member silica ring
clusters.



33

Figure 4-5. Equilibrium geometries and spectra of modified three- and six-member rings
via attachment of two-member silica ring.
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If the desired peaks were preserved in the spectra of the two-member rings only and

nowhere else, then such structures cannot be used to model the properties of a real solid-

state material. The above facts show, however, that it is possible to incorporate the

strained two-member rings into larger structures and to impart their optical properties to

the whole molecule. Thus, the size of the cluster can be increased without alteration of

the desired properties.

However, the process of attachment does not always retain the transition of the

small rings. As can be seen from the above results, modified two-member ring clusters

turn out to be always inactive when attached to a four or five-member ring. This is also

true in many cases where three- and six-member silica rings are attached. Mere

substitution of O with N in the case of three-, four- and five-member silica ring-chains

does not result in the alteration of optical properties either.

These observations demonstrate that there are many possibilities for incorporation

of N atoms into amorphous SiO2, but only a limited number of them will result in an

optical excitation near 245 nm. The active centers are always dependent on the

availability of a modified two-member silica ring and a double Si=O bond.

The process of sp-Si growth randomly incorporates N and O atoms into an

inhomogeneous, disordered solid phase. It is virtually impossible to control the

microstructure of the material during the spark processing. In this situation, the cluster

structures that contain N atoms, will have dissimilar geometries accordingly. Thus, a

large number of N atoms will participate in the composition of various clusters, not being

able to contribute to the optical properties. A finite number of them are possible to take

part in the formation of modified two-member silica rings. In certain cases, such
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structures will invoke alteration of the optical properties of the material, lowering the

optical absorption threshold energy to 5.05 eV, which corresponds to a wavelength of

245 nm.

Figure 4-6. Attachment of two-member ring to six-member rings.
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Figure 4-7. Calculated absorption spectra of modified six-member rings via attachment of
two-member silica ring. (a), (b) and (c) correspond to the clusters on Figure
4-6 respectively.

Figure 4-8. Three-dimensional molecular orbital surfaces,corresponding to the electron
transition at 245 nm.
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In summary, silica rings alone cannot account for the optical properties of sp-Si,

since they reproduce only one peak of the sp-Si spectrum – the peak at 245 nm. However,

by replacing O atoms by N, a remarkable alteration of the optical properties of certain

two-, three- and six-member silica rings is observed. These results suggest that silica

clusters are potential participants in the process of light emission of sp-Si.

Optical Properties of Silicon Rings

Si and SiO2 clusters of different sizes and geometries participate in the plasma-

assisted vaporization process during spark processing and in the luminescent material as

well [3]. The ring-shaped clusters are an important subset of the large family of these

clusters (Figure 4-9). There is a substantial number of computational studies on Si ring

networks, publications on which can be traced back to 1974 [58 - 70]. These publications

show that theoretical modeling of a-Si with network of three to eight-membered Si rings

successfully predicts experimentally measured properties of material (e. g. radial

distribution function in X-ray diffraction, density of states, infrared spectra etc.).

Therefore, there is theoretical support for the existence of Si rings, which are the

building blocks of the random network of a-Si. Si rings have also been observed

experimentally in a-Si and oxygenated Si rings have been observed at Si/SiO2 interfaces

[71 - 73]. It is therefore relevant to study the optical properties of Si ring–shaped clusters

and how they compare with the measured optical spectra of sp-Si and similar Si-

containing materials.
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Figure 4-9. Optimized geometries of the OH-terminated Si rings.

Previously published quantum mechanical calculations indicate stable geometries

of isolated three-, four-, five- and six-member Si ring-shaped clusters. At room

temperature, they will normally react with oxygen, hydrogen or nitrogen. Our

calculations indicate that this is energetically favorable. Table 4-1 contains data for the

isolated three-member Si ring and shows the trend in energetics when the ring reacts with
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oxygen and nitrogen. The same trend has been observed in the cases of four-, five- and

six-member Si rings.

The AM1 semi-empirical calculations also reveal a definitive trend in the

energetics of all studied Si rings, when a silica ring is attached to them. In all cases, an

increase of the average atomization energy is observed when this type of attachment

takes place. The results are shown in Table 4-2.

Another common trend in the behavior of all studied hydrogenated Si rings is

observed when an O atom is substituted by an N atom. The average atomization energy

<Ea> of such clusters decreases as the number of the substitute N atoms increase.

However, if the heat of formation of the molecule is denoted as ∆Hf
’, then the difference

|)()(| ' clusterringmemberkisolatedHkH ff −∆−∆ (4-2)

diminishes in all cases for k = 3, 4, 5 and 6 when a substitute N is present. In other words,

it takes less energy to add the NH2 group to an isolated Si ring, compared to adding an

OH group. This fact is illustrated in Table 4-3, as well as in Table 4-1.

The optical absorption spectra of the Si ring-shaped clusters consistently show a

number of distinctive features. All spectra exhibit three characteristic peaks, positioned

Table 4-1. The energetics of the three-member Si ring as calculated by the semi-empirical
method AM1.

Compound Calculated <Ea>, eV Calculated ∆Hf, kcal/mol

Isolated Si3 ring - 2.30 243.6
Hydrogenated Si3 ring,

Si3H6

- 3.20 49.1

Si3H5(OH) - 3.66 - 17.8
Si3H4(OH)2 - 4.06 - 90.2

Si3(OH)6 - 5.07 - 365.2
Si3H5(NH2) - 3.63 22.7
Si3H4(NH2)2 - 3.94 - 7.0
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Table 4-2. The energetics of the studied Si rings with attached four-member silica ring as
calculated by the semi-empirical method AM1.

Compound Calculated <Ea>, eV Calculated ∆Hf, kcal/mol

Oxygenated Si3 ring,
Si3(OH)6

- 5.07 - 365.2

Four member silica ring
attached to Si3 ring

- 5.40 - 508.4

Oxygenated Si4 ring,
Si4(OH)8

- 5.10 - 474.0

Four member silica ring
attached to Si4 ring

- 5.40 - 640.1

Oxygenated Si5 ring,
Si5(OH)10

- 5.10 - 603.9

Four member silica ring
attached to Si5 ring

- 5.33 - 769.1

Oxygenated Si6 ring,
Si6(OH)12

- 5.10 - 731.8

Four member silica ring
attached to Si6 ring

- 5.30 - 897.3

Table 4-3. The calculated energetics of the addition of NH2 and OH groups to an isolated
Si5 ring cluster.

Compound Calculated <Ea>, eV |∆Hf
’ - ∆Hf(isolated Si5 ring)| ,

kcal/mol
Oxygenated Si5 ring,

Si5(OH)10

- 5.10 924.4

Si5(NH2)(OH)9 - 4.99 880.4
Si5(NH2)2(OH)8 - 4.93 837.4
Si5(NH2)3(OH)7 - 4.86 794.8
Si5(NH2)4(OH)6 - 4.81 751.2

between 200 nm and 350 nm. On average, the peak located in the neighborhood of 200

nm has the highest intensity, while the other two peaks at 260 nm and 320 nm have

comparable magnitude and usually overlap. However, the peak at 260 nm could dominate

in intensity mostly in the cases when larger clusters are studied. In many spectra, a low-

intensity peak appears, positioned in the interval between 400 nm and 500 nm (Figures 4-

10 and 4-11).
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The substitution of an O atom by an N atom in a Si ring cluster does not

substantially influence its optical properties. This has been the conclusion from a

comparison of more than two hundred spectra of such clusters. Generally, the addition of

an N atom causes a separation of the peaks at 260 nm and 320 nm, which may otherwise

overlap.

