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Abstract

Silicon nanoparticles (NPs) embedded in a dielectric matrix, such as SiO2, pose
a promising candidate for all-silicon multi-junction solar cells. This material is often
analysed with photoluminescence (PL) measurements. In literature, the intensities
of di�erent PL measurements are either directly compared or normalized. Normal-
ization leads to loss of information, and direct comparison is questionable because
of the many factors in�uencing intensity.

In this thesis, a study is performed on PL spectra of Si NPs embedded in intrinsic
SiOx, fabricated with plasma enhanced chemical vapour deposition. A novel way of
scaling PL to the amount Si-Si bonds is proposed, using the phonon modes of a-Si
and c-Si. Both the PL spectum and the phonon modes are measured simultaneously
with a Raman spectroscope. This method makes comparison of intensities between
di�erent measurements possible.

First a literature study is performed, which identi�es three possible PL mecha-
nisms: quantum con�nement in a-Si or c-Si NPs, interface state recombination in
the Si/SiO2 interface, and matrix defects emitting around 2 eV. A theoretical model
is derived to relate the emission spectrum to the NP size distribution. A �tting error
analysis indicates that a combination of interface state recombination and matrix
defects yields the best results with the least amount of �tting parameters.

Finally several experiments are performed, which validate the method and in-
vestigate the e�ect of annealing and passivation temperature, excess silicon content,
and Si-rich layer thickness on the PL spectra. The validating experiments indicate
that this method is independent of misalignment angles up to at least 7°±2°, and
a lower excitation wavelength results in less signal from the substrate and a larger
wavelength measurement range. Passivation with a tube furnace, a rapid thermal
process and hydrogen plasma is investigated. Tube furnace passivation results in the
lowest defect density, which decreases with increasing passivation temperature up to
at least 600 ◦C. Temperatures in excess of 200 ◦C are deemed necessary for e�cient
passivation. By either reducing the excess silicon content, or increasing the Si-rich
layer thickness, the clustered NP fraction decreases. At an annealing temperature of
700 ◦C, a-Si NPs are present, which grow further and form large a-Si patches when
the annealing temperature is increased to 900 ◦C. At a 1000 ◦C, the a-Si clusters start
to crystallize, and a-Si and c-Si NPs coexist. Although PL peak shifts are visible,
which are in accordance with quantum con�nement, the PL spectra are dominated
by interface state recombination.
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1Introduction
This chapter starts with the motivation for this research, based on global warming

and the need for e�cient sustainable energy resources. Next the relevant theory is

presented; starting with quantum mechanics, followed by nanoparticle formation,

phonons and recombination mechanisms. Finally a short literature review of

photoluminescence and its mechanisms in silicon oxide embedded Si nanoparticles

is presented, which leads to the research goals and objectives of this master thesis.

1.1 Motivation

The climate problem and all its consequences is one of the global challenges human-
ity is facing today. In the latest report of the IPCC it is stated that �continued

emission of greenhouse gases will cause further warming and long-lasting changes

in all components of the climate system� and �limiting climate change would require

substantial and sustained reductions in greenhouse gas emissions� [1, P. 8]. This
shows the severity of the problem, and the need for a solution. An approach to re-
duce greenhouse gas emissions is making a transition to more sustainable and clean
energy technologies.

One of these sustainable energy technologies is photovoltaic conversion of sunlight
into electricity. This technology has already proven itself with a fast growing market
[2]. However silicon-wafer based modules, which have a market share of 92% [2],
are approaching their theoretical e�ciency limit of 29.4% [3]. The search for higher
e�ciency has led to the investigation of multi-junction solar cells.

Multi-junction solar cells consist of a stack of two or more cells with di�erent
bandgaps, and require advanced bandgap engineering in order to work optimally
[4, 5]. Silicon nanoparticles (NPs) embedded in a dielectric matrix such as SiO2

pose a promising candidate for all-silicon multi-junction solar cells, since it combines
a tunable bandgap with abundant materials. The bandgap can be tuned by changing
the NP size [6�14], and the use of abundant materials makes it viable for large scale
applications [6, 15, 16].

The optical properties of these NPs have been extensively studied with photolu-
minescence (PL) spectroscopy, providing insight into the electrical properties of the
material [17]. However the origin of PL in Si NPs embedded in a SiO2 matrix is
still under debate [7, 17]. The theories include quantum con�nement [6�14, 18�27],
interface state recombination [11, 20�22, 28�32] and defects [9, 10, 24, 27, 29, 32�39].

The PL intensity indicates the recombination rate and mechanisms at play, and
comparing the intensities of di�erent contributions among di�erent samples provides
interesting information, such as changes in the electronic structure or defect densities.
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Chapter 1. Introduction

In literature there is however no consensus on how to compare di�erent PL spectra;
the intensities are either directly compared [8, 11, 40�44], or normalized [29, 31,
45�52]. Normalization leads to loss of information, since only relative intensities
of di�erent contributions can be compared, but absolute intensity is lost. Direct
comparison is questionable because of the many factors in�uencing intensity; sample
angle [47, 53], contamination, excitation power [54, 55], temperature [52, 56], sample
thickness and NP density.

In this thesis a material study is performed on Si NPs embedded in intrinsic
SiOx. The characterization is mainly focused on PL, and a novel way of scaling
PL is proposed. Due to this scaling, PL intensities of di�erent measurements can
be compared, removing the in�uence of sample angle, sample thickness and NP
density. A model is derived to �t the acquired spectra, and help with identifying
the di�erent contributions. Finally four experiments are performed to asses the new
scaling method and model, and to elaborate on the source of PL in the material.

1.2 Theory

This section explains the relevant physics and chemistry theory. First quantum
con�nement (QC) is explained, which is the typical property of NPs. Then NP
formation and embedded NP structures are discussed, which supports the structure
chosen for this research. Next phonons and recombination mechanisms are addressed.
Finally this section is concluded with a literature review on PL mechanims of silicon
oxide embedded Si NPs.

1.2.1 Quantum Mechanics

In quantum mechanics the position ~r of a particle at time t is described by its wave
function Ψ(~r, t), which is found after solving the Schrödinger equation [57]:

ih̄
∂

∂t
Ψ(~r, t) =

[
V (~r, t)− h̄2

2m∗
∇2

]
Ψ(~r, t), (1.2.1)

where V is the potential, h̄ is the reduced Planck constant, m∗ is the e�ective mass of
the particle and ∇ is the Laplacian operator. In contrast to classical mechanics, the
wave function does not give the unambiguous position and momentum of a particle.
Instead it represents the state of a particle given by Born's statistical interpretation
of the wave function [57]:∫ b

a
|Ψ(~r, t)|2 dr =

{
Probability of �nding the particle
between a and b, at time t

}
. (1.2.2)

This means that quantum mechanics is governed by statistical interpretations, which
is the cause of some interesting quantum e�ects which are not found in classical
mechanics, such as QC.

2



1.2. Theory

Quantum Con�nement

The QC e�ect is a typical property of NPs, and can be explained with the quantum
well, also known as the in�nite square well. This model describes a free particle,
which is con�ned by an in�nite potential barrier at the edges of the well. This free
particle represents a charge carrier inside a NP, which is con�ned inside the NP by
the high bandgap of surrounding material. The problem is for the sake of simplicity
one dimensional, resulting in the following potential:

V (x) =

{
0 if 0 ≤ x ≤ a
∞ if x < 0 or x > a

, (1.2.3)

in which a is the width of the well. Since the problem is one dimensional the
Schrödinger equation can be reduced. And because V is independent of time, sep-
aration of variables can be used; Ψ(x, t) = ψ(x)φ(t). The time dependent part
is neglected for the rest of this example. For the position component φ(x), the
Schrödinger equation becomes

V (x)ψ − h̄2

2m∗
∂2ψ

∂x2
= Eψ. (1.2.4)

Here E is a separation constant, introduced by separation of variables. Outside the
well the only possible solution is ψ(x) = 0. The solution to the Schrödinger equation
inside the well is given by:

ψ(x) =

∞∑
n=1

cnψn(x), (1.2.5)

and where ψn(x) is given by:

ψn(x) =

√
2

a
sin(

nπ

a
x). (1.2.6)

n = 0, 1, 2, 3... is the quantum number, representing the state of the particle in
the well, and the coe�cient cn is determined by the initial wave function f(x),
cn =

∫
ψ∗n(x)f(x)dx [57]. Since the initial wave function is not considered important

for this example, cn is neglected. The interesting part of this model is that it shows
energy discretization and size dependence, because of n and a respectively:

En =
h̄2π2n2

2m∗a2
. (1.2.7)

Now that the solution for 1D is known, it is relatively easy to expand this to 3D.
The total energy of the particle is the sum of the energy of each direction:

Enx,ny ,nz =
h̄2π2

2m∗

(
n2
x

a2
x

+
n2
y

a2
y

+
n2
z

a2
z

)
, (1.2.8)

3



Chapter 1. Introduction

where the subscripts x, y and z represent each of the three spatial dimensions. For
the simplest case of a cubical box with sides of length a and nx = ny = nz = n
equation 1.2.8 reduces to:

En =
3h̄2π2n2

2m∗a2
. (1.2.9)

This equation holds for a cubic NP, however for a spherical NP with a diameter
a the con�nement is larger because the volume is smaller. Therefore a correction
factor of 4/3 is introduced [17]. To obtain the bandgap of a NP, the QC energy of
the ground state of the NP is added to the bandgap of the bulk, Ebulk:

Eg = Ebulk + E1 = Ebulk +
3h̄2π2

2m∗a2
. (1.2.10)

The e�ective masses of electrons and holes in silicon are m∗e = 1.18m0 and m∗h =
0.81m0 respectively [58], with m0 the electron rest mass. The total e�ective mass is
then calculated using the following relation [57]:

m∗ =

(
1

m∗e
+

1

m∗h

)−1

, (1.2.11)

which leads to an e�ective mass of m∗ = 0.48m0.

Tunnelling

In classical mechanics it is impossible to overcome a potential barrier with height V0

when E < V0, with E the energy of the particle. In quantum mechanics however
there is a possibility to pass this barrier because of the probabilistic nature of the
wave function. For example we consider a potential barrier of height V0, ranging
from x = 0 to x = a. When a particle approaches the barrier, there is a �nite
probability for the particle to exist beyond the barrier. The reason for this is the
probabilistic nature of the wavefunction and the requirement of continuity. There
will be an exponential decay inside the barrier, and since the wave function must
be continuous, at the other side of the barrier the wave function cannot be zero, see
�gure 1.1a. For the potential barrier problem, an approximation of the tunneling
probability is given by [59, 60]:

T ≈ exp−
√

8a2m∗(V0 − E)

h̄2 . (1.2.12)

This shows that the barrier should be thin and low, or the particle should have a
high energy, to reach a high tunneling probability. Further expanding the problem,
a �nite potential well is de�ned:

V =


V0 if x ≤ −a
0 if − a < x < a
V0 if x ≥ a

. (1.2.13)

4



1.2. Theory

A �nite potential well represents a nanoparticle embedded in a host material, where
the bandgap of the host material de�nes the potential of the well. The solution to
this problem is a cosine in the well, with an exponential decay in the edges of the
well[61]. The shape of this wave function is shown in �gure 1.1b.

0 a x→

Ψ

V = 0

V = V0

(a)

−a a x→

Ψ1

Ψ2

Ψ3

V = 0

V = V0

(b)

Figure 1.1: The e�ect of quantum tunneling in (a) a potential barrier and
(b) a �nite well. The red line is an exponential decay of the wavefunction
inside the potential barrier. The vertical o�set in (b) is for clarity. The initial
wavefunction is arbitrary and not considered important for this example.

One can imagine that if the edges of the well are of a �nite thickness, there is
again a chance that the particle tunnels through the barrier as in �gure 1.1a. When
the problem is expanded to a repetition of �nite wells with a �nite barrier thickness,
we approach a NP superlattice. In this hypothetical model, charge transport can
only occur by tunneling of charge carriers. In a real material there could also be
energy levels inside the potential barrier, or clustering of NPs which both allow for
other charge transport mechanisms.

1.2.2 Embedded Nanoparticle Formation

The conventional method of fabricating Si NPs embedded in a SiO2 layer is by
depositing a layer of silicon suboxide, a-SiOx with x < 2 [4]. High temperature
annealing of a-SiOx causes phase separation described by:

a-SiOx →
x

x+ δ
a-SiO(x+δ) +

(
1− x

x+ δ

)
a-Si, (1.2.14)

with x + δ ≤ 2 [44]. δ is the change in [O]
[Si] . It is reported that this process starts

around 600 ◦C [62] to 650 ◦C [8]. Full stoichiometrization occurs according to the
following equation:

a-SiOx →
x

2
a-SiO2 +

(
1− x

2

)
a-Si, (1.2.15)

5



Chapter 1. Introduction

which is the limiting case of equation 1.2.14 where x + δ = 2 [44, 46, 63]. It is
believed that this phase separation ensures separation of Si NPs by a SiO2 shell [46].

The a-Si NPs start to crystallize if the cluster radius is larger than the crit-
ical crystallization radius, and when the temperature is above the crystallization
temperature [46]. The critical crystallization radius for a-Si is calculated to be
around 0.57 nm [64, 65]. The a-Si clusters start to crystallize between 900 ◦C [62] to
1000 ◦C [8]. The crystallization temperature depends on composition [8], because an
a-SiOx/a-Si interface decreases the crystallization temperature of a-Si compared to
an a-SiO2/a-Si interface [64].

Embedded Nanoparticle Structures

By changing the initial composition of the silicon suboxide or the annealing con-
ditions, the size of the NPs can be controlled [4, 7, 12]. The resulting monolayer
is shown in �gure 1.2a. Another method to create Si NPs embedded in SiO2 is a
multilayer structure; a repetition of SiOx and SiO2 layers [4], so called Si-rich and
bu�er layers. In this structure the NP size can be controlled to a certain degree by
the Si-rich layer thickness and composition [46, 47], and the vertical NP separation
is controlled by the thickness of the bu�er layer [4, 46], see �gure 1.2b. In a solar cell
the contacts will be positioned on the bottom and top of the cell, hence this is the
direction where charge transport is most important. It is believed that this method
gives better control over the NP size and separation than the monolayer structure
[47, 66, 67], and this method has often been applied for embedded NP formation
[66, 68�76]. Therefore a multilayer structure is used in this thesis.

Substrate

Si NP
SiO2

(a)

Substrate

Si NP

SiO2

(b)

Figure 1.2: (a) The monolayer and (b) multilayer structure of Si NPs embed-
ded in SiO2, both after annealing. Made after Janz et al. [67].
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1.2. Theory

1.2.3 Phonons

Although in a solid atoms are bonded together, they are always in a state of continu-
ous motion at temperatures above absolute zero. This is vibrational motion around
an equilibrium position in the lattice of the material. The modes of vibration are
called phonons, of which there are four types; longitudinal acoustic (LA), transverse
acoustic (TA), longitudinal optic (LO) and transverse optic (TO) [61]. Longitudinal
and transverse refer to the direction of energy transfer with respect to the atomic
displacement; longitudinal means they are aligned, while transverse means they are
perpendicular. Acoustic and optic refer to the phase of the atomic displacement;
acoustic means that all atoms are in phase, while optic means that neighbouring
atoms are in opposite phase. These atomic vibrations can be compared to an inter-
connected series of masses and springs. The four phonon modes are illustrated in
�gure 1.3.

LA

TA

LO

TO k →

Figure 1.3: Schematic illustration of the four di�erent phonon modes, made
after Harrison [61].

