
 
 

Delft University of Technology

Silicon nanocrystals embedded in silicon alloys

van Sebille, Martijn

DOI
10.4233/uuid:2a9c61cb-897b-40f4-aa2b-fbb0173e6559
Publication date
2017
Document Version
Final published version
Citation (APA)
van Sebille, M. (2017). Silicon nanocrystals embedded in silicon alloys. [Dissertation (TU Delft), Delft
University of Technology]. https://doi.org/10.4233/uuid:2a9c61cb-897b-40f4-aa2b-fbb0173e6559

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.4233/uuid:2a9c61cb-897b-40f4-aa2b-fbb0173e6559
https://doi.org/10.4233/uuid:2a9c61cb-897b-40f4-aa2b-fbb0173e6559


Silicon nanocrystals
embedded in silicon alloys

Proefschrift

ter verkrijging van de graad van doctor
aan de Technische Universiteit Delft,

op gezag van de Rector Magnificus prof. ir. K. C. A. M. Luyben,
voorzitter van het College voor Promoties,

in het openbaar te verdedigen op
vrijdag 3 maart 2017 om 10:00 uur

Door

Martijn van SEBILLE
Natuurkundig ingenieur

geboren te Ridderkerk, Nederland



This dissertation has been approved by the

promotors:

prof. dr. M. Zeman
dr. R. A. C. M. M. van Swaaij

Composition of the doctoral committee:

Rector Magnificus
prof. dr. M. Zeman, promotor
dr. R. A. C. M. M. van Swaaij, copromotor

Independent members:

prof. dr. L. D. A. Siebbeles, TU Delft
prof. dr. A. W. Weeber, TU Delft
dr. E. L. von Hauff, VU Amsterdam
prof. dr. J. Gómez Rivas, TU Eindhoven
prof. dr. K. Leifer, Uppsala University

We acknowledge financial support for this research from ADEM,
A green Deal in Energy Materials of the Ministry of Economic
Affairs of The Netherlands (www.adem-innovationlab.nl)

Published and distributed by Ipskamp Printing, the Netherlands.

ISBN: 978-94-6328-132-4

www.adem-innovationlab.nl


Contents

1 Introduction 1
1.1 General introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Motivation for silicon nanocrystals . . . . . . . . . . . . . . . . . . . 1
1.3 Concepts for silicon nanocrystal solar-cells . . . . . . . . . . . . . . 5
1.4 Research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.5 Outline of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.6 Contribution to the research field . . . . . . . . . . . . . . . . . . . . 14

2 Experimental details 17
2.1 Sample fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2 Sample characterization . . . . . . . . . . . . . . . . . . . . . . . . . 18

3 Optimizing silicon oxide embedded silicon nanocrystal inter-
particle distances 25
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4 Obtaining the nanocrystal size distribution 37
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.3 Theory, method and distribution correction . . . . . . . . . . . . . . 39
4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5 Obtaining the nanocrystal density of states 63
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.3 Optical model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
5.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

6 Shrinking of silicon nanocrystals during annealing in forming
gas atmosphere 77
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
6.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

iii



iv Contents

6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

7 Conclusions 91

References 101

Summary 103

Samenvatting 105

Publications 109

Acknowledgments 111

Curriculum Vitae 113



1
Introduction

1.1 General introduction

Direct conversion of light into electricity is one of the most promising approaches
to provide renewable energy on a large scale. Solar-cells are devices that use the
photovoltaic effect to convert sunlight into electricity.

1.2 Motivation for silicon nanocrystals

Single-junction solar-cells all suffer from spectral mismatch, reducing their cell’s
efficiency. Photons with lower energy than the absorber material’s band gap will
be transmitted and photons with higher energy than the band gap will lose the
excess energy through thermalization processes as heat. The result is that only a
fraction of the incident light can be converted into usable energy. This fraction
is shown for a typical crystalline silicon (having a band gap of 1.12 eV) solar cell
in figure 1.1. For such a solar cell this fraction is 49 % of the incident energy.
Shockley and Queisser called the efficiency obtained by taking into account the
spectral mismatch the ultimate efficiency (ηult) [1]. This is valid for the assumption
that each photon with energy greater than the band gap energy EG generates one
electronic charge at voltage of VG = EG/q, where q is the elementary charge. The
ultimate efficiency can be expressed by

ηult =
EG
∫ λG

0 Φ dλ∫ ∞
0

hc
λ Φ dλ

, (1.1)

where λ is the wavelength, Φ is the spectral photon flux of the incident light and
λG is the wavelength corresponding to the material’s band gap. The ultimate ef-
ficiency is shown for varying band gaps in figure 1.2. Aside from thermalization
and non-absorption, there are other loss mechanisms in solar cells, which reduce
the efficiency limit calculated above. The solar cell’s temperature is not absolute
zero, which means that it will absorb and emit thermal radiation, exchanging ra-
diative energy with its surroundings. Therefore recombination will occur, which
reduces the open circuit voltage Voc and the solar cell’s efficiency. The efficiency

1



2 1. Introduction

Figure 1.1: The AM1.5 spectrum and its fraction (dark shade) that can be converted into
usable energy by a single-junction solar cell with a band gap of 1.12 eV.

η of a solar cell is given by

η =
JphVocFF

Pin
, (1.2)

where Jph is the photocurrent density, FF is the fill factor and Pin is the incident
power. When we again assume that each photon with energy greater than the
band gap energy generates one electronic charge at voltage of VG = EG/q and
that the photocurrent density Jph is equal to the short circuit current density, we
can obtain the short circuit current density

Jsc = −q
∫ λG

0
Φ dλ. (1.3)

Combining equations (1.1) and (1.3), we obtain

Jsc = −
Pinηult

VG
. (1.4)

The band gap utilization v is given by [1]

v =
Voc

VG
, (1.5)

which is an expression for the fraction of the band gap voltage that can be used
for the open circuit voltage. Combining equations (1.2), (1.4) and (1.5) results in

η = ηultvFF. (1.6)
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Figure 1.2: Ultimate efficiency of single-junction solar cells with varying band gap energy
when illuminated with the AM1.5 spectrum.

The open circuit voltage is given by

Voc =
kBT

q
ln
[ Jph

J0
+ 1
]

, (1.7)

where kB is the Boltzmann constant, T is the temperature and J0 is the satura-
tion current density. When assuming that the solar cell is in thermal equilibrium
with its surroundings at T = 300 K and that the solar cell absorbs and emits as a
blackbody for wavelengths shorter than the band gap wavelength of its absorber
material. For longer wavelengths the solar cell is assumed to be completely trans-
parent. The blackbody radiance LBB is given by [2]

LBB =
2hc2

λ5
1

exp
(

hc
λkBT

)
− 1

, (1.8)

which can be used to find an expression for the radiative recombination current
density

J0 = −2qπ
∫ λG

0

2hc2

λ5

[
exp

(
hc

λkBT

)
− 1
]−1

dλ. (1.9)

Combining equations (1.5) and (1.7) we find

v =
kBT
EG

ln
[ Jph

J0
+ 1
]

. (1.10)

The fill factor can be approximated using [3]

FF =
voc − ln (voc + 0.72)

voc + 1
, (1.11)
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where voc is the normalized open circuit voltage, which is given by

voc =
qVoc

kBT
. (1.12)

Using this set of equations, first derived by Shockey and Queisser, the maxi-
mum efficiency for single-junction solar cells can be estimated [1], known as the
Shockley–Queisser limit. This limit is shown in figure 1.3 for varying band gap
energies, along with the losses caused by thermalization and non-absorption. The

Thermalization

Non-absorption

Shockley-Queisser limit

Other losses

Figure 1.3: Shockley–Queisser limit and the major loss mechanisms in single-junction solar
cells, calculated using the AM1.5 spectrum.

other losses include voltage loss due to thermal radiation and the fill factor being
different from 100 %. Note that the Shockley–Queisser limit is only a simplified
approximation of the efficiency limit. In practice more losses occur, which further
reduce the maximum efficiency. These include series resistance and Auger re-
combination. Still, the Shockley–Queisser limit and its equations are useful as an
approximation of the maximum efficieny and to estimate the effects of the losses
involved. From these calculations the maximum efficiency is 33 % for an absorber
material with band gap of 1.34 eV. At this band gap energy the losses caused by
thermalization and non-absorption account for 23 and 30 %, respectively.

In this thesis we focus on the problem of thermalization. One solution to pre-
vent excessive thermalization is to use multiple absorber materials with vary-
ing band gaps. Such multi-junction devices can exceed the Shockley–Queisser
limit and have record efficiencies, up to 38.8 % for non-concentrator, quintuple-
junction solar-cells at the time of writing [4, 5]. However, materials used to
achieve the different band gaps in these devices typically include indium, gal-
lium and arsenic, which are either scarce or toxic [6, 7].

In 2005 Green et al. proposed the concept of a multijunction device based en-
tirely on silicon nanocrystals embedded in a dielectric matrix made of silicon and
its compounds with oxygen, nitrogen and carbon [8]. The different band gaps
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needed for efficient spectral matching would be accomplished by utilizing the
size-dependent quantum confinement in nanometer-sized crystals. The quan-
tum mechanical concepts related to these systems and their possible applications
in photovoltaic solar-cells will be discussed in more detail in the section below.

1.3 Concepts for silicon nanocrystal solar-cells

Heisenberg’s uncertainty principle states that it is impossible to accurately de-
scribe both a particle’s position x and momentum p simultaneously. Kennard
formulated this relationship as [9]

σxσp ≥
h̄
2

, (1.13)

where σx and σp are the standard deviations of position and momentum, respec-
tively, and h̄ is the reduced Planck’s constant, defined as h̄ = h/2π. Since the
reduced Planck’s constant is very small, this relationship is only relevant for very
small, sub-atomic particles, like electrons. The consequence of the uncertainty
principle is that the position of small particles can only be described in terms of
probability, using the non-relativistic Schrödinger’s equation

ih̄
∂

∂t
Ψ (x, t) =

[
−h̄2

2µ
∇2 + V (x, t)

]
Ψ (x, t) , (1.14)

where i is the imaginary unit, Ψ is the wave function of the quantum system,
dependent on position x and time t, µ is the particle’s reduced mass, V is its po-
tential energy and ∇2 is the Laplacian. Solving this partial differential equation
for different boundary conditions and potential energy provides insight into the
behavior of very small particles. For the purpose of this thesis the most interest-
ing cases are the potential well and the process of tunneling, described in more
detail in the following sections.

1.3.1 Quantum confinement

Consider a one-dimensional box with width a, a potential equal to zero and in-
finite potential outside the box, shown in figure 1.4. Solving the Schrödinger
equation for this system leads to

ψ (x, t) = [A sin (kx) + B cos (kx)] exp (−iωt) , (1.15)

where A and B are arbitrary complex numbers, k is the wavenumber and ω is
the angular frequency, describing the frequency of oscillations through space and
time, respectively. The total energy of the particle in quantum state n = 1, 2, 3, . . .
is given by

En =
h̄2π2

2ma2 n2, (1.16)
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V(x) = 0 V(x) = ∞V(x) = ∞

Well BarrierBarrier

V

x0 a

Figure 1.4: A one-dimensional box with potential equal to zero and infinite potential out-
side the box.

where m is the effective mass of the particle. Equation (1.16) can be modified for
a three-dimensional box to accommodate the x, y and z dimensions in n and a

En =
h̄2π2

2m

[
n2

x
a2

x
+

n2
y

a2
y
+

n2
z

a2
z

]
. (1.17)

The particle in a box model can be used to describe nanoparticles in a high-band
gap dielectric matrix. This is only the case when the nanoparticle radius is smaller
than the exciton Bohr radius. The exciton Bohr radius is 4.3 nm for crystalline sil-
icon [10], so quantum confinement applies to silicon nanocrystals with diameters
smaller than 8.6 nm.

For nanocrystals embedded in a dielectric matrix, as studied in this thesis, the
potential barrier height is not infinite, but limited by the band gap of the matrix
material. Including the potential of the barrier V0 results in the following expres-
sion for the confined energy levels [11]

En =
3h̄2π2

2m∗a2 n2
[

1 +
2h̄

a
√

2m∗V0

]−2
=

3h̄2π2

8m∗r2 n2
[

1 +
h̄

r
√

2m∗V0

]−2
, (1.18)

where r is the nanoparticle radius (a = 2r), and m∗ includes the effective mass of
the electron m∗e and hole m∗h

m∗ =
[

1
m∗e

+
1

m∗h

]−1
. (1.19)

Equation (1.18) shows that the confinement energy increases strongly for de-
creased particle sizes. Also, a lower barrier height decreases the confinement
energy.
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Equations (1.17) and (1.18) are valid for cubic nanocrystals, but in reality nanocrys-
tals are approximately spherically shaped when synthesized in a multilayer struc-
ture [12]. Therefore a correction factor of 4

3 is introduced [13]

En =
h̄2π2

2m∗r2 n2
[

1 +
h̄

r
√

2m∗V0

]−2
. (1.20)

For confined structures the band gap is the sum of the material’s bulk band gap
and the structure’s confinement

Econfined = Ebulk + En, (1.21)

where Econfined and Ebulk are the confined and bulk band gap, respectively, and
En is the nth energy state. The electron-hole pair is modeled as a particle in a box
at ground level, so n = 1 [14]. Combining equations (1.20) and (1.21) results in
the band gap for spherical confined nanoparticles

Econfined = Ebulk +
h̄2π2

2m∗r2

[
1 +

h̄
r
√

2m∗V0

]−2
. (1.22)

These equations include effects of the nanocrystal’s size, its shape, and the band
gap of its surrounding matrix. It does not include other effects that can influence
the nanocrystal’s band gap, like stress imposed by the embedding matrix [15],
and the presence and nature of nanocrystal surface passivation [16, 17]. Therefore
the band gap energy of embedded silicon nanocrystals can differ from values ob-
tained from theory. Figure 1.5 shows the theoretical band gap values for varying
nanocrystal diameters and experimental data obtained using photoluminescence
measurements reported by Kůsová et al. [15].

Because the potential barrier height is not infinite for nanocrystals in a dielectric
matrix, the probability for an electron to exist outside its nanocrystal is non-zero.
If two nanocrystals are closely spaced, the wavefunctions of their electrons can
overlap and electrons can tunnel from one nanocrystals to the next, through the
potential barrier. The probability for tunneling to occur (expressed as the trans-
mittance, T) depends on the energy barrier height of the embedding matrix ∆E,
and the inter-particle distance d, given by [21]

T ∝ exp

[
−

√
8m∗

h̄2 ∆E
1
2 d

]
. (1.23)

1.3.2 Phase separation and crystallization

Embedded silicon nanocrystals can be made by annealing silicon-rich silicon al-
loy films and is typically performed using a tube furnace or rapid thermal anneal-
ing (RTA) furnace [12]. During annealing the material undergoes several changes
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Figure 1.5: Nanocrystal band gap energy as a function of nanocrystal diameter. The mark-
ers show experimental data obtained by photoluminescence measurements from literature
[11, 18–20]. The solid line shows the theoretical band gap according to equation (1.22).

at different temperatures, shown schematically in figure 1.6. Hydrogen effusion
occurs between approximately 400 to 600 ◦C [22], creating optically active defects
[23]. Between 600 to 900 ◦C phase separation of the excess silicon occurs, creat-
ing amorphous silicon nanoparticles, surrounded by an amorphous silicon oxide
matrix. The phase separation is driven by a gain in the Gibbs free energy of the
system [24]. Annealing at temperatures in excess of 900 ◦C leads to crystalliza-
tion of these amorphous nanoparticles [25]. The crystallization kinetics typically
follow a sigmoidal profile described by the Johnson-Mehl-Avrami-Kolmogorov
equation [26, 27] and occurs in three stages: (i) Incubation, (ii) crystallization and
grain growth, and (iii) and saturation.

1.4 Research questions

1.4.1 Inter-particle distances

Using films containing alternating layers of stoichiometric and silicon-rich sili-
con alloys allows for the control over the nanocrystal size, limited to the silicon-
rich layer thickness [28, 29]. Various charge transport mechanisms for embedded
silicon nanocrystal have been suggested, including direct tunneling [30], trap-
assisted tunneling [31], and hopping [32]. No clear consensus exists concerning
the exact mechanisms, especially concerning the role of defects in the matrix and
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(a) (b)

(c) (d)

Si
O
H
DB

Figure 1.6: Microstructure of a a-SiOx:H sample (a) as deposited, (b) annealed at 400 to
600 ◦C causing hydrogen effusion, (c) annealed at 600 to 900 ◦C causing phase separation of
the excess silicon, (d) annealed at 900 ◦C and up causing crystallization of the amorphous
silicon nanoparticles.

at the nanocrystal interface [31–35]. Nonetheless, the total charge transport is
expected to be highly dependent on the nanocrystal spacing and the choice of
dielectric material [36]. For SiO2 films, an inter-particle spacing up to 2 nm is
acceptable, which provides a minimum mobility of 10−1 cm2 V−1 s [8].

The nanocrystal density in the silicon-rich layers can be controlled by tun-
ing the stoichiometry of these layers during deposition. A low silicon content
leads to relatively few, isolated nanocrystals and increasing the excess silicon
content will eventually lead to clustering of nanocrystals, shown schematically
in figure 1.7. When the nanocrystal density is too low, the probability of nearest-
neighbor nanocrystal within 2 nm is too low. In contrast, when the excess silicon
content is too high, nanocrystals are so closely spaced that they start clustering,
which reduces the quantum confinement in these crystals. This means there is
an optimal stoichiometry to achieve a limited nanocrystal spacing without clus-
tering. What is the optimal stoichiometry and how does it depend on the crys-
tallinity of the film and the thicknesses of the multilayer structure?

1.4.2 Size distribution

The mean and deviation of nanocrystal size are crucial parameters in determining
the optical properties of the material [37, 38], and electronic transport properties
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(a)

(b)

(c)

Figure 1.7: Nanocrystals formed in silicon-rich layers with relatively low (a), medium (b)
and high (c) excess silicon, separated by stoichiometric buffer layers.

in photovoltaic devices [39]. Furthermore, for silicon nanocrystals with a suffi-
ciently narrow size distribution and which are closely spaced, a miniband will
form and result in an increase of the effective band gap of the superlattice ma-
terial [29]. Therefore, controlling both the mean size and the size distribution of
silicon nanocrystals is of great importance.

Limited by the nanometer-scale dimensions of nanocrystals, transmission elec-
tron microscopy (TEM) is the only direct measurement tool capable of capturing
the size and shape of embedded nanocrystals. Although silicon nanocrystal size
distributions obtained from TEM images have been reported (e.g. Ref [38, 40–
42]), the method used to obtain these distributions is either unclear, performed
using closed source software or without the possibility to verify which nanocrys-
tals were measured.

When we consider nanocrystals of different materials, we find more and clearer
methods are used, but all lack either in analysis speed, accuracy, or both. These
analyses are typically carried out manually or by thresholding methods (e.g. Ref
[43–45]). Manual measuring is very time-consuming and can be biased by sub-
jective choices and expectations. Thresholding methods face difficulties when
applied to images with background inhomogeneities. These methods typically
need high quality TEM images with high signal-to-noise ratios and homogeneous
backgrounds to function properly. Furthermore, poor choice of threshold settings
might lead to biased results [46].

A different approach was reported by Mondini et al. They demonstrated a
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method based on fitting each nanocrystal individually with an intensity profile
[47]. This method, called PEBBLES, is not sensitive to inhomogeneous background
or global contrast differences. However, with an analysis speed of 1 nanocrystal
per second under favorable conditions and significantly slower speeds for sub-
optimal conditions [47] analyzing several images with hundreds of nanocrystals
is time-consuming. So, a quick method to measure nanocrystals in TEM images
with minimal user input to minimize user bias has been lacking. How can the
nanocrystal size distribution of embedded silicon nanocrystals be determined ob-
jectively and quickly?