The results in Table 4-2 indicate that the atomization energy <Ea> is further

increased in magnitude when a silica ring is attached to the Si cluster. This increased

stability suggests that Si ring-shaped clusters could be incorporated in an amorphous

silica matrix without compromising the stability of the molecule. It should be noted

however that this is a qualitative statement only, while the quantitative influence of

∆<Ea> on the structural properties has not been studied.

The optical absorption spectra of the OH-terminated Si ring-shaped clusters

consistently show three peaks in the neighborhood of 200, 260 and 320 nm (Figures 4-10

and 4-11). The attachment of small silica clusters does not change the optical properties.

Unlike the case of a four-member strained silica clusters with double Si=O bond [25],

substitution of an O atom with an N atom does not lead to alteration of the absorption

spectra of oxygenated Si rings. Additionally, the oxygenated Si ring-shaped clusters

exhibit a small peak in their absorption spectra, located between 400 and 500 nm. The

presence or absence of N atoms in the cluster does not influence the peak position or its

intensity. The positions of the peaks coincide with the positions of small peaks or

shoulders in the spectrum of sp-Si. This fact suggests that Si rings could be contributing

to the PL of sp-Si.
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Figure 4-10. Comparison between an experimentally measured absorption spectrum of
sp-Si (DR, see appendix A) and a calculated absorption spectrum of the
oxygenated Si4 ring Si4(NH2)(OH)7. The dark atoms represent O, the gray
atoms represent Si, the small atoms represent H.
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Si O H

Figure 4-11. Comparison between an experimentally measured absorption spectrum of
sp-Si (DR, see appendix A) and a calculated absorption spectrum of the
oxygenated Si5 and Si6 ring-shaped clusters.
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Optical Properties of Other Silicon Clusters

The Si ring-shaped clusters reproduce a number of features of the optical

absorption spectrum of sp-Si. Compared to the spectra of silica clusters, they come much

closer to the spectrum of sp-Si. Since this is a point of interest, the study of Si clusters

was continued beyond the family of Si rings. The subject of the present section is focused

on amorphous oxygenated Si clusters with 2 to 14 Si atoms.

The calculated spectra of oxygenated Si molecules are not applicable to sp-Si only;

the optical characteristics of any Si- or silica-based light-emitting material can be

compared to the results in this dissertation. The clusters in this work can be related to

oxygenated, amorphous Si particles on the surface of materials, or in the bulk when

amorphous Si particles are buried in amorphous silica, or can represent Si particles,

nucleating in the gas phase in the presence of oxygen during laser ablation of Si or related

growth processes of Si-based materials from the gas phase.

All molecular structures in this section are based on previously published

geometries of isolated Si clusters, optimized with ab initio and DFT calculations and

widely accepted as stable [12, 74 – 79]. In the sp-Si material, Si clusters do not exist as

isolated molecules, but are rather bonded to oxygen and nitrogen atoms or to crystalline

Si particles. We have studied the energetics of addition of the NH2 and OH groups to the

Si clusters. Figures 4-12 and 4-13 display the geometries of certain representative

molecules - Si3, Si8, Si10, Si11 and Si14. Table 4-4 contains data for the energetics of Si3.

The modulus of the average atomization energy <Ea> in the general case increases with

the hydrogenation and always increases with OH-termination of an isolated Si cluster. It

reaches its highest values when N atoms are absent. All of the studied structures in this

work conform to this rule. Identical results have been achieved for a large variety of Si
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ring-shaped clusters [80]. Therefore, the conclusion is imposed that in Si-based

molecules the attachment of (OH) groups leads to structural stabilization which is most

pronounced in the absence of (NH2) groups. It should be noted however that this is a

qualitative statement only, while the quantitative influence of ∆<Ea> on the structural

properties has not been studied.

Figure 4-14 displays calculated spectra of representative oxygenated Si molecules.

The spectra always exhibit a triple-peak feature at or around 205 nm, 250 nm and 320

nm. The variation of the peak positions is within ±5 nm for the first peak, within ±20 nm

for the middle peak and within ±30 nm for the peak at 320 nm. Almost without

exception, a weaker peak between 400 nm and 500 nm is also observed. In the general

case the three peaks between 200 and 320 nm are resolved and still cannot reproduce a

dominant peak at 250 nm, as it is in the spectrum of sp-Si.

The behavior of the triple peak is explained by the following:

Presence of N atoms in the molecule: If an OH group in an oxygenated Si cluster

is replaced with a NH2 group, this invokes small changes in the optical spectrum, which

do not seem to follow a specific trend. In the majority of cases, upon such changes the

agreement between the calculated spectrum of the cluster and the observed spectrum of

sp-Si does not improve. The spectra of oxygenated Si molecules are far closer to the

spectrum of sp-Si, when compared to spectra of SiO2-based molecules and spectra of Si

nitrides. This conclusion is based on comparison between more than one hundred silica

and more than three hundred Si-based structures. Thus, the absorption of light in sp-Si is

highly dependent on Si molecules rather than atomic impurities in the amorphous SiO2

network. The study of the electronic transition amplitudes for the calculated high-
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intensity transitions points towards Si particles within the amorphous SiO2 as responsible

for the light absorption of sp-Si.

Table 4-4. Energetics of the addition of the (OH) and (NH)2 groups to Si3. The left
column shows the values of the average atomization energy in eV.

Compound Calculated <Ea>, eV
Isolated Si3 molecule - 2.62

Hydrogenated Si3 molecule, Si3H8 - 3.10
Oxygenated Si3 molecule, Si3(OH)8 - 5.18

Si3(NH2)(OH)7 - 5.10
Si3(NH2)2(OH)6 - 4.96
Si3(NH2)3(OH)5 - 4.90
Si3(NH2)4(OH)4 - 4.81

Figure 4-12. Geometries of OH-terminated Si3, Si8 and Si10 molecules.
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Figure 4-13. Geometries of the cage-shaped oxygenated Si11 and Si14 molecules.
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Figure 4-14. Calculated spectra of oxygenated Si4 and Si6 molecules. The dark atoms
represent O, the gray atoms represent Si, the small atoms represent H.
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• The role of the Si atoms: We have calculated the spectra of hydrogenated Si2 –
Si14. Interestingly, the triple-peak feature of the spectrum is preserved in most of
these cases. The peak at 205 nm is very strong, while the other two peaks overlap.
The low-energy peak at 400 nm is absent in the spectra of small, hydrogenated Si
molecules and reappears in the spectra of the larger ones (Si10 and up), together
with neighboring smaller peaks. Despite that hydrogenated Si clusters are most
probably not present in sp-Si, the specific features of their spectra suggest that the
absorption of light in hydrogenated and oxygenated Si molecules occurs mainly
over the Si atoms, while the H, O and participating N atoms have minor role, which
could be related to a possible light emission in such molecules.

Within the set of calculated spectra of oxygenated Si clusters studied in this work,

we have obtained a limited number of optical absorption curves, which show close

agreement with the observed spectrum of sp-Si. Representative cage-shaped cluster

structures associated with these spectra are shown on Figure 4-13, while Figure 4-15

displays a comparison between the calculated and observed absorption. These clusters

have optical properties, which differ from the general trend of behavior of the studied

oxygenated Si molecules, by exhibiting a large peak centered near 250 nm and

reproducing the low-energy peaks of sp-Si between 500 and 700 nm.

