
HAL Id: tel-00647293
https://theses.hal.science/tel-00647293

Submitted on 1 Dec 2011

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Towards silicon quantum dot solar cells : comparing
morphological properties and conduction phenomena in

Si quantum dot single layers and multilayers
Kavita Surana

To cite this version:
Kavita Surana. Towards silicon quantum dot solar cells : comparing morphological properties and
conduction phenomena in Si quantum dot single layers and multilayers. Autre. Université de Grenoble,
2011. Français. �NNT : 2011GRENI051�. �tel-00647293�

https://theses.hal.science/tel-00647293
https://hal.archives-ouvertes.fr


THÈSE 
Pour obtenir le grade de 

DOCTEUR DE L’UNIVERSITÉ DE GRENOBLE 
Spécialité : Matériaux, Mécaniques, Génie Civil, Electrochimie

Arrêté ministériel : 7 août 2006 

Présentée par 

Kavita SURANA 

Thèse dirigée par Daniel BELLET et  
Co-encadrée par Pierre MUR et Philippe THONY 

préparée au sein du Laboratoire :  
Laboratoire Composants Electroniques pour l’Energie (CEA/Leti/LC2E)
dans l'École Doctorale : Ingénierie - Matériaux, Mécanique, Environnement, 
Energétique, Procédés, Production

Towards Silicon Quantum Dot Solar Cells: 
Comparing Morphological Properties and  
Conduction Phenomena in Si Quantum Dot  
Single Layers and Multilayers 

Thèse soutenue publiquement le 21 septembre 2011
devant le jury composé de : 

M. Gavin CONIBEER 
Professeur associé et directeur adjoint du “Photovoltaic Centre of Excellence”,  
Université de New South Wales, Australie, Président

M. Fabrice GOURBILLEAU 
Directeur de Recherche, CNRS, France, Rapporteur 

M. Salvatore LOMBARDO 
Directeur de Recherche, CNR, Italie, Rapporteur 

M. Daniel BELLET 
Professeur, Grenoble-INP, France, Examinateur 

M. Pierre MUR 
Ingénieur-chercheur, CEA-Leti, France, Examinateur 

M. Philippe THONY 
Ingénieur-chercheur, CEA-Liten/Ines, France, Examinateur  
Mme. Rose-Marie CAPELLA 
Responsable du domaine scientifique Nanotechnologies, DGA, France, Examinateur





THESIS 
To obtain the rank of 

DOCTOR OF THE UNIVERSITY OF GRENOBLE 
Speciality: Materials, Mechanical, Civil Engineering, Electrochemistry 

Ministerial Order: 7 August 2006 

Presented by  

Kavita SURANA 

Thesis advisor: Daniel BELLET  
Co-supervisors:  Pierre MUR and Philippe THONY 

prepared in the Laboratory :  
Power Devices Laboratory (CEA/Leti/LC2E)
in the Doctoral School : Engineering - Materials, Mechanics, Environment,  
Energy, Process, Production 

Towards Silicon Quantum Dot Solar Cells: 
Comparing Morphological Properties and  
Conduction Phenomena in Si Quantum Dot  
Single Layers and Multilayers

Thesis publicly defended on 21
st
 September 2011  

before the following committee: 

Gavin CONIBEER 
Associate Professor and Deputy Director of Photovoltaic Centre of Excellence,  
University of New South Wales, Australia, President

Fabrice GOURBILLEAU 
Research Director, CNRS, France, Reviewer 

Salvatore LOMBARDO 
Research Manager, CNR, Italy, Reviewer 

Daniel BELLET 
Professor, INP Grenoble, France, Examiner 

Pierre MUR 
Research Engineer, CEA-Leti, France, Examiner 

Philippe THONY 
Research Engineer, CEA-Liten/Ines, France, Examiner

Rose-Marie CAPELLA 
Head of Nanotechnologies Scientific Domain, DGA, Examiner





Acknowledgements

Thanking people in just a few words after working with them for three years makes these

few pages the hardest and most incomplete part of this thesis. I learnt a lot of things from

a lot of people, and it was of course more than just about silicon quantum dots. I know

I have too many people to thank, and I apologize to those that I am surely likely to forget.

First of all, I would like to thank the director of ex-D2NT, Olivier Demolliens for

the opportunity to work on this very interesting topic. Thanks to Jean-René Lequepeys

and Olivier Faynot, the heads of DCOS and SCME respectively. Also thanks to Thierry

Billon, head of L2MA and then of LC2E for always being very approachable and

concerned. Thanks to DGA for co-funding this thesis.

Next, thank you to all the jury members for their time and attention, for their construc-

tive criticism and also for coming all the way to Grenoble, from literally around the world.

I was lucky enough to have three supervisors, all very different but equally impor-

tant. This work would surely not have been possible without their vision. Thanks to

Daniel Bellet, my PhD director at LMGP, for his patience, cheerfulness and valuable

inputs. Thanks to Philippe Thony, my supervisor at INES, for his sound advice and re-

marks, that were always very precise but still made me think. And thanks to Pierre Mur,

my supervisor at LETI, who I worked and interacted with most often, for his optimism,

confidence in me, and work ethics that I greatly respect and hope to emulate in the future.

I also had the opportunity to work with a large number of people, for a lot of ex-

periments but also for very valuable discussions. Thanks Mathieu Baudrit for his

enthusiasm that led to some good results. Hadrien Lepage for essential inputs on

electrical transport mechanisms, and also Jean-Marie Lebrun, Gilles Poulain who worked

on this topic. Gilles Le Carval for his advice on all things related to this thesis. Yves

Morand and Jean-Michel Pedini for their help with lots and device fabrication. Laurent

Vandroux, Catherine Charrier and everyone in the Zone Dépot, Karim Yckache and



Zone Recuit for helping me make those really great layers. François de Crecy for

the ultra-thin layers that solved a lot of problems, design of experiments and other

important discussions. Dominique Lafond for TEM. Beatrice Doisneau also for TEM.

Emmanuel Nolot and Christophe Licitra for their training and important inputs on

ellipsometry. Pierre Gidon for the incredible effort and analysis that went into obtaining

spectral response measurements. Guillaume Rodriguez for ITO and Frédéric Gonzatti

for polysilicon depositions. The parametric electrical tests team for help with the

characterizations. Xavier Garros, Gabriel Molas and Luca Perniola for their time and

help with analysis of electrical measurements. Jaques Cluzel, Patrick Grosgeorges and

Denis Blachier for electrical characterizations, low temperature experiments, and also for

their help in lifting the cryo tube that was big and heavy and really not made for short

people. Also, thanks to Veronique Robert for her help with the patents.

These three years wouldn’t be the same without a lot of people, who still correct

my French like only true friends would do, make great food especially cakes, and of

course, never talk about football. Yoann for knowing all the answers to everything, and

along with Thibaud for the endless entertainment in and outside work, especially on

Wednesdays. Loubs for his bottomless bag of incredible questions counterbalanced by

Celine’s common sense. Cedric and Ju for their papa-thésard wisdom, which is still valid.

Edrisse for les pauses bonbons, and for all the help during and after the thesis. Richard

with the super-human vision who can create magical anana cakes with one piercing look.

Raul who has sung beautiful melodies in the office and kept me going with the “there,

there” pat on the back. Sylvia and Audrey for their girl time. Giada, my Italian twin

queen. And so many others Agnès, Pierre-Antoine, Emeline, Loïc, Valentina, Romain,

Fox, Bilel, Nathalie, Matthew and everyone else who was part of what used to be L2MA...

To my other friends in Grenoble, who I can’t even begin to list, thanks for all the

great evenings and weekends, and also the much needed verres that helped switch off

from work and contributed significantly to writing this thesis. Thanks Alex, Chick Corea

and Neil Peart for creating all the music that motivated to write. Mr. H for winning

the paratha world cup. Thomas and Christian for their hugs, korners and happy-ness.



Karine my pita for feeding me a lot of cakes and coffee. Santiago and Jan for all their

mountain sports for dummies, and for always looking out for me.

Moving on to those who are more than a thousand kilometres away, thanks Dóri

and Igor for being such great friends and for the super holidays. Aravind, for always

being there to support everything I do and for being part of all the highs and lows of

this thesis. Finally, thanks to my mother from whom I learnt the most valuable lesson,

that we must do the hardest of things with a smile.





Abstract

Quantum confined silicon, in the form of silicon quantum dots of diameters 5 nm or
less, has the property of bandgap control and light emission. This bandgap engineering
gives silicon quantum dots applications in novel photovoltaic devices, while maintaining
compatibility with existing silicon technologies. These dots can help reduce lattice
thermalisation losses in a single-junction solar cell. This work focusses on the large scale
fabrication of silicon quantum dots in SiO2 using Plasma Enhanced Chemical Vapour
Deposition (PECVD), followed by high-temperature annealing. Thick single layers are
compared with multilayers for morphological, electrical and optical properties. Devices
with these layers are compared with different electrode materials. Film thickness depen-
dent organization of dots is observed in thick single layer structures which demonstrate
improved electrical conductivity, but poor optical response. Multilayer films demonstrate
augmented and controlled Si bandgaps and improved absorption in the blue-green visible
range, accompanied by poor electrical conductivity. The improved optical properties are
a promising sign for any potential photovoltaic integration.

Keywords: Photovoltaics, silicon, nanostructures, quantum dots, solar cells, nanocrystals,
third generation.

Résumé

Le confinement quantique dans le silicium, sous forme de boîtes quantiques de silicium
de diamètre 5 nm, permet de contrôler le bandgap et donc l’émission de lumière.
Cette ingénierie du bandgap des nanocristaux de silicium est utile pour les applications
photovoltaïques avancées et présente l’avantage de conserver la compatibilité avec les
technologies silicium existantes. Ces boîtes quantiques peuvent aider à réduire les pertes
par thermalisation dans une cellule solaire homo-jonction. Ce travail se concentre sur la
fabrication à grande échelle des nanocristaux de silicium dans SiO2 en utilisant le Dépôt
Chimique en Phase Vapeur assisté par Plasma (PECVD), suivi d’un recuit à haute
température. Des monocouches sont comparées avec des multicouches pour les propriétés
morphologiques, électriques et optiques et des dispositifs avec ces différents couches sont
comparés. Dans le cas d’une structure monocouche, l’épaisseur de la couche contrôle
l’organisation des nanocristaux et permet de mettre en évidence l’amélioration de la
conductivité électrique, avec cependant une réponse optique faible. Les multicouches
montrent un bandgap du Si augmentée et contôlée, avec une meilleure absorption
dans la gamme bleu-vert visible, accompagnée d’une conductivité électrique faible.
L’amélioration de ces propriétés optiques est un signe prometteur pour une potentielle
intégration photovoltaïque.

Mots-clés: photovoltaïque, silicium, nanostructures, boîtes quantiques, cellules so-
laires, nanocristaux, troisième génération.
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Introduction

Silicon based technology is present in nearly every electronic product in the world today.

Current microelectronics and photovoltaic industries are both dominated by silicon, and

thus have silicon compatible processing technologies. Technological developments in

either of these domains have given a technology push to the other.

Bulk crystalline silicon is a poor emitter due to its indirect bandgap. The discov-

ery of light emission in nanostructured silicon in the 1990s opened up new avenues of

research in nano-silicon based microelectronics, photovoltaics and even photonics. One

such pathway is the application of silicon quantum dots in advanced photovoltaic devices.