1.4.3 Density of states

The relation between the size of nanocrystals and their optical properties is com-
plex, since these optical properties are affected by several other factors, including
high stress imposed by the embedding matrix [15], and the presence and nature
of nanocrystal surface passivation [16, 17]. These effects makes a direct transla-
tion between absolute nanocrystal sizes and their optical properties very difficult,
if not impossible. However, it is not the size of nanocrystals, but their optical
properties and the ability to tune them that are of most interest for photovoltaic
purposes.

Sain and Das showed that the optical band gap for silicon nanocrystal contain-
ing films of silicon nitride films increases for increasing nitrogen concentrations
[48]. For thermally annealed Si-rich amorphous silicon carbide films, Song et al.
showed that upon annealing the band gap increases with increasing tempera-
ture [49]. Both these findings were obtained from reflectance and transmittance
measurements. Ding et al. performed optical measurements using photothermal
deflection spectroscopy (PDS) on thermally annealed SiC, SiOx, and SiC/SiOx
hetero-superlattices [23]. Their results showed that an increase in annealing tem-
perature leads to a significant increase in sub-band gap absorption and a red-
shift of the E04 gap (the photon energy at which the absorption coefficient equals
104 cm−1) for SiC films. SiOx films and SiC/SiOx hetero-superlattices show a sim-
ilar decrease of the E04 gap upon annealing, followed by an increase for annealing
temperatures greater than the crystallization temperature [23]. However, several
changes occur in the material during annealing, such as broadening of tail states
and an increasing defect density caused by hydrogen effusion. Furthermore, de-
pending on the material, a subsequent decreasing defect density at elevated an-
nealing temperatures can occur, as annihilation of dangling bonds during ther-
mally activated restructuring of the material takes place [50]. Therefore, a shift in
the band gap cannot be solely attributed to nanocrystal absorption, since it is also
affected by other changes in the material. Reducing these different contributions
to the absorption spectrum to a single band gap value does not accurately reflect
the material’s complexity. Instead, distinguishing the contributions of the a-SiOx
matrix and the nanocrystals to the absorption spectrum provides better insight
on the different processes taking place during annealing. Upon pinpointing the
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nanocrystal absorption contribution, their density of states (DOS) can be recon-
structed. Furthermore, such a detailed analysis allows us to study the effect the
annealing conditions on the nanocrystal absorption properties and their related
DOS.

A similar approach has been used to study microcrystalline silicon. Chen et
al. demonstrated a method to model and fit the absorption coefficient based on
the DOS for microcrystalline silicon samples [51]. Their method uses an effective
medium approximation based on the complex refractive indices of amorphous
silicon and bulk c-Si. It does not, however, allow for a change in the optical
properties and DOS of nanocrystalline silicon, caused by quantum confinement.
This method can therefore not be applied to nanocrystals. So, a method to obtain
the nanocrystal absorption properties and their DOS from absorption spectra has
been lacking. How can information about the silicon nanocrystal density of states
be obtained from absorption spectra?

1.4.4 Hydrogen passivation during annealing

Since hydrogen effusion occurs at lower temperatures than phase separation and
crystallization, this cannot be avoided, leading to an increased defect density.
Reincorporation of hydrogen into the material is considered to be an effective
method to reduce the defect density [52, 53]. One option is to use a hydrogen
plasma in a post-annealing passivation step, which increases the photolumines-
cence intensity [54]. Another option is to expose samples to a H2 atmosphere
in a post-annealing passivation step at 400 ◦C [55, 56] or 500 ◦C [53]. Similarly,
López et al. reported an increase in photoluminescence for samples passivated
in forming gas (N2+H2) atmosphere at 450 ◦C [57]. Decreasing the defect den-
sity using post-annealing passivation requires an extra processing step, which to
some extent complicates the process and increases the thermal budget, thereby
potentially limiting throughput by extended processing time. Another approach
is to combine annealing and hydrogen passivation in a single processing step,
by annealing in a H2 containing atmosphere. Comedi et al. observed a fourfold
increase in photoluminescence intensity, accompanied by a change in the spec-
tral shape, for samples annealed in Ar+H2 atmosphere, compared to samples
annealed in pure Ar [58]. Since x-ray diffraction measurements on their sam-
ples show no significant differences, they conclude the hydrogen does not affect
the nanocrystal growth and the changes in photoluminescence are caused by a
decrease in defect density. In contrast, Cheylan and Elliman reported no signifi-
cant differences in photoluminescence intensity and position when annealing at
1100 ◦C in N2+H2 atmosphere, compared to a pure N2 atmosphere [59]. Based on
these results they conclude that annealing in a hydrogen containing atmosphere
does not affect nanocrystals.

Although photoluminescence measurements provide valuable information on
the mean nanocrystal size and their passivation, no detailed information on the
defect density of the film can be obtained. Furthermore, the discordant results
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reported in literature suggest a detailed study of the effect of hydrogen on the
nanocrystal growth during annealing has been lacking. Is combining the anneal-
ing and passivation steps by annealing in a hydrogen-containing annealing atmo-
sphere effective in reducing the defect density created during annealing? How
does hydrogen affect the nanocrystal growth?

1.4.5 Research questions

The research approach described above can be condensed into the following list
of research questions which will be addressed in this thesis:

1. What is the optimal SiOx stoichiometry and how does it depend on the
crystallinity of the film and the thicknesses of the multilayer structure?

2. How can the nanocrystal size distribution of embedded silicon nanocrystals
be determined objectively and quickly?

3. How can information about the silicon nanocrystal density of states be ob-
tained from absorption spectra?

4. Is combining the annealing and passivation steps by annealing in a hydrogen-
containing annealing atmosphere effective in reducing the defect density
created during annealing? How does hydrogen affect the nanocrystal growth?

1.5 Outline of this thesis

The experimental details for the most used techniques and setups are described in
chapter 2. This includes both sample fabrication and characterization techniques.
Furthermore, methods to analyze data are described in this chapter, including
the method to obtain the crystallinity from Raman measurements and the far-
refractive index from ellipsometry measurements.

The effects of stoichiometry, crystallinity and layer thickness on the properties
of layers that contain nanocrystals are examined in chapter 3. In this chapter an
analytical method is developed which can be used to optimize the stoichiometry
and thickness of multilayer silicon oxide films in order to achieve the highest
density of non-touching and closely spaced silicon nanocrystals after annealing.
The probability of a nanocrystal nearest-neighbor distance within a limited range
is calculated using the crystallinity and stoichiometry of the as-deposited film
as input parameters. Multiplying this probability with the nanocrystal density
results in the density of non-touching and closely spaced silicon nanocrystals.
This method can be used to find the best as-deposited stoichiometry in order to
achieve optimal nanocrystal density and spacing after a subsequent annealing
step.

A method to quickly detect and measure the nanocrystal size distribution from
transmission electron microscopy (TEM) images with minimal bias caused by
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user input is developed and demonstrated in chapter 4. The method uses a
combination of Laplacian of Gaussian filters and non-maximum suppression and
is demonstrated on bright-field TEM images of an a-SiC:H sample containing
embedded silicon nanocrystals with varying magnifications. The accuracy and
speed are compared with size distributions obtained by alternative methods. Fi-
nally, the error induced by slicing nanocrystals during TEM sample preparation
on the measured nanocrystal size distribution is considered analytically and an
equation to correct for this effect is formulated.

In chapter 5 a non-destructive measurement and simple analysis method for
obtaining the absorption coefficient of silicon nanocrystals embedded in an amor-
phous matrix is presented. This method enables one to pinpoint the contribution
of silicon nanocrystals to the absorption spectrum of nanocrystal containing films.
The density of states (DOS) of the amorphous matrix is modeled using the stan-
dard model for amorphous silicon while the nanocrystals are modeled using one
Gaussian distribution for the occupied states and one for the unoccupied states.
The method is used to analyze a laser annealed silicon oxide sample annealed
with varying laser fluences. The results of this analysis are used to propose a
model for the nanocrystal growth for these fabrication conditions.

The effects of hydrogen during annealing on the nanocrystal crystallization and
passivation processes is examined in chapter 6. The use of hydrogen gas during
annealing leads to a lower sub-band gap absorption, indicating passivation of
defects created during annealing. Samples annealed in pure nitrogen show ex-
pected trends according to crystallization theory. Samples annealed in forming
gas, however, deviate from this trend. Their crystallinity decreases for increased
annealing time. Furthermore, we observe a decrease in the mean nanocrystal size
and the size distribution broadens, indicating that hydrogen causes a size reduc-
tion of the silicon nanocrystals.

1.6 Contribution to the research field

This doctoral thesis contains a number of characterization methods and experi-
mental results regarding embedded silicon nanocrystals.

We demonstrated an analytical method to optimize the composition and thick-
ness of multilayer silicon oxide films in order to achieve the highest density of
non-touching and closely spaced silicon nanocrystals after annealing. The prob-
ability of a nanocrystal nearest-neighbor distance within a limited range is cal-
culated using the crystallinity and composition of the as-deposited film as input
parameters. Multiplying this probability with the nanocrystal density results in
the density of non-touching and closely spaced silicon nanocrystals. This method
can be used to find the best as-deposited composition in order to achieve optimal
nanocrystal density and spacing after a subsequent annealing step.

We have also developed a semi-automatic method with minimal bias caused
by user input to quickly detect and measure the nanocrystal size distribution
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from transmission electron microscopy images and demonstrated this method on
bright-field TEM images. The accuracy and speed of this novel method was com-
pared with conventional methods used in literature and the proposed method
performed comparable or better in the image test set. Furthermore, we have
developed an analytical correction for the effect of slicing nanocrystals during
transmission electron microscopy sample preparation on the apparent nanocrys-
tal size distribution. We derived an equation for the apparent nanocrystal size
for a given real nanocrystal size. Assuming a certain nanocrystal distribution
shape, this equation can be used to fit a real nanocrystal size distribution from a
measured apparent size distribution.

Furthermore, we have developed a simple analysis method for obtaining the
absorption coefficient of silicon nanocrystals embedded in an amorphous matrix.
This method enables us to pinpoint the contribution of silicon nanocrystals to
the absorption spectrum of nanocrystal containing films. The density of states
of the amorphous matrix is modeled using the standard model for amorphous
silicon while the nanocrystals are modeled using one Gaussian distribution for
the occupied states and one for the unoccupied states.

Finally, we reported the effect of hydrogen on the nanocrystal crystallization
process for silicon nanocrystals embedded in a silicon oxide matrix. We show
that hydrogen gas during annealing leads to a lower sub-band gap absorption,
indicating passivation of defects created during annealing. Samples annealed in
pure nitrogen show expected trends according to crystallization theory. Samples
annealed in forming gas, however, deviate from this trend. Their crystallinity de-
creases for increased annealing time. Furthermore, we observe a decrease in the
mean nanocrystal size and the size distribution broadens, indicating that hydro-
gen causes a size reduction of the silicon nanocrystals.
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Experimental details

2.1 Sample fabrication

Samples were fabricated using thin film deposition techniques and were subse-
quently annealed in order to obtain embedded silicon nanocrystals. All depo-
sitions and thermal annealing were performed in a cleanroom class 10000. The
details of the techniques and setups used are described below.

2.1.1 Radio frequency plasma enhanced chemical vapor
deposition

Radio frequency plasma enhanced chemical vapor deposition (RF-PECVD) is a
process in which a plasma is used to deposit a thin film on a substrate. The
substrate is placed between two perpendicular electrodes and a radio frequency
(13.56 MHz) discharge between them is used to partially ionize precursor gases
between the electrodes. A bias voltage between the electrodes accelerates ionized
atoms or molecules towards the substrate, where they deposit a thin film.

The RF-PECVD setup (built by Elletrorava S.p.A.) used in this research is a
multi chamber system consisting of a central transport chamber equipped with a
robot arm. Six deposition process chambers and a load lock are connected to the
transport chamber. In the process chambers, intrinsic and doped amorphous sili-
con, as well as silicon alloys can be deposited. The system is fully automated, so
once programmed, complex multilayer structures can be deposited easily. Layers
are deposited in ultra-high vacuum (10−9 mbar) chambers. The load lock can be
pumped down from atmospheric pressure to high vacuum (10−6 mbar) within
a few minutes. Once introduced in the cluster tool, substrates can be processed
layer by layer without breaking the vacuum. Cross contamination between the
different processes is prevented by using dedicated processing chambers for each
type of material. The deposition conditions used for the different experiments are
described in their respective chapters.

17
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2.1.2 Tube furnace

A tube furnace is a conventional furnace that uses hot gases to heat up the sam-
ple. For the experiments described in chapter 3, a Tempress horizontal tube fur-
nace was used, with a maximum temperature of 1000 ◦C, maximum ramp rate of
10 ◦C min−1, and capable of annealing in pure nitrogen and forming gas (90 % N2
+ 10 % H2) atmospheres at atmospheric pressure.

2.1.3 Rapid thermal annealing furnace

In contrast to the tube furnace, heating in a rapid thermal annealing furnace is
not achieved by hot gas or by substrate heating, but by the absorption of light.
For the experiments described in chapter 3 and 6 a Solaris 100 Rapid Thermal
Processor was used, which is outfitted with thirteen quartz halogen lamps on top
and bottom of the sample. This furnace has a maximum temperature of 1100 ◦C,
a maximum ramp rate of 60 ◦C s−1, and is capable of annealing in pure nitrogen
and forming gas atmospheres at atmospheric pressure.

2.2 Sample characterization

2.2.1 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a technique that can be used to mea-
sure the elemental composition of samples. XPS measurements are obtained by
irradiating a sample with a x-ray beam and measuring the number of electrons
that escape from the film and their kinetic energy, shown schematically in fig-
ure 2.1. The obtained spectrum shows the number of photo-emitted electrons as

Film
Substrate

Detector

Focussed beam
of x-rays

Photo-emitted
electrons

Figure 2.1: Schematic representation of an XPS setup.

a function of their binding energy. Since each element has a distinct set of spectral
peaks, corresponding to its electron configuration within the atoms, the number
of detected electrons in each of the peaks can be related to the amount of the el-
ement in the measured volume. In order to generate atomic percentages of the
elements present, the measurement is corrected for the relative sensitivity.
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XPS measurements were used to obtain the bulk stoichiometry of the deposited
films. The measurements were performed using a Thermo Scientific K-Alpha
setup. It is a surface-sensitive measurement, so in order to obtain bulk properties
of the films examined and to remove surface contamination, the film surface was
etched with an ion gun prior to measurements.

2.2.2 Spectroscopic ellipsometry

Ellipsometry is an optical measurement technique based on the change in polar-
ization of light upon interaction with the examined sample. Light of a white light
source is passed through a polarizer before interaction with the sample, as shown
in figure 2.2. After interaction with the sample, the light is reflected and passes

Film
Substrate

Light source
Detector

AnalyzerPolarizer θ

Figure 2.2: Schematic representation of a spectroscopic ellipsometry setup.

through an analyzer before entering a detector, which measures the wavelength
dependent change in amplitude ratio and phase. A Cody-Lorentz model is used
to fit the measured data [60]. This provides information about the film’s dielec-
tric properties, including its thickness, band gap and complex refractive index.
Spectroscopic ellipsometry was also used to determine the far-infrared refractive
index n0 [61]. The far-infrared refractive index is obtained by fitting the wave-
length dependent refractive index n in the range where the extinction coefficient
k = 0 with

1
n2 − 1

= a− bE2, (2.1)

where E is the photon energy. The coefficients a and b are obtained from the fit
and can then be used to obtain n0 by solving equation (2.1) for E = 0. Figure 2.3
shows the far-refractive index for SiOx films with varying oxygen content, ob-
tained using equation 2.1. The far-refractive index n0 is linearly dependent on
the oxygen content in the film, according to

n0 = −3ΓO + 3.3, (2.2)
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Figure 2.3: Far-refractive index as a function of the film’s oxygen fraction obtained using
XPS measurements. The data is fitted with a linear fit according to equation 2.2.

where ΓO is the oxygen fraction. This relationship can be used as a quick and
non-destructive alternative to XPS to obtain an indication of film’s stoichiometry.

Spectroscopic ellipsometry measurements were carried out using a J.A. Wool-
lam Co., Inc. M-2000 Spectroscopic Ellipsometer, using a wavelength range of
192 to 1690 nm.

2.2.3 Raman spectroscopy

Raman spectroscopy is a technique used to observe low-frequency modes in thin
films, using inelastic scattering of monochromatic light. Upon illumination with
a monochromatic light, the incident photons can interact with the atoms in the
film, resulting in scattering of the incident photons, shown in figure 2.4. The
dominant scattering process is Rayleigh scattering, which is an elastic form of
scattering, meaning that the photon’s energy is conserved and that only its direc-
tion is changed. A much less likely process is inelastic scattering, or Raman scat-
tering, resulting in a reduction (Stokes) or increase (anti-Stokes) of the scattered
photon’s energy. Measuring the spectrally dependent Raman scattering intensity
results in a phonon spectrum, indicating the acoustic and optical modes of the
atomic lattice. A typical Raman spectrum for the systems used in this thesis is
shown in figure 2.5. In this figure the phonon modes of a-Si at 170, 360, 445 and
495 cm−1 can be observed, as well as the c-Si TO mode at 517 cm−1. The crys-
tallinity XC is the ratio of Si–Si bonds in crystalline phase over the Si–Si bonds in
amorphous and crystalline phase [62] and can be calculated as follows

XC =
ITO,c-Si

σITO,a-Si + ITO,c-Si
, (2.3)
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Figure 2.4: Energy-level diagram showing the states involved in Raman scattering.

where ITO,c-Si and ITO,a-Si are the integrated transverse optical (TO) phonon modes
of crystalline and amorphous silicon, respectively. σ is a factor to correct for the
difference in scattering cross section between these modes and is set to 0.8 [62].

The crystallinity of silicon oxide films annealed at a certain temperature de-
pends on the stoichiometry of the as-deposited film. The effect of stoichiometry
on intrinsic, and p- and n-type doped SiOx samples annealed at 1000 ◦C is shown
in figure 2.6. For low stoichiometry the film reaches a high crystallinity for the
annealing conditions used and decreases with increasing stoichiometry. Further-
more, increased p-type doping concentration leads to an increase in crystallinity
for similar stoichiometries, while increased n-type doping concentration leads to
a slight decrease in crystallinity. For stoichiometries greater than approximately
SiO1.2 no crystallization occurs. This makes silicon oxide with such a stoichiome-
try suitable as buffer layers in a multilayer structure. A buffer layer stoichiometry
of SiO1.3 was used in chapters 3 and 6. We stress that the crystallinity achieved
for varying stoichiometry depends greatly on the deposition technique and the
annealing conditions used [63].

Raman spectra were measured using a Renishaw InVia setup in backscattering
geometry, with a 25 mW Ar laser as excitation source with a wavelength of 514 nm
and focused on a spot of approximately 1 µm.