Since sp-Si is inhomogeneous and amorphous, a small number of molecular

structures, however close they may match the spectrum of sp-Si, cannot be expected to

account for the properties of the material. This would be a deterministic approach, which

disagrees with the random nature of sp-Si. Rather, a family of stable clusters with

matching optical properties must be responsible for the PL of this material. Nevertheless,

the achieved higher level of agreement with the observed spectra of sp-Si at this stage

indicates that the present study has poceeded in the correct direction.

Optical Properties of Silicon Particles in an Amorphous SiOxNy matrix

As a next step, Si particles in an a-SiOxNy matrix were studied. In this case the

calculated absorption spectra remarkably well reproduced the spectrum of sp-Si. Si cages
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and clusters were modeled as bonded to silica rings. The agreement between theoretical

prediction and experiment was achieved for any Si cluster, bonded to silica rings. The

degree of similarity between calculated and measured spectra varies for the different Si

particles, but the spectral features are similar (Figures 4-16 to Figure 4 - 25).

Our calculations suggest, that the Si particles in a-SiOxNy play a key role in the

process of light absorption in sp-Si. Time-resolved PL measurements with sp-Si have

shown PL decay times in the order of nanoseconds or even picoseconds [6]. This fact

indicates that charge- or energy transfer mechanisms are unlikely prior to light emission

in sp-Si, since such processes result in increased decay PL times. Photoluminescence

Excitation (PLE) and optical absorption spectra of the material show identical peaks

(Figure 4-1). This can be interpreted to mean that absorption is followed by emission on

the same center.

Si

O

H

Figure 4-15. Calculated spectra of oxygenated Si11 and Si14 molecules.
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The PLE spectrum shows that absorption around 320 nm most effectively results in

emission of photons with a wavelength of 380 nm. The absorption at 245 nm is very high,

but less efficient in producing blue emission. Still, laser excitation at 230 nm and lower

energies results in emission of blue light [81]. At these wavelengths, the PLE exhibits a

non-zero tail (Figure 4-1), consistent with the absorption measurements. It is therefore

proposed, that both the absorption and emission of light in sp-Si occur over the Si

particles, embedded in the amorphous insulator matrix of sp-Si.

The Role of N in the Optical Properties of Spark-processed Silicon

In the conducted experiments, the PL of sp-Si was excited by a He-Cd laser (325

nm). It is important to note that PL was observed only for sp-Si, processed in mixtures of

O and N gases (e. g. air). Firstly, the He-Cd laser was not able to excite sp-Si, processed

in pure O atmosphere, which suggests that such material either does not have an

absorption band at the excitation wavelength, or the excited electrons lose energy along

non-radiative pathways. Secondly, the absorption spectrum of sp-Si processed in air is

different compared to the spectrum of sp-Si, processed in pure O atmospheres. For these

reasons it has been inferred, that N plays a role in the optical properties of light-emitting

sp-Si. A large number of studies consistently shows that in a-SiOxNy systems the N atoms

pile up at the dielectric/Si interface [42, 44, 45, 47, 48, 82 - 91]. It has been suggested

that in such situations, Si2 – N – O bonding occurs at the interface [89, 90]. The

application of these facts to our calculations has resulted in structures of the type, shown

in Figures 4-19 to 4-24. Figures 4-16 to 4-18 and Figure 4-25 show good agreement as

well.
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Figure 4-16. Si particle in amorphous silica matrix. The graph displays a comparison
between the measured DR spectrum of sp- Si (appendix A) and the
calculated spectrum of the cluster. The dark atoms represent O, the gray
atoms represent Si, the small atoms represent H.
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Figure 4-17. Si particle in amorphous silica matrix. The graph displays a
comparisonbetween the measured DR spectrum of sp- Si (appendix A)
and the calculated spectrum of the cluster. The dark atoms represent O, the
gray atoms represent Si, the small atoms represent H.
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Figure 4-18. Si particle in amorphous silica matrix. The graph displays a comparison
between the measured DR spectrum of sp- Si (appendix A) and the
calculated spectrum of the cluster. The dark atoms represent O, the gray
atoms represent Si, the small atoms represent H.
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Figure 4-19. Si particle in amorphous silica matrix. The graph displays a comparison
between the measured DR spectrum of sp- Si (appendix A) and the
calculated spectrum of the cluster. The dark atoms represent O, the gray
atoms represent Si, the small atoms represent H.
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Figure 4-20. Si particle in amorphous silica matrix. The graph displays a
comparisonbetween the measured DR spectrum of sp- Si (appendix A)
and the calculated spectrum of the cluster. The dark atoms represent O, the
gray atoms represent Si, the small atoms represent H.
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Figure 4-21. Si particle in amorphous silica matrix. The graph displays a comparison
between the measured DR spectrum of sp- Si (appendix A) and the
calculated spectrum of the cluster. The dark atoms represent O, the gray
atoms represent Si, the small atoms represent H.
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Figure 4-22. Si particle in amorphous silica matrix. The graph displays a
comparisonbetween the measured DR spectrum of sp- Si (appendix A)
and the calculated spectrum of the cluster. The dark atoms represent O, the
gray atoms represent Si, the small atoms represent H.
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Figure 4-23. Si particle in amorphous silica matrix. The graph displays a
comparisonbetween the measured DR spectrum of sp- Si (appendix A)
and the calculated spectrum of the cluster. The dark atoms represent O, the
gray atoms represent Si, the small atoms represent H.
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Figure 4-24. Si particle in amorphous silica matrix. The graph displays a
comparisonbetween the measured DR spectrum of sp- Si (appendix A)
and the calculated spectrum of the cluster. The dark atoms represent O, the
gray atoms represent Si, the small atoms represent H.
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Figure 4-25. Si particle in amorphous silica matrix. The graph displays a
comparisonbetween the measured DR spectrum of sp- Si (appendix A)
and the calculated spectrum of the cluster. The dark atoms represent O, the
gray atoms represent Si, the small atoms represent H.

Since the calculated spectra of clusters with and without N atoms look similar

(Figure 4-26), a χ2 statistical analysis was performed in order to verify whether
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calculated absorption spectra of structures with N would show improved agreement with

the experimental spectrum of sp-Si. χ2 was calculated as

( )∑ −=
k

kk TE
n

22 )()(
1 λλχ (4-3)

for a family of n clusters, each of them having a calculated absorption spectrum E(λ).

T(λ) represents the absorption spectrum of sp-Si, processed in air. In this analysis, 5

different cluster families were studied:

• Si particles with 3, 4, 5, 6, 7, 8, 10 and 14 atoms, terminated with OH groups,
without N atoms;

• Si rings with 3, 4, 5 and 6 atoms, terminated with OH groups, without N atoms;

• Si particles with 3, 4, 5, 6, 7, 8, 10 and 14 atoms, embedded in a-SiO2 matrix
without N atoms;

• Si particles with 3, 4, 5, 6, 7, 8, 10 and 14 atoms, embedded in a-SiO2 matrix with
high concentration of N atoms around the Si particle with bonding configuration
Si2 – N – H;

• Si particles with 3, 4, 5, 6, 7, 8, 10 and 14 atoms, embedded in a-SiO2 matrix with
high concentration of N atoms around the Si particle with bonding configuration
Si2 – N – O – H.