Current single p-n junction based Si solar cells, that dominate the solar cell market,

are limited by the theoretical efficiency maximum of 29%. The necessity for decreasing

carbon emissions, reaching grid parity for photovoltaic devices and increasing solar cell

efficiencies are important issues that face the near future.

Silicon quantum dots allow the bandgap engineering of Si and demonstrate im-

proved emission, which are both promising properties for photovoltaic applications. The

bandgap engineering of silicon can potentially lead to all-Si based tandem solar cells with

appropriate bandgaps, which can reduce lattice thermalisation losses and overcome the

single junction efficiency limit.

In this work, the scientific and technical expertise on silicon quantum dots for mi-

croelectronics applications, and silicon compatible technology at Leti (Laboratoire

d’Electronique des Technologies de l’Information) was used to transfer the microelectron-

ics technology to photovoltaics, with expertise at Liten/Ines (Le Laboratoire d’Innovation
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pour les Technologies des Energies Nouvelles et les Nanomatériaux / L’Institut National

de l’Energie Solaire). Both of these laboratories are part of the CEA (Commissariat à

l’Energie Atomique et aux Energies Alternatives).

Such an approach, based on microelectronics, can allow rapid integration of these

materials into future commercial technologies. The Si quantum dots are fabricated in a

dielectric matrix like SiO2. The challenges involved in integrating these nanostructures in

devices include precise dot size/bandgap control, optimizing electrical conductivity and

improving optical response, while considering the limitations of large scale fabrication.

This thesis deals with these issues in the following chapters:

The First Chapter establishes the parallels in the silicon based microelectronics

and photovoltaics industry with the state-of-the-art in the latter. The role of quantum

confined silicon nanocrystals in improving photovoltaic efficiencies is established.

The Second Chapter describes the fabrication of thick single layer films (more than 30

nm) of SiO2 with embedded Si quantum dots, using plasma enhanced chemical vapour

deposition of silicon rich oxide followed by high temperature annealing. Characterization

techniques for describing the film properties and determining dot size/quantum confine-

ment in Si quantum dots are established for the thick single layers.

The Third Chapter discusses the film thickness dependent ordered formation of silicon

quantum dots which is a result of the Si diffusion in the thick layers. Its consequences on

the electrical conductivity in the films and photocarrier generation are discussed.

The Fourth Chapter deals with the fabrication of ultra-thin multiple bilayer structures

(less than 3 nm) with full control on the deposition process to control film thickness and

silicon enrichment. Size controlled quantum dots with controlled inter-dot distances will

thus be fabricated.

In the Fifth Chapter, devices with different quantum dot layers are fabricated to

compare the optical and electrical properties in single layers and multiple bilayer films.

The conduction mechanisms and spectral response for different device structures are

evaluated, and their utility for photovoltaic devices is discussed.
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Chapter 1

An Introduction to Si Quantum Dots

1.1 Silicon Technology - More than Microelectronics

Silicon Technology

Silicon based technology is present in nearly every electronic product in the world around

us and has contributed tremendously to our changing lifestyles. Advances in high precision

technologies on silicon wafer substrates for integrated circuits (ICs) and electronic devices

have paved the way for enormous progress in improving performance and reducing costs of

the semiconductor industry. Over the past five decades, the growth of the semiconductor

industry has followed Moore’s law,1 which roughly states that the number of components

that can be placed inexpensively on an IC doubles approximately every two years. Keeping

up with these targets have consequently boosted research efforts concerning silicon, and

this active research in semiconductor technology has also given a push to other industries,

including photonics and photovoltaics.

Silicon Beyond Microelectronics

Complementary Metal Oxide Semiconductor (CMOS) represents the dominant semi-

conductor technology used in the fabrication of memories, microprocessors and other

electronic integrated circuits. Silicon, a CMOS compatible material, has dominated the

semiconductor industry primarily because of its abundance in the earth’s crust and low

toxicity. Silicon’s good thermal conductivity and mechanical strength aid in relatively

simpler processing techniques and its electrical conduction can be further enhanced by
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1 An Introduction to Si Quantum Dots

doping with other elements. However, bulk crystalline silicon has an indirect bandgap of

1.12 eV at ambient temperature, which makes it a poor light emitter.

The discovery of light emission from porous silicon in the early 1990s by Canham

and Cullis,2,3 led to new avenues of research involving enhancement of optical properties

of silicon, while sticking to CMOS compatible materials for rapid integration and scaling

up. Silicon photonics, first mentioned by Soref,4 have thereafter become increasingly

important to keep up with “more-Moore” (higher performances by increasing integration

parallelism) and “more-than-Moore” (new computation principles and diversified tech-

nologies) evolution in the electronics industry.5

The semiconductor industry therefore has significant technological expertise on the

different forms of silicon, from bulk to porous nanostructured materials and quantum

dots, which can all be extended beyond IC fabrication. There has been a vast migration

of resources between the three domains of microelectronics, photonics and photovoltaics

as they run in parallel, yet overlap in terms of applications. Research and development

advancements in either one of these technologies has consequently led to progress in

the other two.6,7 As an illustration of this trend, system integration and product

development for CMOS photonic devices have become an important part of research

efforts in companies like Luxtera, Lightwire, Intel and IBM.8,9 Furthermore, in the

past five years giant chip manufacturers including Intel, IBM and HP have also started

venturing into commercial photovoltaic manufacturing.10 This has been supported

thanks to a strong backing from their fine-tuned manufacturing processes and technology

equipment along with already existing R&D centres.

Such an interconnected mesh of technological expertise has opened broad pathways

for novel research opportunities in silicon, going well beyond silicon microelectronics.

Quantum dots are an important part of this trend and will be discussed during this

research work.
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1.2 Silicon Nanotechnology - Beyond Bulk Silicon

Although bulk silicon is the most commonly used material in the photovoltaic industry

and is also a strong candidate for photonics applications, its indirect bandgap makes it

an inefficient light absorber and a very poor emitter. The low absorption coefficient (α),

is due to the participation of a phonon during absorption or emission to conserve both

energy and momentum. This three-particle interaction (electron, hole and phonon) makes

the process less probable (See Figure 1.1). Since phonon mediated light emission depends

on the inverse of the photoelectric effect, the absorption properties depend strongly on

the emission. Therefore, a good emitter is essentially a better absorber. In silicon, a small

value of α increases the required penetration depth for photons. Silicon solar cells thus

have a thickness of more than 100 micrometers and need surface texturization treatments

and anti-reflection coatings to actually absorb all photons and minimize problems of front

surface transmission. A possible pathway to overcome this drawback in bulk indirect

bandgap silicon is to use “silicon nanocrystals” or “silicon quantum dots”.
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Figure 1.1: Schematic energy band diagram of silicon showing electron excitation and
absorption in silicon (adapted from Yuan et al5). Blue arrows indicate indirect

absorption. Red arrows indicate phonon assisted indirect radiative recombination.
Purple arrows show non-radiative recombination and orange arrows show Auger

recombination. Green arrows indicate free-carrier absorption.
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1.2.1 Quantum Confinement in Silicon

In a bulk crystal, the optical and electronic properties of the material do not depend on

the size. However, as we go into the quantum mechanics regime with sizes in the order

of nanometres, there is a completely different story. The material properties can then be

engineered to our advantage, as will be discussed in this section. In quantum confined

materials, excitons (electron-hole pairs) can be confined in 1D (quantum well), in 2D

(quantum wire) or in 3D (quantum dots), as shown in Figure 1.2.
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Figure 1.2: Idealized density of states for one band of a semiconductor structure of 3,
2, 1 and 0 dimensions. In the 3D case, the energy levels are continuous, while in the 0D

or molecular limit the levels are discrete.11

A simplified approach to understanding confined electrons can be made by using the

famous particle-in-a-box problem, described in Appendix A for silicon dots embedded in

an insulating matrix. For strong quantum confinement, the size of the quantum dot is

smaller than its Bohr exciton radius, which is defined as the minimum natural separation

between electrons in conduction band and their corresponding holes in the valence band.

For weak confinement, the size is 2-4 times greater than the Bohr exciton radius. For

silicon, this radius is ∼4.9 nm,12 meaning that quantum dots of around 5 nm are required

for strong confinement. The quantum confinement effect leads to an increase in the

bandgap, as explained in Appendix A.

Brus13,14 came up with a simple generalised analytic model describing the size-effective
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1.2 Silicon Nanotechnology - Beyond Bulk Silicon

bandgap (EQD) for the lowest energy states for 3D confinement:

EQD = Ebulk − 3.6q2
e

ǫd
+

2~2π2

d2µ
+ smaller terms (1.1)

where Ebulk is the bulk bandgap, ǫ is the silicon dielectric constant taken to be 11.7, µ is

the reduced mass of the electron-hole pair, and d is the nanocrystal diameter.
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Figure 1.3: Comparison of theoretical calculations for the evolution in band gap with
quantum dot diameter.13,15,16

An improved and corrected phenomenological version pertinent to the case of silicon

quantum dots, and based on photoluminescence measurements, was published by

Ledoux et al.15 Additionally, theoretical calculations (tight binding parametrization)

were published by Niquet et al.16 The results of these models have been compared

in Figure 1.3. In general, trends in experimental data for silicon quantum dots have

corresponded well with these theoretical calculations,15,17–23 even though the values

obtained are consistently lower than theoretical predictions of confined energy levels.24–26

These reported results thus confirm that the silicon bandgap can indeed be engineered

depending on the size or diameter of the quantum dots.

Solid state silicon quantum dots are usually fabricated in a dielectric insulating

matrix (SiO2, Si3N4, SiC) in a technique first established by Tsybeskov et al.27 The

process involves deposition of non-stoichiometric compounds followed by high temper-

ature annealing for silicon quantum dot segregation and precipitation in thick single
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1 An Introduction to Si Quantum Dots

or ultra-thin multiple bilayer structures. In the case of the SiO2 matrix, high oxide

energy barriers do lead to strong confinement in the Si quantum dots. However for

inter-dot tunnelling conduction through wide bandgap barriers, the wavefunction of an

electron confined to a spherical dot should penetrate into the surrounding material, as

it decreases exponentially into the barrier. The tunnelling probability through these

insulating barriers can be approximated through the transmission coefficient Te for

quantum tunnelling. This is given by24

Te ≃ 16 exp



−l

√

8m∗2∆E

~2



 (1.2)

where l is the barrier width or the spacing between the dots, ∆E is the energy difference

between the conduction band edge of the matrix and the confined energy level of

the quantum dots and m∗ is the effective mass of the electron within the barrier.