2.2.4 Photothermal deflection spectroscopy

Photothermal deflection spectroscopy (PDS) is an optical absorption measure-
ment technique based on the thermal relaxation of excited carriers. A schematic
representation of the PDS setup used in shown in figure 2.7. Light of a white
light source is passed through a monochromator and a chopper before illuminat-
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Figure 2.5: A typical Raman spectrum for a sample containing silicon nanocrystals embed-
ded in silicon oxide. The dots, the dotted line and the solid line shown the measurement
data, the envelope fit and the crystalline silicon TO mode, respectively. The dashed lines
show the labeled amorphous silicon modes. The crystallinity of this sample is 0.33.

ing a sample, which is submerged in non-toxic liquid perfluorohexane Fluorinert
FC-72. Simultaneously, a laser, aligned parallel to the sample, skims the sample
surface. Upon absorption of the chopped monochromatic light, electrons are ex-
cited and subsequently thermalize, heating the liquid in which the sample is im-
mersed. The liquid’s refractive index is highly sensitive to temperature change,
so upon heating, the laser light is deflected, which is measured by two photodi-
odes. This deflection can be used to determine the absorption coefficient of the
film [64]. The absolute PDS setup is capable of providing a dynamic detection
range in the optical absorptance up to 4 orders of magnitude [65] and measures
transmittance (T), reflectance (R) and absorptance (A) spectra on the same spot
simultaneously, allowing for the correction of interference fringes [65]. The T, R
and A spectra are calibrated with a cuvette with FC-72, a sapphire sample, and
carbon nanotubes, respectively.

2.2.5 Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopy technique in which an
electron beam is passed through a thin sample. The sample interacts with the
electron beam and the transmitted electrons are detected on a CCD camera, form-
ing an image. Different TEM setups were used for the experiments shown in this
thesis. Their details are described in their respective chapters.
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[-]

Figure 2.6: Crystallinity of monolayer silicon oxide films annealed at 1000 ◦C in a tube
furnace of RTP as a function of their stoichiometry. The stoichiometry reported here is ob-
tained from ellipsometry measurements using equation 2.2. The variations in crystallinity
for the doped films around x = 0.3 and x = 0.9 are caused by differences in doping con-
centrations.
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Figure 2.7: Schematic representation of the absolute PDS setup.
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embedded silicon nanocrystal
inter-particle distances

This chapter is based on the following publication:

M. van Sebille, J. Allebrandi, J. Quik, R. A. C. M. M. van Swaaij, F. D. Tichelaar
and M. Zeman, Optimizing silicon oxide embedded silicon nanocrystal inter-particle
distances, Nanoscale Research Letters 11, 355 (2016).

Abstract

We demonstrate an analytical method to optimize the stoichiometry and thick-
ness of multilayer silicon oxide films in order to achieve the highest density of
non-touching and closely spaced silicon nanocrystals after annealing. The prob-
ability of a nanocrystal nearest-neighbor distance within a limited range is cal-
culated using the stoichiometry of the as-deposited film and the crystallinity of
the annealed film as input parameters. Multiplying this probability with the
nanocrystal density results in the density of non-touching and closely spaced sil-
icon nanocrystals. This method can be used to estimate the best as-deposited
stoichiometry in order to achieve optimal nanocrystal density and spacing after
a subsequent annealing step.
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3.1 Introduction

Using films containing alternating layers of stoichiometric and silicon-rich sili-
con alloys allows for the control over the nanocrystal size, limited by the silicon-
rich layer thickness [28, 29]. Under certain conditions charge transport between
nanocrystals is possible. Various charge transport mechanisms for embedded
silicon nanocrystal have been suggested, including direct tunneling [30], trap-
assisted tunneling [31], and hopping [32]. No clear consensus exists concerning
the exact mechanisms, especially concerning the role of defects in the matrix and
at the nanocrystal interface [31–35]. Nonetheless, the total charge transport is
expected to be highly dependent on the nanocrystal spacing and the choice of
dielectric material [36]. For SiO2 films, inter-particle spacing up to 2 nm is ac-
ceptable, which provides a minimum mobility of 10−1 cm2 V−1 s, as calculated
by Green et al. [8].

The nanocrystal density in the silicon-rich layers can be controlled by tuning
the composition of these layers during deposition. A low silicon content leads
to relatively few isolated nanocrystals, and increasing the excess silicon content
will eventually lead to clustering of nanocrystals, shown schematically in fig-
ure 3.1. When the nanocrystal density is too low, the probability of nearest-

(a) (b) (c)

Figure 3.1: Nanocrystals formed in silicon-rich layers with relatively low (a), medium (b)
and high (c) excess silicon, separated by stoichiometric buffer layers.

neighbor nanocrystal within 2 nm is too low. In contrast, when the excess silicon
content is too high, nanocrystals are so closely spaced that they start clustering,
which reduces the quantum confinement in these crystals. This means there is
an optimal composition to achieve a limited nanocrystals spacing, while limiting
clustering. In this chapter we demonstrate an analytical method to optimize the
composition and thickness of multilayer silicon oxide films in order to achieve
the highest density of non-touching and closely spaced silicon nanocrystals after
annealing.

3.2 Experimental details

We deposited approximately 100 nm thick a-SiOx:H films on Spectrosil 2000 quartz
substrates in a radio frequency plasma-enhanced chemical vapor deposition (PECVD)
reactor, described in section 2.1.1. The following deposition parameters were
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used: a power density of 2.1× 10−2 W cm−2, a deposition pressure of 1.4 mbar
and a substrate temperature of 95 ◦C. The film composition was varied by chang-
ing the SiH4 over CO2 flow ratio from 0.07 to 0.37 . A H2 flow rate of 200 sccm
was used for all depositions. N- and p-type films were fabricated by includ-
ing PH3 and B2H6 flows, respectively. The dopant over SiH4 flow rate ratio
was 2.0× 10−3. The atomic compositions of the silicon-rich and buffer layers
were determined using x-ray photoelectron spectroscopy measurements, using
a Thermo Scientific K-Alpha setup, described in section 2.2.1. The film surface
was etched with an ion gun prior to measurements to remove surface contami-
nation. Annealing was carried out using a Tempress horizontal tube stack (de-
scribed in section 2.1.2) or a Solaris 100 RTA furnace (described in section 2.1.3)
for 1 h and 3 min, respectively. All samples were annealed at 1000 ◦C, at atmo-
spheric pressure and in pure nitrogen gas. The composition of the buffer layer
used in these experiments is SiO1.3. Measurements show that this stoichiometry
is sufficiently high to prevent crystallization for the annealing conditions used,
shown in figure 2.6. Raman spectra were measured to determine the crystallinity,
using a Renishaw InVia setup in backscattering geometry. The setup and method
used and to obtain the crystallinity is described in detail in section 2.2.3. Imag-
ing the silicon crystals in the amorphous silicon layer was done using a FEI Tec-
nai F20ST/STEM Transmission Electron Microscope (TEM) operated at 200 kV.
Thin samples for TEM were prepared in cross-section following a standard pro-
cedure after gluing the two samples together face to face: a 500 µm thick lamellae
was cut out using a diamond saw, subsequently thinned to approximately 15 µm
thickness by mechanical polishing, glued on a copper support ring and argon ion
milled to electron transparency. The silicon nanocrystals were marked using the
free hand selection tool in ImageJ [66]. The surface area was then determined and
an effective diameter was recorded.

3.3 Results and Discussion

Figure 3.2 illustrates nanocrystals with radius r in a multilayer structure, includ-
ing their parameters needed to determine the inter-particle distance d. We as-
sume that the mean nanocrystal diameter equals the silicon-rich layer thickness.
In order to validate this assumption, a multilayer sample with silicon-rich and
buffer layer thicknesses of 3 and 1 nm has been measured with high-resolution
TEM, shown in figure 3.3a. The histogram of the obtained nanocrystal diame-
ters is shown in figure 3.3b. The mean nanocrystal diameter obtained from TEM
is 2.4 nm. Figure 3.4 shows the mean nanocrystal diameter as a function of its
silicon-rich layer thickness of this sample, as well as data obtained by Gutsch et
al. [67]. For thin silicon-rich layer thicknesses the deviation between the mean
nanocrystal diameter and the sample’s silicon-rich layer thickness is reasonable.
For thicker layers, the deviation increases. However, we should note that instead
of being interested in nanocrystal diameters, we are interested in the volume
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Figure 3.2: Nanocrystals in a multilayer structure shown schematically, including the
nanocrystal radius r, buffer layer thickness t and inter-particle distance d. The enclosing
box around a nanocrystal is shown for the right-hand nanocrystal.

these nanocrystals occupy, since that allows us to predict the nanocrystal den-
sity and their inter-particle distance for varying stoichiometry and crystallinity.
The size distribution of such multilayer samples is log-normally shaped, as was
observed by Gutsch et al. [67] and can be seen from figure 3.3b. Since the vol-
ume of the nanoparticles depends on the third power of their radius, the larger
nanocrystals have a greater contribution to the mean volume V̄. This is given by

V̄ =
∑ 4

3 πr3

nNC
, (3.1)

where r and nNC are the nanocrystal radius and the number of nanocrystals ob-
tained from TEM, respectively. The equivalent diameter of the mean nanocrystal
D̄equiv can be expressed by

D̄equiv = 2 3

√
V̄
4
3 π

. (3.2)

Combining equations (3.1) and (3.2) results in

D̄equiv = 2 3
√
〈r3〉, (3.3)

where 〈r3〉 represents the mean value of r3. The equivalent diameter of the sam-
ple shown in figure 3.3 is 2.6 nm and is shown in figure 3.4 along with the equiva-
lent diameters of the data obtained by Gutsch et al. [67]. Because of the asymmet-
rical, log-normally shaped nanocrystal size distributions, all equivalent diame-
ters are greater than their corresponding mean diameters. In general the equiv-
alent diameters are very close to the assumed equality between the nanocrystal
diameter and the silicon-rich layer thickness. This result implies that our assump-
tion is reasonable, at least up to silicon-rich layer thicknesses up to 4.5 nm. For-
tunately this range is most interesting for photovoltaic purposes because of their
increased confinement.
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Figure 3.3: (a) Cross-sectional high-resolution TEM image of an annealed multilayer sam-
ple with silicon-rich and buffer layer thicknesses of 3 and 1 nm and (b) the histogram of
the sample’s nanocrystal diameters. Approximately 250 nanocrystals were measured. The
histogram is fitted with a lognormal probability density function with µ = 0.83 nm and
σ = 0.27 nm.



30
3. Optimizing silicon oxide embedded silicon nanocrystal inter-particle

distances

Figure 3.4: The mean nanocrystal diameter D̄ (solid symbols) and the mean equivalent
diameter D̄equiv (open symbols) for samples with varying silicon-rich layer thicknesses.
The black data points are obtained from Gutsch et al. [67]. The dashed line represents the
equality between the nanocrystal diameter and the silicon-rich layer thickness.
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Note that we do not include a core/shell structure in this approach. An amor-
phous sub-oxide shell is likely to form around silicon nanocrystals [28, 68]. Iacona
et al. measured a shell to be approximately 1 nm thick [69]. This thickness cor-
responds with theoretical calculations and experimental measurements by Dal-
dosso et al. [70]. However, Queeney et al. determined the shell thickness to be less
than 6 Å [71]. Zimina et al. measured shell thicknesses of 2 to 5 Å and suggested
a dependence on nanocrystal size [72]. These disagreeing results complicate the
incorporation of a core/shell structure in our method. Since the aim of this chap-
ter is to provide a simple method to predict the inter-nanocrystal distance, we do
not include the core/shell structure.

In order to optimize the density of non-touching and closely spaced silicon
nanocrystals, the nanocrystal density in the silicon-rich layers should be deter-
mined first. This depends on the excess silicon in these layers and can be calcu-
lated from its composition as follows

SiOx −−→ x
2 SiO2 + (1- x

2 )Si. (3.4)

The excess silicon can be in amorphous or crystalline phase, so the total atomic
density in the layer ρlayer is given by

ρlayer = Γc-Siρc-Si + Γa-Siρa-Si + ΓSiO2 ρSiO2 , (3.5)

where ρc-Si and ρa-Si are the atomic densities of c-Si and a-Si, respectively, ρSiO2 is
the molecular density of SiO2, and Γc-Si, Γa-Si and ΓSiO2 are their respective atomic
and molecular percentages. Using the definition of crystallinity and Eq. (3.4), the
atomic percentages of c-Si, a-Si and SiO2 can be written as

Γc-Si = XC
(
1− x

2
)
· 100% (3.6)

Γa-Si = (1− XC)
(
1− x

2
)
· 100% (3.7)

ΓSiO2 = x
2 · 100% (3.8)

The atomic density of c-Si in the layer can then be determined by

ρc-Si,layer = Γc-Siρlayer. (3.9)

The number of atoms in a nanocrystal is NNC = 4
3 πr3ρc-Si, which can be used to

calculate the 2D nanocrystal density n2D in a silicon-rich layer with thickness 2r

n2D =
ρc-Si,layer

NNC
2r. (3.10)

Figure 3.5a shows the 2D nanocrystal density for a sample with silicon-rich
and buffer layer thicknesses of 3 and 1 nm, respectively, using ρc-Si, ρa-Si and ρSiO2

5.0× 1028, 5.0× 1028 and 2.2× 1028 m−3, respectively [73–76]. The 2D nanocrys-
tal density is highest for silicon-rich layers with high crystallinity and low stoi-
chiometry. However, in that case the nanocrystal density can be so high that crys-
tals cluster together as illustrated in figure 3.1c. To find the fraction of nanocrys-
tals that are properly spaced, we use the probability density functionF of finding
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Figure 3.5: The 2D nanocrystal (NC) density (a), the probability of finding a nearest-
neighbor (NN) within 2 nm (b) and the density of nanocrystals with a NN within 2 nm
(c) as a function of the silicon-rich layer composition and crystallinity for a sample with
silicon-rich and buffer layer thicknesses of 3 and 1 nm, respectively. The black diamonds
represent tube furnace annealed intrinsic samples. The red, magenta and blue squares
show intrinsic, p-type and n-type samples annealed using RTA.
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a nearest-neighbor at distance d for a nanocrystal in a multilayer sample. For ran-
domly distributed point particles this is given by [77]

F (d) = (4j + 2) n2Dπd exp
[
− (2j + 1) n2Dπd2

]
×

exp
[

n2Dπt2 j (j + 1) (2j + 1)
3

]
, (3.11)

where t is the buffer layer thickness and j = br/tc. Note that this probability
density function describes center-to-center distances. Integrating this equation
from 2r to 2r+2 nm provides the edge-to-edge probability of finding a nearest-
neighbor within 2 nm for a multilayer structure with silicon-rich layer thickness
of 3 nm. This is shown in figure 3.5b and confirms that the optimal probability
of finding the nearest-neighbor between 0 to 2 nm is very low in the range where
the 2D nanocrystal density is highest, caused by clustering of the nanocrystals.
We can find an optimum stoichiometry for a given crystallinity using the result
shown in figure 3.5b, but aside from proper spacing of nanocrystals, we are also
interested in a high nanocrystal density. Integrating Eq. (3.11) and multiplying
with the 2D nanocrystal density provides the non-touching nanocrystal density
with a nearest neighbor within d

nNN (d) = n2D

∫ 2r+d

2r
F (d)dd. (3.12)

The nanocrystal density with a nearest neighbor within 2 nm for a sample with
silicon-rich layer thickness of 3 nm is shown in figure 3.5c. The highest non-
touching nanocrystal density for this structure can be achieved by tuning the
silicon-rich layer’s composition from pure Si to approximately SiO1.5, with crys-
tallinity values of 0.15 to 1 , respectively. A too high crystallinity for layers with
relatively low stoichiometry will lead to clustering, while too low crystallinity in
layers with high stoichiometry will result in separated, but too isolated nanocrys-
tals.

We deposited multilayer films with silicon-rich layer and buffer layer thick-
nesses of 3 and 1 nm and varied the silicon-rich layer’s compositions and doping.
The films were annealed in a tube furnace or rapid thermal annealing furnace.
The crystallinity of these films after annealing are shown in figure 3.5.‡ The crys-
tallinity in our films does not exceed 0.4. We expect that this is caused by incom-
plete phase separation prior to crystallization, as observed before for silicon oxide
films deposited using PECVD [63]. This means that only part of all excess silicon
(see Eq. (3.4)) clusters into silicon nanoparticles, which can subsequently crystal-
lize. The rest of the excess silicon remains in the surrounding matrix, which will

‡Note that the buffer layer composition is not stoichiometric and therefore will contain some excess silicon
as well. This excess silicon will increase the amorphous Si–Si bond density, resulting in an underestimation of the
crystallinity. However, since the buffer layer thickness is only 1 nm, compared to 3 nm for the silicon-rich layer,
we expect this effect to be limited and assume it can be neglected.
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not be SiO2, but has a lower stoichiometry. This in turn will lower its energy bar-
rier, increasing the tunneling probability and possibly enlarge the inter-particle
distance at which the mobility remains sufficiently high [21]. However, for sim-
plicity we will keep an inter-particle distance range from 0 to 2 nm. Assuming a
maximum achievable crystallinity of 0.4 for PECVD films, an optimal stoichiom-
etry to achieve the highest density of non-touching, closely spaced nanocrystals
can be found. This optimal stoichiometry is SiO0.84. In contrast, films deposited
using magnetron sputtering are reported to lead to complete phase separation
[63]. Assuming all silicon clusters crystallize upon annealing, this will lead to a
crystallinity equal to unity. In reality the sub-oxide shell around the nanocrystal
core will limit complete crystallization [78], but for simplicity we assume a crys-
tallinity equal to unity. In that case the optimal stoichiometry of the silicon-rich
layers is approximately SiO1.4 for this structure. Note that in both cases the 2D
nanocrystal density with nearest-neighbor within 2 nm is 1.3× 1012 cm−2. This
value corresponds well with results obtained experimentally by Laube et al. for
single 4.5 nm thick layers [79] and is slightly lower than experimental results ob-
tained by Gutsch et al. for single 3.5 nm thick layers [67]. However, we should
note that these reported values are the total nanocrystal density, while we esti-
mated the isolated nanocrystal density with nearest-neighbor within 2 nm. This
excludes clustered nanocrystals and too isolated nanocrystals, which inevitably
leaves out a portion of the total nanocrystal density. Furthermore, the thickness of
the silicon-rich layer affects the estimated nanocrystal density, with lower values
for thicker layers.

The optimal stoichiometry decreases for increasing silicon-rich layer thicknesses,
as shown in figure 3.6. Note that the model’s accuracy decreases for greater

Figure 3.6: The optimal stoichiometry for films with varying silicon-rich layer thicknesses
for a sample with crystallinity of 1 (solid line) and 0.4 (dashed line). The buffer layer
thickness is kept constant at 1 nm.
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silicon-rich layers thicknesses, as shown in figure 3.4. Nonetheless, from a theo-
retical perspective the observed trend for thick silicon-rich layers is still interest-
ing. This is caused by the differences in volume between a nanocrystal and its
enclosing box (see figure 3.2). The volume of a nanocrystal is 4

3 πr3 and its enclos-
ing box is approximately 2r(2r + d)2. The volume ratio of the enclosing box over
the nanocrystal decreases with increasing silicon-rich layer thickness, explaining
de trend observed in figure 3.6 for relatively large silicon-rich layer thicknesses.
However, for very small silicon-rich layer thicknesses the optimal composition
does not vary. To explain this, we look closer into their probability density func-
tions, shown in figure 3.7. The peak at 1 nm is caused by the availability of nearest

Figure 3.7: The nearest neighbor distance probability density functions for samples with
silicon-rich layer thicknesses of 1.5, 2 and 3 nm and buffer layer thickness of 1 nm, calcu-
lated using their respective optimal compositions. The gray area depicts the range of de-
sired nearest neighbor distances. Shorter distances imply clustering and greater distances
lead to an insufficient tunneling probability.

neighbors in the neighboring silicon-rich layers. The probability density function
broadens for larger silicon-rich layer thicknesses, because its standard deviation
is related to the 2D nanocrystal density by σ2D ∝ 1/

√
n2D [77]. Since n2D de-

creases for greater silicon-rich layer thicknesses, the probability density functions
broaden. The optimal composition depends on the probability of finding a near-
est neighbor within a limited range (2 nm for SiOx). For silicon-rich layer thick-
nesses up to approximately 2 nm, the probability of finding a nearest neighbor
beyond 2 nm is negligible, as can be observed in figure 3.7. For these thicknesses
there is no reason to increase the nanocrystal density, since more closely packed
nanocrystals will not increase the probability of finding a nearest neighbor within
2 nm. On the contrary, an increase in nanocrystal density will increase the proba-
bility of clustering.
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3.4 Conclusions

We demonstrated an analytical method to optimize the composition of silicon-
rich layer for different crystallinities thicknesses in order to achieve the highest
density of non-touching and closely spaced silicon nanocrystals after annealing.
The optimal stoichiometry depends on the crystallinity decreases for increasing
silicon-rich layer thicknesses. However, for very small silicon-rich layer thick-
nesses the optimal composition does not vary. This method can be used to find
the best as-deposited composition in order to achieve optimal nanocrystal density
and spacing after a subsequent annealing step.
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This chapter is based on the following publication:

M. van Sebille, L. J. P. van der Maaten, L. Xie, K. Jarolimek, R. Santbergen, R. A. C.
M. M. van Swaaij, K. Leifer, M. Zeman, Nanocrystal size distribution analysis from
transmission electron microscopy images, Nanoscale 7, 20593–20606 (2015).