Crystallinity

Many solids can exist in both amorphous and crystalline form. Di�erences in opti-
cal and electrical properties between amorphous and crystalline Si NPs have been
observed [77, 78], and therefore it is important to quantify the crystalline volume frac-
tion, which is often obtained by measuring a Raman spectrum. Using the integrated
intensities of the amorphous and crystalline TO modes, ITO,a-Si and ITO,c-Si respec-
tively, the crystalline volume fraction Xc can be calculated according to [79, 80]:

Xc =
ITO,c-Si

γITO,a-Si + ITO,c-Si
. (1.2.16)

Here γ is the ratio of Raman e�ciencies of the a-Si TO mode compared to the
c-Si TO mode. This ratio is due to the di�erence in cross-section of the two phonon
excitations, and is set at 0.8 [80�82].

7



Chapter 1. Introduction

1.2.4 Charge Carrier Recombination

Generation of excess charge carriers in a semiconductor can be achieved by illu-
minating the material, with a photon energy larger than the bandgap. A valence
electron can then be excited into the conduction band, leaving behind a hole in the
valence band. This process is called photogeneration, and is one of the key princi-
ples of a solar cell. If excited charge carriers are not collected, they will recombine
again through one of the three types of recombination; radiative, Shockley-Read-Hall
(SRH) or Auger. These three mechanisms are illustrated in �gure 1.4.

With radiative recombination the electron relaxes to the valence band, emitting
a photon with an energy equal to the bandgap. For e�cient radiative recombination
the material should be a direct bandgap material, since then no additional phonons
are required[16].

SRH recombination is indirect recombination, facilitated by an impurity atom
or lattice defect. These defects introduce energy levels within the quasi-fermi levels,
ET, which assists charge carrier recombination. For SRH recombination a conduction
electron can then recombine with a hole by stepping through the defect energy level.
This type of recombination is typically non-radiative, and excess energy is usually
dissipated in the form of heat [16].

Auger recombination is a three-particle process. The excess energy of recombi-
nation of an electron and hole, is transferred to a third particle. This third particle
is either an electron in the conduction band, or a hole in the valence band. The third
particle is then further excited into the respective band, after which it thermalizes
to the band edge.

-

+

EV

EC

Radiative

-

-

+

ET

Shockley-Read-Hall

-

+

-

Auger

Figure 1.4: The three types of recombination in a semiconductor. Only one
of the two con�gurations is shown for SRH and Auger recombination. The
red wave represents a photon. The white circles represent holes and electrons,
indicated by the + and − respectively. EV and EC represent the valence and
conduction band edges, and ET is the trap state energy.

The average time a charge carrier is excited before recombination is called the
lifetime, τ . The e�ective lifetime, τeff , is related to the lifetime of each recombination
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1.2. Theory

mechanism by:
1

τeff
=
∑
i

1

τi
, (1.2.17)

where the subscript i represents the recombination mechanism. The recombina-
tion rate R is related to the lifetime by:

R =
∆n

τ
, (1.2.18)

where ∆n is the excess minority carrier concentration. Since the e�ective lifetime
is strongly reduced by the recombination mechanism with the shortest lifetime, the
recombination rate is therefore dominated by that process.

1.2.5 Photoluminescence of Embedded Nanoparticle Structures

PL is based on radiative recombination after photogeneration of charge carriers [17].
For semiconductors this process consists of the absorption of a high energy photon,
which excites charge carriers from deep in the valcence band far into the conduction
band. These charge carriers then thermalize to the band edges, and recombine
through one of the recombination mechanisms discussed in the previous section.
Although PL only considers radiative recombination, as shown in �gure 1.5, the PL
spectrum contains much information about the electronic structure of the material
[17].

The origin of PL in Si NPs embedded in a SiO2 matrix is still under debate
[7, 17], therefore a short summary of the current theories is presented. First QC
in NPs is discussed, then interface state recombination (ISR) is treated, and �nally
defects in the material are considered.

EV

EC

(1)

(2)

(3)

+

−

+

−

Figure 1.5: Schematic representation of PL in a semiconductor. The blue and
red wave represent a photon with high and low energy respectively. The white
circles represent holes and electrons, indicated by the + and − respectively.
EV and EC represent the valence and conduction band edges. (1): absorp-
tion and excitation. (2): thermalization to the band edges. (3): radiative
recombination.
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Chapter 1. Introduction

Quantum Con�nement in Si Nanoparticles

As discussed in section 1.2.1 the theoretical bandgap of a NP depends on the particle
diameter. Because the PL spectrum depends on the bandgap of the material, the PL
spectrum should also depend on the particle diameter. Since this size dependence
is often seen in the experimental results, QC in NPs is often the explanation for
the resulting PL [17]. In �gure 1.6a typical spectra of Si NPs embedded in SiO2 are
shown, and �gure 1.6b shows the general observed trend in PL maxima as a function
of NP size. QC is both observed in amorphous [14, 18, 25�27] as well as crystalline
NPs [6�13, 18�25, 28].
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Figure 1.6: PL spectra and maxima of Si NPs embedded in SiO2. (a): Nor-
malized PL spectra of multilayer samples with di�erent NP diameter, taken
from Zacharias et al. [46]. (b): PL maxima as a function of NP size, taken
from Küsová et al. [83].

Interface States

It has been shown that the Si/SiO2 interface is not sharp; the NPs are surrounded
by an intermediate region of a-Si and strained SiO2 [84]. Next there is a region
of compressed SiO2 because of the higher density of Si atoms in Si than in SiO2,
which extends about 3 nm into the SiO2 [85]. Therefore some theories state that
PL originates from ISR at the Si/SiO2 interface [11, 29, 32]. The position of these
photoluminescent peaks show only little dependence on NP size, thus not following
QC [11, 20�22, 28�32, 48].

Defect States

Defect states are the last mechanism considered. These defects include photolumi-
nescent defects in the SiO2 matrix, and photoluminescent quenching dangling bonds
at the NP surface. Photoluminescent defects often have characteristic peak positions
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1.2. Theory

independent of Si concentration [9]. A well characterized defect is the non-bridging
oxygen hole center (NBOHC), with an emission at 1.91 eV [24, 34, 36, 86]. It is the
oxygen part of a broken Si-O bond in the SiO2 matrix, and can form by rupturing
a strained Si-O bond [36, 87, 88], see �gure 1.7. Other reported defects include a
double bonded Si=O at the Si/SiO2 interface (1.66 eV) [34] or oxygen de�ciencies
(2.0 eV) [30].

O

O

O
Si

O

O
O

OSi

Strained bond→
→

O

O

O
Si

O

O
O

OSi

Figure 1.7: The formation of a NBOHC defect. The arrows denote the unpaired
spin and the dashed balloons represent their orbitals. Made after Salh[87].

An important PL quenching defect is a dangling bond defect at the surface of a
NP [89], also called a Pb center. Pb centers are considered important non-radiative
recombination sites [43, 90, 91], therefore reducing PL intensity. They have been
identi�ed as a silicon atom bonded to only three silicon atoms, with the non-bonding
orbital aligned along the (111) directions [92]. Other dangling bond con�gurations
are intermediate oxidation states of Si; Si1+ (Si2O), Si

2+ (SiO), and Si3+ (Si2O3)
[85]. Throughout this report dangling bonds on the surface of a Si NP will be referred
to as Pb centers.

To reduce the e�ect of defects, samples are passivated with hydrogen. Bene�cial
e�ects of the interactions of hydrogen in silicon have been shown already in 1976
[93]. It is strongly believed that atomic hydrogen passivates dangling bonds [4,
5, 13, 53, 70, 90, 94�97]. Hydrogen can also passivate photoluminescent defects,
such as defects in SiO2 [10]. Passivation of defects increases the lifetime of the
speci�c recombination mechanism, reducing the recombination rate. This will result
in relatively more recombination in other mechanisms, ultimately increasing PL of
other mechanisms, such as previously mentioned QC or ISR [13, 53, 70].

To give a clear overview of this summary the reported PL maxima and their
ascribed contributions are illustrated in �gure 1.8.

Comparing Photoluminescence Spectra

The presented summary focused mainly on peak position rather than intensity. In-
tensities of di�erent contributions indicate the recombination rates of the di�erent
mechanisms, and is therefore valuable information. The intensity of di�erent contri-
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Chapter 1. Introduction

butions within one measurement can be compared straightforwardly, however com-
paring the intensity of di�erent measurements and samples is questionable. In liter-
ature there is no consensus on how to compare di�erent PL spectra; the intensities
are either directly compared [8, 11, 40�44], or normalized [29, 31, 45�52].

There are some reasons which make direct comparison doubtful. For instance the
sample could be at a di�erent angle, which could result in a di�erent intensity due
to increased re�ection of the excitation beam. In some research the normalized PL
spectra are complemented with PL quantum yield measurements using an integrating
sphere [47, 53]. This technique measures the spectral emission of a sample, integrat-
ing over all directions, thereby removing the angle-dependence. Another technique,
although not used in characterization of Si NPs, called angle-resolved PL, shows
angle-dependent PL intensity and even spectra for some materials [98�100]. Both
techniques are far more complicated than a regular PL measurement and require
specialized equipment. Other e�ects in�uencing PL intensity include contamination
of the surface of the sample, excitation power [54, 55], temperature [52, 56], sample
thickness and NP density.
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Figure 1.8: Reported PL maxima and their ascribed contributions in the PL
spectrum of the considered structure. See table A.1 for data and references.
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1.3 Research Goals & Objectives

As discussed in section 1.2.5, PL gives insight into the electronic structure, the re-
combination mechanisms, the defect density and the charge carrier lifetimes. Com-
parison of intensities of di�erent PL measurements is however doubtful, and would
require specialized equipment, such as integrating spheres. Therefore the research
goal of this thesis is:

Develop a method for comparison

of photoluminescence spectra and intensities of di�erent measurements

of embedded silicon nanoparticle structures using a Raman spectroscope,

and identify the di�erent recombination mechanisms in their spectra.

To achieve this goal the following objectives are set:

� Develop a scaling method for comparing PL spectra and intensities

The PL spectrum is measured with a Raman spectroscope, and simultaneously
the a-Si and c-Si phonon modes are measured. Using the phonon modes to
scale the PL spectrum, several factors in�uencing PL could be bypassed.

� Develop a model to �t the PL spectra

A �tting model is derived to give insight in the PL mechanisms present in
the PL spectra. The model is divided into three parts; QC, ISR and defects.
An over�tting analysis must be performed to identify the best combination of
�tting functions.

� Assess the scaling method

Using di�erent excitation wavelengths during a Raman measurement to dis-
tinguish between Raman phonon modes and PL. And misaligning a sample
in order to examine the e�ect of misalignment on the scaled PL. These two
experiments will identify PL in the measured data, and validate the scaling
method.

� Assess the e�ect of passivation on the PL

Applying the presented method and model to assess the e�ect of di�erent pas-
sivation conditions. Three passivation methods are considered: tube furnace
passivation, rapid thermal process passivation and hydrogen plasma passiva-
tion. Each of these three techniques is performed at three di�erent temper-
atures, providing insight into the passivation reaction, and the behaviour of
di�erent PL mechanisms.

� Assess the e�ect of composition of the Si-rich layer on the PL

By changing the composition of the Si-rich layer, the NP size distribution
and clustered NP fraction is changed. This will in�uence the PL spectrum,
providing insight into the di�erent contributions.

13



Chapter 1. Introduction

� Assess the e�ect of Si-rich layer thickness on the PL

By varying the Si-rich layer thickness the maximum size of the NPs is changed.
Each thickness is annealed at three di�erent temperatures, and passivated with
the tube furnace. This gives insight into the source of PL, and structural
changes in the samples.
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2Experimental Methods
This chapter explains the experimental methods used throughout this thesis. First

the deposition is treated, explaining both the substrate preparation as well as

the deposition techniques. Then annealing and passivation is discussed, which

deals with the tube furnace. Finally characterization of the samples is explained,

comprising of optical techniques to obtain structural and electronic information,

and an electrical technique to obtain the conductivity of the samples.

2.1 Deposition

First the substrate preparation is discussed, after which two deposition techniques
are described. First plasma enhanced chemical vapour deposition, which is the de-
position used for the creation of the multilayer structure. Then physical vapour
deposition is addressed, as it is used for the deposition of aluminium contacts. All de-
positions are performed in a class 10 000 cleanroom, while wearing cleanroom clothes
and gloves.

2.1.1 Substrate Preparation

In this thesis both quartz and c-Si wafer substrates are used. Spectrosil® 2000 is
used as a quartz substrate, which is ultra-high purity silica with exceptional opti-
cal transmission from 0.62 eV to 6.9 eV [101]. The c-Si wafer substrates are 300µm
thick, [100] oriented p-type wafers with a resistivity of 1000-10 000 Ωcm. Each sub-
strate is cleaned in an ultrasonic bath for 10 min in acetone, followed by 10 min in
isopropylalcohol, more commonly known as IPA. After each bath the substrates are
dried using a nitrogen �ow. This entire procedure is executed under a fume hood,
and during this process the substrates are handled with tweezers. The native oxide
layer on the c-Si wafer is not removed because it does not hinder the deposition, or
any of the used characterization techniques.

2.1.2 Plasma Enhanced Chemical Vapour Deposition

Plasma Enhanced Chemical Vapour Deposition (PECVD) is a technique for the de-
position of thin �lms. PECVD is a well-developed technique, which is often used for
creating multilayer structures for embedded NP formation [6, 21, 67, 70, 71, 73, 102].
Using a plasma to deposit thin �lms makes low substrate temperatures possible, be-
low 200 ◦C, which is lower than for conventional chemical vapour deposition processes
[16].
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Chapter 2. Experimental Methods

PECVD is based on the following principle: �rst precursor gases are injected
into the deposition chamber. Then electrical energy is used to generate a plasma,
which generates reactive radicals. These interact with the substrate, allowing thin
�lm growth. Because the formation of reactive species occurs in the gas phase, the
substrate can be maintained at low temperatures. The pressure, substrate temper-
ature, precursor gas composition, duration and the power coupled into the plasma
are some of the parameters determining the composition and thickness of the �lm
[16].

In this thesis a radio frequency PECVD is used, with a radio frequency signal
of 13.56 MHz. All samples are deposited using PECVD at a pressure of 1.4 mbar,
substrate temperature of 90 ◦C, plasma power density of 21 mWcm−2 and electrode
distance of 14 mm. The multilayer structure of the samples consists of alternating
Si-rich and bu�er layers. It contains a total of 37 Si-rich layers and 38 bu�er layers,
starting and ending with a bu�er layer. The thicknesses of the Si-rich and bu�er
layers are 3 nm and 1 nm respectively, unless speci�ed otherwise. Throughout this
theses three compositions are used, two Si-rich compositions with di�erent excess
Si content, and one bu�er composition. The composition is determined using X-ray
photoelectron spectroscopy. The gas �ows for the di�erent compositions are shown
in table 2.1.

Table 2.1: PECVD settings for the deposition of the di�erent compositions.
The settings of SiO0.3 and SiO1.3 were adopted from Fusi, 2015 [103], and used
as a starting point to obtain the SiO0.9 composition.

Gas �ows [sccm]
Layer Composition SiH4 CO2 H2

Si-rich SiO0.3 10 27 200
Si-rich SiO0.9 4 55 200
Bu�er SiO1.3 2 72 200

2.1.3 Electron-Beam Physical Vapour Deposition

The aluminium contacts used for determining the conductivity of the sample are
deposited using physical vapour deposition. This technique vaporizes the source
material in a vacuum chamber by bombarding an Al target with an electron-beam.
The vaporized particles travel through the vacuum and reach the sample, condensing
and forming a layer on the sample [16]. The size and shape of the contacts is
controlled by shadow masks, masking o� the area that should remain free from the
depositing �lm.