Each cluster group contained 17 different structures. The cluster families show different

average χ2 within 10-2. (This is largely due to the fact, that all spectra were normalized to

unity prior to the implementation of the statistical analysis). If χ2 is plotted vs. Si cluster

size (Figure 4-27), one can see that the agreement between theoretical prediction and

experiment improves for larger Si clusters.
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Figure 4-26. Calculated absorption spectra of a Si particle in an amorphous matrix
withand without the participation of N atoms.

At a first glance, the obtained χ2 values are nearly indistinguishable, because they

are all very close to zero. It seems also, that there is no criterion, based on which some of

the cluster families should be excluded as providing unsatisfactory χ2. To resolve this

problem, we studied the differences between

• The experimental absorption spectrum of luminescent Si spark-processed in air;

• The experimental absorption spectrum of non-luminescent Si spark-processed in O
atmospheres. (A detailed analysis of these two spectra is provided in Appendix A).

The optical properties of the two materials are substantially different. Their

experimental absorption spectra are also qualitatively different. To quantify this
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difference, we evaluated the χ2 when the second spectrum is fitted to the first one. We

achieved a χ2 value of α = 0.1. Therefore, any normalized calculated spectrum fitted to

the experimental spectrum is considered to be unacceptable, if the χ2 of the fit is in the

order of 0.1 (this includes all χ2 values between 0.05 and infinity). If the χ2 of the fit lies

below 0.05, there is no reason to treat the fit as unacceptable.

The plot of χ2 vs. Si cluster size shows, that best agreement between theory and

experiment is achieved for Si14 (Fig. 4-27). Let us consider for a moment a cluster size of

14 Si atoms only. In this case, a substantial difference is observed between clusters with

and without N atoms. The clusters, where N is present, lie below the dividing line of 0.5.

In general, for Si cluster sizes between 6 and 14, the complexes that contain N lie within

the limit of acceptability. If the values of χ2 for Si14 are extrapolated to infinity (the case

of a large Si cluster), one can conclude that acceptable precision of the prediction is

achieved in the cases when N atoms are present in the cluster.

Another issue that will be addressed here is the precision of the χ2 estimate. The

noise-to-signal ratio of the DR is 10-5 (Appendix A). Therefore, no appreciable error in

the χ2 will result from noise in the DR signal. The error of the calculation is ± 0.24 eV,

coming from both the MOPAC geometry optimization and the INDO/S spectroscopic

calculation. The error in the χ2 values at Si14 were estimated by the following procedure:

• The DR and the calculated spectrum were plotted with respect to energy;
• The calculated spectrum was translated with ± 0.24 eV;
• The resulting χ2 values were calculated.

The deviation in the χ2 values at Si14 is estimated to be:

• (OH)-terminated Si clusters, no N: χ2 = 0.08; χ2 ∈ [0.05, 0.1]
• Si/SiO2 clusters, no N: χ2 = 0.07; χ2 ∈ [0.07, 0.1]
• Si/SiO2 clusters, with Si2-N-O-H bonding: χ2 = 0.03; χ2 ∈ [0.03, 0.09]
• Si/SiO2 clusters, with Si2-N-H bonding: χ2 = 0.01; χ2 ∈ [0.01, 0.04]
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The clusters that do not contain N have unacceptable χ2 values (larger than 0.05). Si/SiO2

clusters, with Si2-N-O-H bonding provide an acceptable fit, but the χ2 confidence interval

is large and assumes values, beyond the acceptability limit of 0.05. Si/SiO2 clusters with

Si2-N-H bonding have acceptable χ2 values. Once again, the conclusion is that acceptable

precision of the prediction is achieved in the cases when N atoms are present in the

cluster. This trend will be further verified when more calculations are performed. It is

expected that the clusters, containing N will have χ2 that converges to zero when the size

of the clusters increase to infinity. On the opposite, clusters that do not contain N atoms

will have χ2 that diverges from zero when the size of the clusters increases.

Silicon Spark-processed in Pure Oxygen

The experimental absorption spectrum of this material is shown in Figure 4-2. It

shows three resolved peaks between 200 and 300 nm. Unlike sp-Si prepared in air, there

is no absorption band at 320 nm in this case. Due to this reason, PL cannot be excited

with a He-Cd laser (325 nm excitation wavelength). A χ2 statistical analysis was

performed for the same cluster families as above with the only difference that χ2 was

calculated with respect to the absorption spectrum of sp-Si, processed in pure O. Again,

all cluster families show χ2 within 10-2 and only those having χ2 < 0.05 can be preferred

as a group that describes best the properties of sp-Si processed in O. The structures,

containing N were included, since some N atoms may still exist in the processing

atmosphere or can be attached after the sample preparation.

Some trends were observed when χ2 was plotted vs. Si cluster size (Figure 4-28).

Again, agreement between theoretical prediction and experiment improves for

larger Si clusters. When the values of χ2 for Si14 are extrapolated to infinity, one can

conclude that acceptable precision of the prediction is achieved in the cases when N
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atoms are absent (Figures 4-29 to 4-31). Si rings, terminated with OH groups, show poor

(higher) χ2 values.

Once again, the precision of the χ2 estimate needs to be addressed. Since the noise-

to-signal ratio of the DR is 10-5 (Appendix A), the χ2 will not be influenced by the noise

in the DR signal. The error of the calculation is ± 0.24 eV, coming from both the

MOPAC geometry optimization and the INDO/S spectroscopic calculation. Once again,

the error in the χ2 values at Si14 were estimated by the following procedure:

• The DR and the calculated spectrum were plotted with respect to energy;
• The calculated spectrum was translated with ± 0.24 eV;
• The resulting χ2 values were calculated.

The deviation in the χ2 values at Si14 is estimated to be:

• (OH)-terminated Si clusters, no N: χ2 = 0.05; χ2 ∈ [0.03, 0.05]
• Si/SiO2 clusters, no N: χ2 = 0.03; χ2 ∈ [0.03, 0.07]
• Si/SiO2 clusters, with Si2-N-O-H bonding: χ2 = 0.11; χ2 ∈ [0.07, 0.14]
• Si/SiO2 clusters, with Si2-N-H bonding: χ2 = 0.13; χ2 ∈ [0.07, 0.18]

The clusters that contain N atoms have unacceptable χ2 values (larger than 0.05). (OH)-

terminated Si clusters provide an acceptable fit, while the χ2 confidence interval assumes

the value of 0.05, being the only one unacceptable value. Si/SiO2 clusters without N have

χ2 that occupies both acceptable and unacceptable values.

In conclusion one can say that better precision of the prediction can be achieved in

the cases when N atoms are absent. Again, this trend can be further verified when more

calculations are performed. It is expected that the clusters, containing N will have χ2 that

diverges from zero when the size of the clusters increase to infinity. On the opposite,

clusters that do not contain N atoms will have χ2 that converges to zero when the size of

the clusters increases.
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Figure 4-27. Silicon spark-processed in air. Statistical analysis for five different cluster
families.

Si6 Clusters in Spark-processed Silicon

The plot of χ2 vs. Si cluster size (Figure 4-27) gives further insights about the

difference between sp-Si processed in air and pure O at the molecular level:

• When the number of Si atoms is extrapolated to infinity, the agreement is expected
to improve depending on the presence or absence of N atoms;

• χ2 exhibits minima over certain Si cluster sizes. This can be interpreted to mean that
the probability of the existence of such clusters is higher.