Abstract

We propose a method with minimal bias caused by user input to quickly de-
tect and measure the nanocrystal size distribution from transmission electron mi-
croscopy (TEM) images using a combination of Laplacian of Gaussian filters and
non-maximum suppression. We demonstrate the proposed method on bright-
field TEM images of an a-SiC:H sample containing embedded silicon nanocrys-
tals with varying magnifications and we compare the accuracy and speed with
size distributions obtained by manual measurements, a thresholding method and
PEBBLES. Finally, we analytically consider the error induced by slicing nanocrys-
tals during TEM sample preparation on the measured nanocrystal size distribu-
tion and formulate an equation to correct for this effect.
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4.1 Introduction

As explained in section 1.4.2, a quick method to measure nanocrystals in TEM
images with minimal user input to minimize user bias has been lacking. In this
chapter we propose a semi-automatic method to quickly measure the sizes of
nanocrystals in any type of TEM image in order to obtain the nanocrystal size
distribution, using a combination of Laplacian of Gaussian (LoG) filters, non-
maximum suppression, and a boundary overlay. The only user input required is
a minimum and a maximum nanocrystal size, and a non-maximum suppression
threshold value. After applying the automated part of the method, the user is
able to judge the quality of the result in a manual verification step. We also show
in this chapter that these parameters can be determined for one image and then
be accurately used in similar images. Furthermore, we analytically consider the
effect of slicing nanocrystals during sample preparation on the nanocrystal distri-
bution as measured with TEM. We establish equations describing this effect and
propose a simple method to correct for it.

This chapter is organized as follows. We first describe the experimental de-
tails under which the sample was fabricated and measured in section 4.2. Next,
we describe the principles and mathematics behind the developed method in sec-
tion 4.3 and we go through the method step by step, demonstrating the steps on a
small section of a bright-field TEM (BF-TEM) image. The results of applying our
method on several test images, and the results of the other methods we use to
compare with, are shown in section 4.4. We also present the effect of nanocrystal
slicing on the obtained size distribution for one of the test images. Finally, we dis-
cuss the results and each method’s advantages and disadvantages in section 4.5.
Furthermore, we also compare evaluate the effect of slicing on the observed size
distribution.

4.2 Experimental details

All TEM images were made on the same sample. We deposited a-Si0.71C0.29:H on
quartz substrates from G.M. Associates in a radio frequency plasma-enhanced
chemical vapor deposition reactor, described in section 2.1.1. The sample was
deposited and annealed with the following deposition parameters: a power den-
sity of 0.139 W cm−2, substrate temperature of 360 ◦C, and SiH4 and CH4 flows
of 10.2 and 91.8 sccm, respectively. After deposition the sample was annealed in
a furnace at 1100 ◦C for 60 min.

Transmission electron microscopy (TEM) measurements were performed us-
ing a FEI Tecnai F30ST microscope, described in section 2.2.5. Conventional TEM
sample preparation techniques including mechanical polishing and grazing inci-
dence (6°, 5 kV) Ar-ion milling was used to obtain samples in plan-view geom-
etry.The sample thickness is assumed to be 25 nm, which was the sample target
thickness during sample preparation.
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All computer assisted analyses were performed on a computer with Intel Core2
Quad CPU at 2.66 GHz, with 4 GB RAM and 64-bit operating system, using MATLAB
R2015A.

4.3 Theory, method and distribution correction

4.3.1 Theory

The analysis method is based on the application of Laplacian of Gaussian (LoG)
filters, which are commonly used in image processing [80–82]. These filters are
blob-detectors which respond to circular image structures with certain sizes, de-
termined by their scale parameters. This makes these filters very suitable for the
detection of nanocrystals in TEM images. LoG filters combine a Gaussian and
Laplacian filter in one. The Gaussian filter G serves to reduce noise by smoothing
the image and is given by

G(x, y, σ) =
1

2πσ2 exp
(
− x2 + y2

2σ2

)
, (4.1)

where x and y are the two dimensions of the image, and σ is the scale param-
eter. The Laplacian filter is the sum of the second spatial derivative in x- and
y-directions, and calculates the local curvature of intensities in the image I(x, y)
and is given by

L(x, y) =
∂2 I
∂x2 +

∂2 I
∂y2 . (4.2)

Combining these two filters results in the second spatial derivative of the Gaus-
sian filter, or Laplacian of Gaussian filter ∇2G

∇2G(x, y, σ) =
∂2G
∂x2 +

∂2G
∂y2 . (4.3)

An example of a LoG filter is shown in figure 4.1. The scale parameter σ deter-
mines the width of the LoG filter in x- and y-dimensions. A range of LoG filters
with different scale parameters is applied. All possible scales within this range
are referred to as the scale space. The scale space is sampled linearly, since the
nanocrystal size distributions are expected to be relatively narrow, spanning one
or at most two orders of magnitude.

The intensity of the response of LoG filters is used in a later step to determine
the position and size of the detected nanocrystals, as described in section 4.3.2.
This response decreases as its scale parameter increases, so in order to prevent a
bias towards smaller scales, the LoG filters are normalized by multiplying them
with σ2 [80]

∇2
normG(x, y, σ) = σ2

(
∂2G
∂x2 +

∂2G
∂y2

)
, (4.4)
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Figure 4.1: A normalized LoG filter with σ = 8 nm.

where ∇2
normG(x, y, σ) is the normalized Laplacian of Gaussian (NLoG) filter.

NLoG filters are applied by convoluting the original image I(x, y) with the NLoG
filter ∇2

normG, resulting in a three-dimensional response image f (x, y, σ) [81]

f (x, y, σ) = ∇2
normG(x, y, σ) ∗ I(x, y). (4.5)

The response of an NLoG filter achieves a maximum amplitude at the center
of the nanocrystal, provided the scale of the NLoG filter matches the scale of
the nanocrystal. For disks, this is the case when the zero-crossing of an NLoG
filter overlaps with the edge of the nanocrystal and can be expressed as σ =

r/
√

2, where r is the nanocrystal radius in the TEM image. However, for the
intensity profiles of nanocrystals in amorphous silicon alloys this is not the case,
shown in figure 4.2. The ratio between a nanocrystal radius and its matching scale
parameter was obtained using the validation image (see section 4.4.1). The ratio
was determined for all correctly detected nanocrystals (the number of detected
nanocrystals minus false positives) and was found to be 1.52 ± 0.113, so

σ =
r

1.52
. (4.6)

This will be used in section 4.3.2.

4.3.2 Method

The semi-automatic method consists of a series of steps in order to quickly deter-
mine the position and nanocrystal size distribution within a TEM image. These
steps are:
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Figure 4.2: 1D intensity profile of a nanocrystal with radius of 4.2 nm (solid line), the LoG
filter corresponding to the maximum intensity response, with σ of 2.53 nm (dashed line)
and zero intensity (dotted line).

1. Preprocessing of the image

2. Convolution of TEM image with NLoG filters within a sampled scale space

3. Determining the position and characteristic scale of nanocrystals by find-
ing the local maximums in the 3D NLoG response and subsequent applica-
tion of non-maximum suppression

4. Verification of analysis by overlaying the obtained nanocrystal positions
and boundaries on the original TEM image

These steps will be discussed in more detail below. The method is available as
MATLAB code.*

Preprocessing.

During preprocessing the contrast of a raw TEM image is adjusted for two pur-
poses. The first is to make the contrast profiles similar for the different TEM
images. This allows us to determine the optimal non-maximum suppression
threshold value, as described in section 4.3.2, and directly apply it to compara-
ble TEM images. The second reason is to ensure the user can clearly distinguish
the nanocrystals from the background, allowing the user to verify whether the
method worked correctly, as described in section 4.3.2. Preprocessing is realized

*MATLAB code available. See DOI: 10.1039/c5nr06292f
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by normalizing the intensity of the image I(x, y) and subsequently changing the
contrast to match a normally distributed histogram with mean and standard de-
viation of 0.5 and 0.1, respectively. This is achieved by a gray-scale transformation
T to minimize

|c1(T(k))− c0(k)| , (4.7)

where c0 is the cumulative histogram of I(x, y) and c1 is the cumulative sum of
the normally distributed histogram for all intensities k [83]. The result is that
all images have comparable contrast. Note that all analyses were performed after
these preprocessing steps, except for the PEBBLES method, which uses the original
TEM image.

Convolution with NLoG filters.

The scale space range is determined by estimating the range of nanocrystal radii
in the TEM image. The smallest expected nanocrystal size is determined by an
optimization using the validation image, described in section 4.4.1. The step size
in expected nanocrystal radii is set by an increment of 1 pixel and the largest
nanocrystal radius is estimated by the user. The largest nanocrystal can be es-
timated by manually guessing or measuring the largest nanocrystal in a given
image. The expected range of nanocrystal sizes is then divided by 1.52, according
to equation (4.6) to obtain the sampled scale space. Note that when the largest
nanocrystal radius to be detected is set too small, the biggest nanocrystals will
not be detected correctly, resulting in a bias towards smaller nanocrystals. How-
ever, this can be verified quickly in the verification step, discussed in section 4.3.2.
When the largest nanocrystal is set too big, computation times will increase and
there is a risk of incorrectly detecting other, larger features, should there be any.
When the smallest nanocrystal radius to be expected is set too small, there is a
risk of falsely detecting noise as nanocrystals. Alternatively, when the smallest
expected nanocrystal size is too large, the smallest nanocrystals might not be de-
tected and there might be a bias towards bigger nanocrystals.

To illustrate this step, we consider a small section of a BF-TEM image, shown in
figure 4.3a, containing several small nanocrystals and a bigger nanocrystal near
the top of the image. Figures 4.3b and 4.3c show the result of the convolutions
of the original TEM image with NLoG filters with scales of 1.9 nm and 4.3 nm,
respectively. The result of the small NLoG filter, shown in figure 4.3b, is that
the contrast for the small nanocrystal (labeled B) is enhanced. Also note that the
bigger nanocrystal (labeled A) results in a relatively low intensity. Since the back-
ground noise feature size is quite close to the size of the smallest nanocrystals,
the background noise is also enhanced to some extent, although not as signifi-
cantly as the small nanocrystals. The result of the larger NLoG filter, shown in
figure 4.3c, is that the largest nanocrystal A is enhanced with the highest image
intensity in its center. The smaller nanocrystals are also detected, but their inten-
sity is lower, indicating that the scale parameter of this NLoG filter is not the best
match for these nanocrystals.
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Figure 4.3: (a) A section of a BF-TEM image with several nanocrystals of different sizes.
The result of the convolutions of the original image with NLoG filters with σ of 1.9 nm
(b) and 4.3 nm (c), corresponding to nanocrystal radii of 2.9 nm and 6.5 nm, respectively.
Figures (b) and (c) are displayed with the same color scale, which indicates the intensity
of the resulting response image f (x, y, σ), see equation (4.5). (d) Nanocrystals encircled to
verify correct identification of nanocrystals.

Determining the position and characteristic scale of nanocrystals.

Next, non-maximum suppression (NMS) is applied to simultaneously determine
the nanocrystal position and size, and to discard noise. This is achieved by find-
ing the local maximum values in the three-dimensional response image f (x, y, σ),
from equation (4.5). In order to prevent the false detection of noise as nanocrys-
tals, a maximum is only considered as such when it is the maximum value within
its local 5× 5× 5 pixel-subset of the three-dimensional array and if its value is
equal to or larger than the NMS threshold. The physical size of 5 pixels depends
on the pixel size of the TEM image and ranges between 1.035 to 2.880 nm for the
images used in this study.

The first of these two conditions causes only the best scale space-nanocrystal
match to show up as a maximum. If we consider figure 4.3c, we see that a scale
parameter of 4.3 nm enhances the smallest nanocrystal (labeled B), with its center
the local intensity peak in the (x, y) plane. However, in scale space, it is not the
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maximum, since figure 4.3b shows the same nanocrystal with higher intensity. In
scale space, the intensity at that position will change and peak at the best scale
space-nanocrystal match.

The second requirement, stating that each intensity peak in the local 5× 5× 5
sub-array should at least be as high as the NMS threshold value, discards noise.
Figures 4.3b and 4.3c show several lower intensity peaks due to background
noise. These peaks might have a local maximum at some scale parameter, but
they are not nanocrystals. The NMS threshold prevents the noise from being de-
tected as nanocrystals. The NMS threshold value influences the outcome of the
procedure significantly and could lead to inaccurate results if applied incorrectly.
However, we will show that this threshold can be determined for one type of
TEM image and can then be safely and correctly applied to similar TEM images,
limiting user-caused bias. Furthermore, the next step is used to manually verify
the outcome of the automated method and an incorrect value will be clear.

Verification.

After obtaining a three-dimensional array with nanocrystal position and size, the
outcome can be verified by overlaying the results with the original TEM image,
as shown in figure 4.3d. This allows for a quick verification of the applied pa-
rameters and shows whether anything has been set incorrectly. A too low value
for the largest nanocrystal would reveal the biggest nanocrystals not encircled.
When the NMS threshold parameter is set too low, noisy background peaks will
be encircled and when set too high, some nanocrystals will not be encircled.

4.3.3 Distribution correction

During TEM sample preparation the sample is thinned to several tens of nanome-
ters. When the sample thickness t approaches the size of nanocrystals, the chance
of slicing a significant number of nanocrystals increases and thus the measured
nanocrystal size distribution will get distorted. For simplicity, we will assume
all nanocrystals are spherically shaped. When a nanocrystal is depicted in a TEM
image, we observe its two-dimensional projection of the three-dimensional spher-
ical nanocrystal.

There are three cases we should consider: (i) when the nanocrystal’s center
is inside the sample, (ii) when its center is less than R outside the sample, and
(iii) when the nanocrystal’s center is more than R outside the sample. Since we
observe the nanocrystal’s 2D projection, and we are using transmission measure-
ments, for case (i) the apparent radius r is the same as its true radius R and will
show up as such in the TEM image, as shown schematically in figure 4.4a. How-
ever, when a nanocrystal is sliced during sample preparation and its center is lo-
cated up to R outside the sample (case ii), the apparent radius R will differ from r,
as shown in figure 4.4b. The third case, when a nanocrystal is located more than
R outside the sample (case iii), it will not be measured at all. We assume that the
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Figure 4.4: Schematic of a sample (light gray) with a nanocrystal (dark gray), with its center
(•) inside the sample (a) and up to R outside the sample (b)

nanocrystals are distributed randomly throughout the sample. Nanocrystals that
show up in TEM images have their center located within t + 2R. With this, the
probability Poutside of a nanocrystal’s center for a given nanocrystal in the image
being located up to R outside the sample, can be expressed as follows

Poutside (t, R) =
2R

t + 2R
. (4.8)

The probability of a nanocrystal’s center being located inside the sample is then

Pinside (t, R) = 1− 2R
t + 2R

=
t

t + 2R
. (4.9)

If a nanocrystal, shown schematically in figure 4.5, is sliced it happens at a ran-
dom position, so every position x is equally likely. The probability density func-
tion fapparent of finding an apparent radius r is then

fapparent (r) = C
∂x
∂r

, (4.10)

where C is a normalization constant. According to Pythagoras’ theorem

x2 + r2 = R2, (4.11)

which can be rewritten to
x = ±

√
R2 − r2. (4.12)
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Figure 4.5: A nanocrystal shown schematically.

After finding and replacing the normalization constant in equation (4.15), the pos-
itive and negative versions of equation (4.12) both lead to equation (4.16). For
simplicity we will continue the derivation with only the negative one. This leads
to the following derivative

∂x
∂r

=
−r√

R2 − r2
. (4.13)

Combining equations (4.10) and (4.13) gives

fapparent (r) = C
−r√

R2 − r2
. (4.14)

The normalization constant C can be found by equating∫ R

0
fapparent (r) dx = 1→ C =

−1
R

. (4.15)

Combining equations (4.14) and (4.15) leads to

fapparent (r) =
r

R
√

R2 − r2
. (4.16)

The probability Papparent of finding a nanocrystal with apparent radius r in the
interval a ≤ r ≤ b can then be calculated with

Papparent (r) =
∫ b

a

r
R
√

R2 − r2
dr. (4.17)

For a nanocrystal with real radius of 5 nm, the result is shown in figure 4.6. The
apparent radius for a nanocrystal measured by TEM depends on the real radius
R and the sample thickness t and by combining equations (4.8), (4.9) and (4.17)
can be written as follows

r (R, t) = R
[

2R
t + 2R

∫ R

0

r
R
√

R2 − r2
dr +

t
t + 2R

]
. (4.18)

This equation can be used on a known nanocrystal size distribution in order to
calculate the distribution of apparent radius r, for a given sample thickness, as
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Figure 4.6: Probability of finding apparent radius r for real radius R of 5 nm, when the
nanocrystal is sliced at a random position.

Figure 4.7: A log-normally distributed real nanocrystal radius R with µ = 1.5 nm and
σ = 0.2 nm (solid) and apparent radius distribution r for sample thickness of 30 and 10 nm
shown as dashed and dotted lines, respectively.

shown in figure 4.7. This figure shows that the apparent nanocrystal size dis-
tribution can be significantly different from its real nanocrystal size distribution,
depending on the nanocrystal size and sample thickness. Greater nanocrystal
radii and a thinner sample thickness leading to more distorted apparent size dis-
tributions.

In practice the real size distribution is unknown. From TEM images we can
obtain the size distribution of apparent radii and from the sample preparation
we can get a close approximation of the sample thickness. We can then fit the real
nanocrystal size distribution using equation (4.18), thereby correcting for possible
slicing of nanocrystals.
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4.4 Results

The proposed method to determine the nanocrystal size distribution will be demon-
strated and tested as follows. It will be calibrated using a validation image, a BF-
TEM image, shown in figure 4.8. This image will be used to determine the NMS
threshold value and maximum nanocrystal size in section 4.4.1. This image has
a relatively homogeneous background and high contrast between nanocrystals
and background, making it easy to manually annotate the nanocrystals and to
calibrate the proposed method. Next, using these parameters the method will be
applied on a test set in section 4.4.2. The accuracy of the results on the test set is a
measure of the quality of the method proposed.