Because of the large ∆E, quantum dots in a SiO2 matrix should be separated by no

more than 1 to 2 nm (See Figure 1.4). This value could go up to 4 nm for a silicon

carbide matrix. However, confinement in the dots is then lower due to the non-infinite

barrier and lowering of confined energy. The segregation and precipitation effect for Si

in SiC also decreases, making crystalline dot formation in amorphous SiC more difficult.24

Bulk
c- Si 3 nm

Si QD

SiC

Si3N4

SiO2

Bulk
c- Si

Bulk
c- Si

2.5 eV 5.3 eV 9.0 eV1.1 eV 1.1 eV 1.1 eV

3 nm
Si QD

2 nm
SiO2

1.73 eV

(a) (b)

Figure 1.4: (a) Bulk band alignments between crystalline silicon and SiO2, Si3N4 and
SiC. (b) The band gap increases for quantum confined silicon dots of 3 nm diameter to

1.73 eV.16 To ensure tunnelling between silicon dots embedded in SiO2, the distance
between dots should be less than 2 nm.
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1.2 Silicon Nanotechnology - Beyond Bulk Silicon

For nanocrystals in SiO2, smaller dots (less than 3 nm diameter) are highly surface

sensitive due to their large surface-to-volume ratio. Silicon oxygen double bonds are

present on the nanocrystal surface and can capture and localize the excitons,25,28,29

although they can be passivated by hydrogen.

Nevertheless, quantum confined silicon quantum dots show improved emission and

absorption compared to bulk crystalline silicon. Experimentally, this improvement

cannot be attributed to an enhancement of the absorption coefficient. Rather, improved

emission occurs due to decrease in non-radiative recombinations which go down as

compared to bulk silicon as small mid-gap defects and impurities grow out of the dots

and into the interface.30 Furthermore, the excitons cannot diffuse for large distances,

reducing the probability of finding non-radiative recombination centres.5 The radiative

recombination rate is improved as the electron-hole wavefunctions are now squeezed in

real space in the potential well when the size of the dot gets smaller than the Bohr

exciton radius.31 Therefore, in spite of the indirect band gap, zero-phonon transitions

may occur, giving quantum confined silicon dots a “quasi-direct bandgap” .32–34 For these

reasons, silicon quantum dots may possess a high emission efficiency after passivation of

surface defects, as will be discussed later in this work.

1.2.2 Applications of Silicon Nanocrystals

Quantum mechanical effects on silicon have indeed led to several applications involving

silicon quantum dots, as illustrated in Figure 1.5. However, in spite of the advantages

Silicon Quantum Dots

Microelectronics

- Interconnects
- Non-volatile memories

Photonics

- Optical waveguides 
- Modulators

- Cavities & resonators
- Lasers
- LEDs

Photovoltaics

- antireflection layers
3rd Generation Photovoltaics

- all-Si tandem cells
- hot carrier solar cells

Figure 1.5: Si quantum dots have diverse applications in microelectronics, photonics
and photovoltaics.
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of silicon nanostructures over bulk silicon, it is still a poor optical material compared

to III-V semiconductors. Research and development has nevertheless continued due to

advantages of silicon including lower costs and full CMOS compatibility. More than

5000 publications (as of April 2011) mention silicon nanocrystals or silicon quantum dots.

As discussed earlier, the three main domains of applications of silicon quantum dots of

interest in the scope of this thesis are photonics, microelectronics (microphotonics) and

photovoltaics, each of which have been described below.

• Photonics - Improvement in the light emission properties of nanostructured sil-

icon, as compared to bulk Si, has led to research and applications in light emit-

ters, lasers and photodetectors35–38 where III-V materials were traditionally used.

Active optical waveguide and modulator structures based on quantum dots have

been reported39,40 along with optical microcavities and resonators for lasing appli-

cations.41–43

• Microelectronics and Microphotonics - As the number of transistors in an IC

increase to keep up with Moore’s law, the number of interconnecting wires also in-

crease. These interconnects are currently made of copper. A future “interconnect

bottleneck” can be avoided using silicon photonics. This solution is based on re-

placing copper interconnections by a series of lasers, modulators, optical waveguides

and photodiodes which can also decrease delay times and power dissipation.30,44–46

Multidimensional confinement of free carriers in silicon quantum dots in SiO2, along

with their robustness to oxide defects, has led to applications in optical and non-

volatile memories.47–51

• Photovoltaics - Bandgap engineering in silicon quantum dots along with improved

optical properties, has led to applications in photovoltaics.24,52–55 Recent interest

in solar cell applications is evident as out of a total of around 200 papers on the

subject published since 2004, more than 100 of have been published since 2008.

This thesis will focus on these photovoltaic applications which will be discussed in the

next sections.
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1.3 Silicon in Solar Cells

The photovoltaic (PV) industry has been growing at the annual rate of 40% over the last

decade,56 and is mostly based on mono and multi crystalline bulk silicon (c-Si). Further

rapid growth is expected thanks to extensive efforts for increasing renewable energy use

and decreasing carbon emissions for coping with climate change. National and interna-

tional long-term initiatives are pushing the solar energy industry to increase efficiency

and decrease costs.57 The International Energy Agency’s PV roadmap estimates that

by 2050, PV will provide around 11% of global electricity production and avoid 2.3

gigatonnes of CO2 emissions per year. In addition, it will achieve competitiveness with

electricity grid retail prices by 2020.58

Historically, c-Si has been the most popular solar cell material, deriving its tech-

nology know-how from the microelectronics industry. Silicon based technologies currently

occupy 80% of the market share, mostly due to the nearly ideal bandgap of 1.1 eV. By

2020 traditional silicon based solar cells are still expected to dominate even as other

technologies emerge (Figure 1.6).56
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Figure 1.6: Historical evolution of technology market share and future trends. Silicon
is projected to be the dominant material till 2020 even as other technologies emerge.

Source: EPIA56
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1.3.1 Photovoltaic Technologies

Currently used photovoltaic technologies can be classified into three broad categories

based on the photovoltaic materials and fabrication techniques used. These have been

briefly described below:

• First generation photovoltaics consist of basic crystalline silicon (c-Si) including

single crystalline Si (sc-Si), multicrystalline (mc-Si) and are p-n junction devices.

• Second generation solar cells include thin films technologies of amorphous silicon

(a-Si) and micromorph-Si (a-Si/µ-Si), CdTe, CIGS and CuInSe2 or CuInS2.

• Third generation photovoltaics include new and emerging technologies. Concen-

trator photovoltaics (CPV) are already in the market while advanced thin films,

tandems and organic cells are set to be commercialized. Other high efficiency pho-

tovoltaics aim to use advanced conversion concepts and novel innovative materials

and are mostly at the research stage. Several of these new concepts involve quantum

confined materials and will be discussed later in this chapter.

As of January 2011, the highest independently confirmed efficiencies for some solar cells

have been listed in Table 1.1.59 In addition, III-V triple junction cells have already

demonstrated 35.8% efficiency under one sun.60

First Generation Second Generation Third Generation

c-Si 25.0 ± 0.5 CIGS 19.6 ± 0.6 Dye sensitized 10.4 ± 0.3
mc-Si 20.4 ± 0.5 CdTe 16.7 ± 0.5 Organic polymer 8.3 ± 0.3

a-Si 10.1 ± 0.3 GaInP/GaAs/Ge* 32.0 ± 1.5
a-Si/µc-Si* 11.7 ± 0.4
Organic* 8.3 ± 0.3

Table 1.1: Confirmed terrestrial cell efficiency records under the global AM 1.5
spectrum 1000W/m2 at 25◦C.59 *Italic data represents multi-junction PV devices.

The IEA’s Photovoltaic Roadmap58 lays tremendous stress on the need for increasing

R&D efforts to reduce costs and ensure PV readiness for scaling up and rapid deployment

of new innovative concepts. One of the important targets of research efforts in this domain
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1.4 Si Quantum Dots in Third Generation Photovoltaics

is to achieve grid parity. Grid parity means that the cost of generating a unit of energy

with photovoltaic power becomes competitive with existing grid electricity prices.
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Figure 1.7: Photovoltaic technology status and prospects till 2030. Contribution from
emerging technologies and novel concepts from third generation photovoltaics is

projected to increase industrially manufactured cell efficiencies in the upcoming decades.
Source: IEA - Photovoltaic Technology Roadmap58

Technological innovation is therefore essential for cost reduction in a photovoltaic sys-

tem, and some of the ways to do this are decreasing material quantity used and improving

cell efficiencies. In addition, continuous research efforts are important for constant indus-

trial growth, keeping in mind compatibility with existing technologies. To illustrate the

importance of these future technologies, PV technology status and prospects till 2030

have been illustrated in Figure 1.7. We can clearly see that third generation technologies

are projected to provide high efficiency photovoltaic cells in the coming decades.

1.4 Si Quantum Dots in Third Generation Photovoltaics

1.4.1 Efficiency Losses in a Solar Cell

The solar spectrum consists of light between wavelengths of approximately 100 to 3000

nm. This range includes infrared radiation, visible light and ultraviolet light. More than

90% of the solar radiation reaching the earth’s surface is visible light and near-infrared

radiation, with a wavelength range of around 350 to 1500 nm (Figure 1.8).
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Figure 1.8: Global Total Spectral Irradiance (W/m2/nm) on a 37◦ sun facing tilted
surface with Air Mass (AM) 1.5. Regions of thermalisation losses and non-absorbed

photons are shown.61

As illustrated in Figure 1.9, only those photons are absorbed by a solar cell whose

energies are greater than or equal to the band gap of the semiconductor material (Eg of

silicon at 300 K = 1.12 eV), while lower energy photons are lost. Furthermore, the excess

kinetic energy of the absorbed photons creates hot carriers which are basically electrons

and holes with more energy than the band gap. As these carriers relax to their band

edges, the excess energy is lost as it is converted to heat via lattice vibrations.
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Figure 1.9: Schematic of loss mechanisms in solar cells. Photons with energy lower
than the semiconductor bandgap are not absorbed (1), while those with excess energy

(2) lose it as heat in the form of lattice vibrations. In (3) the incoming absorbed photon
has the same energy as the bandgap of the material.
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1.4 Si Quantum Dots in Third Generation Photovoltaics

This is one of the major factors affecting the efficiency of bulk silicon based single

band gap solar cells and is commonly known as the “Shockley-Queisser” limit of 31%,62

valid for a general single gap material. This limit exists even though the thermodynamic

efficiency of solar energy conversion is 86.8% under maximum concentration (assuming

the sun to be a black body at 6000 K).63

1.4.2 Quantum Dots in Photovoltaics

Quantum dots incorporated in photovoltaics have the possibility of increasing solar cell

efficiencies well beyond the Shockley-Queisser limit.63,64 This efficiency improvement can

be achieved through novel concepts based on increasing either photocurrents or photo-

voltages. Quantum dots are a good material candidate as quantum confinement leads

to improved absorption, along with a tunable bandgap. Group II-VI and IV-VI (CdSe,

PbSe, CdS, PbS), Group III-V (GaInAs, GaAs) and group IV (Si, Ge) dots have been

used for their enhanced properties. The theoretical efficiency limits of such concepts have

been illustrated in Figure 1.10.65
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Figure 1.10: Efficiency limits for different photovoltaic concepts.65 Silicon quantum
dots can potentially be used in those indicated in bold.