For this process the Provac PRO500S is used. All contacts made for the ex-
periments discussed in this report are 300 nm thick aluminium. The contacts are
2×4 mm, and spaced 0.5 mm apart. After the deposition the contacts are annealed
at 130 ◦C for 30 min in air at atmospheric pressure.
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2.2 Annealing and Passivation

As explained in the theory section, annealing and passivation are important pro-
cesses for high quality embedded NPs; annealing causes phase separation and NP
formation, and passivation reduces defect densities. Tube furnace processing is used
for annealing and passivation throughout this thesis. Rapid thermal processing and
hydrogen plasma passivation are two techniques used for passivation in one of the
experiments.

2.2.1 Tube Furnace

A tube furnace (TF) is a furnace which can reach temperatures around 1000 ◦C, and
can be used for process times in the order of hours. Gasses can be injected into these
furnaces to provoke certain reactions.

All TF processes are perfomed in a Tempress horizontal tube stack. In this
thesis a nitrogen �ow is used for annealing, and a forming gas (FG) (90% N2 and
10% H2) �ow is used for passivation. The maximum temperature ramp of the used
TF is 10 ◦C/min, and is used for every TF process. The loading and unloading
temperature is 100 ◦C, in order to minimize oxidation of the sample. The samples
are placed with the substrate onto a c-Si wafer, which acts as a carrier. The annealing
and passivation settings used throughout this thesis are presented in the table below.

Table 2.2: Annealing and passivation settings for the TF unless speci�ed oth-
erwise.

Maximum temperature Time Gas Gas �ow [slm]
Annealing 1000 ◦C 1 h N2 10
Passivation 600 ◦C 1 h FG 10

2.2.2 Rapid Thermal Process

Rapid thermal processing (RTP) is the counterpart of the tube furnace. This furnace
can reach the same temperatures, however the process time is in the order of several
seconds up to minutes, with a temperature ramp of 10 ◦C/s. This rapid heating is
usually provided by lamps or lasers, depending on the furnace. In this project a
Solaris 100 RTP is used, which utilizes 13 quartz halogen lamps on top and bottom
of the sample. This double sided heating is applied to reduce non-uniform heating
found on single sided systems [104]. The temperature is monitored by a sensor which
is attached to a c-Si carrier wafer.

2.2.3 Hydrogen Plasma Passivation

Hydrogen plasma passivation uses plasma to create a reactive atomic hydrogen mix-
ture, which is used for passivation. This is achieved by using H2 as a precursor

17



Chapter 2. Experimental Methods

gas in the PECVD setup. This has the previously mentioned bene�ts of PECVD
with respect to temperature, which is expected to result in passivation at lower tem-
peratures compared to RTP or TF passivation. The passivation is performed at a
pressure of 12.5 mbar1, and electrode distance of 10 nm, and afterwards the sample
is cooled down in N2 at 1.5µbar.

2.3 Characterization

In this section all characterization procedures are described. First spectroscopic el-
lipsometry is explained, which is used for measuring the thickness of the sample.
Next Fourier transform infrared spectroscopy is treated, for determining structural
variations. Then Raman spectroscopy is discussed, which is the main focus of this
thesis. It is used to determine the amount of crystallization of the Si NPs, and it
is also used to both scale and measure PL. After that photothermal de�ection spec-
troscopy is considered, which is a very sensitive method to determine the spectral
absorption of the sample, giving insight into the defect density. Next X-ray photo-
electron spectroscopy is explained, which is used for determining the composition of
the di�erent layers. Finally the dark conductivity setup is explained, used for deter-
mining the room-temperature conductivity of the sample. During all measurements
the sample is handled with a tweezer while wearing cleanroom gloves.

2.3.1 Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) characterizes the change in polarized light upon
re�ection of the sample. Light polarized parallel to the surface of the sample is called
p-polarized, while light polarized perpendicular to the sample is called s-polarized.
The amplitude ratio and phase di�erence between this p- and s-polarized light is
measured. The measurement is most sensitive for a speci�c angle of incidence, which
depends on the optical constants of the sample. Spectroscopic indicates that this
measurement is performed at di�erent wavelengths, resulting in more information
about the sample. SE is especially useful for determining the thickness since the
thickness sensitivity is in the order of 0.1Å with conventional instruments [105].
Because of this SE is mainly used to determine the thickness of the multilayer stack.

A M-2000 J. A. Woollam Co. Inc. Spectroscopic Ellipsometer is used for SE
measurements. For all measurements a photon energy range of 0.73 eV to 6.5 eV
is used. The measurement angle range varies depending on substrate; 55°-70° for
quartz substrates, and 65°-75° for c-Si wafer substrates. The angle range is scanned
in 5° steps, and the sample is aligned at the center of the angle range. Because
of the high transmittance of the quartz substrate, a piece of tape is applied to the
backside in order to scatter backside surface re�ections, which could interfere with
the measurement.

112.5mbar is the highest operating pressure of the used PECVD setup.
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2.3.2 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy, abbreviated as FTIR, is a technique that
measures the infrared absorption spectrum of the sample. Instead of measuring the
absorption at each wavelength separately, it illuminates the sample with a beam of
many frequencies and measures the absorption. Repeating this with di�erent fre-
quency combinations, and using a Fourier transform, the signal is separated into
absorption at each wavelength. Certain resonant frequencies of molecular structures
ly in the infrared range, and infrared light with this frequency is absorbed by these
molecular vibrations. Therefore by measuring the infrared absorption of the sam-
ple, information about the structure can be obtained. Theoretically the absorption
spectrum should have discrete absorption lines, however the individual vibrational
motions are usually accompanied by other rotational motions [87], resutling in ab-
sorption bands. Many absorption bands related to SiOx have been identi�ed, and it
has been shown that FTIR can characterize the structural variations of SiOx [106].

The Thermo Scienti�c Nicolet 5700 is used for obtaining the FTIR spectra. FTIR
spectra are only measured of samples with a wafer substrate, since the infrared trans-
mission of the quartz substrates is insu�cient for e�ective measurements. The spec-
tral range is set at 400-4000 cm−1. Absorption peaks related to SiOx are summarized
in table 2.3.

Table 2.3: FTIR absorption peaks of various Si-O bonding modes and their
wavenumber ranges. If only one value is presented in the wavenumber range,
no range was speci�ed.

Wavenumber
range [cm−1] Mode Reference Remarks
457 Si-O-Si rocking [107, 108]
810 Si-O-Si bending [109�113]

965 1080 Si-O-Si asymmetric stretching TO [62, 108�
114]

With increasing [O]
[Si] :

increasing wavenumber,
increasing LO,
decreasing FWHM

1200 1300 Si-O-Si asymmetric stretching LO [108] Typically shoulder of TO

2.3.3 Raman Spectroscopy

Raman spectroscopy relies on Raman scattering to obtain information about the
composition of the sample. Raman scattering is inelastic scattering of a photon with
the lattice of the material under investigation. This scattering results in a photon
with a higher (Stokes shift) or lower (anti-Stokes shift) energy than the incident
photon. The change in photon energy is either stored in, or released from phonons.
Because monochromatic light is used as a light source, Raman scattering can be
measured by a change in frequency. Raman scattering depends on the vibrational
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modes of the lattice, which is unique to every lattice. Therefore Raman spectroscopy
can provide insight into the structure and bonds in the sample, and is very sensitive
to changes in the material structure.

Raman measurements are typically presented in Raman shift, which eases anal-
ysis of Raman phonon modes. The conventional way of presenting Raman shift is in
cm−1, and it can be calculated with the following relation:

∆w =

(
1

λ
− 1

λlaser

)
· 107, (2.3.1)

where λ and λlaser are the wavelength of the backscattered and laser light in
nanometres respectively. In this report, the Raman spectroscope is used for PL
measurements, which are presented in eV. Conversion of Raman shift to eV is
achieved with the following formula:

E =
hc

q

(
1

λlaser
−∆w · 10−7

)
· 109, (2.3.2)

where h is the Planck constant, c the speed of light and q the elementary charge.
The Renishaw inVia Raman microscope is used for all Raman measurements.

This setup is con�gured in a back scattering geometry, with a grating of 1800 lines/mm.
In all measurements an Ar-ion laser with a wavelength of 514 nm is used, unless
speci�ed otherwise. To make sure no contamination obstructs the measurement, the
sample is cleaned with semiconductor grade ethanol and wiped with a cleanroom
tissue prior to the measurement. All spectra are corrected for the sensitivity of the
detector.

Since the multilayer structure is transparent, a signi�cant part of the laser light
reaches the substrate. This results in a contribution of the substrate in the measured
data. A c-Si wafer substrate shows a strong c-Si TO mode, thereby hindering the
determination of crystallinity. A quartz substrate also shows a signal in the same
range, however it is much lower. Although both substrates are expected to con-
tribute to the measured data, only samples with quartz substrate are used for this
measurement, because of the lower contribution. Because the quartz is transparent,
it is possible that the sample stage could also contribute, therefore the sample is
positioned in such a way there is no material directly underneath the point of mea-
surement. For determination of the crystallinity a matlab script written by de Grunt
is used, with a γ factor of 0.8. For a detailed description of this �tting method, see
de Grunt [115].

The Raman shift range is set at 100 cm−1 to 9438 cm−1, which is the maximum
range, with an integration time of 30 s and one accumulation. The laser power is set
at 32 µW, and the laser spot is approximately 12µm in diameter. The used settings
are considered su�cient for reduction of measurement errors, for a detailed error
analysis see appendix B.1.

20



2.3. Characterization

2.3.4 Photothermal De�ection Spectroscopy

Photothermal de�ection spectroscopy (PDS) is a technique to accurately measure
the wavelength dependent absorption coe�cient. In this thesis a special kind of PDS
is used, namely absolute PDS. This special setup is able to measure the absorption,
re�ection and transmission simultaneously on the same spot. This allows for pre-
cise correction of constructive and destructive interference in the thin �lms of the
sample, and results in a more accurate absorption spectrum compared to other PDS
techniques [116]. For a detailed description of this setup see Remes et al. [116].

In this thesis, PDS is mainly used to compare the wavelength dependent absorp-
tion coe�cient, providing insight into the defect density of the material. This is
distinguished by a change in sub-bandgap absorption. The photon energy range is
set at 0.8 eV to 3.6 eV. Only quartz substrate samples are analysed with PDS since
wafer substrates do not have a high transmission in the used spectral range. Be-
cause of the high sensitivity of this setup the sample is cleaned with semiconductor
grade ethanol and wiped with a cleanroom tissue before positioning the sample in
the setup.

2.3.5 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a technique to determine the elemen-
tal composition of the sample. In XPS, the sample is illuminated with an X-ray
beam, and the kinetic energy and number of electrons emitted from the sample
is measured. Using conservation of energy, the binding energy is calculated from
the measured data. Elements have characteristic binding energies, and therefore
produce characteristic XPS peaks. This makes identi�cation of di�erent elements
possible. The relative intensities of the peaks directly show the relative amounts of
each element.

To determine the composition of the di�erent layers, a monolayer sample of
each composition is created and measured with XPS. All XPS measurements are
performed by M.W.G.M. Verhoeven of the department of Chemical Engineering and
Chemistry of the Technical University of Eindhoven, using a Thermo Scienti�c K-
Alpha setup. To remove contamination, the surface of the �lm is etched with an ion
gun prior to measurements.

2.3.6 Dark Conductivity

The only electrical measurement technique used in this thesis is the dark conductivity
setup. This setup supplies a given voltage V to two contacts on the sample, and
measures the current I. Afterwards the conductivity σ can be calculated:

σ =
d

tl

I

V
, (2.3.3)

21



Chapter 2. Experimental Methods

where d is the distance between the two contacts, t the thickness of the layer and l
the length of the contacts. By repeating this measurement at di�erent temperatures,
the temperature dependent conductivity can be obtained:

σ(T ) = σ0 exp

(
−Eact

kbT

)
, (2.3.4)

where T is temperature, σ0 is the pre-exponential factor, Eact the activation energy
and kb the Boltzmann constant. After the data collection, the data is �tted to obtain
σ0 and Eact. Then the conductivity at room temperature can be calculated using
equation 2.3.4.

In order to control the temperature of the sample, the sample stage is equipped
with a thermal controller. A voltage of 100 V is applied to the contacts, and the
current is measured with a Keithley 6517A electrometer. The temperature range
starts at 130 ◦C, which is the annealing temperature of the contacts, and then de-
creases with 10 ◦C steps to 60 ◦C. This measurement is performed both in the dark
and in the light. Although the measurement in the light is not with a calibrated
light source, it still gives an indication of light conductivity. Only quartz substrate
samples are used for this measurement, since Si wafer substrates are conductive and
would interfere with the measurement.
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3Photoluminescence Scaling & Modelling

First a scaling method is presented to scale an obtained photoluminescence spec-

trum, using a Raman spectroscope. Next multiple �tting functions are derived

to �t the spectra, consisting of three parts; quantum con�nement, interface state

recombination and defects. For quantum con�nement a detailed derivation is

presented to relate the nanoparticle size distribution to the obtained spectra. Fi-

nally an error analysis is presented to support the used �tting function.

3.1 Photoluminescence Scaling

If we assume the minimum size of a Si NP is two atoms, it can be assumed that
all Si-Si bonds reside inside the Si NPs. The total amount of Si-Si bonds does
not change during phase separation or crystallization of a-Si, which makes this a
constant. The amount of Si-Si bonds can be measured by measuring the phonon
modes of Si. These phonon modes are measured with a Raman spectroscope, and
by expanding the measured wavelength range, the PL spectrum can be obtained
simultaneously. By dividing the measured spectrum y by the integrated intensity of
the a-Si and c-Si TO mode, the PL is scaled to the amount of Si-Si bonds:

ySi-Si =
y

γITO,a-Si + ITO,c-Si
. (3.1.1)

Again γ is used to account for the di�erence in cross-section of the a-Si and c-Si
TO mode excitations, which is set at 0.8 [80�82].

This poses a reliable scaling method, since all necessary information is obtained
in a single measurement. Another bene�t is that the PL spectrum, which is a bulk
measurement, is related to the density of Si-Si bonds in the sample, which e�ectively
indicates the NP density.

The scaling bypasses the e�ect of NP density and sample thickness on the PL
intensity, as these factors both in�uence the amount of Si-Si bonds in the sample.
The other factors in�uencing PL intensity include contamination, excitation power
[54, 55], temperature [52, 56] and sample angle. Contamination is removed by clean-
ing the sample prior to the measurement. Excitation power and temperature are
assumed to be constant because of the limited measurement time. And to establish
the angle dependence of this method, an experiment must be performed.
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3.2 Photoluminescence Modelling

To give a physical reasoning for the used �tting functions, a model is derived from
theoretical and experimental data. As discussed in section 1.2.5, the PL mechanisms
are divided into three types; QC, ISR and defects. For QC a theoretical model is
derived to relate the PL spectrum to the size distribution of the NPs. For ISR and
defects a normal distribution is used with speci�c limits to the �tting parameters,
based on literature.

3.2.1 Quantum Con�nement

In this section a derivation is presented for the photoluminescent NP size distribu-
tion, and the resulting PL spectrum. First the size distribution of the two possible
structures is discussed: monolayer and multilayer. Then clustering of NPs is consid-
ered, as clustered NPs are believed to have a low PL intensity. Finally the �tting
functions are presented, and some of the limits of the �tting parameters are discussed,
which also depend on the phase of the Si NPs.