Since the nanocrystal size distribution of any sample is not known a priori,
there is no objective way to evaluate the performance of such an analysis method.
Therefore we compare the results of our proposed method with a size distribution
obtained by manually annotating all nanocrystals in the image. We assume that
the nanocrystals annotated manually are correct, which implies that nanocrystals
found automatically with the NLoG method, but not manually are false positives
and vice versa are false negatives. The false positives and false negatives can be
expressed as percentages of the total number of nanocrystals found with manual
annotation in the image to indicate the accuracy of the method. In addition to the
accuracy in detecting nanocrystals, there should not be a significant bias toward
smaller or larger nanocrystals detected. The nanocrystal diameter found with
the automated method should correspond with the actual nanocrystal size. The
obtained size distribution should be accurate and represent the actual nanocrys-
tal size distribution. Therefore we compare the obtained size distribution with
the size distribution obtained from manual annotation of the nanocrystals. We
also compare the mean nanocrystal size and mean absolute deviation of the size
distribution. Additionally, we compare the results of our method to results ob-
tained by PEBBLES and a thresholding method. PEBBLES was used with MATLAB
R2014a and used according to the recommendations by Mondini et al. [47]. It
was calibrated for all three images individually before running the automated
method. First 10 random nanocrystals were fitted manually using the spherical
quadratic model. Subsequently the image was fitted automatically with the same
model, using the manually fitted average equivalent diameter and delta as guess
diameter and delta value and a grid with default spacing, see Ref [47]. For the
threshold method, all pixels with intensity values smaller than the threshold are
considered to be part of a nanocrystal and all other pixels are background. Sim-
ilar to the NLoG method, the threshold value was optimized for the validation
image and subsequently used to analyze the test set.

4.4.1 Validation

The NMS threshold value and the smallest and largest nanocrystal radius are the
three input parameters for the NLoG method. The largest nanocrystal in the val-
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idation image, shown in figure 4.8, is measured manually and is approximated
to be 8 nm for the validation image. Setting a higher largest nanocrystal radius

20 nm

Figure 4.8: BF-TEM image used as validation image, taken at 35 000× magnification and
pixel size of 0.379 nm.

mainly increases computation time, but does not affect results significantly. In
order to determine the optimal NMS threshold and smallest nanocrystal radius,
these parameters were varied with the goal of minimizing the sum of false pos-
itives and false negatives. The minimum of the sum of false positives and false
negatives for the validation image is at a NMS threshold value of 0.203 and small-
est nanocrystal radius of 4 pixels.

4.4.2 Test set

Next, the optimized parameters obtained from the validation image are applied
on a test set, containing similar BF-TEM images.

Test image 1

The first is test image 1, taken at a lower magnification than the validation image
and shown in figure 4.9a. This image has a background intensity gradient with a
low-contrast region in the bottom-left corner and it has three nanocrystal clusters,



50 4. Obtaining the nanocrystal size distribution

Figure 4.9: (a) BF-TEM image used as test image 1, taken at 22 500× magnification and
pixel size of 0.576 nm. The three nanocrystal clusters are encircled in white. (b) The image
with nanocrystals encircled detected using the NLoG method using a sampled scale space
corresponding to nanocrystal radii of 4.6 to 8.6 nm (2.3 to 8.6 pixels) and NMS threshold
of 0.203, optimized for the validation image. (c) TEM image with nanocrystals encircled
detected using PEBBLES with guess diameter of 15.4 pixels, delta of−0.3937 and 99 327 grid
points spaced by 7.0. (d) TEM image with nanocrystals encircled detected using threshold
with value of 0.099 optimized for the validation image. Nanocrystals encircled green,
yellow and red indicate correctly detected nanocrystals, false positives and false negatives,
respectively.
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which are encircled in white. The nanocrystals detected by the NLoG, PEBBLES
and threshold methods are encircled in figures 4.9b–d, respectively. The NLoG
method does not detect the nanocrystals in the low-contrast part of the image,
while both PEBBLES and the threshold do detect some nanocrystals in this region.
The NLoG method detects nanocrystals in the rest of the image as does PEBBLES.
The thresholding method predominantly detects nanocrystals in the bottom-left
corner and few in the rest of the image. NLoG correctly detects most nanocrys-
tals in two of the three nanocrystal clusters, while the other two methods do not
detect these nanocrystals.

The size distributions obtained by the manually annotated nanocrystals and
the NLoG, PEBBLES and threshold method for test image 1 are shown in fig-
ure 4.10a–d, respectively. The nanocrystal distribution from manual annotation

Figure 4.10: Histogram of nanocrystal size distribution for test image 1, obtained from
manual annotation of nanocrystals (a), NLoG method (b), PEBBLES (c) and threshold (d).

shows a single size distribution with an average size of approximately 4 nm. Both
the NLoG and PEBBLES methods detect only the upper part of this size distri-
bution. The NLoG method detected 270 nanocrystals with radii between 3.6 to
4.2 nm, corresponding to the smallest scale in the sampled scale space. The size
distribution obtained with the threshold differs most from the distribution ob-
tained by manual annotation.

The results of the different methods applied on test image 1 are listed in ta-
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ble 4.1.† The number of detected nanocrystals is the sum of correctly detected
nanocrystals and false positives. The speed is defined as the number of correctly
detected nanocrystals, which is the number of detected nanocrystals minus false
positives, per second.

The NLoG method detected most nanocrystals out of the three automated meth-
ods. It had the lowest number of false negatives, but still this was 21 % of the total
number of nanocrystals. The mean nanocrystal radius measured by the NLoG
method is bigger than the mean radius obtained by manual annotation and dif-
fers by 7.3 %. The mean absolute deviation obtained with the NLoG method is
closest to the one determined by manual annotation. The fastest method is the
thresholding, followed by the NLoG method.

Test image 2

In the following we will analyze test image 2 (see figure 4.11a), which was taken
at a greater magnification than the validation image. The nanocrystals detected
by the NLoG, PEBBLES and threshold methods are encircled in figures 4.11b–d,
respectively. The NLoG method correctly detects nanocrystals throughout the
image, but did not detect some of the nanocrystals near the top edge of the image.
PEBBLES did not detect a large number of nanocrystals throughout the image.

The size distributions obtained by the manually annotated nanocrystals and
the NLoG, PEBBLES and threshold method for test image 2 are shown in fig-
ure 4.12a–d, respectively. A bimodal size distribution is obtained from man-
ual annotation and the NLoG method matches this bimodal distribution closely.
PEBBLES detected only nanocrystals with the smallest of the two size distribu-
tions, missing the larger of the nanocrystals. The thresholding method predomi-
nantly detected very small nanocrystals.

The results of the different methods applied on test image 2 are listed in ta-
ble 4.2. The NLoG method generated 5.0 % false positives, while PEBBLES did
not generate any false positives. The NLoG method had the lowest number of
false negatives, however, compared to PEBBLES and threshold. Both the mean
nanocrystal radius and mean absolute deviation obtained with the NLoG method
are closest to their values obtained from manual annotation.

Test image 3

In order to illustrate the potential of the routine, we have also applied it on a more
challenging image with irregular background and lower contrast, shown in fig-
ure 4.13a. A low-contrast region in the lowest left corner of the image is encircled
in white. The nanocrystals detected by the NLoG, PEBBLES and threshold meth-

†The number of detected nanocrystals plus false negatives minus false positives does not (always) equal
the number of detected nanocrystals using manual annotation. This is caused by touching nanocrystals. If
nanocrystals touch in manual annotation, they are counted as a single nanocrystal. If they happen not to touch
when detected automatically, they are then counted as two separate nanocrystals. The other way around can
also occur.
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Figure 4.11: (a) BF-TEM image used as test image 2, taken at 63 000× magnification and
pixel size of 0.207 nm. (b) The image with nanocrystals encircled detected using the NLoG
method using a sampled scale space corresponding to nanocrystal radii of 0.83 to 7.88 nm
(4 to 38 pixels) and NMS threshold of 0.203, optimized for the validation image. (c)
TEM image with nanocrystals encircled detected using PEBBLES with guess diameter of
23 pixels, delta of −0.0073 and 40 392 grid points spaced by 11.0. (d) TEM image with
nanocrystals encircled detected using threshold with value of 0.099 optimized for the val-
idation image. Nanocrystals encircled green, yellow and red indicate correctly detected
nanocrystals, false positives and false negatives, respectively.
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Figure 4.12: Histogram of nanocrystal size distribution for test image 2, obtained from
manual annotation of nanocrystals (a), NLoG method (b), PEBBLES (c) and threshold (d).
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Figure 4.13: (a) BF-TEM image used as test image 3, taken at 52 000× magnification and
pixel size of 0.254 nm. The low-contrast region is encircled in white. (b) The image with
nanocrystals encircled detected using the NLoG method using a sampled scale space cor-
responding to nanocrystal radii of 1.02 to 5.85 nm (4 to 23 pixels) and NMS threshold of
0.203, optimized for the validation image. (c) TEM image with nanocrystals encircled de-
tected using PEBBLES with guess diameter of 39 pixels, delta of −0.0052 and 13 608 grid
points spaced by 19.0. (d) TEM image with nanocrystals encircled detected using thresh-
old with value of 0.099 optimized for the validation image. Nanocrystals encircled green,
yellow and red indicate correctly detected nanocrystals, false positives and false negatives,
respectively.



Table 4.1: Results of manual annotation, NLoG, PEBBLES and threshold on test image 1
Method Detected False positives False negatives Mean r [nm] (error) MAD [nm] (error) Time [s] Speed [s−1]
Manual 770 - - 3.98 0.82 8820 0.09
NLoG 644 39 (5.1 %) 160 (21 %) 4.27 (7.3 %) 0.65 (21 %) 96 6.3
PEBBLES 284 3 (0.4 %) 483 (63 %) 5.18 (30 %) 0.59 (27 %) 10683 0.03
Threshold 576 75 (9.7 %) 333 (43 %) 3.84 (3.4 %) 2.03 (148 %) 0.5 938

Table 4.2: Results of manual annotation, NLoG, PEBBLES and threshold on test image 2
Method Detected False positives False negatives Mean r [nm] (error) MAD [nm] (error) Time [s] Speed [s−1]
Manual 140 - - 3.70 1.26 1800 0.08
NLoG 127 7 (5.0 %) 19 (14 %) 3.79 (2.5 %) 1.43 (14 %) 694 0.17
PEBBLES 8 0 (0.0 %) 133 (95 %) 3.10 (16 %) 0.31 (75 %) 4326 0.002
Threshold 162 21 (15 %) 53 (38 %) 3.48 (5.9 %) 1.26 (151 %) 0.1 1382

Table 4.3: Results of manual annotation, NLoG, PEBBLES and threshold on test image 3
Method Detected False positives False negatives Mean r [nm] (error) MAD [nm] (error) Time [s] Speed [s−1]
Manual 390 - - 3.59 1.10 4500 0.09
NLoG 499 183 (47 %) 76 (19 %) 3.08 (14 %) 1.10 (0.3 %) 312 1.01
PEBBLES 19 0 (0 %) 370 (95 %) 5.93 (65 %) 0.52 (53 %) 2653 0.007
Threshold 475 203 (52 %) 219 (56 %) 2.21 (39 %) 1.84 (68 %) 0.2 1388
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ods are encircled in figures 4.13b–d, respectively. The NLoG method performed
reasonably well throughout the entire image, except for the low-contrast region.
The number of false negatives for PEBBLES is considerably higher, but the method
detected nanocrystals throughout the image, including the low-contrast region.
The threshold method detected all nanocrystals correctly in the low-contrast re-
gion, but also generated most false positives. For the rest of the image, the thresh-
old method detected some of the nanocrystals correctly.

The size distributions obtained by the manually annotated nanocrystals and
the NLoG, PEBBLES and threshold method for test image 3 are shown in fig-
ure 4.14a–d, respectively. The nanocrystal distribution from manual annotation

Figure 4.14: Histogram of nanocrystal size distribution for test image 3, obtained from
manual annotation of nanocrystals (a), NLoG method (b), PEBBLES (c) and threshold (d).

shows a single size distribution with an average size of approximately 3.6 nm.
The NLoG method detected significantly more smaller sized nanocrystals than
obtained from manual annotation, while the histograms match reasonably well
for the larger nanocrystals. PEBBLES detected only the larger nanocrystals in the
size distribution. The size distribution obtained with the threshold differs most
from the distribution obtained by manual annotation.

The results of the different methods applied on test image 3 are listed in ta-
ble 4.3. The NLoG method generated 47 % false positives, while PEBBLES did
not generate any false positives. The NLoG method had the lowest number of
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false negatives, however, compared to PEBBLES and threshold. Both the mean
nanocrystal radius and mean absolute deviation obtained with the NLoG method
are closest to their values obtained from manual annotation.

Nanocrystal slicing correction

The effect of nanocrystal slicing will be demonstrated on test image 2, since it
was obtained at highest magnification of the test set and has a high contrast.
Nanocrystal size distributions are typically considered to be log-normally dis-
tributed [38, 42], so in order to correct for slicing, the size distribution obtained by
manual annotation was fitted with a bimodal log-normal distribution, described
by

L(r) = p
1

rs1
√

2π
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[
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2

2s2
1

]
+
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1
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2

2s2
2

]
. (4.19)

The histogram of nanocrystal sizes obtained by manual annotation for test image
2 and the histogram with nanocrystal sizes corrected for slicing are shown in
figure 4.15. There is a distinct difference in the shape of the nanocrystal size
distribution after correcting for nanocrystal slicing. The distribution parameters
of the measured and corrected nanocrystal sizes are listed in table 4.4.

Table 4.4: Distribution parameters of measured apparent nanocrystal radii r and corrected
real radii R on test image 2

Radius Measured r Corrected R
p [-] 0.476 0.399
µ1 [nm] 0.864 0.893
s1 [nm] 0.161 0.095
µ2 [nm] 1.57 1.59
s2 [nm] 0.180 0.185
Mean [nm] 3.70 3.96
Mean absolute deviation [nm] 1.26 1.26

The mean nanocrystal radius after correction for nanocrystal slicing is 7.1 %
larger than the measured mean nanocrystal radius, while the mean absolute de-
viation after correction does not change significantly. Furthermore, the relative
contribution of the bigger nanocrystals increased after correction, indicated by a
lower p.
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Figure 4.15: (a) Histogram of uncorrected, apparent nanocrystal radii r for test image 2,
obtained by manual annotation. (b) Histogram of the log-normal size distribution of real
radii R that would, after correcting for slicing, best fit the measured apparent radii distri-
bution. The sample thickness is assumed to be 25 nm, which is the sample target thickness
during this sample’s preparation.

4.5 Discussion

Applying the three automated nanocrystal detection and measuring methods on
the image test set, we can observe that all three methods have their own strengths
and weaknesses. The threshold method is faster by at least two orders of mag-
nitude than the fastest of the other methods. Its accuracy in false positives and
false negatives and its accuracy in mean nanocrystal size and mean absolute devi-
ation is low, however. Furthermore, the shape of the size distribution histograms
differs most from the size distributions obtained by manual annotation.
PEBBLES is slowest for the images and settings used, even slower than manual

annotation. It generated a negligible number of false positives, but the number of
false negatives was highest of all methods in all test images. For all test images,
the accuracy of PEBBLES in mean nanocrystal size was worst. For the unimodally
distributed nanocrystal sizes of test image 1, its accuracy in mean absolute devi-
ation was worse than the NLoG method, but not as bad as the threshold method.
The histogram shape for test image 1 is similar to the one obtained by manual
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annotation, albeit right-shifted by approximately 1 nm. For test image 2, contain-
ing bimodally distributed nanocrystal sizes, PEBBLES failed to detect the larger
nanocrystals. This resulted in 95 % false negatives and an error of 151 % for the
mean absolute deviation. For test image 3 PEBBLES failed to detect the smaller
nanocrystals, also resulting in 95 % false negatives.

The NLoG method performed best with regards to accuracy of mean nanocrys-
tal size and mean absolute deviation for all three test images and for test image 2
it accurately captured the histogram shape of the nanocrystal size distribution. It
did not perform as well for test image 1, however. Although it detected a number
of the small nanocrystals, it overestimated their sizes. This is caused by the input
parameters used in the NLoG method and the difference in pixel size between
the validation image and this specific test image. The relevant NLoG input pa-
rameter for this case is the smallest value in the sampled scale space. Together
with the NMS threshold this parameter distinguishes the smallest nanocrystals
from background noise. A too small value would cause the method to falsely
detect noise as nanocrystals, but a too large value will cause the method to fail to
detect the smallest nanocrystals, or still detect them at a greater scale. The latter
happened in test image 1. The NLoG method was optimized for an image at rela-
tively high magnification, so the nanocrystals in that image are of relatively large
sizes in pixels. The smallest value in the sampled scale space could therefore be
relatively large, minimizing false positives. Applying these parameters on test
image 1, with lower magnification and relatively small nanocrystals in pixels, re-
sulted in many of the smallest nanocrystals being detected at the smallest scale
in the sampled scale space. However, although the NLoG method performed
worse in test image 1, its results were comparable or better than the other auto-
mated methods used. For test image 1 the magnification is so low that the small-
est nanocrystals are of similar size as noise fluctuations. In that case the NLoG
method does not perform very well. However, such a low magnification makes
all methods of nanocrystal detection difficult, including manual annotation. For
test image 3, the NLoG method captured the histogram shape of the nanocrystal
size distribution reasonably well, although it falsely detected too many smaller-
sized nanocrystals. Note that because of the greater sample thickness used for
this image, its contrast is considerably worse and there is an increased probabil-
ity of overlapping nanocrystals. This makes the analysis significantly harder, not
only for the automated routines, but also for manual annotation. Since manual
annotation is used as a benchmark for the routine’s performance, uncertainty in
the manual annotation’s results, leads to greater uncertainty in the performance
of the evaluated routines.

For the test image set we find that a greater TEM image magnification leads
to increased accuracy for the NLoG method. However, this effect is expected to
be limited, since the number of nanocrystals captured is lower for greater mag-
nifications, increasing the statistical error of the obtained size distribution. Fur-
thermore, the contrast generated in HR-TEM images is different from BF-TEM
images. The contrast due to lattice fringes will dominate in HR-TEM images in-
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stead of the high-contrast black nanocrystals seen in BF-TEM images, possibly
decreasing the effectiveness of the NLoG method. This may imply that there is
an optimal magnification range for TEM images, in order to achieve the highest
possible accuracy for the NLoG method. However, this is beyond the scope of
this article.

Also note that although all TEM images were taken from the same sample, the
obtained size distributions differ significantly. Since we have no reason to expect
sample inhomogeneity, this difference is attributed to the different magnifications
used during imaging and the related pixel sizes. Test image 1, taken at 22 500×
magnification, shows a unimodal size distribution. The pixel size for this image
is 0.576 nm, which means that the smallest nanocrystals, with diameters of 1 to
2 nm will span only 2 to 4 pixels. Such small features are easily lost in background
noise. This implies that an image with such a magnification is ill-suited to mea-
sure the smallest of the nanocrystals, leading to a distortion of the obtained size
distribution. In contrast, test image 2 shows a bimodal nanocrystal size distribu-
tion. This image was taken at a greater magnification of 63 000× and has a pixel
size of 0.207 nm. This means that nanocrystals with 1 to 2 nm diameter show up
as features of 5 to 10 pixels, which makes them much easier to distinguish from
background noise. Since the magnification of test image 3 is greater than that of
test image 1, its size distribution should be more accurate. However, the con-
trast and background inhomogeneity is significantly worse, making it harder to
correctly distinguish nanocrystals from background noise and possibly distorting
the obtained size distribution with false positives and false negatives.