Tandem solar cells improve absorption by using multiple bandgaps.66 Hot carrier

solar cells extract the carrier before it cools down.65,67–70 Multiple exciton generation

involves generation of more than one exciton per photon through impact ionization.71–73

Intermediate bandgap solar cells may allow sub-bandgap energies to be absorbed.74,75
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1 An Introduction to Si Quantum Dots

Quantum dots can even be used in low efficiency - low cost hybrid solar cells with organic

materials.76,77 Most of these applications are still in the research phase for third generation

photovoltaics. So far, tandem cells are the only commercially available high-efficiency

concepts. 32% efficiency has been achieved for GaInP/GaAs/Ge devices.59

1.4.3 Si Quantum Dot Photovoltaics

Silicon quantum dots can be incorporated in solar cells to improve cell efficiencies and

test novel conversion concepts. Several research efforts have been dedicated to optimising

silicon nanocrystal properties for solar cell applications. Kim78 recently published results

for silicon quantum dots with absorption enhanced 14 times in blue and green light regions

as compared to bulk silicon. Other works include studies on quantum dot doping54,79,80

deposition conditions and optical properties.81,82 Silicon quantum wells have also been

examined for third generation applications.55,83–85 Si nanocrystals have also already been

integrated into photovoltaic devices, as will be discussed below.

p-n Devices

Heterojunction devices with p-n or n-p junctions have been used with doped silicon quan-

tum dots on a bulk c-Si substrate. Such devices have demonstrated efficiencies of 10.6%

for phosphorous-doped dots53 (Figure 1.11) and 9.5% for boron-doped dots.86 While these

values are not comparable to standard silicon solar cell efficiencies, they are a positive

step towards device integration, as they demonstrate electrical conduction via quantum

dots through a wide bandgap matrix. Although most absorption is expected to be in the

silicon substrate, p-i-n devices fabricated on quartz have shown promising results.87

Al contact

p-type c-Si

n-type P-doped
Si quantum dots

Al contact

Figure 1.11: Schematic of the device used by Cho et al53 for 10.6% cell efficiencies.
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1.4 Si Quantum Dots in Third Generation Photovoltaics

Tandem solar cells

Tandem cells involve cascading multiple p-n junctions with bandgaps matched to the inci-

dent light spectrum. Lattice thermalisation losses occur for incident energies higher than

the bandgap of silicon. In a three-cell tandem as shown in Figure 1.12, highest energy

photons are absorbed in the highest bandgaps, while lower energies are absorbed in the

middle or bottom cell, reducing thermalisation losses. This can lead to theoretical radia-

tive efficiencies of 42.5% for two-cell tandems and 47.5% for 3-cell stacks. Under AM 1.5

illumination, for a bulk Si bottom-cell (1.1 eV) the optimal top-cell bandgap for achieving

maximum conversion efficiencies is ∼ 1.7 eV for a 2-cell tandem. For a 3-cell tandem, the

bandgaps are ∼ 1.5 eV and ∼ 2.0 eV for the middle and top cells respectively.88 Addi-

tionally, improved optical properties of silicon quantum dots contribute to less material

use, requiring thinner films for efficient light absorption.

Si QD Cell
(Eg = 2.0 eV)

Si QD Cell
(Eg = 1.5 eV)

Bulk Si Cell
(Eg = 1.1 eV)

Tunnel Junction

Tunnel Junction

Metal contact

Metal contact

Figure 1.12: Schematic of an all-Si based tandem solar cell. Varying bandgaps can be
achieved by varying silicon quantum dot size. For a 3-tandem cell as shown here, the

theoretical efficiency limit is 47.5%.

Hot carrier solar cells

With theoretical efficiencies even higher than a six-cell tandem stack, research efforts

for fabricating silicon quantum dot based hot carrier solar cells have gained popularity.65

Silicon nanocrystals can be used as selective energy contacts in a hot carrier solar cell. The

absorber material comprises of larger quantum dots and is like a p-i-n (or n-i-p) device
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Hole contactAbsorber

Quantum dots (selective energy contacts)

Electron contact

Figure 1.13: Schematic of a hot carrier solar cell with an absorber and selective energy
contacts that can be made of quantum dots.65

with silicon quantum dots as the intrinsic array. The silicon dots form a superlattice

that slows down photo-excited carrier cooling and allows transport of hot carriers. The

absorber is connected to the electron or hole contact metal with a selective energy contact.

The selective energy contact is made of smaller quantum dots with high resonant state

energy for resonant tunnelling.65,89–92

Other conversion concepts

• Quantum cutting can be achieved by doping silicon quantum dots with Er3+.93

In the quantum cutting process, energy is transmitted outside the photo-excited

system, in this case to Er3+ ions. High energy photons can be split into two or three

photons of lower energy, increasing the efficiency of a device.

• Hybrid solar cells of silicon quantum dots and P3HT have been reported with 1.15%

efficiency conversion.94 Hybrid solar cells combine the attractive properties of strong

visible absorption in conjugated polymers with size tunable absorption spectra in

quantum dots.

• Metal-Insulator-Semiconductor (MIS) type devices have been reported with a super-

linear photovoltaic effect.95 This is due to secondary carrier generation from photons

in the the sub-bandgap state, which have been created due to traps at the interface.

• Multiple exciton generation (MEG) has been reported in colloidal silicon quantum

dots.96 For dots of 1.2 eV bandgap, 2.6±0.2 excitons per photon have been observed
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1.5 Aim of this Thesis

to be absorbed at 3.4 times the bandgap energy.

Anti-reflection coatings

Silicon quantum dots can also be used for down-shifting in an anti-reflection coating for

improving absorptance at particular wavelengths.97 While this is not really a third genera-

tion high efficiency concept for overcoming the Shockley-Queisser limit, yet 0.4% efficiency

improvement has been reported so far.98 Improved luminescence from the nanocrystals

can possibly further increase this efficiency value.99

1.5 Aim of this Thesis

Silicon nanotechnology concepts have proved to be promising for photovoltaic applica-

tions, especially considering their processing compatibility with both CMOS technology

and the photovoltaic industry. Recent interest in silicon nanostrutures for solar energy

conversion has intensified as high efficiency third generation photovoltaic concepts begin

to consider quantum confined silicon as a promising material. Silicon quantum dots are

embedded in an insulating matrix like SiO2 and demonstrate a bandgap tunable with

dot size, improved absorption and photoluminescence.

However, as we move from bulk silicon to quantum confined silicon quantum dots,

several challenges need to be addressed before integrating these dots into high efficiency

devices. These challenges include:

• improving film material quality and minimizing defects and surface states arising

due to the nanometric dimensions of the dots.

• controlling the uniformity of the quantum dot size distribution, which is essential

for optimum bandgap control.

• optimizing electrical properties like charge carrier mobility, efficient electrical in-

jection and charge separation as the nanocrystals are embedded in an insulating

matrix.
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Most importantly, there is a need for futuristic outlook and constant innovation for new

device architectures.

The motivation behind this research work is to use existing microelectronics and

CMOS technologies for solar cells of the future. The bulk silicon processing technology,

developed in the clean room at Leti, for fabrication and characterization of commercial-

scale microelectronic devices will be utilised for progress in advanced photovoltaic cells

which are still at the research phase. Silicon nanotechnology and silicon quantum dots

have a wide range of applications. Focussing on solar cells, the aim of this thesis is to

understand and improve the material properties while ensuring electrical conduction and

optical enhancement for integration of silicon quantum dots into photovoltaic devices.

These Third Generation photovoltaic devices based on silicon quantum dots may provide

high efficiency devices, contributing to a green and clean energy based future.

38



Chapter 2

Developing Single Layers of Si Quantum Dots

2.1 Introduction

In this chapter, we will discuss the fabrication and characterization of silicon nanocrystals

embedded in a singly deposited silicon dioxide layer, using CMOS compatible technologies

on 200 mm silicon wafer substrates. This will form the basis of the rest of the thesis as the

analysis of these layers will be extended to more complex structures in the next chapters.

We will compare the stoichiometric properties of the silicon rich oxide layers using ellip-

sometry and infrared spectroscopy, while properties that are more inherent to quantum

dots like band gap and size will be analysed using x-ray diffraction, photoluminescence

and transmission electron microscopy.

2.1.1 Fabrication Techniques

Silicon nanocrystals can be fabricated through a range of techniques that can be

broadly categorized based on the physical principal involved. The most commonly

used techniques are based on the property of the low mobility of silicon in its oxide,100

which leads to silicon precipitation with other Si atoms that diffuse in the vicinity, thus

forming a nanocrystal. The low diffusivity necessitates higher temperatures for silicon

precipitation. Silicon rich oxide layers are deposited and then annealed, leading to a

high-temperature equilibrium phase separation of Si and SiO2 in sub-stoichiometric

silicon dioxide layers. The low mobility of silicon in silicon dioxide consequently leads to

formation of small nanometric sized silicon clusters. Techniques based on this principle
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2 Developing Single Layers of Si Quantum Dots

include chemical vapour deposition,27,100 ion implantation,101 aerosol synthesis,102

magnetron sputtering,27,52 ion sputtering103 and reactive evaporation104 of silicon oxides.

Other fabrication techniques are laser ablation,105 colloidal synthesis106,107 and in-situ

nucleation on the dielectric surface during chemical vapour deposition.108 Top-down

approaches like electrochemical etching of bulk crystalline Si in HF or machining can also

be used. Considering its compatibility with semiconductor processing, including both

photovoltaics and the high-quality demanding CMOS, we have chosen the fabrication

approach of chemical vapour deposition followed by thermal annealing for silicon

quantum dot formation.

The main requisites for a silicon quantum dot layer for photovoltaic applications

are control over dot size, bandgap and inter-dot distance, each of which depend on the

choice of the dielectric matrix.34 The different options for the dielectric matrix are oxides

(SiO2), nitrides (Si3N4), carbides (SiC) and oxynitrides (SiOxNy). The advantage of

embedding in an oxide matrix is that due to the larger gap of SiO2, the energy barriers are

higher leading to stronger confinement. On the other hand, charge transport properties

are also likely to depend on the choice of the dielectric matrix and its barriers, as the

tunnelling probability depends on the height of the barriers. Si3N4 and SiC are known

to have lower barriers than SiO2 (Chapter 1), permitting a larger inter-dot distance for

tunnelling current. For a square potential well, the decay length Ld is given by109

Ld =
0.1952 nm
√

m∗∆E

m0

(2.1)

where m∗ is the bulk effective mass in the respective band of the matrix, and ∆E is the

energy difference (in eV) between this bulk band and the band formed by the quantum

dot confined energy level.

For silicon dioxide matrix, the inter-dot distance should be no larger than 1-2 nm.

Improved conduction can be observed in carbide and nitride matrices due to less con-

straint over the inter-dot distances. However, due to lower control over the confinement
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2.2 Synthesis of Si Quantum Dots in Silicon Dioxide

and fabrication procedure, in this work we will focus on silicon quantum dots in SiO2.

2.2 Synthesis of Si Quantum Dots in Silicon Dioxide

2.2.1 Plasma Enhanced Chemical Vapour Deposition

Deposition of silicon rich oxides by plasma enhanced chemical vapour deposition

(PECVD) has been favoured over low pressure chemical vapour deposition (LPCVD)

because of its lower thermal budget, and improved film density. While PECVD processes

occur at 300◦C - 500◦C, LPCVD (500◦C - 800◦C) may already provoke a primary

demixing of the silicon rich oxide even before the annealing step.

PECVD uses electrical energy from a continuous radio frequency (rf) source (AC)

to generate a glow discharge between two electrodes. This plasma energy is then

transferred into a gas mixture which is subsequently transformed into reactive radicals,

ions, neutral atoms and molecules, and other highly excited species, as shown in Figure 2.1.

Plasma

RF Power

Heated Plate

Wafer

By-Products

Inert Gas Process Gas Precursors

Figure 2.1: Schematic diagram of a plasma enhanced chemical vapour deposition
(PECVD) reactor.