Size Distributions

It has been shown that individual NPs show atomic-like emissions, subject to quan-
tum con�nement [117]. In ensembles of NPs this sharp spectral feature is usually
broadened, introduced by size variations of the NPs [117]. To model the PL of en-
sembles of NPs using QC as the PL mechanism, it is �rst necessary to elaborate on
the size distribution, since it strongly in�uences QC.

The size distribution of the NPs depends on the structure of the sample. It is
believed that in a monolayer structure, the NP size distribution follows a log-normal
distribution [43, 118, 119], unless the growth process is not random but controlled
[43]. The log-normal function is given by equation 3.2.1.

fmono(a) =
1

a− amin
exp

[
−(ln(a− amin)− µl)2

2σ2
l

]
(3.2.1)

µl and σl are shape parameters, governing the peak position and width respec-
tively. amin is a location parameter, shifting the distribution, and it de�nes the
minimum NP size. Because of the factor ln(a − amin) this function only exists
for a > amin. This function is not normalized by integration and equating to 1;∫
f(a) da = 1, since the amplitude of this function will be �tted, thereby making

normalization redundant.
For a multilayer structure, the Si-rich layer thickness strongly limits the maxi-

mum NP size [4, 47, 66, 67, 75]. For a single Si-rich layer inside a multilayer stack, a
logit-normal distribution is expected, which is a function with two boundaries, given
by equation 3.2.2:
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fsingle(a, L) =
1

(a− amin)(L− a)
exp

[
−

(ln(a−aminL−a )− µl)2

2σ2
l

]
, (3.2.2)

where L represents the maximum diameter of the NP, which is the Si-rich layer
thickness. µl and σl govern the peak position and width respectively. Because of the
factor ln(a−aminL−a ) this function only exists for amin < a < L. Please note that this
function is again not normalized. The log-normal and logit-normal distributions are
illustrated in �gure 3.1.
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Figure 3.1: The log-normal and logit-normal distributions, both normalized
at their maximum. Both functions start at amin, and only the logit-normal
function is limited by L. The values of µl and σl are arbitrary.

When measuring the PL of a multilayer structure, the PL of all layers is measured
simultaneously. Hence the PL spectrum is the sum of the PL spectrum of each layer.
If the size distribution varies among these layers, the PL spectrum will also vary. A
di�erence in size distribution could occur because of a di�erent Si-rich layer thickness.

The Si-rich layer thickness is set during the deposition, however there is a certain
spread in the �nal layer thickness, since the deposition has limited precision. There-
fore it is expected that the Si-rich layer thickness follows a normal distribution, given
by equation 3.2.3. µn is the mean, which represents the imposed layer thickness, and
σn is the standard deviation, which is set at 0.3 nm, determined from TEM images
of multilayer samples, see appendix A.1.

Glayer(L) =
1

σn
√

2π
exp

[
−(L− µn)2

2σ2
n

]
(3.2.3)
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For a multilayer in which the Si-rich layers are in the order of nanometres, this
variation is signi�cant. The size distribution of NPs for a multilayer is therefore more
complicated than for a monolayer. It is calculated by multiplying equation 3.2.2 with
equation 3.2.3, and integrating over L:

fmulti(a) =

∫ ∞
amin

fsingle(a, L)Glayer(L) dL. (3.2.4)

Probability of Isolated Nanoparticles

Large NPs are believed to have low PL intensity because of reduced QC [25, 26, 32,
120, 121]. The larger surface area also results in a higher chance on non-radiative
surface defects [122]. Clustered NPs are basically large NPs, therefore they are ex-
pected to have a low PL intensity as well, hence can be neglected when �tting the PL
spectrum. To account for clustering this section will elaborate upon the probability
that a NP is isolated, i.e. not clustered. Although the presented derivation is based
on c-Si NPs, the same derivation can be performed for a-Si NPs. This calculation
is based on a theoretical model derived by van Sebille et al. [123]. First the total
atomic density of the Si-rich layer ρlayer is necessary, given by:

ρlayer = Γc-Siρc-Si + Γa-Siρa-Si + ΓSiO2ρSiO2 , (3.2.5)

where ρc-Si and ρa-Si are the atomic densities of c-Si and a-Si respectively, and
ρSiO2 is the molecular density of SiO2. Γc-Si, Γa-Si and ΓSiO2 are the atomic and
molecular percentages, given by the following relations.

Γc-Si = Xc

(
1− x

2

)
· 100% (3.2.6)

Γa-Si = (1−Xc)
(

1− x

2

)
· 100% (3.2.7)

ΓSiO2 =
x

2
· 100% (3.2.8)

Here x is the [O]
[Si] fraction in the composition of the deposited Si-rich layer, SiOx.

Xc is the crystallinity of the annealed layer. Now the atomic density of the c-Si in
the layer can be calculated:

ρc-Si,layer = Γc-Siρlayer. (3.2.9)

This results in the total c-Si NP density, nc-Si, given by:

nc-Si =
ρc-Si,layer
Nc-Si,NP

a, (3.2.10)

where Nc-Si,NP = 1
6πa

3ρc-Si is the number of atoms in a c-Si NP. For simplic-
ity nc-Si is assumed to be independent of NP size, which is achieved by �xing a
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3.2. Photoluminescence Modelling

at the mean NP size. For a monolayer the mean NP size can be calculated with
exp

[
(µl + σ2

l )/2
]
. For a multilayer the mean is not analytically de�ned, however the

mean NP size is likely to be close to the Si-rich layer thickness, hence for simplicity
a = L is taken. Finally the probability that a NP is isolated, i.e. not clustering, is
given by the following two equations [124]. Equation 3.2.11 holds for a monolayer,
and equation 3.2.12 for a multilayer, which again depend on the NP diameter a.

Pi,mono(a) = exp

[
−

6ρc-Si,layer

ρc-Si exp
[
(µl + σ2

l )/2
]2 (a2)2

]
(3.2.11)

Pi,multi(a) = exp

[
−

6ρc-Si,layer
ρc-SiL2

(a
2

)2
]

(3.2.12)

Fitting Functions

Now that the size distributions and the probability of isolated NPs is known, the
size distribution of photoluminescent NPs can be calculated. The size distribution
of photoluminescent NPs in a monolayer and a multilayer are obtained by the mul-
tiplication of 3.2.11 with equation 3.2.1, and 3.2.12 with 3.2.4.

Fmono(a, µl, σl) = Pi,mono(a)fmono(a, µl, σl) (3.2.13)

Fmulti(a, µl, σl) = Pi,multi(a)fmulti(a, µl, σl) (3.2.14)

The �tting parameters of these two functions are µl and σl, which are the shape
parameters of the log-normal and logit-normal distributions. The limits for µl are
set at -3 and +3 respectively, and σl is allowed to vary between 0.03 and 3. These
values are chosen to make sure that the distribution does not become incredibly
sharp, however the limits are rather arbitrary.

Now that the photoluminescent size distribution is known, the NP size needs to
be related to the emission energy. A quantum mechanical derivation was presented
in section 1.2.1, resulting in equation 1.2.10. This derivation does not represent
experimental data very well, see �gure 3.2. For this reason the PL peak position is
�tted with the following function:

Eg = Ebulk +
1

αm0

3h̄2π2

2a2
, (3.2.15)

here α is the �tting parameter, which together with m0 forms the e�ective mass
m∗. Fitting this function to experimental data results in α = 0.45 ± 0.06, which is
very close to the theoretical value of 0.48. The di�erence between the derivation and
the �t is thus very small, see �gure 3.2.

Although neither the derivation nor the �t describe the experimental data well,
there is no physical reason to use a di�erent function. A derivation presented by
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Chapter 3. Photoluminescence Scaling & Modelling

Conibeer et al. [15], based on the same quantum mechanical derivation, resulted
in the yellow line in �gure 3.2, and is also considered inadequate. Therefore the
original derivation, described in section 1.2.1, will be used for bandgap calculations
of Si NPs.

The NP diameter a thus is related to the energy by equation 3.2.16. For clarity
the result of equation 3.2.16 is not presented in equation 3.2.13 or equation 3.2.14,
since this would result in two very complex functions.

a(Eg) =

√
3π2h̄2

2m∗(Eg − Ebulk)
(3.2.16)

The presented derivation is valid for both a-Si and c-Si NPs. However the min-
imum particle size amin and bulk bandgap Ebulk are di�erent for these two phases,
which is discussed in the following two paragraphs.
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Figure 3.2: The theoretical and �tted PL peak position as function of NP
diameter. The yellow line represents a model derived by Conibeer et al. [15].
The experimental data is extracted from �gure 1 of Küsová et al. [83]

Amorphous Nanoparticles

In literature no minimal size of a-Si NPs is reported. It is therefore assumed that
the minimal size of a-Si NPs is two atoms, which will distinguish a-Si from the SiO2

matrix. The atomic radius of silicon is emperically determined to be 0.11 nm [125],
which results in a minimal NP size of amin = 0.2 nm.

The bandgap of bulk a-Si is less well de�ned compared to the bandgap of bulk
c-Si. This makes it di�cult to directly relate the NP diameter a to the emission

28



3.2. Photoluminescence Modelling

energy Eg. Since the PL emission of bulk a-Si shows a spread which resembles a
normal distribution, a normal distribution is used to de�ne the bandgap:

Fnorm(E) =
1

σn
√

2π
exp

[
−(E − µn)2

2σ2
n

]
. (3.2.17)

The mean µn and standard deviation σn are set at 0.1 eV and 1.26 eV respectively.
These values have been extracted from experimental data of a-Si:H by Street [126].
This results in the following relation for NP diameter and emission energy:

a(Eg) =

√
3π2h̄2

2m∗

∫ Eg

0
(Eg − E)−

1
2Fnorm(E) dE. (3.2.18)

Crystalline Nanoparticles

Since the critical nucleation radius for crystalline silicon is calculated to be approx-
imately 0.57 nm [64, 65], the minimal NP diameter amin is set to 1.14 nm. Because
of the well de�ned bandgap of c-Si, no normal distribution is necessary to represent
it. The bandgap of bulk c-Si, Ebulk, is therefore set at 1.12 eV.

3.2.2 Interface State Recombination

As mentioned before, ISR will be �tted with a normal distribution, given by equa-
tion 3.2.17. As shown in �gure 1.8, the peak position is reported between 1.3 eV
and 1.7 eV. In literature no continuous band is reported, however for simplicity it
is assumed that the ISR peak position can vary between the previously mentioned
values, therefore 1.3 eV ≤ µn ≤ 1.7 eV. The standard deviation is not reported in
literature. However instead of not limiting this parameter, some limits are chosen;
0.01 eV ≤ σn ≤ 0.2 eV, based on reported data of several defects, see table A.1.

3.2.3 Defects

As presented in section 1.2.5, there are many photoluminescent defects reported in
literature. Generally these defects are approximated with a normal distribution as
given by equation 3.2.17. A selection of the most relevant defects, and the limits for
µn and σn are presented in table 3.1.

Table 3.1: Reported photoluminescent defects in Si NPs embedded in SiO2 at
room temperature, and the limits to the two �tting parameters. If only one
value is given, only one value was reported, and the �tting parameter is �xed.

Defect µn limits [eV] σn limits [eV] References
Si=O 1.66 0.12 0.16 [34]
NBOHC 1.91 0.02 0.15 [24, 35, 36]
Si/SiO2 interface 2.06 2.07 0.25 [10, 29, 37]
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3.3 Fitting Procedure

Now that all �tting functions are described, the �tting procedure can be speci�ed. In
literature the PL spectrum is occasionally a combination of multiple contributions
[11, 20�22, 29, 127, 128]. Thus it is reasonable to combine the described �tting
functions into one function, Ftot:

Ftot =
∑
i

αiFi, (3.3.1)

where αi is the amplitude of the �tting function Fi. The subscript i indicates
the di�erent �tting functions, i.e. PL contributions.

By using more �tting functions, there are more �tting parameters, which could
result in over�tting. To make a grounded decision for which functions to combine,
a �tting error analysis is performed. By �tting the same spectrum with di�erent
combinations of PL contributions, it is possible to determine which are important
and which are super�uous. When the mean square error (MSE) decreases drastically
the added �tting function could be important.

For this analysis a representative PL spectrum is �tted with di�erent combina-
tions of �tting functions. This sample is an annealed multilayer sample with Si-rich
layer composition of SiO0.9, Si-rich layer thickness of 3 nm, and a bu�er layer thick-
ness of 1 nm. The result of this analysis is shown in �gure 3.3.
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Figure 3.3: The MSE of di�erent �tting functions. The labels on the x-axis
represent added functions to the main �tting functions, which are indicated by
the legend.
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As expected the MSE decreases when the number of �tting functions increases.
QC on its own is not enough to obtain a good �t, and even with added defects it
still produces a large MSE. ISR shows good results, especially in combination with
the NBOHC or the Si/SiO2 interface defect function. This indicates that there is
some contribution present around the 2 eV. When QC and ISR are combined the
MSE does not change signi�cantly anymore when defect functions are added.

The best result with the least amount of �tting parameters is obtained with the
ISR function together with either the NBOHC function or the Si/SiO2 defect func-
tion. The NBOHC is one of the best characterized defects in SiO2 and is therefore
chosen instead of the Si/SiO2 defect. The ISR-NBOHC �t is shown in �gure 3.4.
However, although a good �t is produced, it does not mean that the results are
interpreted correctly. As shown in �gure 3.3 many combinations result in a good
�t, complicating the interpretation. The fact that the ISR �tting parameters have
rather large limits also indicates that the ISR function can �t many datasets. For
this reason the ISR-NBOHC function will mainly be used to give an indication of
the low and high energy contributions, between 1.3 eV to 1.7 eV and around 2 eV
respectively.
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Figure 3.4: The PL spectra per Si-Si bond of an annealed multilayer sample
with Si-rich composition of SiO0.9 and thickness of 3 nm. The grey datapoints
are the original data, the solid blue line is the obtained �t. The green and red
dashed lines are the ISR and NBOHC �t function respectively.
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4Results & Discussion
The presented method and model are applied to experiments, divided into four

groups; validation, passivation of dangling bonds, excess silicon content and Si-

rich layer thickness. First some validating experiments are presented, testing

the scaling method. Next passivation, excess silicon content and the Si-rich layer

thickness are investigated, since these in�uence the PL spectrum and intensity.

At the end of each section the presented results are discussed.

4.1 Validation

In this section two experiments are performed to validate the described scaling
method. First two di�erent excitation wavelengths are used in order to distinguish
between Raman phonon modes and the PL spectrum. Next a sample is deliberately
misaligned in order to measure at di�erent angles.

4.1.1 Excitation Wavelength

By exciting the sample with a di�erent laser wavelength, Raman phonon modes can
be distinguished from PL. The position of the Raman phonon modes is independent
of excitation wavelength when expressed in Raman shift. PL however, is expected
to remain in the same wavelength range, i.e. when expressed in Raman shift the PL
peak shifts if the excitation wavelength is changed, see equation 2.3.1.

Experimental Details

For this experiment two di�erent laser excitation wavelengths are used: 514 nm and
633 nm. The intensity of these two lasers are di�erent, however it is not expected to
in�uence the result of this experiment. Two multilayer samples with Si-rich compo-
sition of SiO0.9 are measured; one annealed and one TF passivated at 600 ◦C.