We stress that it is very difficult, if not impossible to obtain the true size distri-
bution from TEM images. Slicing nanocrystals alters the apparent size distribu-
tion and it is very hard to objectively detect and correctly measure all nanocrys-
tals in an image. Manual annotation leads to a user bias and is time-consuming.
The NLoG method leads to comparable results and takes significantly less time.
For test image 2 we analytically corrected the nanocrystal size distribution for
nanocrystal slicing. We find that the error in mean absolute deviation by the
NLoG method is larger than the error induced by slicing, but the error for the
mean size is smaller for the NLoG method than induced by slicing.

The NLoG method was optimized and tested for BF-TEM images, but can also
be optimized for dark-field or high-resolution TEM images.

4.6 Conclusions

We have demonstrated the NLoG method to quickly detect and measure nanocrys-
tals in a TEM image to obtain the nanocrystal size distribution with minimum
user input. The method uses a convolution of the TEM image with NLoG filters.
Furthermore, we show that the input parameters for this method can be opti-
mized for one image and can then be applied to similar images with comparable
or smaller pixel sizes, leading to accurate results. We compared the accuracy and
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speed of this method with other methods used in literature and the proposed
method performed comparable or better in the image test set. Furthermore, we
have developed an analytical correction for the effect of slicing nanocrystals dur-
ing TEM sample preparation on the apparent nanocrystal size distribution. We
derived an equation for the apparent nanocrystal size for a given real nanocrys-
tal size. Assuming a certain nanocrystal distribution shape, this equation can
be used to fit a real nanocrystal size distribution from a measured apparent size
distribution.
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This chapter is based on the following publication:

M. van Sebille, R. A. Vasudevan, R. J. Lancee, R. A. C. M. M. van Swaaij, M. Ze-
man, Optical characterization and density of states determination of silicon nanocrystals
embedded in amorphous silicon based matrix, Journal of Physics D: Applied Physics
48, 325302 (2015).

Abstract

We present a non-destructive measurement and simple analysis method for ob-
taining the absorption coefficient of silicon nanocrystals embedded in an amor-
phous matrix. This method enables us to pinpoint the contribution of silicon
nanocrystals to the absorption spectrum of nanocrystal containing films. The
density of states (DOS) of the amorphous matrix is modeled using the standard
model for amorphous silicon while the nanocrystals are modeled using one Gaus-
sian distribution for the occupied states and one for the unoccupied states. For
laser annealed a-Si0.66O0.34:H films, our analysis shows a reduction of the nanocrys-
tal band gap from approximately 2.34 to 2.08 eV indicating larger mean nanocrys-
tal size for increasing annealing laser fluences, accompanied by a reduction in
nanocrystal DOS distribution width from 0.28 to 0.26 eV, indicating a narrower
size distribution.

63
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5.1 Introduction

As explained in section 1.4.3, a method to obtain the nanocrystal absorption prop-
erties and their DOS from absorption spectra has been lacking. In this chapter
we show how to obtain the absorption parameters of embedded nanocrystals di-
rectly using a non-destructive measurement. We studied the optical properties
of embedded silicon nanocrystals and pinpointed the nanocrystal contribution to
the absorption spectrum of nanocrystal containing films. Furthermore, we pro-
pose a model to extract the optical properties and the DOS of both the nanocrys-
tals and their embedding matrix. The model is demonstrated on laser-annealed
amorphous silicon-rich silicon oxide (a-SiOx) films.

This chapter is organized as follows. First, we provide the experimental details
in section 5.2. The method to determine the relative hydrogen content is also
discussed in detail in this section. In section 5.3 we describe the model used to
obtain DOS parameters from absorption measurements. In particular we will
describe the model for the DOS of a-SiOx and the DOS of nanocrystals in detail.
In section 5.4 the results of our measurements on the series of laser annealed a-
SiOx samples, used to demonstrate the model, is shown. Finally, we provide a
discussion on the results obtained in section 5.5, by applying our method on the
sample series and we postulate a nanocrystal growth model for laser annealed
a-SiOx films.

5.2 Experimental details

We deposited 90-nm thick a-Si0.66O0.34:H on Quartz Unlimited electric fused quartz
substrates using the PECVD setup described in section 2.1.1. The following de-
position parameters were used: a power density of 0.139 W cm−2, a deposition
pressure of 1.4 mbar, a substrate temperature of 180 °C, and SiH4 and CO2 flows
of 8 and 48 sccm, respectively. The atomic composition of the deposited film
was determined using x-ray photoelectron spectroscopy measurements, using a
Thermo Scientific K-Alpha setup described in section 2.2.1. The film surface was
etched with an ion gun prior to measurements to remove surface contamination.
Laser annealing was performed at 10−6 mbar with 25 overlapping pulses using a
Lambda Physics XeCl excimer laser with a wavelength of 308 nm and pulse dura-
tion of 25 ns. A laser fluence series of 60 to 240 mJ cm−2 with 20 mJ cm−2 intervals
was studied.

Raman spectra were measured to determine the crystallinity. The method and
setup used are described in section 2.2.3. Raman results were averaged over 5
measurements per sample to account for sample inhomogeneity. Raman spec-
troscopy was also used to determine the relative hydrogen concentration in the
films. Typically, Fourier transform infrared spectroscopy (FTIR) is used to de-
termine the hydrogen concentration for thin film amorphous silicon [84] and sil-
icon alloys [85]. For FTIR, however, the thickness of the film should be large
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enough for notable absorbance and the substrate should be transparent in the in-
frared range [86]. Therefore, c-Si wafers are often used as substrates, while for
PDS measurements, the substrate should also be transparent in the visible part of
the spectrum. Laser annealing of silicon-based alloy films on different substrates
would result in significantly different samples, caused by a difference in heat dis-
sipation due to the different heat transfer coefficients. We therefore chose to use
only quartz substrates, which are not transparent in the entire infrared range.
Therefore we used Raman to determine the hydrogen concentration in our sili-
con alloy layers, using a similar method demonstrated before for hydrogenated
amorphous silicon [86]. The relative hydrogen content RH was determined as
the ratio between the sum of integrated Si–H stretching modes and the sum of
integrated TO phonon modes of a-SiOx ITO,a−SiOx at 485 cm−1 and c-Si ITO,c−Si
around 520 cm−1

RH =
ILSM + IHSM

0.8ITO,a−SiOx + ITO,c−Si
, (5.1)

where ILSM and IHSM are the integrated Si–H low stretching mode and high
stretching mode, respectively, both in the range of 2000 to 2300 cm−1 [87, 88].
We account for the difference in cross-section of the two phonon excitations by
using a factor 0.8, which is a typically used value [89, 90]. Since the Raman cap-
ture cross-section of the two Si–H stretching modes are different for a-Si:H [91],
we assume this is also the case for a-SiOx:H. However, as the ratio R∗, defined as
IHSM/(IHSM + ILSM) [92], is constant throughout our sample series (not shown
here), we disregard differences in capture cross-sections for the hydrogen modes.
For Si–H stretching modes, the baseline was fitted with a second order polyno-
mial in the range 1900 to 2400 cm−1, excluding 2000 to 2350 cm−1 and was subse-
quently removed from the spectra.

The thickness and complex refractive index were obtained from spectroscopic
ellipsometry (SE) measurements, using the setup described in section 2.2.2. Al-
though SE can also be used to measure the absorption coefficient of films, it is less
sensitive in the near-infrared. In this part of the spectrum, absorption is related
to optical transitions to and from sub-band gap states [65]. In section 5.3, we de-
scribe an optical model, which will be used to fit the absorption coefficient to a
DOS. In order to do this accurately for a DOS in a wide electron energy range, in-
cluding states within the band gap, we need accurate absorption measurements
over a wide photon energy range, including the low photon energy range.

Absorption spectra were obtained using an absolute PDS setup, described in
section 2.2.4. Measurements were carried out in the range 1 to 3.5 eV (1240 to
355 nm) and data with unstable phase were discarded. The absorption coefficient
was calculated using the Ritter-Weisser formula [93].
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5.3 Optical model

In this section we will present the model for obtaining the optical absorption
of an amorphous silicon (alloy) with silicon nanocrystals. With this model we
can extract the optical properties and the DOS of both the nanocrystals and their
embedding matrix. The absorption coefficient α (E) can be calculated from the
DOS using the following equation [94]

α (E) =
C
E

∫
g (ε) f (ε) g (ε + E) [1− f (ε + E)] dε, (5.2)

where E and ε are photon and electron energy respectively, f is the Fermi-Dirac
distribution, g is the DOS distribution, and C is a constant that is weakly pho-
ton energy dependent and includes the photon energy dependence of the refrac-
tive index and the dipole matrix element with value of 3.34× 10−38 cm5eV2 [94].
Since the nanocrystals and a-SiOx matrix are geometrically separated, electron
transitions caused by photoexcitation between the two are considered impossi-
ble. Hence, we model the matrix and nanocrystal DOS contributions to the ab-
sorption coefficient separately.

The DOS of a-SiOx matrix is modeled using the standard model for amorphous
silicon [95], shown for as-deposited a-Si0.66O0.34:H in figure 5.1. The conduction
band NCB+CBT is composed of extended states NCB and tail states NCBT, which are
described by

NCB(ε) = N0
√
(ε− εC) (5.3)

NCBT(ε) = Ntail
C exp

[
−
(

εtail
C − ε

εtail
C0

)]
, (5.4)

where N0 is the parameter describing the parabolic distribution of states in the
extended states of the conduction and valence bands. The extended and tail states
are connected by imposing continuity of both the DOS (5.5) and its energy deriva-
tive (5.6) at the connecting point εtail
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Solving these equations lead to an expression of εC, which is used in equation (5.3)

εC = εtail
C + 1

2 εtail
C0 . (5.7)

Likewise, the DOS for the valence band NVB+VBT is defined as follows.

NVB(ε) = N0
√
(ε− εV) (5.8)
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Figure 5.1: Standard model of single electron DOS for a-Si0.66O0.34:H shown in linear scale
(a) and logarithmic scale (b)

NVBT(ε) = Ntail
V exp

[
−
(

εtail
V − ε

εtail
V0

)]
(5.9)

εV = εtail
V + 1

2 εtail
V0 (5.10)

We assume that the parabolic shape of the extended states is equal for both the
conduction and valence band, described by N0 [96]. εtail

C0 and εtail
V0 describe the

exponential slope of the conduction band and valence band, respectively, and(
εtail

C , Ntail
C
)

and
(
εtail

V , Ntail
V
)

are the connection points of the tail states to extended
states of the conduction and valence band, respectively. We set εtail

C = εtail
V + εmob

gap ,
where εmob

gap is the mobility gap.
Defects are modeled with two Gaussian distributions using the following set

of equations

N+/0
DB (ε) =

Ntot
DB

σDB
√

2π
exp


(

ε− ε+/0
DB

)2

2σDB
2

 (5.11)
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N0/−
DB (ε) =

Ntot
DB

σDB
√

2π
exp


(

ε− ε0/−
DB

)2

2σDB
2

 (5.12)

N0/−
DB (ε) = N+/0

DB (ε + U) (5.13)

ε0/−
DB = ε+/0

DB + U (5.14)

εDB = ε+/0
DB + 1

2 U = ε0/−
DB −

1
2 U, (5.15)

where ε0/−
DB and ε+/0

DB are the energy levels of the acceptor-like states N0/−
DB and

donor-like states N+/0
DB , respectively, Ntot

DB is the total defect density, σDB is the
distribution width and U is the correlation energy.

Since the material is intrinsic, we can state that the hole density in the valence
band is equal to the electron density in the conduction band, so∫

gCB (ε) f (ε) dε =
∫

gVB (ε) (1− f (ε)) dε. (5.16)

Solving this equation for a given DOS fixes the Fermi level.
For embedded nanocrystals, both volume and interface states contribute to the

total nanocrystal DOS. To determine their relative contributions to the optical
properties, the ratio Γstates between the volume state density Nvol over interface
state density Nint can be approximated using the following equation

Γstates =
Nvol
Nint

=
4
3 πr3ρvolzvolV−1

4πr2ρintzintV−1 =
rρvolzvol
3ρintzint

, (5.17)

where r is the nanocrystal radius, ρvol and ρint are the atomic and the surface
atomic densities, respectively, zvol is the number of valence electrons per atom,
zint is the number of non-backbonded bonds per nanocrystal surface atom, and V
is the measured sample volume. For c-Si, ρvol is 5.02× 1022 cm−3 [73], and for ρint
the average of the density of surface atoms for the three principle crystals planes,
(100), (110) and (111), is taken, which is 1× 1015 cm−2 [73]. zvol is 4 for silicon
and for zint the average of the three principle crystals planes is taken, which is
1 1

3 [97]. Using equation (5.17), the ratio of nanocrystal volume state density over
interface state density is 7.5 and 12.6 for nanocrystals with 1.5 nm and 2.5 nm
radii, respectively. So, for these typical silicon nanocrystal sizes [38, 41, 98], the
density of volume states is approximately an order of magnitude larger than the
density of interface states. Assuming similar absorption cross-section for these
states, we conclude that volume states dominate the optical properties of embed-
ded nanocrystals and we can disregard interface states.

For nanocrystals, we propose a DOS model with two Gaussian distributions,
one for highest occupied states NHOS

NC and one for lowest unoccupied states NLUS
NC

NNC(ε) = NHOS
NC + NLUS

NC (5.18)
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NHOS
NC =

N0
NC

σNC
√

2π
exp

[
−
(
ε− µHOS

NC
)2

2σNC
2

]
(5.19)

NLUS
NC =

N0
NC

σNC
√

2π
exp

[
−
(
ε− µLUS

NC
)2

2σNC
2

]
(5.20)

µHOS
NC = εF − 1

2 εNC
gap (5.21)

µLUS
NC = εF +

1
2 εNC

gap, (5.22)

where N0
NC and σNC are the amplitude and width of the two Gaussian distribu-

tions describing the nanocrystal DOS. µHOS
NC and µLUS

NC are the mean of the highest
occupied and lowest unoccupied states, respectively, and εF is the Fermi level.
We define the nanocrystal band gap ε

gap
NC as follows

ε
gap
NC = µLUS

NC − µHOS
NC − 2σNC. (5.23)

Note that this DOS describes all nanocrystal states in the measured sample vol-
ume, containing multiple nanocrystals of varying sizes. Very small silicon nanocrys-
tals in a-SiOx matrix have discrete, quantized energy states, according to density
functional theory calculations [17, 99]. However, these calculations are performed
on crystals of up to a few hundred atoms, while nanocrystals of several nanome-
tres contain typically hundreds to thousands of atoms. This means that for bigger
nanocrystals, the quantification of energy levels decreases and the nanocrystal’s
energy states can be more accurately described by semi-continuous energy bands.
Furthermore, we probe a collection of nanocrystals, of which the sizes are typi-
cally distributed normally [41, 98] or log-normally [38, 42]. The result is that we
measure a nanocrystal size distribution with semi-quantized energy states. As
we have no means to distinguish between these two effects, we assume that the
collection of semi-quantized nanocrystals can be modeled by the two Gaussian
distributions, described in equations described above.

The energy difference between the peak position of the two Gaussian distri-
butions is a measure of the average NC band gap, the width of the distributions
is a measure of the nanocrystal size uniformity [100], and the integral of one of
these two Gaussian distributions is a measure of the total density of nanocrys-
tal states. We assume these distributions are centered symmetrically around the
Fermi level, since the surrounding amorphous matrix imposes its occupation on
the nanocrystals. Using this model, the absorption spectrum can be fit, by chang-
ing the DOS parameters of the a-SiOx and NCs. We used non-linear regression
with a proportional error model to ensure a good fit at both low and high values
of the logarithmically scaled absorption coefficient. Figure 5.2 shows PDS data
measured on a sample laser annealed at 200 mJ cm−2, together with the contri-
bution of the host material and the nanocrystals to the spectrum as obtained by
applying this method. The associated DOS for the amorphous matrix and the
nanocrystals for this sample is shown in figure 5.3.
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Figure 5.2: Resulting fit of PDS measurement for sample laser annealed at 200 mJ cm−2.
The dark and light grey areas are the contribution from the amorphous matrix and the
nanocrystals, respectively. The circles show the PDS data measured at photon energy in-
terval of 1 to 3.6 eV. Some data points (◦) have been omitted for presentation purposes
only; the actual data values are more closely spaced.

5.4 Results

Figure 5.4 shows Raman measurements on as-deposited and laser annealed sam-
ples, scaled to their respective amorphous silicon transverse optical (TO) modes
at 480 cm−2. For as-deposited a-Si0.66O0.34:H, the Si–H stretching modes at 2100 cm−1

are clearly visible, as well as the amorphous phonon modes in the range 100 to
550 cm−1. Upon laser annealing, the Si–H stretching modes decrease in ampli-
tude. At a laser fluence of 140 mJ cm−2 crystallization of silicon occurs as indi-
cated by the appearance of the sharp c-Si TO mode at 520 cm−2 [62]. We will refer
to this laser fluence as the crystallization threshold. Additionally, a smaller peak
appears at 965 cm−1, which is the second order c-Si TO mode [101]. The Si–H
stretching mode has disappeared for laser fluences larger than the crystallization
threshold.

PDS measurements are shown in figure 5.5. The absorption spectrum of as-
deposited a-Si0.66O0.34:H is typical for hydrogenated amorphous silicon (alloys),
showing sub-band gap absorption related to defects, a typical exponentially shaped
Urbach tail [102] and super-band gap absorption. Upon laser annealing with a
laser fluence of 60 mJ cm−2, the sub-band gap absorption increases significantly
and the Urbach tail broadens. For increasing laser fluence, the sub-band gap ab-
sorption slightly increases, but the shape of the absorption spectrum does not
change significantly up to the crystallization threshold. For partially crystallized
samples, annealed with laser fluences greater than the crystallization threshold,
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Figure 5.3: For an a-SiOx film annealed with a laser fluence of 200 mJ cm−2, the single elec-
tron DOS is shown of (a) nanocrystals, with solid and dashed line displaying the highest
occupied and the lowest unoccupied states, respectively. (b) The single electron DOS of a-
SiOx matrix with the dotted line showing a-SiOx DOS and solid and dashed lines showing
donor-like and acceptor-like defect states, respectively.

we observe an additional absorption feature in the range from 1.6 to 3 eV, which
we attribute to nanocrystal absorption.

Figure 5.6a shows the crystallinity as a function of laser fluence. Crystallization
starts for a laser fluence in excess of 120 mJ cm−2 and the crystallinity increases
with increasing laser fluence, before levelling off at 160 mJ cm−2. Figure 5.6b
shows the relative hydrogen content RH. From the as-deposited sample, this ra-
tio decreases rapidly upon laser annealing. RH is negligible for 140 mJ cm−2 and
remains so for increasing laser fluences. The sub-band gap absorption at a pho-
ton energy of 1.5 eV is also shown in figure 5.6b and shows a similar, but inverse
trend. The sub-band gap absorption at 1.5 eV is low for the as-deposited sam-
ple and increases rapidly upon laser annealing. Similar to the relative hydrogen
content, the sub-band gap absorption stabilizes for increasing laser fluences.
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Figure 5.4: Raman measurements of as-deposited and laser annealed samples

5.5 Discussion

From Raman and PDS measurements, we can distinguish two regimes for laser
annealing. The first regime is at low laser fluences, below the crystallization
threshold. The intensity of Si–H stretching modes decreases and disappears for
increasing laser fluences, as shown in figure 5.6b. Furthermore, PDS measure-
ments show an increase in sub-band gap absorption for this regime, also shown
in figure 5.6b. These results indicate that hydrogen effusion occurs at all laser
fluences, creating optically active dangling bonds. Furthermore, we observe that
these dangling bonds are already created at low laser fluences. The second regime
is at higher laser fluences, above the crystallization threshold. In this regime,
crystallization occurs and the crystallinity increases with increasing laser fluence.
Increasing the laser fluence beyond 140 mJ cm−2 does not significantly change the
relative hydrogen content, nor the sub-band gap absorption. This indicates that
the majority of sub-band gap absorption is directly related to dangling bonds
caused by hydrogen effusion and that these changes to the amorphous matrix
occur before crystallization. From these results we conclude that little changes
occur in the a-SiOx matrix in the second regime.