The cases of air and pure O are distinctly different with respect to these two features. For

sp-Si, processed in air, Si6 is a favored structure irrespective of bonding situation. This is

no longer true for sp-Si, processed in O. Similar is the case of Si8. This structure is again,

favored in sp-Si processed in air. Such conclusion is not true for sp-Si, processed in O.
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One of the Si6 geometries is a cage structure [74 – 79]. It could be inferred that

other cage structures might be preferentially created in the air atmosphere during spark

processing. As seen above, processing in pure O seems to no longer favor the Si6 clusters.

It has to be noted also that further and extensive computational results are needed to

obtain a much larger variety of Si cluster sizes. After such a study is accomplished, a

possible trend in the minima of χ2 may be more clearly visible.

Figure 4-28. Silicon spark-processed in pure O. Statistical analysis for five different
cluster families.
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Figure 4-29. Si spark-processed in pure O atmospheres. The graph displays a comparison
between the measured spectrum and the calculated spectrum of the cluster,
shown in inset. Dark atoms represent O, small atoms represent H.
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Figure 4-30. Si spark-processed in pure O atmospheres. The graph displays a comparison
between the measured spectrum and the calculated spectrum of the cluster,
shown in inset. Dark atoms represent O, small atoms represent H.
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Figure 4-31. Si spark-processed in pure O atmospheres. The graph displays a
comparisonbetween the measured spectrum and the calculated spectrum of
the cluster, shown in inset. Dark atoms represent O, small atoms represent
H.
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CHAPTER 5
SUMMARY OF RESULTS

The results of the present work can be summarized as follows:

• The calculated absorption spectra of Si particles in a-SiOxNy matrix reproduce
remarkably well the experimental absorption spectrum of sp-Si. Further, the
similarities between the PLE and the absorption spectra of light-emitting sp-Si, as
well as the pico-second PL lifetimes, are interpreted to suggest that both the
absorption and emission of light in sp-Si involve the same centers. The calculated
absorption spectra strongly suggest that Si particles embedded in the amorphous
insulating matrix of sp-Si play a key role in the process of light absorption and
emission in this material.

• Si spark-processed in air: χ2 statistical analysis with a large number of Si-based
clusters shows that agreement between theoretical prediction and experiment
improves for larger Si clusters. If the values of χ2 for the largest Si cluster in this
study are extrapolated to infinity, one can conclude that acceptable precision (χ2 <
0.05) of the prediction is achieved in the cases when N atoms are present.

• Si spark-processed in pure O atmospheres: Again, χ2 statistical analysis with a large
number of Si-based clusters shows that agreement between theoretical prediction
and experiment improves for larger Si clusters. If the values of χ2 for the largest Si
cluster in this study are extrapolated to infinity, one can conclude that acceptable
precision of the prediction (χ2 < 0.05) is achieved in the cases when N atoms are
absent.

• The role of N in the optical properties of sp-Si: The computer models of the optical
properties of sp-Si show best agreement between theory and experiment for
molecular clusters with participation of N atoms. The N atoms pile up at the
dielectric/Si interface with bonding configurations Si2 – N – O.

• Si6 clusters in sp-Si: the plot of χ2 vs. Si cluster size (Si spark-processed in air)
consistently exhibits minima at Si6, irrespective of bonding configurations. Similar
behavior is observed in the case of Si8. It can be concluded, therefore, that Si
clusters with sizes 6 and 8 are preferentially created during sp-Si growth. The
distinctive minima in the plot of χ2 are no longer observed for Si spark-processed in
O. It has to be noted, though, that further extensive computational results are
needed for a much larger variety of Si cluster sizes. After such a study is
accomplished, the trend in the minima of χ2 may be more clearly visible.
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• Amorphous SiO2 was modeled with 2-, 3-, 4-, 5- and 6-member silica rings. In
general, silica clusters do not exhibit absorption bands below 6.2 eV (200 nm).
Upon substitution of O atoms with N in the structure, electronic excitations with
lower energies are possible. Such substitutions in the small 2-member silica ring
with double Si=O bond result in absorption peak at 5.05 eV (245 nm). This
property can be retained with attachment of the small ring to a larger one. The
electronic transition amplitude at 245 nm is located over the N atoms in the 2-
member silica ring.

• Amorphous Si was modeled with 3-, 4-, 5-, 6-member rings and with small Si
clusters having between 2 and 14 Si atoms, terminated with OH groups. All spectra
of Si rings exhibit three characteristic peaks, positioned between 200 nm and 350
nm. On average, the peak located in the neighborhood of 200 nm has the highest
intensity, while the other two peaks at 260 nm and 320 nm have comparable
magnitude and usually overlap. In many spectra, a low-intensity peak appears in
the interval between 400 nm and 500 nm.

The substitution of an O atom by an N atom in a Si ring cluster does not

substantially influence its optical properties. However, it has a certain influence on its

structure. The average atomization energy <Ea> of such clusters decreases as the number

of the substitute N atoms increase. The atomization energy <Ea> increases when a silica

ring is attached to the Si ring cluster. The degree of importance of the variations of <Ea>

has not been studied.

OH-terminated Si2 – Si14 have properties very similar to those of OH-terminated Si

rings. The spectra always exhibit a triple-peak feature at or around 205 nm, 250 nm and

320 nm. The variation of the peak positions is within ±5 nm for the first peak, within ±20

nm for the middle peak and within ±30 nm for the peak at 320 nm. Almost without

exception, a weaker peak between 400 nm and 500 nm is also observed. In the studied Si-

based molecules, the attachment of (OH) groups leads to structural stabilization, which is

most pronounced in the absence of (NH2) groups. The degree of importance of the

variations of <Ea> has not been studied. The presence or absence of N atoms does not

influence substantially the optical properties of this cluster group.
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The properties of sp-Si strongly depend on the chemical content of the processing

atmosphere. When N is present in the gas, certain Si geometries are created and

embedded in an amorphous solid phase material. The N atoms pile up around the Si

particles and exert influence on their structural and optical properties. Spark-processing

of Si in air is a technique that creates stable, light-emitting Si particles embedded in an

amorphous SiOxNy matrix.

The calculated spectra of silica ring-, Si ring-, Si cage-shaped clusters and their

combinations can be compared with the measured spectra of Si- or silica-based light-

emitting materials. The results of the present work can be used to provide further insights

about the role of Si particles in the optical properties of such materials.
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CHAPTER 6
FUTURE WORK

The graph χ2 vs. Si cluster size (Figure 4-26, Section 4) has a defined minimum at

Si6 in the case of Si spark-processed in air. Further calculations with clusters Si15 – Si60

are necessary, since they can reveal similar minima, positioned over the magic numbers

Si20, Si33, Si45 and Si60. Also, the general trend of

( ) ∞→→ nwhenSin 02χ (6-1)

will be further verified.

The optical properties of the sp-Si material depend on the geometry of the light-

emitting clusters in its bulk. Further work on the structural properties can reveal whether

this dependence is valid on higher dimensional scales. Part of this study has already been

accomplished with the stereological study of the porosity and density of sp-Si (Appendix

B). It is currently being continued with fractal analysis of sp-Si and other spark-processed

materials. The accomplished stereological analysis (Appendix B) may prove helpful in

the calculation of the fractal dimension of spark-processed surfaces. So far, it has been

visually established that such surfaces exhibit fractal behavior in the case of sp-Si, since

they show repetitive structural features at various scales (Figure 6-1).