For SiO2 deposition, the gas precursors involved are silane (SiH4) and nitrous oxide

(N2O), along with the possibility of helium as the inert gas. The following reactions take

place in the plasma110:

e− + SiH4 −→ SiH2 + 2H + e− (2.2)
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e− + N2O −→ N2 + O + e− (2.3)

SiH2 and O are free radicals which are both highly reactive. They react very quickly on

the surface of the heated wafer, maintained at 300◦C - 500◦C, to form the desired SiO2

film.

SiH2 + O −→ SiO2 + other reactive species (2.4)

The overall reaction can be described by the following equation:

SiH4 + 3N2O −→ SiO2 + 3N2 + H2 + H2O + other reactive species (2.5)

200 mm (8 inch) Czochralski Si wafers have been used throughout this thesis for

fabricating uniform, thin films of silicon rich oxides. The depositions were carried out at

400◦C or 480◦C in the Chamber A of the Applied Materials reactor Centura 5200E. All

of the terms silicon rich oxide (SRO), SiOx<2, and sub-stoichiometric silicon dioxide can

be used to denote the essential as-deposited layer for silicon quantum dot formation.

The excess silicon in SiOx can be attained by optimizing the SiH4 and N2O gas

flow ratio (γ = N2O/SiH4), which thereby controls R = [O]/[Si] ratio.111–113 This

parameter γ, along with the chamber pressure, plasma power etc. can all affect the

deposition rate and the excess silicon in the deposited oxide. The deposition conditions

used in this chapter for the lot named Q552P have been listed in Table 2.1.

N2O SiH4 Temperature Pressure Power Distance† γ Dep. rate

sccm⋆ sccm ◦C Torrs W mils‡ nm/sec

2000 490 400 2.7 130 460 4.08 12.5

⋆ Standard cubic centimetres per minute
† Inter-electrode distance
‡ 1 mils = thousandth of an inch

Table 2.1: Deposition conditions used for fabrication of one-step deposited single layers.

For these samples, p-type Si (1 0 0) wafers were used with resistivity of 5-10 Ωcm.

Expected thickness values of the deposited silicon rich oxides on the fabricated samples
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used in this chapter have been listed in Table 2.2.

Number Sample Name Expected Thickness (nm)

1 Q30 30

2 Q50 50

3 Q75 75

Table 2.2: Samples used for characterizations of one-step deposited single layers.

SRO depositions and Si quantum dot formation have already been the subject of

detailed studies,27,104,114 with the most importance being given to the ratio γ, as well as

the annealing conditions for dot formation.54,115–117 Annealing conditions can also affect

both the size and the crystallinity of the dots, as it has been shown that higher annealing

temperatures give smaller quantum dots.114,118

2.2.2 Thermal Annealing

The formation of silicon quantum dots occurs as the sub-stoichiometric silicon rich oxide

undergoes a phase separation at high temperatures to form stable stoichiometric clusters

of silicon and SiO2, as illustrated in Figure 2.2.

Plasma Enhanced 
Chemical Vapour Deposition
Silicon Rich Oxide (SiOx<2)

thickness t = 30, 50, 75 nm

Si substrate Si substrate

Annealing
1000°C 3 min
1180°C 60 min

SiO2Si QD

Figure 2.2: Silicon quantum dots are formed by the recrystallization of silicon rich
oxides on high temperature annealing.

This high temperature annealing under nitrogen usually follows the deposition step. A

minimum temperature of 500◦C is required for the commencement of phase demixing and

formation of amorphous clusters. For quasi-total phase separation and recrystallization,
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2 Developing Single Layers of Si Quantum Dots

a minimum temperature of 900◦C is required.117,119 The following reaction occurs and

leads to the formation of silicon quantum dots:

SiOx −→ x

2
SiO2 + (1 − x

2
)Si (2.6)

In the Reliance 850 furnace from Eaton, the temperature increases as resistances heat

a SiC chamber, which then emits radiation. The heating module is at a constant

temperature while the base is cooled. A temperature gradient (400◦C to 1250◦C) is thus

established, and the substrate wafer can be annealed at the required temperature by

moving it with the help of an elevator. The annealing therefore occurs with a fast ramp

and cooling time. This is known as rapid thermal processing or rapid thermal annealing

(RTA) as the substrates reach high temperatures at time scales of several seconds or less.

This short ramp time makes RTA advantageous over conventional furnace processes. In

this chapter, a two-step thermal treatment was used for the formation of Si quantum

dots in SiO2, similar to the technique used by Tsybeskov et al.27 The first RTA at 1000◦C

(3 minutes) is expected to aid in the initial nucleation of silicon clusters which can be

then further annealed in a regular furnace at 1180◦C (60 minutes) for quantum dot growth.

In spherical quantum dots, the surface properties are extremely important because

of the large surface to volume ratio. As the silicon dots are in an oxide matrix, a large

number of defects may be present due to several factors. These include the spatial

arrangement of silicon atoms in each nanocrystal and also the Si-SiO2 interfaces which

deteriorate the opto-electric properties of the film. An additional annealing step under

forming gas (H2/N2) at 425◦C for 30 minutes is known to passivate the Si-O dangling

bonds and interface defects.120,121 This additional annealing step can also take place

after metallization of the device. The nature of these defects, and the consequences on

photoluminescence and conduction will be detailed later in this chapter as we examine

the structural properties of the films. It should be noted that the nitrogen content in the

films was analysed using XPS (X-ray Photoelectron Spectroscopy) and found to be less

than 4%, indicating good film quality.
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2.3 Composition of the Silicon Rich Oxide Layers

2.3 Composition of the Silicon Rich Oxide Layers

Even though silicon quantum dots are formed only after the annealing step, the stoichiom-

etry of the as-deposited films and especially the excess silicon content plays a vital role in

the formation of the dots. The films have been studied using Spectroscopic Ellipsometry

and Fourier Transform Infrared Spectroscopy for an insight into their stoichiometry.

2.3.1 Fourier Transform Infrared Spectroscopy

Principle Involved

Fourier Transform Infrared Spectroscopy (FTIR) is used in the domain of medium

infra-red radiations (4000 to 400 cm−1). FTIR involves the use of a Michelson inter-

ferometer with a fixed and a moveable mirror. The beamsplitter splits the incoherent

infra-red source radiation into two coherent beams, one of which hits the fixed mirror

and the other hits the moveable mirror. The movement of this mirror introduces a phase

difference between the two waves leading to constructive or destructive interference

on recombination. The beam is modulated into waves of different frequencies, thus

translating the infrared spectrum into the form of an interferogram.

Beamsplitter

IR Source

Fixed Mirror

Detector

Moving
Mirror

Sample

Figure 2.3: Schematic of a typical FTIR setup with a Michelson interferometer.

This modulated infra-red photon beam crosses through the sample, and some of it

is absorbed because of molecular vibrations while the rest is transmitted. FTIR thus

measures not only the spectral information of the source but also the transmittance char-
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acteristics of the sample. Each chemical bond is known to have a range of characteristic

resonant frequencies associated with various modes of vibration of the bond. The final

spectrum representing the molecular absorption gives a molecular footprint of the sample.

Using an interferometer, all the infra-red frequencies can be simultaneously measured as

the interferometer produces a quick and unique type of signal which has all of the infra-

red frequencies encoded. With each movement of the mirror (scan), an interferogram

(intensity over time) is saved by the detector. The interferogram is then converted into

the spectral response by using the Fourier transform.

FTIR of Silicon Oxides

For silicon oxides, the principal modes observed for Si-O bonds are stretching (1075 cm−1),

bending (800 cm−1) and rocking (465 cm−1).122 The frequency of the Si-O-Si stretching

band scales monotonically with the concentration of oxygen atom in sub-stoichiometric

oxides. This value is 1075 cm−1 for stoichiometric SiO2 and goes down to 940 cm−1 for O

doped amorphous silicon. This frequency shift can be attributed to the higher probability

of Si atoms to find silicon neighbours in Si quantum dot/SiOx films, as compared to the

case of stoichiometric SiO2. Pai122 and Tsu123 used this information and calibrated the

Si-O peak frequency (denoted by υ cm−1) with the ratio R = [Si]/[O] measured using

electron microprobe technique. Using their results, the value of x (in SiOx) and the ratio

R in a pre-annealed film can be determined by the following equation:

x = 0.02υSi−O − 19.3; or R = 50/(υSi−O − 965) (2.7)

The FTIR measurements were performed on the Biorad QS500-ANA FTIR spectrometer,

and the bond configuration was investigated from FTIR absorption peak positions as has

been described above. Each unprocessed wafer was pre-scanned before the deposition to

eliminate background effects from the substrate and ensure that the results are only due

to the spectral differences between the films.

Using the above relations for the peak at 1043 cm−1 in Figure 2.4a, the as-deposited film

has been determined as SiO1.56, with R = 0.64. The peak at 800 cm−1 can be either due
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2.3 Composition of the Silicon Rich Oxide Layers

to Si-H and Si-O bending. Broad peaks between 1100 and 1300 cm−1 can be attributed

to the lack of excess He in the deposition step, leading to the presence of SiH, SiN and

NH bonding groups in the as-deposited film.122
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Figure 2.4: (a) FTIR absorbance for the as-deposited (Q30) and annealed films
showing Si-O rocking, bending and stretching. The excess silicon content can be
determined from the Si-O stretching frequency. (b) Post-annealing samples Si-O

stretching peak intensity scales with the film thickness.

Additionally, it is interesting to observe the change in the spectra after the annealing

step (Figure 2.4b). On deconvolution of the Si-O stretching peak for Q75, the phase

separation of silicon rich oxide into SiO2 becomes evident as the Si-O stretching shifts

towards 1079 cm−1, which is close to the known value of 1075 cm−1 for SiO2 (Figure 2.5a).
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Figure 2.5: Deconvolution of the FTIR data for annealed sample Q75. (a) The Si-O
stretching peak at 1075 cm−1 becomes evident after the phase separation of SRO to

SiO2, and its height and FWHM (b) increase with the thickness of the film.
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The various peak frequencies and the corresponding bonds are listed in Table 2.3.122,124

Observed SiO2 Vibrational Vibrational

Frequency cm−1 Frequency cm−1 Assignment

806 800 Si-O bending

940 935 O interstitial + Si interstitial in Si

1079 1075 Si-O stretching

1109 1105-1108 O impurity and O interstitial in Si

Table 2.3: FTIR peak frequencies and the corresponding bonds obtained for Q75.122,124

The peak intensities increase with an increasing thickness of the oxide layers. Further-

more, this Si-O stretching peak also shows larger FWHM (Figure 2.5b). The large FWHM

represents the statistical arrangements of bonds for each atom of silicon and therefore cor-

responds to the Si-O-Si environment. This enlargement can therefore be attributed to the

film comprising of an inhomogeneous silicon dioxide environment with Si-O bonds, also

surrounded by a large number of Si-Si bonds in the form of quantum dots. Narrower

FWHMs can be expected in a homogeneous SiO2 environment, where the Si-O bonds are

not perturbed by the presence of silicon nanocrystals.122,124

2.3.2 Spectroscopic Ellipsometry

Ellipsometry is a non-destructive, non-contact powerful optical analysis technique, com-

monly used for determining the thickness and composition of thin films. The properties

that can be analysed include refractive index n, extinction coefficient k, roughness, mate-

rial composition, degree of crystallinity, and even the fraction of pores.