Considering these results, we use the following approach and assumptions to
fit our data, using the model described above. For the fitting routine we start with
fitting as-deposited a-Si0.66O0.34:H, using N0, εtail

V0 , εtail
C0 , εmob

gap , εDB, U, σDB and Ntot
DB
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Figure 5.5: PDS measurements for as-deposited and laser annealed samples. Some data
points have been omitted for presentation purposes only; the actual data values are more
closely spaced.

as free fit parameters. Subsequently, the laser annealed samples were fitted, keep-
ing εDB, U and σDB constant. For the partially crystallized samples, we fix more
parameters. Our results indicate that from the crystallization onset, the sub-band
gap absorption and the relative hydrogen content do not change significantly, so
we also keep the amorphous matrix related parameters εtail

V0 , εtail
C0 , εmob

gap , and defect
related parameters εDB, U and σDB fixed. We allow N0 to change, since crystalliza-
tion leads to a decrease in the atomic density of atoms in the amorphous phase,
causing a decrease in amorphous silicon DOS. The total defect density Ntot

DB can
also change, since it has been reported that increased annealing temperatures can
actually lead to a decrease in defect density in the material, as recombination of
dangling bonds during thermally activated restructuring of the material takes
place [50]. However, for our samples such a trend was not clearly discerned.

As shown in figure 5.7a, we observe that the integrated unoccupied nanocrystal
DOS INC follows the same trend as the crystallinity: both increase with increas-
ing laser fluence. This is expected, since a higher crystallinity reflects a larger
nanocrystal state density within the measured sample volume. This is either
caused by an increased density of nanocrystals, an increase in average nanocrys-
tal size, or both. The crystallinity and INC both level off around 160 mJ cm−2. We
also find that the nanocrystal band gap ε

gap
NC , defined in equation (5.23), decreases

from approximately 2.34 to 2.08 eV with increasing laser fluence, as shown in
figure 5.7b. These values seem high compared to optical band gap values typi-
cally reported from photoluminescence measurements [11, 18–20], but note that
these two band gap values are defined differently. From the DOS, we cannot pre-
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Figure 5.6: (a) Crystallinity for samples laser annealed with varying laser fluences. The
as-deposited sample is depicted as ‘ad’ in the x-axis. (b) Relative hydrogen content (blue
solid line, left axis) and sub-band gap absorption from PDS measurements at 1.5 eV (green
dashed line, right axis).

dict exactly to which state densities hot carriers will thermalize before radiative
recombination. Still, this energy range corresponds well with calculations per-
formed using density functional theory [17, 105]. However, as noted before, it is
impossible to relate the nanocrystal band gap ε

gap
NC directly to a nanocrystal size,

since the band gap is also affected by other factors, such as stress imposed by
the embedding matrix [15] and surface passivation [16, 17]. Furthermore, we ob-
serve that the nanocrystal DOS distribution width σNC decreases from 0.28 eV to
0.26 eV, as shown in figure 5.7c. The smaller nanocrystal distribution width for
the sample annealed at 220 mJ cm−2 is an outlier.

From these results we can construct a nanocrystal growth model for laser an-
nealed nanocrystals. Since the nanocrystal band gap is inversely related to their
size, we conclude that small nanocrystals are formed at the crystallization onset
and grow bigger at increasing laser fluence. From the nanocrystal DOS distribu-
tion width we can deduce that at the crystallization onset, the nanocrystal size
uniformity increases for increasing laser fluence.
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5.6 Conclusions

A non-destructive measurement and simple analysis method for obtaining the
absorption coefficient of silicon nanocrystals embedded in an amorphous matrix
is presented. Furthermore, we proposed a model to extract the optical properties
and the DOS of both the nanocrystals and their embedding matrix. Using this
model, we propose a growth model for embedded nanocrystals created by laser
annealing silicon-rich a-SiOx. We find that an increasing laser fluence leads to a
reduction of the nanocrystal band gap and a reduction in nanocrystal DOS distri-
bution width, indicating larger mean nanocrystal sizes and narrower nanocrystal
size distribution for increasing laser fluences.

For laser annealed a-Si0.66O0.34:H films, we observe hydrogen effusion and an
increase in sub-band gap absorption at low laser fluences. For laser fluences in
excess of 120 mJ cm−2, crystallization of silicon occurs and the crystallinity in-
creases with increasing laser fluence. For laser fluences larger than the crystal-
lization threshold of 140 mJ cm−2, changes to the sub-band gap absorption and
relative hydrogen content are insignificant. From these results we conclude that
defect creation occurs predominantly at laser fluences below the crystallization
threshold.
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Figure 5.7: (a) Integrated unoccupied nanocrystal DOS INC with 95 % confidence intervals
(solid line, left axis) and crystallinity from Raman measurements (dashed line, right axis)
for varying laser fluences, (b) nanocrystal band gap εNC with 95 % confidence intervals for
varying laser fluences, (c) nanocrystal DOS distribution width σNC with 95 % confidence
intervals for varying laser fluences
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Abstract

We report the effect of hydrogen on the crystallization process of silicon nanocrys-
tals embedded in a silicon oxide matrix. We show that hydrogen gas during
annealing leads to a lower sub-band gap absorption, indicating passivation of
defects created during annealing. Samples annealed in pure nitrogen show ex-
pected trends according to crystallization theory. Samples annealed in forming
gas, however, deviate from this trend. Their crystallinity decreases for increased
annealing time. Furthermore, we observe a decrease in the mean nanocrystal size
and the size distribution broadens, indicating that hydrogen causes a size reduc-
tion of the silicon nanocrystals.
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6.1 Introduction

As explained in section 1.3.2, hydrogen effusion occurs at lower temperatures
than phase separation and crystallization, so this cannot be avoided during the
necessary high-temperature annealing step, leading to an increased defect den-
sity. Reincorporation of hydrogen into the material is considered to be an effective
method to reduce the defect density [52, 53]. One option is to combine annealing
and hydrogen passivation in a single processing step, by annealing in a H2 con-
taining atmosphere. However, a detailed study of the effect of hydrogen on the
nanocrystal growth during annealing has been lacking.

In this chapter we report the effects of a hydrogen containing atmosphere on
the nanocrystal incubation time, growth and stabilization using Raman spec-
troscopy, photothermal deflection spectroscopy (PDS) and transmission electron
microscopy (TEM). We show that samples annealed in pure nitrogen show ex-
pected trends according to crystallization theory, including an incubation time
and subsequent increase and stabilization of crystallinity. Samples annealed in
forming gas (90 % N2 + 10 % H2), however, deviate from this expected trend.
After an incubation time and increase in crystallinity, the crystallinity decreases
for increased annealing time. Furthermore, PDS measurements show that the
mean nanocrystal size decreases and the size distribution broadens, indicating
that hydrogen diffuses into the material and causes a size reduction of the silicon
nanocrystals.

This chapter is organized as follows. First, we provide the experimental de-
tails in section 6.2. The methods to determine the crystallinity and nanocrystal
density of states parameters are also discussed in this section. In section 6.3 the
results of our measurements on annealed amorphous silicon oxide samples are
shown. Finally, we provide a discussion on the results obtained in section 6.4.
In particular we discuss possible mechanisms to explain the unexpected decrease
in crystallinity for increasing annealing time when using a hydrogen containing
atmosphere.

6.2 Experimental details

We deposited multilayer stacks of silicon oxide on Hereaus Spectrosil 2000 fused
quartz substrates. The stacks contained 35 periods of alternating layers of 1 nm
thick buffer layer and 3 nm thick silicon-rich hydrogenated silicon oxide. The
samples were fabricated using a RF-PECVD setup described in section 2.1.1, us-
ing a deposition pressure of 1.4 mbar, substrate temperature of 70 ◦C and plasma
power density of 2.1× 10−2 W cm−2. The precursor flow rates used for the lay-
ers are listed in table 6.1. The atomic composition of the deposited films was
determined using x-ray photoelectron spectroscopy (XPS) measurements, using
a Thermo Scientific K-Alpha setup, described in section 2.2.1. The film surface
was etched with an ion gun prior to measurements to remove surface contamina-
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Table 6.1: Precursor flow rates in sccm
Material SiH4 CO2 H2
Si-rich silicon oxide 10 27 200
Buffer layer 2 72 200

tion. The atomic concentration of silicon in the silicon-rich and buffer layers was
78 and 43 %, respectively. The buffer layer stoichiometry of SiO1.3 is sufficiently
high to prevent crystallization, as shown in figure 2.6. Annealing was carried out
at temperatures of 980, 1000 and 1020 ◦C and at atmospheric pressure in either
pure nitrogen gas, or forming gas using a Solaris 100 RTA furnace, described in
section 2.1.3. Samples were measured with XPS before and after annealing and,
aside from differences in oxidation states caused by phase separation, no changes
in the stoichiometry of the film were observed, indicating that no oxidation from
outside the sample occurred during the annealing process.

Raman spectra were measured to determine the crystallinity, using a Renishaw
InVia setup in backscattering geometry. The setup and analysis method used are
described in section 2.2.3. The cross-sectional transmission electron microscopy
(TEM) samples were prepared by mechanical polishing and grazing incidence
(6°, 5 kV, final step at 2 kV) Ar-ion milling. The structural properties of the sam-
ples were investigated in a FEI-Tecnai F30 TEM with incident electron energy of
300 kV. The inner annular detection angle was set at 10 mrad. The thickness and
complex refractive index were obtained from spectroscopic ellipsometry mea-
surements, using a J.A. Woollam Co., Inc. M-2000 Spectroscopic Ellipsometer,
described in section 2.2.2. Absorption spectra were obtained using an absolute
PDS setup, described in section 2.2.4.

The absorption spectrum of a SiOx film containing embedded silicon nanocrys-
tals is composed of several contributions: absorption by the silicon nanocrystals,
the embedding matrix and defects. Dangling bond defects can mask the low-
energy absorption features of nanocrystals [106]. To distinguish between these
contributions we use the optical model to fit the absorption coefficient to ob-
tain the material’s density of states (DOS) [107], described in chapter 5. For this
study, we are most interested in the integrated nanocrystal state density INC, the
nanocrystal absorption energy εabs

NC, and the nanocrystal DOS distribution width
σNC. The integrated nanocrystal state density is a measure of the total density
of atoms in nanocrystals. The nanocrystal absorption energy is inversely related
to the average nanocrystals size, and the nanocrystal DOS distribution width de-
scribes the nanocrystal size uniformity, where a narrower DOS distribution cor-
responds to a narrower size distribution.
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6.3 Results

In the ADF images shown in figures 6.1a and b, the silicon nanoparticles appear
as bright dot-like contrasts. The collection angle of the ADF images is such that

Figure 6.1: ADF TEM images and the dark field TEM images (Inset) were acquired on the
sample annealed in forming gas at (a) 3.5 minutes and (b) 4.5 minutes. The inset images
are the dark field TEM images.

both diffraction and Z-contrast will make silicon nanoparticles appear brighter.
Some nanoparticles appear to be much brighter than others indicating that they
are crystallized. To clarify, the inset dark field TEM (DFTEM) images in fig-
ures 6.1a and b were including the Si (111) and Si (220). The clear bright dots-like
contrasts shown in the DFTEM images confirm the existence of crystalline silicon
nanoparticles formed in both films. The contrast of crystalline silicon nanoparti-
cles seen from the DFTEM images is consistent with the contrast observed in the
ADF images.

Absorption spectra of an as-deposited sample and samples annealed at 500 ◦C
are shown in figure 6.2. As described in section 1.3.2, this is within the temper-
ature range at which hydrogen effusion occurs. For both annealing atmospheres
the material’s band gap decreases upon annealing, which is attributed to a de-
crease in hydrogen caused by hydrogen effusion [108]. Also the sub-band gap
absorption increases for both annealing atmospheres, indicating an increase in
defect density. The increase is lower for the forming gas annealed sample, com-
pared to the sample annealed in pure nitrogen. Figure 6.3 shows the sub-band
gap absorption for samples annealed for varying times in both forming gas and
pure nitrogen atmosphere at 1000 ◦C. The sub-band gap absorption increases
rapidly in both cases and subsequently levels off. The saturation of the sub-band
gap absorption occurs at approximately 0.5 min and 1 min for samples annealed
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Figure 6.2: Absorption coefficient of an as-deposited sample and samples annealed in
forming gas and pure nitrogen at 500 ◦C.

Figure 6.3: Absorption coefficient at 1.5 eV of SiOx samples as a function of annealing time
at 1000 ◦C. Samples were annealed in forming gas and nitrogen atmospheres.
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in nitrogen and forming gas atmosphere, respectively. The sub-band absorption
of samples annealed in forming gas is lower for all annealing times.

Figure 6.4 shows the Raman spectrum of a sample annealed at 1000 ◦C in pure
nitrogen for 3 min, with a crystallinity of 0.33. Figure 6.5a shows the crystallinity

TO

LO
LA

TA

Figure 6.4: Raman spectrum for a sample annealed at 1000 ◦C in pure nitrogen for 3 min.
The dots, the dotted line and the solid line shown the measurement data, the envelope
fit and the crystalline silicon TO mode, respectively. The dashed lines show the labeled
amorphous silicon modes. The crystallinity of this sample is 0.33.

for samples annealed in pure nitrogen for varying annealing times. The crystal-
lization process follows expected kinetics, described in section 1.3.2. The incuba-
tion time and the crystallization and grain growth phase are longest for the low-
est annealing temperature. The integrated nanocrystal states density INC for the
samples annealed in nitrogen atmosphere, shown in figure 6.5b, follows a similar
trend. This is expected, since an increase in crystallinity reflects an increase in
nanocrystal state density within the measured sample volume. The crystallinity
and nanocrystal state density for samples annealed in forming gas, shown in
figure 6.5c and d, show a different and unexpected trend. Similar to the sam-
ples annealed in nitrogen, the crystallization process includes an incubation and
crystal growth phase. However, the crystallinity does not saturate. Instead, the
crystallinity decreases after reaching a peak. This trend is clearly visible in both
Raman and PDS measurements, for samples annealed at varying temperatures.

Figure 6.6a shows the nanocrystal absorption energy for samples annealed in
nitrogen atmosphere. The nanocrystal absorption energy at the crystallization
onset is high, indicating a small average nanocrystal size. The absorption en-
ergy rapidly decreases and stabilizes at a lower value, indicating an increase and
subsequent saturation of the nanocrystal size. In contrast, the nanocrystal ab-
sorption energy of samples annealed in forming gas, shown in figure 6.6b, does
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(a) (b)

(c) (d)

Figure 6.5: Crystallinity of samples annealed in nitrogen (a) and forming gas (c) atmo-
spheres determined using Raman spectroscopy. Also shown are the integrated nanocrys-
tal states obtained from PDS measurement for the same samples, annealed in nitrogen (b)
and forming gas (d) atmospheres.
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Figure 6.6: Nanocrystal absorption energy obtained from PDS measurements as a function
of annealing time for varying annealing temperatures. Samples were annealed in nitrogen
(a) and forming gas (b) atmospheres.
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not saturate, but increases after an initial decrease, indicating that, on average,
the nanocrystals first grow in size and subsequently shrink.

The nanocrystal absorption energy as a function of crystallinity is shown in fig-
ures 6.7a and b, for samples annealed in nitrogen and forming gas, respectively.
As expected, the nanocrystal absorption energy of samples annealed in nitrogen
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Figure 6.7: Nanocrystal absorption energy obtained from PDS measurements of samples
annealed in nitrogen (a) and forming gas (b) as a function of crystallinity for varying an-
nealing temperatures.

atmosphere decreases with increasing crystallinity, implying that the nanocrys-
tals existing at the crystallization onset grow in size. Note that this does not
exclude that new, small-sized nanocrystals are being formed, contributing to an
increase in crystallinity. It does mean that the average nanocrystal size increases
with increasing crystallinity.

Interestingly, a similar trend is observed for samples annealed in forming gas.
For these samples the crystallinity decreases when annealed for longer times.
This means that the decrease in crystallinity is directly related to a decrease in
average nanocrystal size.

Figure 6.8a shows the nanocrystal DOS distribution width as a function of an-
nealing time for samples annealed in a nitrogen atmosphere. The nanocrystal
DOS distribution width decreases for samples annealed for a short time and,
similar to the crystallinity and nanocrystal absorption energy, it stabilizes for
longer annealing times. This indicates that after the crystallization onset, the
nanocrystal size distribution is relatively wide and narrows for samples annealed
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(a)

(b)

Figure 6.8: Nanocrystal DOS distribution width obtained from PDS measurements as a
function of annealing time for varying annealing temperatures. Samples were annealed in
nitrogen (a) and forming gas (b) atmospheres.
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for longer times before stabilizing. For samples annealed in forming gas, shown
in figure 6.8b, the nanocrystal DOS distribution width also shows a decrease for
short annealing times, indicating a narrowing of the nanocrystal size distribution.
However, instead of stabilizing like the samples annealed in nitrogen, the DOS
distribution width of the forming gas annealed samples increases, indicating a
decrease in nanocrystal size homogeneity in the measured sample volume.

6.4 Discussion

The sub-band gap absorption of samples annealed in forming gas is lower than
samples annealed in pure nitrogen, indicating that hydrogen in the annealing
atmosphere reduces the defect density generated during annealing. However,
hydrogen in the annealing atmosphere also changes the crystallization process.
As described in section 6.1, the expected crystallization behavior of amorphous
silicon consists of three stages:

1. Incubation,

2. crystallization and grain growth,

3. and saturation.

All samples follow the first two of these phases. In line with phase (i), after an
incubation time, the crystallinity and average crystal size increase for all sam-
ples, coherent with phase (ii). For samples annealed in pure nitrogen atmosphere,
the crystallinity subsequently saturates, consistent with phase (iii). Furthermore,
PDS measurements show that also the average crystal size and size uniformity
saturate, indicating that the crystallization process is finished and the crystals
stop growing at that point. Samples annealed in forming gas, however, do not
saturate. Instead, their crystallinity, crystal size and size uniformity decrease af-
ter reaching a maximum. It was technically not possible to extend the anneal-
ing time further, but the trend is clear for all temperatures used, and was con-
firmed by PDS and Raman measurements. Note that although samples annealed
in forming gas atmosphere exhibited an incubation and crystal growth phase,
these phases are significantly longer compared to samples annealed in pure ni-
trogen atmosphere. So, aside from affecting the saturation phase, forming gas
also causes a deceleration of the kinetics involved in the first two phases. The
only difference between the two procedures is the annealing atmosphere. More
specifically the presence of hydrogen gas in the forming gas atmosphere.

Spontaneous dissociation of molecular hydrogen into atomic hydrogen occurs
at 5000 ◦C [109], which is significantly higher than the temperatures used in this
study. However, Gabis showed that for amorphous silicon, molecular hydrogen
can be captured at the film interface and can subsequently diffuse through the
film. He determined that hydrogen in amorphous silicon is transported in its dis-
sociated, atomic form [110]. For silicon dioxide, hydrogen molecules dissolve and
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diffuse easily. Its solubility is almost independent of temperature and is propor-
tional to the partial gas pressure [111]. Furthermore, several experimental studies
have demonstrated the passivation of surface and bulk dangling bonds in silicon
oxide using H2 gas [112, 113] (at 23 to 450 ◦C and 23 to 900 ◦C, respectively), im-
plying diffusion of molecular or atomic hydrogen into the film.