Results

The result of this experiment is presented both in Raman shift and eV, see �gure 4.1.
In the 514 nm excited spectra the peak of the c-Si TO mode, positioned at 520 cm−1

[80], is clearly visible, see �gure 4.2. The features below 520 cm−1 are attributed to
a-Si phonon modes. These modes indeed remain at the same position when expressed
in Raman shift, see �gure 4.1(a) and (b). The broad peak above 2000 cm−1 does
shift, indicating that it is PL and not a Raman phonon mode. Since a passivated
sample has a lower defect density and thus a higher PL intensity, the shift in PL is
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more pronounced in �gure 4.1(b). When expressed in eV, the phonon modes shift
while the PL peak remains similar, see �gure 4.1(c) and (d).
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Figure 4.1: The Raman spectra measured with di�erent excitation wavelength,
expressed in Raman shift, (a) and (b), and eV, (c) and (d). Figures (a) and
(c) represent the spectra of an annealed sample, and �gures (b) and (d)
represent a TF passivated sample. The intensity of the datasets are scaled
in order to make comparison of the Raman phonon modes easy, therefore no
values on the y-axis are given. Only one third of the datapoints is presented
for clarity.
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Figure 4.2: The Raman spectra below 2000 cm−1 expressed in Raman shift of
an annealed sample (a) and TF passivated sample (b), measured with di�erent
laser excitation wavelengths, indicated by the legend. The intensity of the
two datasets are scaled in order to make comparison of the Raman phonon
modes easy, therefore no values on the y-axis are given. Only one third of the
datapoints is presented for clarity.

Discussion

A clear shift is visible in the peak above 2000 cm−1, indicating that it is PL and not a
Raman phonon mode. What stands out is that in the spectra excited with a 633 nm
excitation wavelength, the shape of the a-Si and c-Si modes is di�erent. This can
be explained by a lower absorption coe�cient in the multilayer at 633 nm, compared
to 514 nm. This results in more signal from the substrate. The substrate is quartz,
which shows phonon modes associated with the symmetric and asymmetric bending
of SiO2 around an below 500 cm−1 [87], see �gure 4.3. Therefore a signal from the
substrate will interfere with the a-Si and c-Si TO modes, and e�ectively reduce the
c-Si peak which is clearly visible in the 514 nm excited spectra.

Another mode is visible around 800 cm−1, more pronounced in the 633 nm excited
spectrum, see �gure 4.2. This is again a mode originating from the substrate, see
�gure 4.3, and is attributed to the stretching mode of SiO2 [87, 129]. The peaks
between 1000 cm−1 to 1250 cm−1 in �gure 4.3 are associated with the asymmetric
stretching mode of SiO2 [62, 108�114].

In the 514 nm excited spectra, another contribution is present around 1400 cm−1,
more pronounced in �gure 4.2(b). These peaks are not evident from the 633 nm
excited spectra, which indicate it originates from the multilayer. They could be at-
tributed to O-O stretching vibrations, caused by interstitial O2 [130]. However, since
the composition of both the Si-rich and bu�er layers only contain silicon suboxides,
i.e. oxygen poor silicon oxide, it is unlikely that interstitial oxygen can form. It
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is more likely that it is a hydrogen related mode, since the intensity is higher after
passivation, however these modes are often positioned around 2000 cm−1 [129].

The PL peak shifts to lower energy when exciting with a longer excitation wave-
length, see �gure 4.1(c) and (d). This can be explained by the fact that low energy
states are more easily excited than high energy states, resulting in a shift to lower
energy when reducing the excitation energy.

Since the 633 nm laser results in more signal from the substrate, and reduces
the measurement range, the 514 nm laser is used for all other experiments. Above
1700 cm−1 no other phonon modes are visible, and therefore the signal beyond
1700 cm−1 is attributed to PL only, which roughly corresponds to a photon energy
of 2.2 eV when excited with a 514 nm source.
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Figure 4.3: The Raman spectra of a bare quartz substrate and a multilayer
sample deposited on a quartz substrate, excited with a 514 nm laser. The
composition of the Si-rich layer in the multilayer sample is SiO0.9. The intensity
of the data is scaled for clarity.

4.1.2 Misalignment Angle

As discussed in section 1.2.5, one of the reasons that direct comparison of PL in-
tensity is doubtful is the possibility of misalignment. Misalignment could result in
an increased re�ection of the excitation beam, resulting in a di�erent intensity. The
misalignment angle β is schematically shown in �gure 4.4. In the Raman setup, the
detector is optically positioned behind the lens, which means that the backscattered
light needs to enter the lens in order to reach the detector. It is therefore expected
that the signal intensity decreases with increasing angle, which leads to a low signal
to noise ratio.
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β

Lens

LaserBackscattered light

Figure 4.4: Schematic of the misalignment angle during a Raman measurement.

Experimental Details

An annealed multilayer sample with Si-rich layer composition of SiO0.9 is measured
at four di�erent angles. The angle is set by placing a 300µm thick c-Si wafer partly
beneath the measured sample. The angle is calculated from the horizontal distance
between the point of contact of the sample on the sample stage, and the point of
contact of the sample on the c-Si wafer. The measurement error of this method is
estimated at 2°.

Results

The e�ect of misalignment of the sample is presented in �gure 4.5. No signi�cant
change in spectrum is visible, unless the angle becomes larger than 7°±2°. This is
also supported by the fact that in �gure 4.5b, the di�erences in integrated intensities
are insigni�cant compared to the error margins, up to an angle of at least 7°±2°.

Discussion

No signi�cant change is seen in �gure 4.5 for angles up to 7°±2°, and the di�erences
are insigni�cant compared to the error margins of the measurement. At an angle of
15°±2° the signal intensity is very low, which could be attributed to the fact that in
the Raman setup, the backscattered light needs to enter the lens in order to reach
the detector. At a misalignment angle of 15°±2° most of the backscattered light does
not enter the lens, resulting in a very low signal to noise ratio.

A misalignment of more than 7°±2° is not expected since the sample is cleaned
prior to the measurement, and the sample stage is �at. This experiment shows
that the presented method is a reliable scaling method, which can overcome sample
misalignment to a certain extent.
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Figure 4.5: The PL spectra per Si-Si bond (a) and integrated intensities (b)
for di�erent misalignment angles. In �gure (a) only one third of all datapoints
is shown for clarity. The horizontal o�set in the datapoints in �gure (b) is for
clarity.

4.2 Passivation of Dangling Bonds

As explained in section 1.2.5, passivation of dangling bonds is believed to increase
PL of Si NPs. In this experiment three passivation techniques are considered; tube
furnace passivation, rapid thermal process passivation and hydrogen plasma passi-
vation. These techniques are performed at three di�erent temperatures. The PL
spectra are used to distinguish changes in the electronic structure, while FTIR is
used to identify structural variations. PDS is considered to identify changes in ab-
sorption, with special interest in sub-bandgap absorption as it indicates changes in
defect densities. First TF and RTP passivation are presented, then hydrogen plasma
passivation is presented.

4.2.1 Tube Furnace & Rapid Thermal Process Passivation

Experimental Details

For these experiments multilayer samples are used with a Si-rich layer composition of
SiO0.3 and bu�er layer composition of SiO1.3. The Si-rich layer thickness is 1.2 nm,
and the bu�er layer thickness is 2.4 nm. Hydrogen passivation using furnaces is
commonly performed between 400 ◦C to 500 ◦C [11, 13, 33, 53, 131]. Therefore this
experiment is performed at 400 ◦C. 600 ◦C is also investigated since higher temper-
atures are expected to decrease the Pb center density further, and temperatures as
high as 650 ◦C have been used in literature [132]. Lower temperatures require less
energy, which is interesting for production processes, and consequently 200 ◦C is also
considered. The settings for the TF and RTP passivation are presented in table 4.1.
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4.2. Passivation of Dangling Bonds

Table 4.1: Passivation settings for the TF and RTP.

Process Maximum Time at maximum Gas Gas �ow
temperature [◦C] temperature [min] [slm]

TF 200 60 FG 10
400 60 FG 10
600 60 FG 10

RTP 200 10 FG 8
400 10 FG 8
600 10 FG 8

Results

In �gure 4.6(a) the PL spectra after tube furnace annealing (TFA) and subsequent
TF passivation are shown. A clear increasing trend is visible with increasing pas-
sivation temperature. Passivation at 200 ◦C shows a strong increase in PL, while
400 ◦C only shows a minor change, compared to 200 ◦C. Passivation at 600 ◦C shows
an even further increase in PL, mainly of the low energy contribution. This is illus-
trated in �gure 4.7(a), where the integrated intensities of the low and high energy
contributions are presented.
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Figure 4.6: The PL spectra per Si-Si bond after TFA and each passivation
temperature, indicated by the legend. Figures (a) and (b) represent the TF
passivated and the RTP passivated series, respectively. Only one third of all
datapoints is shown for clarity.

The PL spectra after RTP passivation are shown in �gure 4.6(b). What is
evident, is that the overall intensity is lower, compared to TF passivation. Mainly the
low energy contribution increases, and it shows an increasing trend with increasing
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passivation temperature, presented in �gure 4.7(b). Interestingly, no signi�cant
change in PL is visible after passivation at 200 ◦C, while for TF passivation a strong
increase is already visible at this temperature. What stands out is that even at low
temperature, TF passivation increases the integrated intensity to a greater extend
than high temperature passivation with RTP passivation, which is also visible when
looking at the PL spectra, �gure 4.6. The total integrated intensity is plotted in
�gure 4.8, where again a strong di�erence in intensity is visible.
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Figure 4.7: The integrated intensities of the low and high energy contributions
after the di�erent processes, indicated by the x-axis. Figures (a) and (b)
represent the TF passivated and RTP passivated series.
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Figure 4.8: The total integrated PL intensity after the di�erent processes,
indicated by the x-axis and the legend. The error bars show the standard
deviation.

The peak position of the low energy contribution is presented in �gure 4.9. For
both passivation processes a clear decrease in peak position is visible with increasing
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passivation temperature. Interestingly a distinct step is visible between 200 ◦C and
400 ◦C. For all passivation temperatures, TF passivation shows a larger decrease in
peak position, compared to RTP passivation.
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Figure 4.9: The peak position of the low energy contribution after the di�erent
processes, indicated by the x-axis and the legend. The error bars show the
standard deviation.
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Figure 4.10: The PL spectra per Si-Si bond (a) and the integrated intensities
(b) of as annealed (TFA), annealed at 600 ◦C (N2 600 ◦C) and passivated at
600 ◦C (FG 600 ◦C). In �gure (a) only one third of all datapoints is shown for
clarity.

To examine whether the change in integrated intensity is caused by passivation
or a change in composition, one sample is also annealed in N2 gas at 600 ◦C after
the initial annealing step. The resulting PL spectrum is shown in �gure 4.10(a),
together with the spectra after TFA and after TF passivation at 600 ◦C. Although
a slight overall increase is visible after annealing at 600 ◦C, the measurement error
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is signi�cant, see �gure 4.10(b). Passivation at 600 ◦C clearly shows a much greater
change in intensity.

To examine changes in the composition of the material, FTIR spectra are mea-
sured. One set of spectra is shown in �gure 4.11, where the roman numerals indicate
di�erent peaks. Peak (i) is associated with Si-O-Si bending [109�113]. In the as
deposted spectrum, peak (i) consists of two contributions, the Si-O-Si bending as
well as Si−−H2 related bending modes, which are positioned around 890 cm−1 [129].
Peaks (ii) and (iii) are the Si-O-Si asymmetric stretching TO and LO respectively
[62, 108�114]. Peak (iii) clearly forms the shoulder of peak (ii), which is also reported
in literature [108]. Peak (iv) consists of several contributions, which are likely to be
Si-H or Si−−H2 related stretching modes [129].

A large change is visible between as-deposited and after annealing. Mainly SiO2

modes increase, and all hydrogen related modes disappear. No signi�cant change is
present after passivation at 600 ◦C, compared to TFA, and interestingly no increase
in hydrogen related modes is visible. In fact, none of the processes after annealing
showed a signi�cant e�ect on the FTIR spectrum, and therefore no other spectrum
is shown. The crystallinity reached after the initial annealing step is 0.37 ± 0.004,
and no signi�cant change is visible after subsequent passivation.
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Figure 4.11: The FTIR absorption spectrum of as-deposited, TFA, and after
TF passivation at 600 ◦C. The roman numerals indicate di�erent peaks.

The results of the PDS measurements are presented in �gure 4.12. The result
of the 600 ◦C TF passivated sample is shown, together with as-deposited and TFA.
First a strong increase in absorption is visible after annealing, however passivation
does not result in a signi�cant change. None of the passivation techniques resulted
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in a signi�cant change in sub-bandgap absorption, and therefore no other PDS mea-
surements are shown.
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Figure 4.12: The spectral absorption coe�cient of as-deposited, TFA, and
after TF passivation at 600 ◦C. The shaded area behind the lines, visible at
low photon energies, represents the standard deviation.

Discussion

Remarkably, the PL spectra after TF passivation at 200 ◦C and 400 ◦C show a sim-
ilar intensity. This is contrary to the expectation that passivation increases with
temperature, and mainly in�uences low energy PL because of the higher chance o�
surface defects for large NPs [122]. The fact that this trend is not visible in the
RTP passivation series, and the Si-rich layer composition experiment which will be
presented in section 4.3, indicates that the scaling of the PL spectrum of the TF
passivation at 200 ◦C sample is wrong. The large step in peak position between
200 ◦C and 400 ◦C, which is visible for both TF and RTP passivation, also suggests
that the intensity should follow a similar trend, which supports the conclusion. For
this reason the intensity of this measurement is neglected.

All TF passivation processes and RTP passivation processes above 200 ◦C show
both an increase in PL intensity, as well as a relative increase of the low energy
contribution. The increase in the low energy contribution indicates passivation of
Pb centers. This is supported by the shift in peak position: the peak of the low
energy contribution shifts toward lower energy for higher passivation temperature,
presented in �gure 4.9. This can be explained by QC; large NPs have a higher
chance o� surface defects, and by passivation these defects are removed, resulting
in an increase in the contribution of large NPs, which have a lower bandgap. The
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step between 200 ◦C and 400 ◦C, and the small di�erence between 400 ◦C and 600 ◦C,
indicates that temperatures in excess of 200 ◦C are necessary for e�cient passivation
of Pb centers. This is supported by the negligible change in intensity between TFA
and 200 ◦C passivation, see �gure 4.7(b).

Between 400 ◦C and 600 ◦C, the peak shifts slightly, while the integreated in-
tensity of the low energy contribution still increases signi�cantly. These two e�ects
suggest that the size distribution of photoluminescent NPs remains similar, while
the amount of photoluminescent NPs increases. Hence the distribution of Pb cen-
ters among NPs remains similar, while the amount of Pb centers decreases. It also
suggests that higher temperatures result in faster passivation.

The peak position after RTP passivation is higher than for TF passivation at
each temperature, which demonstrates that longer passivation results in a lower Pb
center density. The fact that the integrated intensity of the low energy contribution
after TF passivation is higher than after RTP passivation supports this idea. The
bene�cial e�ects of a larger thermal budget, de�ned as the integral of temperature
over time, have also been reported in literature [33, 69].