It has been shown by experiment [6], that N atoms play an important role in the

optical properties of various spark-processed materials. Further calculations can provide

models for the light-emitting centers in these substances and give clues about the

importance of N in the process of light emission.
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Figure 6-1. The fractal nature of the sp-Si surface.
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APPENDIX A
SHORT INTRODUCTION INTO DIFFERENTIAL REFLECTOMETRY

Differential reflectometry is an analytical technique, which uses UV/visible/IR

monochromatic light for the measurement of the optical absorption spectra of metals and

semiconductors. The incoming beam scans the surface of two adjacent samples with

reflectivities R1 and R2 (50 – 100 monolayers) and having a small difference in

composition X. A schematic representation of the experimental setup is shown on Figure

7-1. The output signal from a differential reflectometer is called a differential

reflectogram (DR) and has the form [92]
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Γ is used to denote the lifetime broadening frequency, ωT is the electronic transition

frequency, A, s and θ are parameters and X denotes the chemical composition of the

studied material. Detailed treatment on the DR experimental procedure and description of

the DR line-shape analysis has been published [93−95]. The signal-to-noise ratio of the

DR is 10-5. The line shape of the DR spectrum is determined by the function F.
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Figure A-1. A schematic representation of a differential reflectometer’s instrumentation
setup.
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Figure A-2. F(s,θ) for selected values of θ [94].
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Depending on the values of the θ parameter, the different peaks in the DR spectrum

will have shapes, as shown on Figure 7-2.

Since in the crystalline material the electronic transitions occur between well-

defined energy bands, the DR spectrum in this case can be thoroughly analyzed, by fitting

a limited number of F functions to it. Each of the functions is analyzed, the value of θ is

determined and finally, the precise transition energy is calculated.

In the case of amorphous materials, a variety of electronic transitions take place.

Only in one of the calculated spectra in this work, tens of electronic transitions are

observed. The experimental DR of sp-Si is a result of all the excitations from the variety

of clusters in the material and will therefore contain a very large number of transitions. In

such situations, a precise line-shape analysis of the DR spectrum is impossible.

Therefore, the analysis of the DR characteristic of sp-Si (Figure 7-3) will be based

on certain assumptions. First, the DR bands positioned between 200 and 450 nm will be

considered to have a θ parameter = 90o. Therefore, the electronic transition energies

within these bands do not need to be corrected. The bands between 450 and 800 nm

obviously have components with θ ≠ 90o. They were not corrected, but it was rather

assumed that energy bands do exist in this region in the vicinity of the observed peaks

(the correction factors are usually around 10-2 eV).

The DR signal can be expressed in terms of the real and imaginary components of

the dielectric constant ε [92]:

∑∝∆
dX

d

R

R kε
, (7-2)
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Figure A-3. Differential Reflectogram of Si spark-processed in air.

where εk is either Re(ε) or Im(ε). Therefore, the DR spectrum in fact represents the

absorption spectrum of the studied material since ε is proportional to the absorption

coefficient.

In the present work, the DR spectrum of sp-Si was compared to calculated

absorption spectra of various Si-based clusters. The comparison was done visually and a

good fit was considered to be one, which reproduced closely the DR envelope. The χ2

analysis, described in Section 4 was performed always between 200 and 450 nm, since

the rest of the DR spectrum was not corrected. The peaks between 450 and 800 nm do not

show negative absorption, but correspond to DR absorption peaks with θ ≠ 90o, see

Figure 7-2.
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The DR spectrum of Si spark-processed in pure O is plotted in Figure 7-4. As

shown above, it represents the absorption spectrum of the material. Again, similarly to

the above case, this spectrum was analyzed based on the assumption that the energy

bands between 200 and 450 nm have θ ≈ 90o, while the bands between 450 and 800 nm

have components with θ ≠ 90o. The latter were not corrected, but it was assumed that

energy bands do exist in this region in the vicinity of the observed peaks. The χ2 analysis

to this spectrum (Section 4) was performed always between 200 and 450 nm, where θ ≈

90o.

Figure A-4. Differential Reflectogram of Si spark-processed in pure O atmospheres.
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APPENDIX B
POROSITY AND DENSITY OF SPARK-PROCESSED SILICON [96]

Abstract

Spark-processed Si (sp-Si) is a porous solid-state material. Due to the nature of its

structure and morphology, the traditional methods for porosity measurements are not

applicable. Using the Measure Theory and the expected value theorems of stereology, we

have calculated the porosity of sp-Si to be 43%. Stereological analysis was applied to sp-

Si specimen, prepared within a fixed set of growth parameters. Over 60 cross-sectional

scanning electron micrographs of the specimen were utilized in this work. The sp-Si

sample has a characteristic cylindrical symmetry due to the uniform surface resistance of

the Si substrate and to the random nature of spark processing. However sp-Si is not

isotropic, uniform and random (IUR), but rather exhibits radial and axial anisotropy of

porosity. To avoid bias in the calculation, we chose random areas of the cross-sectional

surface of sp-Si and calculated their porosities. The calculated values entered into a

weighted statistical distribution, in which the statistical weights were determined from the

symmetry properties of the sample. The statistical approach and the fact that volume is an

additive quantity, allowed us to use a 2-dimensional population of points in the

calculation of the 3-dimensional pore volume fraction and to satisfy the requirement for

IUR sample. Small-spot X-ray photoelectron spectroscopy studies of sp-Si were used in

the calculation of its density. In the case of inhomogeneous materials, the density is a

weighted (with respect to volume) average of the densities of all participating phases.
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Taking into account the already calculated porosity, we have estimated the density

of sp-Si to be 1.36 g/cm3. The main contribution to this value comes from amorphous

SiO2, which occupies most of the volume of sp-Si.

Introduction

There are a variety of Si-based materials, which offer a variety of physical

properties ranging from insulating to highly conductive. A subclass of these materials has

light-emitting properties and has been an object of increasing interest in the past decade.

However, the physical nature of the light emitting Si-based materials has presented some

challenges in the attempts to study their local atomic structure and other physical

properties closely related to it. The reason for that is the inhomogeneous structure of such

materials. Light-emitting Si achieved by laser ablation [97], porous Si [98] and a variety

of porous silica [99 – 104] have light-emitting properties and are inhomogeneous in most

cases. The bulk of these materials usually contains mixtures of phases - crystalline,

amorphous, surface oxide layers and the frequently present voids (pores).

Technological application of the above materials requires deposition of metal

contacts or other thin films on their surface. In such procedures, surface and volume

porosity of the underlying material is quite important, since it can allow or disallow

smooth and continuous surface coverage. Thus, structural characterization and

understanding of morphology are vital if one is to develop a successful contact deposition

process.

The present work represents a study of light-emitting, spark-processed Si (sp-Si,

Figure 8-1) and its topological and structural properties. Sp-Si has stable

photoluminescence (PL) [1], which is highly resistant against aging, UV irradiation and

thermal annealing up to 11000C [3]. In addition, sp-Si based electroluminescent devices
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have successfully been built [105 – 107] and are currently undergoing a process of

optimization. Electroluminescent sp-Si devices are usually prepared in air, utilizing short

spark processing times (10 – 20 seconds). The material used in the present work was

prepared under identical conditions.

The bulk of sp-Si is highly inhomogeneous and porous. Its morphology and

structure have not been studied so far. Understanding of these properties has value from a

physical point of view; it can be also used to provide further insights for improved metal

contact deposition techniques.