Principle Involved

Incident polarized light can be resolved into two components, i.e. p (parallel to the plane

of incidence) and s (perpendicular to the plane of incidence). These two components

undergo different amplitudes and phase shifts on reflection from absorbing materials, and

from multiple reflections in the measured thin film between air and the substrate.
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Figure 2.6: (a) Schematic of reflection of polarized light from a plane surface in
ellipsometry. (b) Schematic of setup used in the Woollam VASE ellipsometer.125

The p component experiences a phase shift which makes the incident plane polarized

light elliptically polarized. In the plane perpendicular to the reflected beam, the resultant

electric field vector denotes an ellipse. The technique of ellipsometry thus measures the

change in polarization state from the linearly polarised light, to the elliptically polarised

light reflected off the sample surface.

Light travels as a fluctuation in electric and magnetic fields at right angles to the

direction of propagation. The total electric field comprises of the parallel component εp

and the perpendicular component εs. The Fresnel reflection coefficients rp and rs are

expressed by:

rp =
εp (reflected)

εp (incident)
; rs =

εs (reflected)

εs (incident)
(2.8)
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These values are not directly measurable. However, the ratio ρ of the Fresnel reflection

coefficients can be measured and is a function of the ellipsometric angles ∆ and Ψ:

ρ =
rp

rs

= tan(Ψ)ei∆ (2.9)

∆ = ∆p − ∆s characterizes the phase difference between the two polarizations.

Ψ = tan−1 ρ represents the amplitude ratio.

For a single layer, these terms are uniquely determined by the thickness and opti-

cal constants of the layer and the substrate, and need to be fitted with a model for

extracting the required parameters. Finding the best match between the model and the

experiment is typically achieved through regression using an estimator like Mean Squared

Error (MSE) to quantify (and minimize) the difference between curves. Done over

multiple wavelengths, this technique is called spectroscopic ellipsometry. Variable Angle

Spectroscopic Ellipsometry (VASE), was performed on the J.A. Woollam ellipsometer

and can acquire data at multiple angles of incidence (55◦, 65◦, 75◦), thus having the

advantage of large amounts of data which can then be optimized for improved fits.

Spectroscopic Ellipsometry of Silicon Oxides

In the case of SiOx deposited by PECVD, we can use spectroscopic ellipsometry to

determine the thickness of the deposited layer, as well as its index and composition.

The refractive index of the silicon rich oxide (at 633 nm) evolves with Si enrichment,

increasing from 1.47 for stoichiometric SiO2, and approaching values higher than 2.48

for silicon monoxide (x=1). Using the model from San Andres et al,126 an approximate

indication of the silicon enrichment (SiOx=1.3) in the film can be determined by the

refractive index value at 633 nm (Figure 2.7).

The optical index increase upon annealing can be attributed to both the densifica-

tion of the as-deposited film, and also the formation of silicon nanoclusters with higher

absorption and refractive index.
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2.3 Composition of the Silicon Rich Oxide Layers
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Figure 2.7: Spectroscopic ellipsometry data showing the variation in refractive index
and extinction coefficient with energy on annealing silicon rich oxide films. (a)

Refractive index increases on annealing for Q30 due to the densification and formation
of silicon nanocrystals (b) Extinction coefficient, related to the absorption in the

material, also increases as the nanocrystals are formed.

Figure 2.8 shows the refractive index and extinction coefficient for the 3 different

annealed films for variable angles (55◦, 65◦, 75◦) and across a large range of energies. For

sample Q75, the optical indices are observed to start approaching those of bulk crystalline

silicon. This increase can be attributed to an increased volume of silicon nanocrystals in

the annealed films.
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Figure 2.8: (a) Refractive index n and (b) extinction coefficient k for three different
annealed films. n and k for bulk c-Si have been added as a reference. n and k values

approach bulk Si for thicker films.
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2 Developing Single Layers of Si Quantum Dots

For post annealed samples, two mathematical models, namely the Bruggeman Effective

Medium Approximation (BEMA)127,128 and Tauc-Lorentz Dispersion Model129 have been

compared in Figure 2.9.
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Figure 2.9: Comparison of ellipsometry fits with the Tauc-Lorentz dispersion model
and the Bruggeman Effective Medium Approximation at an angle of 65 degrees.

For BEMA, the fit parameters are the film thickness and volume ratios of the different

materials (crystalline Si, amorphous Si, SiO2) in the effective medium. The Tauc-Lorentz

model depends on the parametrization of the optical functions of the material. The

Tauc-Lorentz model can also predict the optical bandgap of the annealed films, which

should correspond to the gap of the quantum dots. Although improved fits with lower

MSE were obtained with the Tauc-Lorentz model, some important data can still be

extracted from BEMA.
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2.3 Composition of the Silicon Rich Oxide Layers

The errors in BEMA are inevitable as the model uses a table of optical indices of

bulk materials for the fit. In silicon quantum dots, these values, especially in the visible

and ultraviolet region, are altered due to quantum confinement effects. Silicon content in

the films can nevertheless be approximated as mentioned in Table 2.4. In all three cases,

the SiO2 content is evaluated to be around 70%, with around 20% crystalline silicon and

the rest being amorphous silicon. Both models were used with an additional top rough

layer of 1 nm, which combines 50% of the top layer material with 50% voids.

Sample
Tauc Lorentz BEMA

Thickness Eg MSE Thickness SiO2 c-Si a-Si MSE
(nm) (eV) (nm) (%) (%) (%)

Q30 29.54±0.01 1.96±0.01 12.04 30.12±0.04 76.0 19.2 4.8 41.26
Q50 48.83±0.04 1.86±0.01 25.08 48.80±0.09 73.6 22.5 3.9 82.83
Q75 73.71±0.08 1.81±0.02 67.18 75.21±0.08 70.5 23.5 6.0 97.08

Table 2.4: Tauc-Lorentz and Bruggeman’s Effective Medium Approximation (BEMA)
model parameters for the annealed films. The film thickness compares well in the two
cases. BEMA fit parameters confirm the presence of around 20% crystalline silicon.

2.3.3 Summary

FTIR and spectroscopic ellipsometry are essential techniques for initial and rapid film

characterization. Excess silicon content, essential for quantum dot formation, was con-

firmed, and the non-stoichiometric deposited film was determined to be SiOx=1.56. Post-

annealing FTIR peaks show a clear separation of the Si-O stretching which is characteristic

of SiO2, thus confirming phase separation. The intensity of this peak depends on the film

thickness as the quantity of bonds increases. FTIR results clearly demonstrate the for-

mation of stoichiometric SiO2 on annealing. Similarly, the refractive index increase on

annealing due to both densification and formation of Si confirms the presence of quantum

dots. The three annealed films show nearly identical volume fractions of SiO2, a-Si and

c-Si. From the results obtained so far, film properties and quantum dot formation do not

appear to significantly depend on the thickness of the initially deposited layer. These two

techniques can therefore successfully be utilised for a rapid evaluation of Si enrichment

after the deposition step, and the formation of quantum dots after the annealing step.
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2 Developing Single Layers of Si Quantum Dots

2.4 Quantum Confinement in Si Quantum Dots

As described in Chapter 1, quantum confinement for Si starts when the diameter of the

dot is less than the Bohr exciton radius. A variety of techniques can be used to evaluate

the diameter of the dots and obtain additional information on properties like their optical

bandgap, crystallinity, size distribution and even spatial order. This section will deal with

experimental results obtained with such techniques which involve the properties of these

low dimensional systems.

2.4.1 Photoluminescence Spectroscopy

Photoluminescence can be described as the emission of photons by a material under

optical excitation. Light is directed on a sample where it is absorbed producing excess

energy inside the material in a process called photo-excitation. The photo-excitation

causes electrons to move to permitted excited states. As the electrons relax back to

the equilibrium state, excess energy is released producing light emission in a radia-

tive process. This photoluminescence energy is thus related to the difference between

the energy levels involved in the transition, i.e. the excited state and the equilibrium state.

Silicon nanocrystals are characterized by an energy gap that is enlarged and blue

shifted with respect to that of bulk silicon. This bandgap can be approximated using

photoluminescence using the following relation15,130:

EP L = E0 +
3.73

d1.39
+

[
0.881

d
− 0.245

]

(2.10)

where EP L (eV) is the energy with the maximum photoluminescence intensity, d (nm)

is the quantum dot diameter and E0 is the bulk silicon bandgap. The terms in the

square bracket are a correction term to the original equation130 due to changes in the

nanocrystal lattice parameters.15

The spectral photoluminescence of silicon nanocrystals has been extensively studied, yet

the origin of this room temperature luminescence is still under debate.101,121,131,132 The
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2.4 Quantum Confinement in Si Quantum Dots

emission from Si quantum dots can be attributed to an overall contribution from: (i)

Nanostructured silicon, where quantum confinement leads to shift in the emission band

depending on quantum dot size.

(ii) The interfacial zone between Si and SiO2, with emission at around 800 nm.

(iii) Sub-bandgap localized states in amorphous silicon, present in small quantities.

(iv) Radiative defects present in the SiO2 matrix.

Although the near-infrared luminescence observed from 650 nm to 950 nm is char-

acteristic of band-to-band recombination of quantum confined excitons, yet Si-O

interface states and silicon lattice defects may play a major role by emitting photons

at lower energies than predicted by theory. Thus the PL spectra may be attributed

to misinterpreted defect luminescence within the oxide matrix, although it occurs

due to both defects and quantum confinement. As discussed earlier, hydrogen can

passivate these defects but UV excitation removes this hydrogen, again leaving the

defect unpassivated.121 The emission wavelength of the quantum dots can be controlled

by tuning the diameter of the nanocrystals as it blueshifts with decreased nanocrystal size.

For the three samples discussed in this chapter, the room temperature photolumi-

nescence spectra have been shown in Figure 2.10.
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Figure 2.10: PL intensity versus wavelength for samples Q30, Q50 and Q75. (a) The
PL spectra and their fits show intensity scales with film thickness. (b) Normalized PL
fits. The intensity maximum for the three samples lie at: Q30 - 855 nm; Q50 - 863 nm;
Q75 - 890 nm. Multiple Gaussian distribution observed for Q75 (756 nm and 905 nm).
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2 Developing Single Layers of Si Quantum Dots

These samples were excited using a 355 nm laser and the emission was then measured.

The exposure time was 1 second and the data have been corrected for disturbances com-

ing from the white lamp. All three samples show large FWHM with similar intensity

maximum at 855 nm (Q30), 863 nm (Q50) and 890 nm (Q75). Multiple Gaussian distri-

butions are observed for the sample Q75 (756 nm and 905 nm). The large FWHM of the

peaks can be due to both the uncontrolled size distribution and the defect luminescence.

The average size of the nanocrystals can be related to the maximum emission wavelength.

For the three samples, the average bandgap lies between 850 and 900 nm (1.46 and 1.36

eV), well within the range of quantum confinement. Additional experiments are however

required to confirm the presence of quantum dots.