Interestingly the PL slightly increases when annealing a high temperature an-
nealed sample at 600 ◦C in N2 gas, presented in �gure 4.10. Although the change
in intensity is small, and the measurement error is signi�cant, a discussion is pre-
sented to identify possible causes for the change, since 600 ◦C is higher than the
conditions commonly used in literature [11, 13, 33, 53, 131]. Since the sample is
already annealed at 1000 ◦C for an hour, it is expected that there is no signi�cant
phase separation occurring at 600 ◦C anymore. Nor can the change be due to crys-
tallization of a-Si, since that requires temperatures in excess of 900 ◦C [62]. Also no
evidence for phase separation is seen in the FTIR measurements, �gure 4.11, and no
signi�cant change in crystallinity is measured. This increase in PL could be due to
removal of Pb centers by restructuring in the Si/SiO2 interface region. For instance
a strained Si-O bond ruptures, forming a NBOHC. This NBOHC then bonds with a
Pb center, leaving behind a so called E′-center, which is a dangling bond of a silicon
atom bonded to three oxygen atoms, illustrated in �gure 4.13(a). This is a well
known non-radiative defect in SiO2, however energies in excess of 5 eV are required
to excite this defect [133, 134], which is signi�cantly higher than the energy of the
charge carriers excited in the NPs. Because of this high energy it is very unlikely that
any recombination occurs at E′-centers. This could explain the increase in PL; as
Pb centers are exchanged for E′-centers, `active' non-radiative defects are exchanged
for `in-active' ones.

What also stands out is that the PL intensity mainly increases around 2 eV,
visible in �gure 4.10(b), indicating increased radiative defect activity. This could
also be explained by restructuring. For example: a strained Si-O bond breaks, and
now the silicon part of the broken Si-O bond bonds with a Pb center, illustrated in
�gure 4.13(b). This kind of restructuring is bene�cial, since the binding energy of
a Si-Si bond is 2.3 eV [135], while the binding energy of a Si-O bond is 4.7 eV [135],
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leading to an excess energy of 2.4 eV. Of course many di�erent combinations and
restructuring mechanisms are possible.
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Figure 4.13: The removal of a Pb center by restructuring of the Si/SiO2 inter-
face, either resulting in an E′-center (a) or a NBOHC (b). The arrows denote
the unpaired spin and the dashed balloons represent their orbitals. The dotted
line represents a strained Si-O bond.

The FTIR measurements, presented in �gure 4.11, show a strong di�erence be-
tween as-deposited and TFA. As-deposited shows hydrogen related modes, peak (iv),
indicating a high hydrogen concentration, which is a typical property of samples fab-
ricated with PECVD [28, 71, 73]. After annealing these hydrogen related modes dis-
appear, suggesting hydrogen e�usion. Even after passivation these hydrogen modes
are not visible, indicating that as-deposited contains a high concentration of hydro-
gen, which is not reached after passivation. After TF passivation at 600 ◦C there is
no signi�cant change in the FTIR spectrum, compared to after annealing, indicating
no signi�cant changes to the composition. This is supported by the insigni�cant
changes in crystallinity.

Although a strong increase in PL is visible after passivation, no signi�cant change
in sub-bandgap absorption can be measured with PDS, �gure 4.12. Between as-
deposited and annealed a clear increase in overall absorption is visible, which can
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be attributed to hydrogen e�usion and c-Si NP formation [82]. After passivation
it is expected that the Pb center density is decreased, resulting in a decrease in
sub-bandgap absorption, however this was not observed. It is expected that the
absorption coe�cient above approximately 2 eV remains similar after passivation,
since this range is related to band-to-band transitions in the amorphous matrix
and the NPs. The di�erence in the high energy absorption can be attributed to
the post-processing of the PDS data. The di�erence in sub-bandgap absorption is
insigni�cant, indicating that PDS is less sensitive to changes in defect densities than
PL.

4.2.2 Hydrogen Plasma Passivation

Experimental Details

Multilayer samples with a Si-rich layer composition of SiO0.3 and bu�er layer com-
position of SiO1.3 are fabricated with PECVD. The thicknesses of these layers are
1.2 nm and 2.4 nm respectively. Hydrogen plasma passivation is performed at 30 ◦C,
90 ◦C and 205 ◦C, and at each temperature it is performed both with and without
347 mWcm−1 plasma. Three di�erent cooling strategies are applied after passivation
with plasma at 205 ◦C; regular cooling in N2 at 1.5µbar, cooling in H2 at 12.5 mbar,
and cooling in H plasma at 12.5 mbar1. A high partial pressure of hydrogen in the
cooling atmosphere is expected to reduce hydrogen e�usion from the sample. And
by applying plasma during cooling, passivation is expected to continue, while at
the same time hydrogen e�usion is suppressed. These three cooling strategies will
be refered to as N2, H2 and H plasma respectively. The settings for the hydrogen
passivation processes are presented in table 4.2.

Table 4.2: Passivation settings for hydrogen plasma passivation.

Process Substrate Time Gas Gas �ow Plasma power Cooling
temperature [◦C] [min] [sccm] [mWcm−1] strategy

PECVD 30 30 H2 200 0 N2

90 30 H2 200 0 N2

205 30 H2 200 0 N2

30 30 H2 200 347 N2

90 30 H2 200 347 N2

205 30 H2 200 347 N2

205 30 H2 200 347 H2

205 30 H2 200 347 H plasma

112.5mbar is the highest operating pressure of the used PECVD setup.
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Results

The PL spectra of the hydrogen plasma passivation series are presented in �gure 4.14.
An increase in PL is visible after passivation, except for passivation at 90 ◦C with
plasma, see �gure 4.14(a). For all hydrogen plasma passivation processes the increase
in PL intensity is much smaller than after TF or RTP passivation, see �gure 4.6.
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The integrated intensities of the low and high energy contributions are presented
in �gure 4.15. All observed changes to the high energy contribution are insigni�cant,
compared to the measurement error. The low energy contribution increases after
passivation, with the exception of the 90 ◦C process with plasma. Without plasma
there is no signi�cant dependence on temperature visible in the intensity of the low
energy contribution after the initial increase.

The PL spectra and integrated intensity of the di�erent cooling strategies are
presented in �gure 4.16. A decrease in the high energy contribution is visible, however
the measurement error is signi�cant. The low energy contribution remains similar
for the di�erent cooling strategies.

The peak position of the low energy contributions is presented in �gure 4.17(a),
and again a decrease in peak position is visible, just as for TF and RTP passivation.
The shift is largest for the processes with plasma. Without plasma the change is
negligible compared to the measurement error, except for the highest temperature.
The di�erent cooling strategies result in an increase in peak position.

The total integrated PL intensities of all hydrogen plasma passivation processes
are shown in �gure 4.17(b). All changes in integrated intensity are considered in-
signi�cant.

No FTIR spectra are presented since no signi�cant change is visible. The crys-
tallinity after annealing is 0.34± 0.005, and again did not change signi�cantly after
subsequent passivation.
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Figure 4.16: The PL spectra per Si-Si bond (a) and the integrated intensi-
ties (b) of the di�erent cooling methods. In �gure (a) only one third of all
datapoints is shown for clarity.
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Figure 4.17: The peak position of the low energy contribution (a), and the total
integrated PL intensity (b) of the di�erent plasma passivation processes. The
error bars show the standard deviation. The x-scale indicates the processing;
TFA, the temperatures of the passivation processes. In the shaded area the
integrated intensity of the hydrogen atmosphere cooled and hydrogen plasma
cooled samples is also shown, indicated by H2 and H plasma on the x-axis.
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Discussion

The low energy contribution increased, even after passivation without plasma at
30 ◦C. This is interesting because of the low temperature, and the low pressure.
Together with the fact that RTP passivation showed no signi�cant increase in the
low energy contribution after passivation at 200 ◦C, see �gure 4.7, it is likely that the
scaling of the PL spectrum of the TFA sample is faulty. Because of the unexpected
behaviour of the intensity of the sample passivated with plasma at 90 ◦C, it is likely
that the scaling of this spectrum is faulty.

After passivation at 205 ◦C with plasma, a slight increase in the low energy
contribution is visible, compared to without plasma. Since no signi�cant change in
the intensity was visible after RTP passivation at 200 ◦C, this could be an indication
of the e�ect of plasma, which could lead to passivation at lower temperatures.
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Even though the scaling of some of the spectra might be wrong, the peak position
of the low energy contribution is still relevant, visible in �gure 4.17. Without plasma
the peak position remains similar, suggesting no changes in the photoluminescent NP
distribution. The slight decrease in peak position after passivation with plasma at
low temperatures, and the strong drop at 205 ◦C, indicates that plasma passivation
requires temperatures in excess of 90 ◦C, and the clear di�erence between with and
without plasma shows the bene�cial e�ect of plasma.

The increase in peak position after cooling in H2 gas, or in H plasma, suggests
that relatively more small NPs contribute. This could indicate that hydrogen binds
stronger to large NPs than to small NPs. When cooled in a N2 atmosphere, hydrogen
is released quicker from small NPs, resulting in a lower peak position. When cooled
in a hydrogen atmosphere, hydrogen e�usion is reduced, and hydrogen release from
small NPs is reduced. This is however not reported in literature.

4.3 Excess Silicon Content

Clustered NPs are expected to have a low PL intensity because of their larger size,
which leads to reduced con�nement [25, 26, 32, 120, 121], and higher chances on
surface defects [122]. A way to reduce clustering is reducing the excess silicon con-
tent of the Si-rich layer. By reducing the excess silicon content, the NP density is
reduced, leading to larger NP spacing. This both has a positive and negative e�ect;
clustering is reduced, but both the tunneling probability and conduction through
large Si clusteres is reduced, obstructing charge transport. Based on calculations by
Green et al., NP spacing up to 2 nm provides an acceptable mobility of 10−1 cm2V−1

[45]. To establish an ideal excess silicon content, a model derived by Tournus [124]
and expanded by van Sebille et al. [123] is used to determine the distribution of NPs
inside a Si-rich layer of 3 nm. This model assumes that all NPs are the same size;
the thickness of the Si-rich layer.

The model provides a probability density function for the 2D center-to-center
distance of NPs in a monolayer, which will be used to model the NP spacing inside a
single Si-rich layer inside a multilayer stack. Since the PL measurements are scaled
to the amount of Si-Si bonds, which e�ectively is a measure of the NP density, it is
convenient to express the distribution of NPs as a fraction of the total. The fraction
of clustered NPs is identi�ed by integrating the probability density function from 0
to two times the radius of a NP, which is 3 nm. The fraction of NPs contributing to
charge transport by tunneling is calculated by integrating from 3 nm to 5 nm, which
means integrating from touching NPs up to a spacing of 2 nm. The photoluminescent
NP fraction is obtained by integrating from 3 nm to in�nity, or 1 minus the clustered
NP fraction. The result of this calculation as a function of [O]

[Si] fraction is presented
in �gure 4.18.
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Figure 4.18: The distribution of NPs among the three groups as a function of
[O]
[Si] fraction. This is calculated for a crystallinity of 0.3, and a Si-rich layer

thickness of 3 nm. The vertical dashed lines represent a [O]
[Si] fraction of 0.3 and

0.9 respectively.
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Figure 4.19: The edge-to-edge distance probability density function for NPs
with a diameter of 3 nm in a Si-rich layer with a crystallinity of 0.3 for two
compositions. The grey shaded area indicates clustered NPs, and the green
shaded area indicates NPs properly spaced for charge transport based on tun-
neling.

A clear decrease in clustered NPs is visible with increasing [O]
[Si] fraction, i.e.

decreasing excess silicon content. A maximum is visible in the charge transport
fraction, which can be explained by the probability density functions, presented
in �gure 4.19. By decreasing the excess silicon content, the distribution stretches
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towards larger NP spacing. At low [O]
[Si] fraction, clustering dominates, and at high

[O]
[Si] fraction the NPs are too far apart for e�cient tunneling.

The analysis presented in this report is mainly based on PL, however the ultimate
goal is to increase the performance of solar cells based on embedded NPs. Therefore
charge transport based on tunneling is considered to be the determining factor for
�nding the optimal composition. The optimal composition for charge transport as
a function of crystallinity in a Si-rich layer with a thickness of 3 nm is presented in
�gure 4.20. For a higher [O]

[Si] fraction, a higher crystallinity is necessary. The green
shaded area is an indication of the achievable crystallinity with the used annealing
conditions, based on the datapoints. This shows that a composition around SiO0.9

will yield the best results with the used conditions, and the SiO0.3 composition will
have a large clustered NP fraction.

0 0.2 0.4 0.6 0.8 1 1.2

[O/Si] fraction

0

0.1

0.2

0.3

0.4

0.5

O
p
ti
m

al
cr

y
st

al
li
n
it
y Optimum

Multilayer

Monolayer

Clustering

Too far apart

Figure 4.20: The optimal crystallinity as function of [O]
[Si] fraction for a Si-

rich layer of 3 nm thick. Above this optimum, clustering of NPs dominates,
and below this optimum NPs are too far apart for e�cient charge transport.
The green shaded area represents crystallinity values achievable with the used
annealing conditions.

Experimental Details

In this experiment two multilayer samples are fabricated, each with a di�erent Si-rich
layer composition: SiO0.3 and SiO0.9. The Si-rich and bu�er layer thicknesses of the
SiO0.3 sample are 1.2 nm and 2.4 nm respectively. The Si-rich and bu�er layer thick-
nesses of the SiO0.9 sample are 3 nm and 1 nm respectively. Both compositions are
annealed, and also passivated with TF passivation. The settings of these passivation
processes are presented in table 4.1.

Results

The PL spectra of the di�erent compositions are presented in �gure 4.21. A clear
increase in PL is visible with decreasing excess Si content, as expected. This is also
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clearly visualized in �gure 4.22, which shows the integrated intensities of the low
and high energy contributions. A strong increase in the low energy contribution is
visible in �gure 4.22(b) after passivation at 400 ◦C, and an even further increase is
visible at 600 ◦C, which is similar to what is seen in the RTP passivated series, see
�gure 4.7.

Figure 4.23(a) shows the peak position of the low energy contribution, and a
clear decrease in peak position is visible. Again a step is visible between 200 ◦C and
400 ◦C. The peak also shifts to lower energy for SiO0.9, compared to SiO0.3.

The total integrated intensity is presented in �gure 4.23(b). For SiO0.9 the
integrated intensity is already higher after annealing, and increases further with
increasing passivation temperature compared to SiO0.3. What stands out is that at
a passivation temperature of 200 ◦C the integrated intensity of both compositions is
almost the same, which is due to the wrong scaling of the SiO0.3 sample passivated
at 200 ◦C, which is the same sample as in section 4.2.1.

The light and dark conductivity of SiO0.3 is shown in �gure 4.24. Because of the
low conductivity of the SiO0.9 composition, no data was obtained. The conductivity
of SiO0.3 �rst decreases after passivation at 200 ◦C, but afterwards increases with
increasing passivation temperature. All SiO0.3 samples show an increase in conduc-
tivity when illuminated. The di�erence between dark and light conductivity is larger
after passivation.
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Figure 4.21: The PL spectra per Si-Si bond after TFA and for each TF passiva-
tion temperature for the di�erent Si-rich layer compositions. Figures (a) and
(b) represent SiO0.3 and SiO0.9, respectively. Only one third of all datapoints
is shown for clarity.
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Figure 4.22: The integrated intensities of the low and high energy contributions
after TFA and for each passivation temperature for the di�erent Si-rich layer
compositions. Figures (a) and (b) represent SiO0.3 and SiO0.9, respectively.
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Figure 4.23: The peak position of the low energy contribution (a), and the
total integrated PL intensity (b) of the two compositions. The error bars
show the standard deviation. The x-scale indicates the processing; TFA and
the temperatures of the TF passivation processes. The horizontal o�set is for
clarity.
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Figure 4.24: The conductivity of a multilayer sample with a Si-rich layer com-
position of SiO0.3 after TFA and for the di�erent TF passivation temperatures,
indicated by the x-axis. The horizontal o�set is for clarity.