Method

The study of sp-Si porosity presents a serious challenge. The traditional methods

for porosity measurements cannot be applied due to the nature of sp-Si growth and

morphology. Surface atom adsorption techniques are not applicable, since sp-Si contains

a large portion of internally embedded, closed pores (Figure 8-2). The techniques that

involve pore filling are excluded for the same reason. In addition, the bulk contains pores

with dimensions in the order of nanometers. Filling of such pores with liquid may not be

complete and would introduce an unpredictable error in the measurement. Calculation of

the porosity through mass measurements is possible, however this method requires also

precise volume measurements. There were a number of attempts to utilize this technique,

but these efforts did not yield useful results. The main obstacle was the porous surface of

sp-Si, which contains features varying in dimensions from the micrometer scale to the

nanoscale. The volume could not be measured with sufficient precision since the upper

surface could not be mapped correctly (illustrated on Figure 8-3). Additional difficulties

arise from the fact that the sp-Si material is not simply deposited on a Si substrate but
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Figure A-1. Spark-processing of Si. Plasma discharges are directed from a tungsten tip to
a Si substrate. Y is an axis of symmetry, while α is the plane of cross-
sectional cut in Figure 8-2.
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O

Y

X

Figure A-2. Cross-sectional SEM micrograph of sp-Si at a magnification of x120. Y is
the axis of symmetry, X is a radial axis.

Figure A-3. SEM ma of the sp-Si surface.
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extends into it, thereby occupying a certain volume in the substrate, which is not easy to

estimate. In other words, the underlying surface between the sp-Si and the Si substrate

cannot be mapped correctly either.

Solution to these problems was achieved by the application of stereological

measurements. The expected value theorems of stereology allow the calculation of

volume fraction of phases, surface area per unit volume, average feature size and feature

perimeter, to name a few. Detailed description of the various stereological techniques can

be found in the literature [108].

In the Measure Theory, the volume VΩ of a set of points Ω (in 3-dimensional

space) is defined as a measure of the set Ω. The measure of Ω can also be expressed as a

function f, which associates a number VΩ with the set Ω:

)(Ω=Ω fV (8-1)

Using the Peano-Jordan Measure in 3-dimensional space, we can state that the volume V

Ω of the set Ω is proportional to the number of points in Ω, and the functional

dependence f (equation 8-1) has an integral form:

∫ ∫
Ω Ω

Ω =∝ dxdydzdpV , (8-2)

where dp is the density of points in 3-dimensional space, dp=dxdydz. The Measure

Theory will then allow the calculation of the ratio of two volumes of 3-dimensional sets

Ω1 and Ω2 as a ratio of their corresponding measures:
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Applied to the case of sp-Si, this ratio will be
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where Vp is the volume fraction of porosity. The above equation can be applied directly

for calculation of porosity of sp-Si and its form will be:

p
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P ==

int

int
(8-5)

where Pp is the so-called “point fraction”. This equation allows us to study the properties

of a population of points in 2-dimensional space and apply the result to the 3-dimensional

structure of the sample.

It is very important to note, that the expression (8-5) is valid only for samples,

which are IUR, i. e. isotropic, uniform and random. The application of (8-5) to a sample,

which is not IUR will lead to a biased result.

Sp-Si presents a challenge, since the sp-Si sample is not IUR, but exhibits

anisotropy of porosity along the X (radial anisotropy) and Y axes (axial anisotropy,

Figure 8-2). To avoid bias, we need to calculate an average porosity of the sample, which

removes the anisotropy effect. Therefore, we have proceeded as follows:

• A sample of sp-Si was cut in a cross-sectional manner (Figure 8-1);

• The sample was embedded in a resin and fine-polished with diamond powder to
produce a smooth cross-sectional surface;

• The image of the cross-sectional surface was captured using scanning electron
microscope (SEM) at a magnification of x120 (Figure 8-2);
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• A line grid was placed over the image. The spark-processed area (defined by the
surface and the interface lines in Figure 8-2) was divided into 154 numbered tiles.
Each tile is a square having a side of 44.4 µm;

• The set of 154 tiles was subdivided into 32 groups of consecutive tiles. Each group
contains 4 or 5 tiles;

• From each group, we selected randomly one tile as follows:

o tile number 4;
o tile number (4+5);
o tile number (9+4);
o tile number (13+5), and so on.

This process of random selection provided us with 32 tiles with numbers 4, 9, 13,

18, 23, and so on;

• SEM micrographs at magnifications x650 were taken for each of the 32 random
tiles. At this magnification, nanopores could not be studied;

• Linear grids were placed over the images of each tile and the porosity was
calculated from equation (8-5). The numerator is the number of grid intersections
over voids (marked with bright circles, Figure 8-4), while the denominator in (8-5)
is the total number of grid intersections.

Since sp-Si also contains pores with nanometer-scale dimensions, they have to be

taken into consideration when porosity is calculated. Since a magnification of x650 is

insufficient for counting of nanopores, we prepared a second set of SEM micrographs of

the above 32 tiles, captured at a magnification of x3000 and applied equation (8-5) to

calculate the nanoporosity (Figure 8-5). The magnifications of x3000 showed sufficient

detail and were not improved with increase of magnification. To avoid duplicate pore

counting, all high-resolution micrographs were captured from random areas (within the

given tile) that do not contain macropores.

Thus, the total porosity Pi
total measured on a tile i, is determined to be

nano
i

micro
i

total
i PPP += . (8-6)
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One also needs to take into account the fact, that the sp-Si sample has cylindrical

symmetry (Figure 8-1) with an axis of symmetry Y. The cylindrical symmetry is

contingent upon the characteristics of spark processing. Normally, the Si substrate is

uniformly doped and therefore its resistivity is the same throughout its bulk. Once a spark

event occurs at a given point of the substrate surface, the resistivity of this particular

locality increases, since spark processing creates clusters of highly resistive surface

compounds [3]. The next spark event will most probably occur at another surface point

with lower resistivity. Each spark occurs at a surface spot such, that the resistance

between the sparking tip and the spot is minimal. This fact guarantees the circular surface

pattern, observed after spark processing of Si (Figure 8-1).

Since each tile is positioned at some distance from the Y axis (Figure 8-2), it

represents a volume ∆Vi

RRhV ii ∆=∆ π2 , (8-7)

where Ri is the distance between the Y axis and the geometrical center of the tile i and

h=∆R is the tile side. Then, to each tile we associate a statistical weight wi

∑
=

∆

∆= 32

32
1
tilesall

k
k

i
i

V

V
w . (8-8)
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( A )

( B)

( C )

Figure A-4. Selected tile images of the sp-Si sample at a magnification of x650. The right
column displays rectangular grids positioned over the images of the material.
The bright circular marks denote that the grid intersection resides over a
void. A) Near-surface image; B) Image of the sp-Si bulk; C) Near the
interface sp-Si/Si.
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( a )

( b )

( c )

Figure A-5. Selected tile images of the sp-Si sample at a magnification of x3000.
Theright column displays rectangular grids positioned over the images
of the material. The bright circular marks denote that the grid intersection
resides over a void. A) Near-surface image; B) Image of the sp-Si bulk; C)
Near the interface sp-Si/Si.
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The total porosity of the sp-Si sample will be

∑
=

− +=
32

32
1

)(

tilesall
i

i
nano

i
micro

iSisp wPPP , (8-9)

which takes into account the fact that the volume is an additive quantity.