2.4.2 Transmission Electron Microscopy

Principle of Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a microscopy technique where a thin beam

of electrons, focussed using electromagnetic lenses, travels through and interacts with an

ultra-thin specimen. Depending on the density of the material present, some electrons

are scattered and disappear from the beam. The unscattered electrons hit a fluorescent

screen, giving rise to an image of the specimen, varying in darkness according to the

density of different parts. Diffraction contrast is also exhibited when the electron beam

undergoes Bragg scattering in the case of crystalline samples. A series of lenses are used

to magnify the sample, approaching high resolutions of up to 0.15 nm. Grain size and

lattice defects can thus be studied using the image mode.

Energy-filtered Transmission Electron Microscopy (EFTEM) is a technique where

only electrons of particular energies are used to form the image or diffraction pattern.

The energy slit can be adjusted to allow only those electrons to pass through which

haven’t lost energy. This decreases contributions from inelastic scattering leading to high

contrast images. Adjusting the slit to allow passage of specific energy electrons can also

be used to differentiate between materials.
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2.4 Quantum Confinement in Si Quantum Dots

TEM Analysis of Si Quantum Dots

Conventional bright field (BF) TEM imaging of Si nanocrystals in SiO2 can be difficult

due to the low contrast in the elastic signal. This contrast can be improved by using

plasmon filtered microscopy, by imaging in a narrow energy window around the Si (16

eV) or the SiO2 (24.4 eV) plasmon energy loss peak.133,134 Figure 2.11a shows the plan-

view micrographs for the sample Q30.
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Figure 2.11: (a) Plan-view TEM micrograph of sample Q30. (b) Size distribution of
the dots calculated using a log normal fit with mean dot diameter 5.34±0.03 nm. (c)

EFTEM for the micrograph in (a) at 16 eV energy loss with Si in the bright zones and
SiO2 in dark contrast (d) EFTEM at 24.4 eV for Si in dark zones and SiO2 in bright

contrasts.

At 16 eV, silicon is in bright zones in contrast with the dark SiO2, and vice versa
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2 Developing Single Layers of Si Quantum Dots

at 24.4 eV. In addition to distinguishing the two materials, we can observe the spatial

distribution of the dots as well as presence of the dots that were not aligned to the

plane of the TEM observations. High resolution TEM aids in visualization of the silicon

quantum dots, and their crystallinity and size distribution.

Analysing the number of Si quantum dots as observed from Figure 2.11b, we obtain

an average size of 5.34±0.03 nm using a log normal fit. Figure 2.11c and Figure 2.11d

are the corresponding EFTEM micrographs at 16 eV and 24.4 eV respectively, showing

a high density of dots throughout the measured sample. The large bright zones in

Figure 2.11c can be attributed to large and irregular silicon nanoclusters or zones of

amorphous silicon.

2.4.3 Grazing Incidence X-ray Diffraction

Description of GIXRD

X-ray diffraction at grazing/glancing incidence (GIXRD) is a technique allowing measure-

ment of XRD patterns of thin films as the penetration depth is only a few nanometres.

As the angle of incidence i of the x-ray beam decreases, the beam will not penetrate

(or refract) as deeply into the sample. When this angle goes below a critical angle ic,

total external reflection occurs. Much of the x-ray beam is reflected, and the refracted

beam propagates parallel to the interface, while being exponentially damped below the

interface.

GIXRD of Silicon Nanocrystals

The silicon quantum dots are in fact small crystallites and can therefore be observed

using x-ray diffraction, another powerful non-destructive tool for quantitative information

on crystalline phases in thin films. Since these dots were embedded in films of less than

100 nm thickness, ordinary diffraction may be somewhat difficult due to small volume

of crystalline material in the layers and strong contributions from the substrate. The

refracted beam in GIXRD is used for the verification of crystallinity in the form of dots
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2.4 Quantum Confinement in Si Quantum Dots

in the otherwise amorphous SiO2 matrix.

Linearly increasing intensities of crystalline Bragg peaks at 28.4◦, 47.5◦ and 56.1◦

were observed which correspond to the Si Bragg peaks (111), (220) and (311) respectively

(See Figure 2.12). This confirms that the crystallinity of the quantum dots depends and

scales with the amount of material deposited initially.
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Figure 2.12: Grazing Incidence x-ray Diffraction patterns for the 3 films. The data has
been translated for convenience. Si crystalline peaks are clearly visible. The inset shows
that the peak intensity scales with the film thickness. Using the Scherrer equation, the

nanocrystallite size was calculated to be 4.9 nm (Q30), 5.3 nm (Q50) and 5.1 nm (Q75).

XRD peak broadening due to the nanometric size of the dots can be used to estimate

their diameter using the Scherrer formula for the 28.4◦ Si (111) peak. This occurs due

to the increased acceptance angle satisfying Bragg condition in the small planes in very

small crystallites. This well known equation is as follows,

Lvol =
Kλ

∆2θ cosθ
(2.11)

where Lvol is the volume weighted size of the crystallites, K is the shape factor (a constant

depending on shape and size distribution of crystallites. K = 0.9 for spheres), λ is the

x-ray wavelength, ∆2θ (in radians) is the integral breadth of the Bragg peak.54,135 The

Scherrer equation has been used with the integral breadth and not the FWHM in order

to be independent of the shape (Gaussian or Lorentzian) of the peak. Assuming spherical
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2 Developing Single Layers of Si Quantum Dots

quantum dots, the dot diameter d is then defined by136

d =
4Lvol

3
(2.12)

Using the above equations for the 28.4◦ Si (111) peak, the quantum dot diameter was

calculated to be d = 4.9 ± 0.5 nm, 5.3 ± 0.5 nm and 5.1 ± 0.5 nm respectively. These

results thus not only confirm the formation of Si nanocrystals but also successfully permit

an estimation of their size, which is in good agreement with the TEM interpretation.

2.5 Summary of Characterization Techniques

Plasma enhanced chemical vapour deposition followed by high temperature annealing

of silicon rich oxides has been successfully used for the fabrication of nanocrystalline

luminescent quantum dots of silicon in a matrix of SiO2. Characterization techniques

have been established that will further aid us in understanding and improving quantum

dot properties and dot size control.

Dots of 5 nm average diameter were successfully fabricated although with little

control over the dot size distribution. Excess silicon in the as-deposited films was

characterized using FTIR and spectroscopic ellipsometry, which are both non-contact

techniques for rapid characterizations. They also provide quick information on the phase

separation of the silicon rich oxides after annealing, silicon enrichment, optical indices,

band gap and film thickness.

Techniques like photoluminescence, grazing incidence x-ray diffraction and TEM

give an insight into dot size, gap and defects. Photoluminescence proves the presence of

absorbing and emitting quantum dots, and grazing incidence x-ray diffraction verifies the

presence of nanocrystallite structures. TEM micrographs finally establish and allow the

visualization of the quantum dots. A comparison of results from different techniques can

be seen in Table 2.5 below.
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Sample TEM GIXRD Ellipsometry Photoluminescence

Size EP L* Size EP L* Size* Eg Size* EP L

nm eV nm eV nm eV nm eV

Q30 5.3±0.5 1.45 4.9±0.5 1.51 3.2 1.96±0.01 5.4 1.44±0.2

Q50 5.3±0.5 1.45 5.3±0.5 1.45 3.4 1.86±0.01 5.4 1.44±0.2

Q75 8.2±0.8 1.25 5.1±0.5 1.48 3.5 1.81±0.01 5.8 1.39±0.2

Table 2.5: Comparing diameters and expected peak photoluminescence energy for the
fabricated quantum dots show a fair similarity between the different techniques.

EP L has been calculated for the sizes determined by TEM and GIXRD for comparison.
Average EP L and dot diameter values were used in the case of Q75, in spite of multiple

Gaussian distribution observed.∗ represents calculated values using Ledoux et al15

.

Dot diameters estimated using different experimental techniques correspond well with

each other, and also with calculated EP L values. The differences in the energy gap eval-

uation from the Tauc-Lorentz model of spectroscopic ellipsometry can be due to the lack

of perfect fits. The average quantum dot size in each of the three films can be estimated

to be 5.0±0.8 nm. The techniques thus established in this chapter can now be used for

quantum dot characterization of more complicated structures. The films developed in this

chapter can be further characterized for electrical conduction phenomena.
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Chapter 3

Film Thickness Dependent Order in Single Layers

Silicon quantum dots are formed by the diffusion of excess silicon in sub-stoichiometric

silicon dioxide layers on high temperature annealing. The diffusion of silicon can vary in

the films, depending on the enrichment and annealing conditions. In this chapter, the

differences in the spatial organization of silicon quantum dots with different single layer

thicknesses will be discussed. The consequence of these differences is further explored in

electrical characterization of the films. The conduction phenomena in the silicon quan-

tum dots and the outcomes of experiments on metal-insulator-semiconductor (MIS) type

structures will also be examined. Samples Q30, Q50 and Q75 are analysed for an insight

into the thickness dependent conduction mechanisms.

3.1 Spatial Organization of Si Quantum Dots

Samples Q30, Q50 and Q75, with identical initial stoichiometries, were annealed to form

Si quantum dots due to the phase separation of Si and SiO2. From the characterizations

and analysis of Chapter 2, it was concluded that the films were identical and all

nanocrystal properties like Si content, crystallinity etc. scale with layer thickness.

Silicon nanocrystallites fabricated with the phase separation technique comprise of

structural faults, lattice defects, dislocations or twinning, especially as the crystalline

quantum dots transition into the amorphous SiO2 matrix. Only those dots whose crystal

planes are aligned with the measurement can be observed with TEM. The presence of

structural defects is illustrated in Figure 3.1 for sample Q75.

63



3 Film Thickness Dependent Order in Single Layers

4 nm

Figure 3.1: Plan-view EFTEM micrograph for sample Q75 showing silicon dislocations
and lattice defects.

20 nm

(a)

20 nm

(b)

20 nm

(c)

50 nm

(d)

Figure 3.2: (a, b, c) Plan-view TEM of samples Q30, Q50 and Q75 respectively show
an evolution from randomly arranged quantum dots to an ordered spatial distribution.

(d) Sample Q75 shows an ordered formation of quantum dots.
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3.1 Spatial Organization of Si Quantum Dots

Copper precipitation on defects and dislocations in silicon137–139 is a well known

phenomenon, as Cu is known to have an affinity for dislocations in silicon forming Cu3Si

configuration. During plan-view TEM sample preparation using ion-milling with the

Gatan Precision Ion Polishing System for thinning the films, some of the copper from

the Cu sample holder was re-deposited on the silicon dioxide with embedded Si quantum

dots. Considering that the dots comprise of numerous lattice defects, the high contrast in

the TEM micrographs of Figure 3.2 can be attributed to this copper that was deposited

on the silicon dots. While this is disadvantageous for observing silicon crystals, it is a

unique and extremely powerful technique for visualizing the spatial distribution of silicon

in the layers as observed in Figure 3.2. A clear lateral organization of dots is observed

which depends on the thickness of the initial as-deposited film. A shift from randomly

organized dots in Figure 3.2a to an ordered superlattice in Figure 3.2d is clearly evident.

To confirm that this superlattice like structure is a result of self-organization in

quantum dots and is not a consequence of arbitrary copper contamination of the sample,

another sample was prepared (Figure 3.3) for Q75. Cu contamination was carefully

avoided and EFTEM micrographs were observed to illustrate Si and SiO2 contrast with

24.4 eV plasmon excitation energy. The ordered structure reappears with Si in dark

zones.