The composition of the as-deposited layers are known, however the composition
after annealing is unknown. To identify di�erences in the �nal composition, FTIR
measurements are performed, shown in �gure 4.25. Apart from a small increase
in absorption at 1080 cm−1, the Si-O-Si asymmetric stretching TO mode [62, 108�
114], the spectra are similar. The crystallinity after annealing of the SiO0.3 layer is
0.37±0.004, and for the SiO0.9 layer it is 0.29±0.04. This clearly decreased, and the
variation increased. After passivation there is no signi�cant change in crystallinity.
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Figure 4.25: The FTIR absorption spectrum of the two multilayer samples
with di�erent Si-rich layer compositions after annealing. The composition of
the Si-rich layer is presented in the legend.
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Discussion

By increasing the amount of excess silicon, a decrease in PL intensity is seen, which
has also been reported in literature [27, 136]. This can be explained by the e�ect
of clustering of NPs, which leads to reduced con�nement [25, 26, 32, 120, 121], and
higher chances on surface defects [122]. By decreasing the excess silicon content,
the clustered NP fraction is reduced, and the PL intensity is increased. This is in
accordance with the theoretical model by van Sebille et al., presented in �gure 4.18.

The fact that mainly the intensity of the low energy contribution increases, indi-
cates that PL due to recombination at NPs increases. The high energy contribution
remains similar with di�erent excess silicon contents, suggesting little change in the
surrounding matrix. And passivation does not signi�cantly alter the intensity of the
high energy contribution, indicating passivation of Pb centers does not in�uence PL
of defects emitting at 2 eV. This is also supported by the fact that charge carri-
ers recombining in these defects must either be excited within these defects, or be
excited in NPs with a bandgap larger than 2 eV. Charge carriers can be excited
in photoluminescent defects, for instance NBOHCs have an asymmetric absorption
band around 1.97 eV with a tail towards higher energies [36, 87]. If the charge car-
riers are not excited inside the defects, they must come from very small NPs with a
bandgap larger than 2 eV. These small NPs are expected to have a low chance on
surface defects, hence passivation has a negligible e�ect on these NPs.

The shift in peak position of the low energy contribution again follows QC, see
�gure 4.23(a). The higher chance of surface defects for large NPs results in an
increase in their contribution after passivation, leading to a shift to lower energies.
The di�erence in peak position for the two compositions can be explained by the
di�erence in Si-rich layer thickness. The fact that the Si-rich layer is thinner in the
SiO0.3 sample results in a higher peak position; the thinner layer results in smaller
NPs which have a higher bandgap.

Interestingly the peak position after annealing is similar, although the Si-rich
layer composition and thickness is di�erent. This suggests that after annealing PL
due to QC is dominated by other PL mechanisms, which is likely ISR. After passiva-
tion the peak shift indicates that PL of QC increases, leading to di�erences in peak
position.

The large shift between passivation at 200 ◦C and 400 ◦C is visible in both com-
positions, which again is an indication that 200 ◦C is not enough for e�cient passi-
vation. Remarkably the peak shifts to higher energy between passivation at 400 ◦C
and 600 ◦C in the SiO0.9 composition, which is in con�ict with QC. Because of this
highly unexpected behaviour, and the small di�erence, the di�erence is ascribed to
variations in the sample.

Decreased clustering is also supported by the conductivity measurements. Since
SiO0.3 shows lower PL intensity, NP clusters are expected. These clusters have
reasonable conductivity, since charge transport does not have to rely on tunneling.
When defects are passivated, the conductivity increases due to lower recombination
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rates, and an increase is visible to some extent, see �gure 4.24. Conductivity is ex-
pected to increase when the samples are illuminated because of higher charge carrier
concentrations, which is also visible. Because of the di�culties encountered with
measuring the conductivity of the SiO0.9 sample, it is assumed that the conductivity
is lower, as is expected from the larger NP spacing and reduced clustering fraction.

The FTIR spectra show only a minor change in absorption around 1080 cm−1,
indicating that the surrounding matrix is slightly more stoichiometric in SiO0.9.
This could be due to the fact that the initial composition of the layer was more
stoichiometric. Because of the small di�erence in the FTIR spectra, and higher
crystallinity, it can be assumed that SiO0.3 contains a higher NP density, which
leads to more clustering, supported by the other results. The decrease in crystallinity
between SiO0.3 and SiO0.9 can be explained by the decreasing excess silicon content.
This leads to smaller a-Si clusters, of which a larger fraction does not reach the
critical crystallization radius. The increase in variation in crystallinity is ascribed to
the same e�ect.

4.4 Si-rich Layer Thickness

As discussed in section 3.2.1, the maximum NP size in a multilayer structure is
limited by the Si-rich layer thickness. Thus by varying the Si-rich layer thickness the
size distribution of the NPs can be changed. The NP size in�uences the bandgap of
the material, and thereby the PL spectrum.

Experimental Details

For this experiment three multilayer samples are fabricated, with di�erent Si-rich
layer thicknesses; 2, 3 and 4 nm. The composition of the Si-rich layer is SiO0.9. The
samples are annealed at 700 ◦C, 900 ◦C and 1000 ◦C for 1 hour in N2 gas. These
temperatures are chosen because of the phase separation and crystallization inside
the Si-rich layer. Phase separation starts around 600 ◦C [62] to 650 ◦C [8], thus at
700 ◦C small a-Si NPs are expected. Crystallization of a-Si starts between 900 ◦C
[62] to 1000 ◦C [8], hence the maximum number of a-Si NPs are expected at 900 ◦C.
At the maximum temperature, 1000 ◦C, some of the a-Si NPs become c-Si, and the
highest crystallization is reached. To see the e�ect of passivation, all samples are
also passivated at 600 ◦C in the TF after annealing.

Results

The resulting PL spectra are shown in �gure 4.26. The left and right column of �gures
represent before and after TF passivation, and it is clear that the PL intensity of
all samples increases after TF passivation, as expected from earlier results. What
stands out is that after annealing at 700 ◦C, the PL intensity is higher than when
annealed at higher temperatures. This is also visible in the total integrated intensity,
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�gure 4.27(d) (e) (f), where the increase in PL intensity after passivation is also
visible.
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Figure 4.26: The PL spectra per Si-Si bond after TFA and subsequent TF
passivation with varying Si-rich layer thickness and varying annealing temper-
ature. The annealing temperature is indicated in the respective �gure. The
left and right column represent before and after TF passivation at 600 ◦C,
respectively. Only one third of all datapoints is shown for clarity.
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A di�erence in peak position is already visible in �gure 4.26. Therefore the peak
position of the low energy contribution is plotted in �gure 4.27 (a) (b) (c). Between
700 ◦C to 900 ◦C, a decrease in peak position of the low energy contribution is visible,
except for the 2 nm thick Si-rich layer. At 900 ◦C the peak has reached the limits
of the �tting function, which is why the position remains at 1.3 eV. It is likely that
the actual peak is below 1.3 eV when looking at their spectra, see �gure 4.26(d).
Between 900 ◦C to 1000 ◦C, an increase in peak position is present. At 1000 ◦C the
peak position increases with layer thickness before passivaiton, and decreases after
passivation.
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Figure 4.27: The peak position of the low energy contribution and the total
integrated PL intensity for the three di�erent Si-rich layer thicknesses and
di�erent annealing temperatures. The annealing temperature is written above
the �gures. The error bars show the standard deviation. The horizontal o�set
is for clarity.

The integrated intensity of the low and high energy contributions are presented in
�gure 4.28. Interestingly, a higher annealing temperature results in a lower intensity
of the low energy contribution. What also stands out is that the 2 nm thick Si-rich
layer shows the highest intensity of the low energy contribution, except after passi-
vation of the 700 ◦C annealed sample. The intensity of the high energy contribution
is always similar or lower than the low energy contribution, which is comparable to
the previously presented results.
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Figure 4.28: The integrated intensity of the low and high energy contribution
for the three di�erent Si-rich layer thicknesses and di�erent annealing temper-
atures. The top and bottom row indicate before and after TF passivation. The
annealing temperature is written above the �gures. The error bars show the
standard deviation.
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Figure 4.29: The FTIR absorption spectra of the three di�erent Si-rich layer
thicknesses for di�erent annealing temperatures, indicated by the legend. Fig-
ures (a), (b) and (c) represent 2, 3 and 4 nm respectively, indicated above the
�gures.
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The FTIR measurements are presented in �gure 4.29. All Si-rich layer thicknesses
show an increase in absorption between 700 ◦C and 900 ◦C, and between 900 ◦C and
1000 ◦C the absorption remains similar. The spectra consist out of three peaks; Si-O-
Si bending at 810 cm−1 [109�113], Si-O-Si asymmetric stretching TO 1080 cm−1 [62,
108�114], and the Si-O-Si asymmetric stretching LO at 1200 cm−1 [108], similar to
the spectra visible in �gure 4.11 and �gure 4.25. The FTIR spectra after passivation
are not presented, since the change is insigni�cant compared to after annealing,
comparable to �gure 4.11. At 1000 ◦C c-Si is present in the Raman phonon modes,
and the crystallinity of the 2, 3 and 4 nm layer are 0.19 ± 0.04, 0.31 ± 0.01 and
0.31± 0.01 respectively.

Discussion

At 700 ◦C, the 2 nm thick layer shows a strong decrease in peak position after passi-
vation. This shift indicates passivation of Pb centers, and an increase in contribution
of large NPs. These NPs are however amorphous, and PL of a-Si NPs around 1.3 eV
has not yet been reported based on the performed literature study presented in sec-
tion 1.2.5. 1.3 eV is very close to the bulk bandgap of a-Si [126], which indicates that
the NPs are probably clustered, and form large a-Si patches inside the Si-rich layer.
These a-Si patches are weakly con�ned compared to NPs, and are expected to have
a low PL intensity [25, 26, 32, 120, 121]. The fact that there is negligible change in
intensity of the low energy contribution, see �gure 4.28(a) and (d), supports this
concept.

The 3 nm and 4 nm layers show a negligible di�erence in peak position with
respect to the 2 nm layer before passivation, and after passivation the peak position
hardly changes. The comparable peak position before passivation suggests that the
NP size distribution is comparable. The fact that passivation hardly in�uences the
peak position in the 3 nm and 4 nm thick layer, indicates that there is negligible
clustering present in these layers. The increase in intensity after passivation is thus
ascribed to passivation of Pb centers of isolated NPs. The intensity of the low energy
contribution, which is similar before passivation for all layers, and increases with
increasing layer thickness after passivation, is an indication that clustering decreases
for thicker layers. The clustered NP density is expected to increase with decreasing
layer thickness, which is also predicted by the model by van Sebille et al. [123], see
�gure 4.30. Although this model is based on c-Si NPs, the behaviour also applies to
a-Si NPs.

The total integrated intensity, presented in �gure 4.27(d) (e) and (f), shows a
decrease in intensity between 700 ◦C and 900 ◦C, which is in accordance with several
reports [25, 26, 32, 120, 121]. The explanation presented in these reports is based
on phase separation; higher temperatures lead to increased phase separation and the
formation of more and larger a-Si NPs. The PL decreases when these NPs become
too large due to decreased QC. This concept is also supported by the shift in peak
position; at 900 ◦C the peak shifts to lower energy. Increased phase separation is
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also visible in the FTIR spectra, which show a clear increase in absorption between
700 ◦C and 900 ◦C, indicating a higher O

Si fraction in the surrounding matrix.

1 2 3 4 5

Si-rich layer thickness [nm]

C
lu

st
er

ed
N

P
fr
ac

ti
on

Figure 4.30: The clustered NP fraction in a single Si-rich layer, as a function
of Si-rich layer thickness for an arbitrary crystallinity. The y-scale is left blank
since only the behaviour is of interest.

At 900 ◦C the peak position decreases with increasing layer thickness, which can
be explained by reduced QC because of the larger thickness. The low peak position
indicates the presence of large a-Si patches inside the Si-rich layer, which is also
supported by the integrated intensity of the low energy contribution. This intensity
decreases with increasing layer thickness, which is in accordance with a reduction of
QC.

Between 900 ◦C and 1000 ◦C the integrated intensity remains similar. Typically
an increase in PL intensity, and a shift to lower energies is seen between these
temperatures which is ascribed to the formation of c-Si NPs [32, 34]. In the results
presented in this report, none of these e�ects is visible, see �gure 4.27(b) (c). If QC
is the main PL mechanism, a possible explanation would be increased con�nement by
separation of clustered NPs occuring during the crystallization process. TEM images
of embedded NPs revealed mainly spherical or near-spherical c-Si NPs [4, 55, 137].
Crystallization of a-Si layers also revealed initially spherical c-Si NPs with diameters
smaller than the thickness of the layer [138]. If the a-Si clusters have an arbitrary
shape, this could lead to separation of NPs, illustrated by �gure 4.31. This separation
would result in an increase in QC of both the a-Si and c-Si NPs, resulting in an
increase in peak position. This behaviour has not been reported in literature however.
If QC is not the main PL mechanism, ISR would be the best option. The mechanism
behind ISR is still unknown, therefore no explanation for the increase in peak position
can be given.
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→ →
Figure 4.31: Separation of NPs due to the spherical shape of c-Si NPs. The
black dotted lines represent the edges of the Si-rich layer. The dark blue and
dark red represent a-Si and c-Si respectively.

A clear di�erence between the peak positions for the di�erent layer thicknesses
is visible at 1000 ◦C, see �gure 4.27(c). After annealing the peak position increases
with increasing layer thickness, which is contradictory to what is to be expected
from the maximum NP size and QC [6�13, 46, 51, 76]. A possible explanation would
be the higher clustered fraction, present in the thinner layers, which could lead to a
lower bandgap. This would however also require a lower integrated intensity of the
low energy contribution with decreasing Si-rich layer thickness, which is opposite to
the results. It is more likely that after 1000 ◦C PL is dominated by ISR instead of
QC. Interestingly the trend in peak position is inverted after passivation, and then
indeed follows QC, and corresponds to literature [6, 7, 46, 51]. The PL intensity
increases after passivation, which also follows QC. The 2 nm layer shows again the
highest intensity, which is ascribed to stronger con�nement in this thin layer. Since
after passivation most features can be explained with QC, it is likely that passivation
is necessary to increase the contribution of QC in the PL spectra.

The FTIR spectra show what is expected, the absorption peaks increase be-
tween 700 ◦C and 900 ◦C, and remain similar between 900 ◦C and 1000 ◦C. This
indicates that phase separation occurs between 700 ◦C and 900 ◦C, and is mostly
�nished around 900 ◦C, which explains the negligible di�erence between the 900 ◦C
and 1000 ◦C spectra. Between 900 ◦C and 1000 ◦C, crystallization of the a-Si NPs
occurs, leading to a crystallinity around 0.3. Except for the thinnest layer, 2 nm,
which shows a signi�cantly lower crystallinity. This can be ascribed to the thickness
of the layer, which is rather close to the critical crystallization diameter of 1.14 nm
[64, 65], therefore obstructing crystallization.