Results and Discussion

The point count measurement contains a certain error. It is due mainly to

microscopy edge effects near the pore boundaries, which appear bright (Figure 8-4). In

all cases when a grid intersection was positioned over a bright pore-edge area, we

proceeded as follows:

• The corresponding mark was counted into the porosity if the intersection was
positioned within the inner (towards the pore) lying half of the bright area;

• The corresponding mark was counted into the porosity and also counted as error if
the intersection was positioned within the outer lying half of the bright area.

Thus, the calculated total porosity is an upper limit to the true porosity, and the

error corresponds to an interval of possible lower values. The linear grids used in the

stereological measurements consist of lines with finite thickness. The points of

intersection of two lines were therefore considered to be located on the pixel at the upper

right corner of the intersection.

The edge effects and the error associated with them were largely absent in the

high-resolution images for nano-porosity calculation. Still, some error was generated in

these cases due to the fact, that certain localized areas were not flat. The marks within

them were counted into the error of the measurement and into the nano-porosity as well.

As a result, the error of the nano-porosity count is larger compared to its counterpart in

the macro-porosity measurement.
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Applying the equation (8-9), we calculated the micro-porosity of sp-Si to be

26.0% with an accuracy of 2.0%. The nano-porosity is 16.9% with an accuracy of 4.0%.

Therefore, the total porosity of sp-Si is calculated to be 42.9% with an accuracy of 6.0%.

This should be interpreted to mean that true porosity lies within an interval with

numerical length of 6%, defined by the upper limit of 42.9% and the lower limit of

36.9%:

%9.42%9.36 ≤≤ −SispP . (8-10)

Figure 8-6 depicts the radial distribution of porosity. The term “radial” refers to

the cylindrical symmetry of the sp-Si sample, where Y is the axis of the cylinder, and one

of its radii lies along the X axis (Figures 8-1 and 8-2). The porosity is lowest at the

sample edges and exhibits peaks symmetrically positioned with respect to the Y axis. It

can also be noticed that the porosity can occupy values higher than 80% in certain small

localities. Another distribution is shown on Figure 8-7. This is the radial porosity

distribution of a surface layer with thickness of approximately 100 µm. P occupies high

values even at the edges and is peaked in the middle of the sample. Under such

circumstances, metal contact deposition on the sp-Si surface will create a better coverage

in the periphery of the sample and will be largely discontinued in its center.

Figure 8-8 displays a depth profile of porosity, achieved by averaging over

horizontal slabs with thickness of around 50 µm. Figure 8-9 depicts a porosity depth

profile, which has been achieved by averaging over layers with the same thickness as

above. In this case, all points of the layers are equally distant from the surface. Both pro-
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Figure 8-6. Radial distribution of porosity in sp-Si. The lines are a guide to the eye.
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Figure 8-7. Radial distribution of porosity in a layer with thickness of 100 µm at the sur-
face of sp-Si. The lines are a guide to the eye.

files show non-linear decrease of porosity, having lowest value of around a few percent

near the sp-Si/Si interface.

Density of Spark-processed Si

The estimate of the density of sp-Si is based on a small-spot X-ray electron

spectroscopy (XPS) depth profile of the material, published by Ludwig [3] (Figure 1-2).

Since sp-Si is inhomogeneous, its average density will be

∑ 
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where the sum is taken over all volumes of the various phases in sp-Si. The factor in the

brackets represents the statistical weight of the density ρk of the corresponding phase k. It

should be noted that (8-11) is calculated entirely based on information from the XPS

measurement and as such it represents the density of the solid phase only. Then, the true

density of sp-Si will be

( )Sisp
phasesolid

SispSisp P −−− −= 1ρρ , (8-12)

where Psp-Si is the porosity of the material, calculated in equation (8-9).

To estimate (8-12), certain approximations are adopted. Based on previously

published data for plasma-grown Si oxynitride materials with similar depth profiles of

SiO2, Si and Si3N4 [44, 82, 83, 91, 109 - 113], we assume the connecting lines in the XPS

diagram of sp-Si (Figure 1-2) to represent data points.

In detail, this assumption is based on the following:

• In the above references, the depth profile of N is typically peaked near the oxide/Si
interface for all as-grown samples, which have not been subjected to additional
treatment;
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Figure 8-8. Depth profile of porosity in sp-Si. The averaging with depth has been perfor-
med over horizontal slabs, as shown in inset.

Figure 8-9. Depth profile of porosity in sp-Si. The averaging with depth has been perfor-
med over layers, equidistant from sp-Si surface (inset).
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• The quoted references show the concentration of SiO2 to decrease in a non-linear
fashion, similarly to the profile shown in Figure 1-2, and the concentration of Si
increases in a similar pattern.

Unless the plasma-grown Si oxynitride films have been subjected to a secondary

treatment (annealing in N, implantation, secondary plasma treatments), the depth profiles

of SiO2, N and Si exhibit behavior similar to the approximation shown on Figure 1-2.

This approximation allows us to generate data points for the concentration of SiO2,

crystalline Si (c-Si), amorphous Si (a-Si) and SixNy for 250 horizontal slabs of sp-Si

having thickness of 1 µm each (as in Figure 8-8, inset). As a second approximation, we

assume for SixNy x=3, y=4. This allows us to use the density of Si3N4 in the calculation.

The densities of the participating chemical compounds are: ρ(a-SiO2) = 2.4 g/cm3

[114], ρ(c-Si) = 2.3 g/cm3 [115], ρ(a-Si) = 2.2 g/cm3 [116, 117] and ρ(a-Si3N4) = 3.0

g/cm3 [118]. Using these densities and equation (8-11), we determine the average solid

phase density of sp-Si in each of the 250 slabs. The results are presented in Figure 8-10.

The points of discontinuity are due to the first approximation in the calculation. ρ

decreases from the value of 2.4 g/cm3, corresponding to the density of SiO2, to the value

of 2.3 g/cm3, corresponding to the density of c-Si.

The average density for the entire solid phase is determined by equation (8-11),

where the averaging is conducted over the 250 slabs. However, since the surface of sp-Si

and the interface sp-Si/Si substrate cannot be mapped correctly, the precise volume of

each slab cannot be estimated. In order to avoid this obstacle, we assumed all slabs to

have equal volumes. Mathematically, this means that their densities enter the sum (8-11)
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Figure 8-10. Depth profile of sp-Si density. The averaging with depth has been performed
over 250 horizontal slabs, as shown in the inset of Figure 8-7.

with equal weights and artificially increase the volume contributions from the

surface and interface areas, which are otherwise small. Therefore, the calculated value of

the sp-Si density is an estimate, which overstates the participating amounts of a-SiO2 and

c-Si.

Our calculation determines ρsolid phase
sp-Si to be 2.38 g/cm3. Since most of the volume

of the material is occupied by SiO2 (ρ(a-SiO2) = 2.4 g/cm3), the value of 2.38 g/cm3

shows that Si dioxide is the main contributor to the density of sp-Si. The true density of

sp-Si, after taking into account the contributions from both the solid phase and the voids

in the material, is calculated by equation (8-12):
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3/36.1 cmgSisp =−ρ . (8-13)

Conclusions

The total volume fraction of porosity in sp-Si is calculated to be approximately

43%. The surface porosity of the material is high, reaching up to 69% in the central area

of the sample. This study was conducted for sp-Si specimen, grown within a fixed set of

processing parameters. Despite that the variation of the growth parameters may influence

the microstructure of the material, our results have general applicability and describe a

non-traditional method for successful porosity measurements. The density of sp-Si is

estimated to be 1.36 g/cm3. The main contribution to the density of this material comes

from a-SiO2, which occupies most of its volume.
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