Since the only difference between the samples annealed in pure nitrogen and
forming gas is the presence of hydrogen, hydrogen directly or indirectly causes
the nanocrystal size reduction in samples annealed in forming gas. When the
nanocrystals shrink, their outer shell is transformed into non-crystalline-silicon
material. Such a core-shell structure has been observed with TEM for silicon
nanocrystals [28, 69]. Since our samples contain silicon and oxygen, there is a
limited number of options for the composition and phase of this shell: it can be
either be amorphous silicon or silicon oxide. We will first discuss possible mech-
anisms for the growth of these respective shells and subsequently discuss which
is more likely to occur.

Neitzert et al. observed the growth of an amorphous silicon layer on crystalline
silicon when exposed to a hydrogen plasma [114]. Although our samples were
not exposed to a plasma during annealing, the annealing temperature at approx-
imately 1000 ◦C is significantly higher than the 250 ◦C used by Neitzert et al. Pos-
sibly, atomic hydrogen at high temperature could cause a similar amorphization
reaction. Aside from possible amorphization, hydrogen also strongly increases
the thermal oxidation rate of crystalline silicon [115, 116] and it is able to catalyze
the oxidation reaction [117].

Thermodynamically, an extended amorphous silicon shell around a crystalline
silicon core is unlikely, since it would involve a second interface formation energy
between crystalline and amorphous silicon [68]. Furthermore, since also the incu-
bation time and crystal growth rate are affected, hydrogen capture and diffusion
can be assumed to be relatively fast processes. This implies that such an amor-
phization process should start quickly after or even at the same moment as the
crystallization onset. In that case, crystallization and amorphization would be
competing processes and eventually an equilibrium between the two processes
should establish. So, after a longer time with respect to samples not exposed to
hydrogen, a saturation in crystallinity should be reached. Instead, our measure-
ments show that the crystallinity does not saturate. It initially increases and after
reaching a maximum, the crystallinity decreases. This implies that the amor-
phization rate, at some point, is greater than the crystallization rate, which is
unlikely.

The other option is that a silicon oxide shell around the crystalline silicon core
is formed. In that case crystallization and oxidation are competing processes.
Again, the duration of the incubation time and the crystal growth time will be
increased by the competing oxidation process. In this case, however, an equilib-
rium does not necessarily need to be formed. At some point the excess silicon
in a nanocrystal’s immediate vicinity is depleted, preventing its further growth.
Simultaneously, the oxidation could still occur, provided sufficient mobile oxy-
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gen atoms are available in its vicinity. It is likely that more mobile oxygen atoms
are available, since phase separation already occurred, resulting in silicon parti-
cles in a silicon-poor, oxide-rich matrix. Furthermore, the diffusion coefficient of
oxygen in silicon oxide is five orders of magnitude higher than that of silicon in
silicon oxide [118]. When that happens, crystallization is limited, slowing down
the crystallization rate, while the oxidation rate remains high, leading to a size
reduction of the nanocrystal.

This does not explain why the size distribution width increases, however. Ac-
cording to our observations, not all nanocrystals shrink with the same rate. Note
that the nanocrystal DOS distribution width σNC is a convolution of the nanocrys-
tal size distribution in the measured sample volume and their individual disper-
sion in energy states [107]. For a single infinitesimally small nanocrystal, σNC
would be extremely narrow. A single bigger nanocrystal would contain a dis-
persion of energy states and would therefore result in a widening of σNC. This
means that if all nanocrystals would shrink by the same amount (both relatively
and absolute), σNC should decrease, reflecting the decrease in density of states
and therefore also a decrease in their individual energy dispersion. Instead, we
observe an increase in σNC, implying that the rate of size decrease is non-uniform.
This suggests additional complex mechanisms, perhaps an oxidation rate which
is dependent on the nanocrystal size. However, this is outside of the scope of this
article.

6.5 Conclusions

We show that hydrogen gas during annealing leads to a lower sub-band gap ab-
sorption compared to samples annealed in pure nitrogen, indicating passivation
of defects created during annealing. Samples annealed in pure nitrogen show
expected trends according to crystallization theory, including an incubation time
and subsequent increase and stabilization of crystallinity. Samples annealed in
forming gas, however, deviate from this expected trend. After an incubation time
and increase in crystallinity, the crystallinity decreases for increased annealing
time. Furthermore, PDS measurements show that the mean nanocrystal size de-
creases and the size distribution broadens, indicating that hydrogen diffuses into
the material and causes a size reduction of the silicon nanocrystals.





7
Conclusions

The major conclusions and achievements of our work are:

• We demonstrated an analytical method to optimize the composition of silicon-
rich layer for different crystallinities thicknesses in order to achieve the
highest density of non-touching and closely spaced silicon nanocrystals
after annealing. The optimal stoichiometry depends on the crystallinity
and decreases for increasing silicon-rich layer thicknesses. However, for
silicon-rich layers thinner than approximately 2 nm the optimal composi-
tion does not vary with thickness. This method can be used to find the best
as-deposited composition in order to achieve optimal nanocrystal density
and spacing after a subsequent annealing step.

• We have demonstrated the NLoG method to quickly detect and measure
nanocrystals in a TEM image to obtain the nanocrystal size distribution
with minimum user input. The method uses a convolution of the TEM im-
age with NLoG filters. Furthermore, we show that the input parameters
for this method can be optimized for one image and can then be applied to
similar images with comparable or smaller pixel sizes, leading to accurate
results. We compared the accuracy and speed of this method with other
methods used in literature and the proposed method performed compara-
ble or better in the image test set.

• Furthermore, we have developed an analytical correction for the effect of
slicing nanocrystals during TEM sample preparation on the apparent nanocrys-
tal size distribution. We derived an equation for the apparent nanocrystal
size for a given real nanocrystal size. Assuming a certain nanocrystal dis-
tribution shape, this equation can be used to fit a real nanocrystal size dis-
tribution from a measured apparent size distribution.

• A non-destructive measurement and simple analysis method for obtaining
the absorption coefficient of silicon NCs embedded in an amorphous ma-
trix is presented. Furthermore, we proposed a model to extract the optical
properties and the DOS of both the NCs and their embedding matrix. Us-
ing this model, we propose a growth model for embedded NCs created by
laser annealing Si-rich a-SiOx. We find that an increasing laser fluence leads
to a reduction of the NC band gap and a reduction in NC DOS distribution
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width, indicating larger mean NC sizes and narrower NC size distribution
for increasing laser fluences.

• For laser annealed a-Si0.66O0.34:H films, we observe hydrogen effusion and
an increase in sub-band gap absorption at low laser fluences. For laser flu-
ences in excess of 120 mJ cm−2, crystallization of silicon occurs and the crys-
tallinity increases with increasing laser fluence. For laser fluences larger
than the crystallization threshold of 140 mJ cm−2, changes to the sub-band
gap absorption and relative hydrogen content are insignificant. From these
results we conclude that defect creation occurs predominantly at laser flu-
ences below the crystallization threshold.

• Using the model developed and described in chapter 5 we show that hydro-
gen gas during annealing leads to a lower sub-band gap absorption com-
pared to samples annealed in pure nitrogen, indicating passivation of de-
fects created during annealing. Samples annealed in pure nitrogen show
expected trends according to crystallization theory, including an incubation
time and subsequent increase and stabilization of crystallinity. Samples an-
nealed in forming gas, however, deviate from this expected trend. After an
incubation time and increase in crystallinity, the crystallinity decreases for
increased annealing time. Furthermore, PDS measurements show that the
mean nanocrystal size decreases and the size distribution broadens, indi-
cating that hydrogen diffuses into the material and causes a size reduction
of the silicon nanocrystals.
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Summary

Direct conversion of light into electricity is one of the most promising approaches
to provide renewable energy on a large scale. Solar-cells are devices that use the
photovoltaic effect to convert sunlight into electricity. Single-junction solar-cells
all suffer from spectral mismatch, reducing their cell’s efficiency. Photons with
lower energy than the absorber material’s band gap will be transmitted and pho-
tons with higher energy than the band gap will lose the excess energy through
thermalization processes as heat. One solution to prevent excessive thermaliza-
tion is to use multiple absorber materials with varying band gaps. This can be
achieved using silicon nanocrystals embedded in a dielectric matrix made of sil-
icon and its compounds with oxygen, nitrogen and carbon. The different band
gaps needed for efficient spectral matching can be accomplished by utilizing the
size-dependent quantum confinement in nanometer-sized crystals.

Using films containing alternating layers of stoichiometric and silicon-rich sil-
icon alloys allows for the control over the nanocrystal size, limited to the silicon-
rich layer thickness. Although no clear consensus exists concerning the exact
charge carrier transport mechanisms, the total charge transport is expected to be
highly dependent on the nanocrystal spacing and the choice of dielectric mate-
rial. The nanocrystal density in the silicon-rich layers can be controlled by tun-
ing the composition of these layers during deposition. A low silicon content
leads to relatively few isolated nanocrystals, and increasing the excess silicon
content will eventually lead to clustering of nanocrystals. When the nanocrys-
tal density is too low, the probability of a nearest-neighbor nanocrystal within
the transport-distance is too low. In contrast, when the excess silicon content is
too high, nanocrystals are so closely spaced that they start clustering, which re-
duces the quantum confinement in these crystals. This means there is an optimal
composition to achieve a limited nanocrystals spacing, while limiting clustering.
In chapter 3 we demonstrate an analytical method to optimize the stoichiome-
try and thickness of multilayer silicon oxide films in order to achieve the highest
density of non-touching and closely spaced silicon nanocrystals after annealing.
The probability of a nanocrystal nearest-neighbor distance within a limited range
is calculated using the stoichiometry of the as-deposited film and the crystallinity
of the annealed film as input parameters. Multiplying this probability with the
nanocrystal density results in the density of non-touching and closely spaced sil-
icon nanocrystals.

Limited by the nanometer-scale dimensions of nanocrystals, transmission elec-
tron microscopy (TEM) is the only direct measurement tool capable of capturing
the size and shape of embedded nanocrystals. However, a quick method to mea-
sure nanocrystals in TEM images with minimal user input to minimize user bias
has been lacking. In chapter 4 we propose a method with minimal bias caused by
user input to quickly detect and measure the nanocrystal size distribution from
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transmission electron microscopy images using a combination of Laplacian of
Gaussian filters and non-maximum suppression. We demonstrate the proposed
method on bright-field TEM images of an a-SiC:H sample containing embed-
ded silicon nanocrystals with varying magnifications and we compare the ac-
curacy and speed with size distributions obtained by manual measurements, a
thresholding method and PEBBLES. Finally, we analytically consider the error in-
duced by slicing nanocrystals during TEM sample preparation on the measured
nanocrystal size distribution and formulate an equation to correct for this effect.

To the best of our knowledge, a method to obtain the nanocrystal absorption
properties and their density of states from absorption spectra has not been de-
veloped yet. In chapter 5 we present a non-destructive measurement and simple
analysis method for obtaining the absorption coefficient of silicon nanocrystals
embedded in an amorphous matrix. This method enables us to pinpoint the
contribution of silicon nanocrystals to the absorption spectrum of nanocrystal
containing films. The density of states (DOS) of the amorphous matrix is mod-
eled using the standard model for amorphous silicon while the nanocrystals are
modeled using one Gaussian distribution for the occupied states and one for the
unoccupied states. For laser annealed a-Si0.66O0.34:H films, our analysis shows a
reduction of the nanocrystal band gap from approximately 2.34 to 2.08 eV indicat-
ing larger mean nanocrystal size for increasing annealing laser fluences, accom-
panied by a reduction in nanocrystal DOS distribution width from 0.28 to 0.26 eV,
indicating a narrower size distribution.

Embedded silicon nanocrystals can be made by annealing silicon-rich silicon
alloy films. Since hydrogen effusion occurs at lower temperatures than phase
separation and crystallization, this cannot be avoided, leading to an increased
defect density. Reincorporation of hydrogen into the material is considered to be
an effective method to reduce the defect density. One option is to combine an-
nealing and hydrogen passivation in a single processing step, by annealing in a
H2 containing atmosphere. In chapter 6 we report the effect of hydrogen on the
crystallization process of silicon nanocrystals embedded in a silicon oxide ma-
trix. We show that hydrogen gas during annealing leads to a lower sub-band gap
absorption, indicating passivation of defects created during annealing. Samples
annealed in pure nitrogen show expected trends according to crystallization the-
ory. Samples annealed in forming gas, however, deviate from this trend. Their
crystallinity decreases for increased annealing time. Furthermore, we observe a
decrease in the mean nanocrystal size and the size distribution broadens, indicat-
ing that hydrogen causes a size reduction of the silicon nanocrystals.



Samenvatting

Directe omzetting van licht in elektriciteit is een van de meest veelbelovende
benaderingen voor duurzame energie op grote schaal. Zonnecellen zijn appa-
raten die het fotovoltaïsch effect gebruiken om zonlicht om te zetten in elek-
triciteit. Enkele-junction zonnecellen hebben allemaal last van spectrale mis-
match, wat de efficiëntie van de cel verlaagd. Fotonen met een lagere energie
dan de band gap van het absorber materiaal worden doorgelaten en fotonen met
een hogere energie dan de band gap zullen de overtollige energie verliezen als
warmte door thermalisatie processen. Een oplossing om overmatige thermal-
isatie te voorkomen is om meerdere absorber materialen met variërende band
gaps te gebruiken. Dit kan worden bereikt met silicium nanokristallen ingebed in
een diëlektrische matrix van silicium en de legeringen daarvan met zuurstof, stik-
stof en koolstof. De andere band gaps nodig voor een efficiënte spectrale match
kan worden bewerkstelligd door gebruikmaking van de grootte-afhankelijke kwan-
tumopsluiting in nanoschaal kristallen.

Middels films met afwisselende lagen van stoichiometrische en silicium-rijke
siliciumlegeringen is het mogelijk om controle te hebben over de nanokristalg-
rootte, welke beperkt is tot de silicium-rijke laagdikte. Hoewel er geen duidelijke
consensus is omtrent de exacte mechanismen van ladingsdragertransport, wordt
de totale lading transport verwacht sterk afhankelijk te zijn van de nanokristalaf-
stand en de keuze van het diëlektrisch materiaal. De nanokristaldichtheid in de
silicium-rijke lagen kan worden geregeld door het regelen van de samenstelling
van deze lagen tijdens de depositie. Een laag gehalte aan silicium leidt tot re-
latief weinig geïsoleerde nanokristallen, en het verhogen van het overtollige sili-
ciumgehalte zal uiteindelijk leiden tot clustering van nanokristallen. Wanneer de
nanokristaldichtheid te laag is, is de kans op een naaste-buur nanokristal binnen
de transport-afstand te laag. Wanneer daarentegen de overmaat silicium te hoog
is, zijn nanokristallen zo dicht bij elkaar dat ze beginnen te clusteren, wat kwan-
tumopsluiting in deze kristallen vermindert. Dit betekent dat er een optimale
samenstelling is om een beperkte afstand tussen nanokristal te bereiken waar-
bij clusteren beperkt wordt. In hoofdstuk 3 tonen we een analytische methode
om de stoichiometrie en de dikte van de meerlagige siliciumoxidefilms te opti-
maliseren om de hoogste dichtheid van silicium nanokristallen na verhitting te
bereiken die dicht bij elkaar gelegen zijn maar elkaar niet aanraken. De kans op
een nanokristal met een naaste-burenafstand binnen een beperkt bereik worden
berekend volgens de stoichiometrie van de gedeponeerde film en de kristalliniteit
van de verhitte film als ingangsparameters. Door deze kans te vermenigvuldigen
met de waarschijnlijkheid nanokristaldichtheid resulteert in de dichtheid van
nanokristallen die elkaar niet aanraken en dicht genoeg bij elkaar liggen.

Beperkt door de nanometerschaal afmetingen van nanokristallen is transmissie-
elektronenmicroscopie (TEM) is de enige directe meettechniek geschikt voor het
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vastleggen van de grootte en vorm van ingebedde nanokristallen. Echter, een
snelle methode om nanokristallen in TEM beelden te meten met minimale input
van de gebruiker om vooringenomenheid van de gebruiker tot een minimum te
beperken ontbreekt. In hoofdstuk 4 stellen we een methode voor met minimale
vertekening veroorzaakt door de input van de gebruiker om snel de nanokristalg-
rootteverdeling van transmissie-elektronenmicroscopie beelden te detecteren en
te meten van met behulp van een combinatie van Laplacian of Gaussian filters
en niet-maximale suppressie. We tonen de voorgestelde methode op bright-field
TEM beelden van een a-SiC:H monster met ingebedde silicium nanokristallen
met verschillende vergrotingen en vergelijken we de nauwkeurigheid en de snel-
heid met de grootte distributies verkregen door handmatige metingen, een drem-
pelwaarde methode en PEBBLES. Tot slot overwegen we analytisch de fout veroorza-
akt door het snijden van nanokristallen tijdens de voorbereiding van het TEM
monster op de gemeten nanokristalgrootteverdeling en formuleren we een vergeli-
jking om te corrigeren voor dit effect.

Zover wij weten is een methode voor het verkrijgen van de absorptie-eigenschappen
van de nanokristallen en de toestandsdichtheid uit absorptiespectra nog niet on-
twikkeld. In hoofdstuk 5 presenteren we een niet-destructieve meting en een-
voudige analysemethode voor het verkrijgen van de absorptiecoëfficiënt van sili-
cium nanokristallen ingebed in een amorfe matrix. Deze methode stelt ons in
staat om de bijdrage van silicium nanokristallen aan het absorptiespectrum van
films met nanokristallen te identificeren. De toestandsdichtheid van de amorfe
matrix wordt gemodelleerd met behulp van het standaardmodel voor amorf sili-
cium en de nanokristallen worden gemodelleerd via een Gaussische verdeling
van de bezette toestanden en één voor de onbezette toestanden. Voor laser-
verhitte a-Si0.66O0.34:H films toont onze analyse een verlaging van de nanokristal
band gap van ongeveer 2.34 tot 2.08 eV, wat een vergroting van de gemiddelde
nanokristalgrootte aangeeft voor verhoogde laserfluxdichtheden, gepaard met
een versmalling van de nanokristal toestandsdichtheiddistributie van 0.28 tot
0.26 eV, hetgeen een smallere grootteverdeling suggereert.

Ingebedde silicium nanokristallen kunnen worden gemaakt door het verhitten
van siliciumrijke films van silicium legeringen. Omdat waterstof effusie optreedt
bij lagere temperaturen dan fasescheiding en kristallisatie, kan dit niet worden
vermeden, wat leidt tot een verhoogde defectdichtheid. Heropname van water-
stof in het materiaal wordt als een doeltreffende methode beschouwd om de de-
fectdichtheid te verminderen. Een optie is om verhitting en waterstofpassivering
combineren in een enkele bewerkingsstap door verhitting in een H2 atmosfeer.
In hoofdstuk 6 melden we het effect van waterstof op het kristallisatieproces
van silicium nanokristallen ingebed in een siliciumoxide matrix. We tonen aan
dat waterstofgas tijdens verhitting leidt tot een lagere sub-band gap absorptie,
wat aangeeft dat passivering van defecten die gecreëerd worden tijdens verhit-
ting optreedt. Monsters die verhit zijn in zuivere stikstof tonen verwachte trends
volgens kristallisatietheorie. Monsters verhit in forming gas, echter wijken af
van deze trend. Hun kristalliniteit daalt voor langere verhittingstijden. Verder
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zien we een toename van de gemiddelde nanokristalgrootte en een verbreding
van de grootteverdeling, wat aangeeft dat waterstof een krimp van de silicium
nanokristallen veroorzaakt.
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