The changes in the integrated intensity of the high energy contribution are in-
signi�cant, which indicate it is independent of Si-rich layer thickness and annealing
temperature. The fact that in the preceding results there was also no signi�cant
change present, makes it highly unlikely that this contribution is due to matrix de-
fects. Especially since phase separation is clearly visible in the FTIR spectra between
annealing at 700 ◦C and 900 ◦C, indicating changes in the surrounding matrix. It is
possible that the spectra consist of two low energy contributions, of which one causes
the PL around 2 eV. A combination of QC and ISR could be the case, however this
was not used because of the chance of over�tting the data.
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5Conclusions & Recommendations
The results and discussion presented in previously are summarized and concluded

in this chapter. The conclusions of each experiment are concluded separately, and

at the end of the conclusions a short section is devoted to the interpretation of the

photoluminescence spectra. Recommendations for future research are presented

at the end of this chapter, which are divided into material properties and scaled

photoluminescence measurements.

5.1 Validation

5.1.1 Excitation Wavelength

In the used Raman setup, a lower excitation wavelength has proven to be bene�cial
for the PL scaling method, presented in this report. This leads to reduced signal
from the substrate, and an increase in measurement range.

5.1.2 Misalignment Angle

The scaling method is independent of misalignment angle, up to an angle of at least
7°±2°. At larger angles the signal-to-noise ratio decreases rapidly, which is attributed
to the fact that the backscattered light needs to enter the lens in order to reach the
detector.

5.2 Passivation of Dangling Bonds

5.2.1 Tube Furnace & Rapid Thermal Process Passivation

The higher PL intensity after TF passivation, compared to RTP passivation, indi-
cates that longer processing results in better passivation of Pb centers. The optimal
temperature is not established, but a clear indication for a decrease in Pb center
densities with increasing passivation temperature up to 600 ◦C is reported. Tem-
peratures in excess of 200 ◦C are believed to be necessary for e�cient passivation.
Photoluminescent defects emitting around 2 eV are not in�uenced by passivation,
which suggest charge carriers are excited inside these defects.

5.2.2 Hydrogen Plasma Passivation

Hydrogen plasma passivation showed little change in PL intensity, compared to TF or
RTP passivation. For hydrogen plasma passivation, temperatures in excess of 90 ◦C
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are required. The results show a small bene�cial e�ect of using plasma, opposed to
using normal H2 gas. Cooling at a low pressure in N2 gas resulted in the lowest Pb
center density, as opposed to cooling at a higher pressure in H2 gas or H plasma.

5.3 Excess Silicon Content

The optimal composition of the Si-rich layer has not been established, however strong
evidence is presented which favors a lower excess silicon content. This leads to a lower
clustered NP fraction, without drastically changing the surrounding silicon oxide
matrix, which is supported by results found in literature [27, 136], and a theoretical
model [123]. The contribution of photoluminescent defects emitting around 2 eV is
also independent of the initial composition.

5.4 Si-rich layer thickness

At 700 ◦C a-Si NPs are present. These a-Si NPs are likely to be clustered in the
2 nm thick Si-rich layers. In thicker layers no evidence is visible for clustering. At
900 ◦C, phase separation causes large a-Si patches to form, which is present in all
Si-rich layer thicknesses. At 1000 ◦C c-Si NPs form, however no strong evidence
is found for QC in these NPs. It is likely that ISR is dominant after annealing
at 1000 ◦C, and the contribution of QC increases after subsequent passivation. At
lower temperatures peak shifts corresponding to QC are present. The high energy
contribution is independent of annealing temperature and subsequent passivation.

5.5 Photoluminescence Mechanisms

In this report, the PL spectra are deconvoluted with two gaussians, the low and
high energy contribution. The low energy contribution is likely to be dominated by
ISR. Peak shifts in accordance with QC indicate it is a combination of ISR and QC.
The high energy contribution is ascribed to matrix defects, however its intensity was
independent of any of the induced variables.

Although the results in this report are analysed with two contributions, it is pos-
sible that the spectrum is wrongly interpreted. The fact that the integrated intensity
of the high energy contribution is independent of any of the induced variables, makes
it highly unlikely that it is related to a matrix defect. A di�erent combination of
�tting functions, presented in chapter 2.3.6, could result in a completely di�erent
interpretation. In literature PL is deconvoluted with as much as three [11, 127] or
even four [128] gaussian functions, however a check for over�tting is often lacking.
From the analysis presented in this report, it is clear that PL is a useful tool and
can identify certain properties, however it should not be used on its own because of
the complex interpretation.
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5.6 Recommendations

5.6.1 Si Nanoparticles Embedded in SiO
2

Because of the in�uence of the composition on clustering, the optimal composition
of the Si-rich layer needs to be determined. This optimum depends on the annealing
conditions, and annealing at 1000 ◦C has proven to yield c-Si NPs. It would be
interesting to anneal at higher temperatures, in order to reach a higher crystallinity,
but it is likely that the excess silicon in the bu�er layer then starts to crystallize. For
this, the composition of the bu�er layer should also be changed to contain a lower
excess silicon content. The thickness of the Si-rich layer has proven to in�uence the
NP size distribution, and the proper thickness depends on the application.

TF passivation has shown the best results, and should be considered for future
passivation. Both higher temperatures, and longer processing times can be investi-
gated, in order to reach the most e�cient passivation process.

5.6.2 Scaled Photoluminescence Measurements

The presented scaling method has proven to be useful for comparing PL spectra.
However a number of measurement were omitted afterwards because of unexpected
behaviour. These faulty measurements are likely to be due to bad scaling, which is
ascribed to a wrong �t of the Raman phonon modes. By reducing the noise of the
measurement, this e�ect might be reduced. Therefore the e�ect of laser intensity
should be investigated further, as higher intensities can lead to higher signal-to-noise
ratios.

In this report the temperature and excitation power were assumed to be constant,
however it would be interesting to investigate these two e�ects. Higher excitation
power will result in higher signal-to-noise ratios, but can also in�uence the PL spec-
trum because of higher generation rates and the state �lling e�ect [55]. Temperature
also in�uences the PL spectrum and intensity, and could provide interesting infor-
mation about the PL mechanisms.

Another variable, present in the used Raman setup, is the lens. By using a
di�erent magni�cation factor, the spot diameter and focal depth can be changed.
This could be used to determine PL of the sample on a smaller surface, resulting
in more information about the sample homogeneity. The focal depth will in�uence
the contribution of the substrate, and maybe a way of removing the e�ect of the
substrate can be developed.

To ease interpretation of PL spectra, a couple of interesting measurements can be
performed. Transmission electron microscopy could identify the NP spacing and size
distribution. Electron spin resonance would be helpful to identify the defects present
in the material. PL lifetime measurements could identify the number of contributions
present, and give insight into the di�erent mechanisms. Measuring the PL spectrum
at di�erent temperatures would also provide insight into the mechamisms.
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APhotoluminescence Model
First the variation in layer thickness, due to the limited precision of the PECVD

setup, is analysed. This is achieved by measuring the thickness of several lay-

ers in a transmission electron microscopy image. Next the literature study is

summarized in table A.1.

A.1 Layer Thickness Variation

To determine the variation in layer thickness inside a multilayer sample, a multi-
layer sample with known layer thicknesses is analyzed with transmission electron
microscopy. The resulting image is presented in �gure A.1. The dark and light
bands indicate the di�erent layers. The imposed thickness of these layers is 4 nm.
By measuring the thickness of these layers at 20 points, a mean thickness of 4 nm,
and a standard deviation of 0.3 nm is obtained.

Figure A.1: A transmission electron microscopy image of a multilayer struc-
ture of Si-rich and bu�er layers with a thickness of 4 nm. The di�erent layers
are indicated by the lighter and darker regions. This image was obtained by
experiments caried out by Martijn van Sebille at the TU Delft.

A.2 Photoluminescence Maxima

The result of the literature study on PL mechanisms in silicon oxide embedded Si
NP structures is presented in table A.1.
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Appendix A. Photoluminescence Model

Table A.1: Reported photoluminescence maxima at room temperature, and
their ascribed contributions in Si NPs embedded in silicon oxide. If only one
value is given for the energy range there was only one maximum reported. If
some entries are left blank, it was not speci�ed. FWHM stands for full with at
half maximum, and is an indication of the width of the contribution.

Contribution Energy range [eV] FWHM [eV] Association References
c-Si NPs 1.3 1.7 QC [6]

1.31 1.91 QC [7]
1.33 QC [18]

1.38 1.55 QC [8]
1.38 1.6 QC [19]
1.38 2.07 QC [9]
1.4 1.9 QC [20]
1.48 1.91 QC [10]

1.49 QC [21]
1.5 1.9 QC [22]
1.55 1.66 QC [11]
1.57 1.60 QC [23]
1.6 1.8 QC [12]

1.61 QC [13]
1.66 1.77 QC [24]
1.68 2.23 QC [25]
2.48 2.61 QC [28]

a-Si NPs 1.52 1.67 QC [18]
1.7 2.3 QC [14]
1.7 1.94 QC [26]
1.91 1.99 QC [25, 27]

Interface states 1.3 1.46 ISR [11]
1.55 ISR [28, 48]
1.65 ISR [22]
1.7 ISR [20, 21, 29�32]

Defects 1.5 1.75 Oxygen thermal donor [33]
1.66 0.4 interfacial Si=O [34]

1.85 2.07 0.35 NBOHC [35]
1.91 0.17 NBOHC [36]
1.91 0.04 NBOHC [24]
2.0 SiOx [29]
2.06 0.6 Si/SiO2 interface [37]
2.07 0.6 SiO2 [10]
2.64 Oxygen vacancy [32]
2.64 [27]
2.7 Oxygen de�ciency [38]

3.27 3.36 [9]
4.4 Oxygen de�ciency [39]
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BMeasurement Error Analysis
A detailed measurement error analysis is performed on the Raman spectroscope,

since this technique forms the core of this report. It comprises of three parts;

the e�ect of focus, sample homogeneity, and total measurement method. Next

the measurement error of a photothermal de�ection spectroscopy measurement

is identi�ed.

B.1 Raman Spectroscope

To identify the measurement error in a scaled PL spectrum, three experiments are
performed. First a sample is measured at the same spot six times in order to identify
the error induced by focusing of the laser beam. Next the sample is measured at
10 di�erent positions, without being cleaned in between the measurements. And
�nally the sample is again measured 10 times, but in between each measurement
the sample is taken out of the Raman spectroscope, and cleaned and positioned on
the sample stage again. These three experiments allow to identify the measurement
error due to focussing, the inhomogeneity of the sample, and the total measurement
error of the entire measurement procedure. The relative standard deviation σrel of
each experiment is calculated by dividing the standard deviation at each photon
energy STD(E), by the mean at that photon energy MEAN(E):

σrel(E) =
STD(E)

MEAN(E)
. (B.1.1)

Next a polynomial �t is applied to obtain an estimate of the measurement error
for further calculations.

First the e�ect of focussing is investigated. For this experiment the sample is
cleaned once with semiconductor grade ethanol and wiped clean with a cleanroom
tissue before placing it on the sample stage. Next the Raman spectroscope is closed,
and the sample is only moved up and down by moving the sample stage with servo
motors, controlled by a computer. This will reduce the contamination to a min-
imum, and will also reduce air currents inside the Raman spectroscope, causing
dust to settle. The relative standard deviation of this experiment is presented in
�gure B.1(a).

Next the inhomogeneity of the sample can be estimated by measuring the sample
at 10 positions. The sample is again cleaned once before placing it on the sample
stage, and the Raman spectroscope is closed. The sample stage is now also moved
sideways in order to measure at di�erent locations. The relative standard deviation
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Appendix B. Measurement Error Analysis

of this experiment is shown in �gure B.1(b). The e�ect of inhomogeneity of the
sample can be estimated by substracting the relative standard deviation of the focus
experiment from this experiment, resulting in the red line in �gure B.1(b), which is
roughly constant at 2%.
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Figure B.1: The relative standard deviation of focussing (a) and position (b).
The legend in (b) holds for both �gures. The shaded area represents data
outside the boundaries used for �tting the PL spectrum.
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Figure B.2: The total relative standard deviation in a scaled PL spectrum.
The shaded area represents data outside the boundaries used for �tting the PL
spectrum.

Finally the total relative standard deviation is presented in �gure B.2. In this
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B.2. Photothermal De�ection Spectroscope

experiment, the sample is cleaned and positioned on the sample stage prior to each
measurement, which is repeated 10 times. The relative standard deviation is ex-
pected to be the highest for this experiment, however this does not seem to be the
case below 1.5 eV. This is probably due to a less than optimal �t of the polynomial
in �gure B.1(b). The noise levels in the obtained relative standard deviations also
contribute to this fact.

B.1.1 Discussion

What �rst stands out is that the relative standard deviation increases drastically
below 1.3 eV. Clearly the sensitivity of the detector deteriorates below 1.3 eV, which
is the reason why this is chosen as the lower boundary for �tting the PL spectra. As
a reminder; above 2.2 eV the Raman phonon modes are present, which is why that
is the upper boundary for �tting.

The relative standard deviation of focussing, �gure B.1a, is mostly constant. The
increase below 1.4 eV is attributed to the sensitivity of the detector. Around 2.2 eV
the PL intensity is low, decreasing the signal-to-noise ratio, and thus increasing
standard deviation.

The inhomogeneity of the sample induces a constant deviation, indicated by the
red line in �gure B.1b. The decrease below 1.4 eV is again ascribed to a decrease in
sensitivity of the detector.

The total relative standard deviation of this method shows a signi�cant increase,
especially above 2 eV. This is probably an agglomeration of several factors; cleaning
liquid, cleaning method, handling of the sample, dust inside the Raman spectroscope
and di�erence in sample angle. These are however inherent to this method and
cannot be avoided. The red line in �gure B.2 is the polynomial used for obtaining
all standard deviations in scaled PL measurements presented in this report.

B.1.2 Incorporation of measurement error

To incorporate the obtained measurement error in the analysis of the PL spectra,
each spectra is �tted three times. First the original spectrum is �tted. Next the
standard deviation is respectively added and substracted from the PL spectra, after
which the new spectra is �tted, yielding the upper and lower bounds of the standard
deviation of the �t.

B.2 Photothermal De�ection Spectroscope

The PDS setup is a very sensitive setup which makes alignment very critical. The
main causes for measurement errors during a PDS measurement are alignment errors
and vibrations caused by the environment. Once a sample is placed into the setup,
the setup needs to be aligned in order to function properly. This is a tricky proce-
dure and has shown some unexpected behavior, further impeding alignment. Once
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Appendix B. Measurement Error Analysis

a measurement is running any vibration could cause unwanted errors in the mea-
surement. This is already suppressed by the fact that the whole setup is positioned
on an optical table, and the laser is even positioned on an additional optical table.
However our experience is still that even the human voice can cause vibrations in
this setup, showing how sensitive it really is. Fluctuations in the room temperature
could also a�ect the measurement, since this in�uences the response of the detectors.
The ambient light is also measured during the measurement in order to substract
the background light, which also shows that it is best to keep the lighting constant
during a measurement.

These factors are already kept to a minimum, however these external factors are
sometimes inevitable and therefore an error analysis is necessary. A small experiment
has been set up to measure this error. An annealed sample was measured �ve
times over the course of several days. In between each measurement the sample was
removed from the setup, and repositioned again. This experiment thus governs the
alignment and external e�ects. Sample inhomogeneity will not be noticed as strong
as during a Raman measurement, since the measurement spot of the PDS is roughly
5 mm in diameter, while the spot of the Raman spectroscope is focused to a spot
with a diameter of 12µm.
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Figure B.3: The relative standard deviation in PDS measurements.

From �gure B.3 it is clear that the measurement error is roughly 1%. Below 1.7
eV the signal becomes more noisy, however the relative error still remains below 5%.
The increase in noise level is also expected since this region is at energies below the
bandgap, which reduces the responsiveness of the setup.
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