Figure 3.3: Plan-view EFTEM micrograph with 24.4 eV plasmon energy confirming
ordered silicon quantum dots in dark zones for Q75.

65



3 Film Thickness Dependent Order in Single Layers

3.1.1 Elucidation of Thickness Dependent Order in Si Quantum Dots

Short range hexagonally ordered silicon nanocrystal arrays have been previously reported

by Gago et al.103 Such hexagonal self-ordered configurations have also been observed

for Ge in SiO2, and can be attributed to both diffusion dynamics,140–142 and also strain

in the film143 for an ordered array of quantum dots. Assuming a similar organization

in our case, it can be inferred that spatial distribution of the quantum dots varies with

the three different thicknesses, as observed in Figure 3.2. As the three samples were

fabricated with the same initial deposition and annealing conditions, and structural

characterizations show nearly identical film properties, this difference can be attributed

to the initial thickness of the deposited films.

In our case, the most likely explanation for the formation of this 3D-superlattice

arrangement of the Si quantum dots is the diffusion of Si in SiOx. For formation of silicon

nanocrystals, the nucleation step occurs at high temperatures at excess silicon sites in

the silicon rich oxide. These nuclei capture neighbouring silicon atoms forming spherical

silicon dots in a stable stoichiometric SiO2, and thereby prevent the formation of another

quantum dot in the close vicinity. For the present conditions of Si excess, annealing

temperature and time in these samples, this diffusion length can be approximated to be

12 nm using the model established by Nesbit.100

We hypothesize that this diffusion phenomena is affected by the substrate-SiOx

layer interface, the surface of the film and also the silicon adatoms. In the case of sample

Q30, it is certainly probable that the Si diffusion is affected by the boundaries of the

SRO film that somehow hinders the formation of ordered QD arrays. Indeed, experi-

mental data have shown that film interfaces play a key role on the dot crystallization

phenomenon.144 On the other hand, as the film thickness becomes much larger than

both, the diffusion length of silicon in the matrix and size of the dots, a self-ordered

array of quantum dots is formed like in the case of Q75.
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3.2 Electrical Conduction in Si Quantum Dot Films

3.2 Electrical Conduction in Si Quantum Dot Films

The differences in organization of quantum dots and their inter-dot distances are likely

to affect the electrical conduction in the films. This difference can be characterized by

measuring the current-voltage curves at ambient temperature, as well as low temperature

conductivity for elucidating the conduction mechanism.

3.2.1 Characterizing Conduction Phenomena

Fabrication of capacitive devices for electrical characterizations

For electrical characterizations, lithographically defined aluminium pads with front side

areas 100x100µm2 and damascene electrodes were fabricated using standard micro-

electronics techniques, as illustrated in Figure 3.4. An additional annealing step was

performed under forming gas at 425◦C for passivation of Si-SiO2 interface states.

Deposition

Photo-
lithography

Dry etching
Stripping

Wet etching

PECVD
of SiOx

Annealing
>1000°C, 1h

Aluminium
deposition

Photolithography
Etching
Stripping

Silicon substrate

SiO2

Resin

SiOx<2

Si-nc in SiO2

Contact metal (Al)

Annealing - forming gas
425°C, 30 min

top-view

Figure 3.4: Fabrication process for formation of capacitor-like devices with electrical
contacts, and Al contact electrode.
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The chips used for electrical measurements are represented in a schematic in Figure 3.5

Applied Voltage (Vg)

Figure 3.5: Capacitive devices used for electrical characterizations of quantum dots.

Transport mechanisms in Si Quantum dot arrays

Several conduction mechanisms have been proposed for conduction between silicon quan-

tum dots. These include thermionic emission of electrons against grain boundaries, vari-

able range hopping (VRH), nearest neighbour hopping (NNH), tunnelling, percolation and

space charge limited current (SCLC).145,146 While a detailed analysis on the conduction

between dots is beyond the scope of this thesis, it is nevertheless imperative to examine

the possible conduction mechanisms present in our films.

3.2.2 Current-Voltage Characteristics of Si Quantum Dot Layers

For dot-to-dot conduction, an inter-dot distance of less than 2 nm is prerequisite in the

case of silicon oxides. The current density - voltage has been plotted at room temperature

for parametric electric measurements made on mesas of area 100x100µm2, measured on

49 different capacitors at the centre of the wafer. In Figure 3.6, a uniform current density

distribution can be observed for Q30, in comparison with Q50 and Q75. Current density

is observed to decrease by a factor of nearly 103 for a 20 nm increase in film thickness.

3.2.3 Low Temperature Conductivity

Conductivity of the three films was then studied using an Agilent B1500 device, to

analyse the relationship between the spatial distribution of the dots and the conduction

phenomena. Low temperature current-voltage measurements were performed under
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Figure 3.6: Current density vs voltage for 49 capacitors measured on each of the three
samples. The current density decreases by an order of 103 as the thickness increases

from 30 to 50 nm (at room temperature).

liquid N2 under vacuum, with a temperature range of 80 K - 300 K. It was assumed

that most Si-SiO2 interface defects have been passivated by hydrogen after a forming gas

anneal as suggested by Godefroo et al.120 The role of hydrogen passivation is important

in understanding conduction phenomena.

Tunnelling conduction147 and Mott’s equation146,148 have previously been used to

describe temperature (T) dependant conductivity (σ) in quantum dot systems, where

Mott’s equation is given by

σ(T ) = k exp
(

T0

T

)m

(3.1)

The value of m determines the conduction phenomena and possible values include

0 (corresponding to direct tunnelling), 0.25 (Variable Range Hopping), 0.5 (Nearest

Neighbour Hopping NNH) and 1 (thermionic emission).

Figure 3.7 shows the complete current density versus voltage curves measured from 80 K

to 300 K after H passivation, and these have been compared to the corresponding non

passivated samples at -1.0 V. These graphs illustrate several important results.
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Figure 3.7: (a), (c) and (e) show current density measurements after hydrogen
passivation and between 80K and 300K for films Q30 (30 nm), Q50 (50 nm) and Q75

(75 nm) respectively. The dependence of conduction mechanism on the applied voltage
is evident. In the corresponding figures (b), (d) and (f), we can see conductivity vs

1000/T at -1.0 Volts before and after hydrogen passivation, showing changes in
conduction phenomena but also slightly improved conductivities.
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3.2 Electrical Conduction in Si Quantum Dot Films

Effect of Hydrogen Passivation and Electric Field Dependence

For 30 nm film samples (Q30) and 50 nm samples (Q50), the change in conductivity

before and after H-passivation is significant, confirming the effectiveness and necessity

of forming gas annealing on the Si-SiO2 interface defects. In addition, for Q50 and Q75

films, the conduction phenomena are strongly dependent on voltage (or applied electric

field). The electrical data were compared for the temperature range 80 K - 300 K at -1.0

V in Figure 3.8, to characterize the Si quantum dot films instead of the Schottky junction

formed due to Al on p-Si substrate. This Schottky junction leads to a flat band voltage

of around -0.8 V for the Al-oxide-semiconductor device used. By comparing conduction

phenomena at -1.0 V, the voltage was kept low enough to be in a range appropriate to

any photovoltaic applications, as the conduction phenomena are likely to vary for higher

electric fields.

Temperature Dependence of the Electrical Conductivity

Differences in conduction phenomena depending on film thickness are made clearer in

the Arrhenius plot (conductivity vs 1000/T) of Figure 3.8, which shows the change in

conduction mechanisms as well as decrease in conductivity with increasing film thickness.
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Figure 3.8: Conductivity as a function of temperature at low electric field (-1.0 V)
between 80K and 300K for samples Q30, Q50 and Q75 (after H-passivation). A

transition is observed at 200K. The inset shows a linear fit for m=0.5 in Mott’s equation
for sample Q30.
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• In the case of Q30, the conductivity decreases strongly with decreasing temperature.

On using Mott’s relation, for Q30 we get m = 0.5, indicating Nearest Neighbour

Hopping conduction.

• For Q50 at -1.0 V, after passivation the temperature dependence is still large for

T>200 K, but decreases significantly for lower temperatures as has been observed

previously by Rafiq et al145,149 in amorphous semiconductors. This change has

been attributed to a transition from thermally activated conduction to some kind

of temperature-independent hopping mechanism at lower temperatures.

• For Q75, there is almost no dependence of conductivity on temperature in the

Arrhenius plot (m ≃ 0).

The order in the structure and inter-dot distance for Q75, as seen from the TEM micro-

graphs in Figure 3.2 strongly indicates direct tunnelling between dots. As the inter-dot

distance is more homogeneous in the case of Q75, percolation conduction pathways are

expected to decline. However the room temperature conductivity is lower than that for

the films Q30 and Q50. The decrease in conductivity with thickness could be due to

traps from a large number of crystal defects which were not passivated under hydrogen

annealing. Furthermore, slightly larger inter-dot distance in case of ordered dots in Q75

limited the tunnelling probabilities, decreasing electrical conduction.

Conduction phenomena and ordered quantum dots

The conductivity results indeed correspond well to the TEM micrographs observed in

the previous section. A completely disordered organization of dots in Q30 improves per-

colation hopping conduction pathways, leading to improved conductivity. As the dots

demonstrate a quasi-hexagonal organization in Q75, the inter-dot distances show less

variations and may be larger than 2 nm, therefore decreasing direct tunnelling probabil-

ity. While the nature of the quantum dots formed in the oxide matrix remains the same

in the three different films as seen from structural characterizations of Chapter 2, it is

their spatial distribution that results in the change of electrical conduction mechanisms

and charge transport.
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3.3 Summary and Concluding Remarks

3.2.4 Capacitance-Voltage and Photocarrier Generation

Finally, to demonstrate photocarrier generation in the Si quantum dot superlattice of

sample Q75, capacitance-voltage measurements were performed on a sample with a semi-

transparent Al film and a bus bar to form a metal-insulator-semiconductor (MIS) device.

The aluminium film was 7 nm in thickness to allow incident light to be transmitted in

the quantum dot layer. Rectifying behaviour was seen in dark and illuminated conditions

(white light). A clear hysteresis effect was observed (Figure 3.9), which further broadened

under ambient illumination. This behaviour can be attributed to photocarrier generation

in the Si quantum dot layer and the charging-discharging cycle of the nanocrystals. This

memory effect was only observed at high frequencies (1 MHz), corresponding to time scales

of microseconds, which are much larger than time-scales of photovoltaic phenomena, and

should thus not influence PV properties.
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Figure 3.9: C-V measurements at 1 MHz for Q75 ordered films show hysteresis
broadening under ambient illumination, confirming photocarrier generation.

3.3 Summary and Concluding Remarks

The thick single layer films show a thickness dependent ordered arrangement of quantum

dots of an approximate average diameter of 5 nm. However, a large number of lattice

defects are present in these dots. Affinity of copper to these silicon dislocations per-

mits the visualization of the arrangement of the dots using TEM, as copper from the
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3 Film Thickness Dependent Order in Single Layers

sample holder was deposited on the quantum dot positions during the ion-milling process.

The quasi-hexagonally ordered arrangement can be explained by the diffusion of

silicon in the silicon rich oxide layer during the annealing step, which is limited by

the film boundaries. Thinner films show randomly ordered silicon quantum dots, and

also demonstrate hopping conduction in electrical conductivity measurements. As a

near-hexagonal order is achieved in thicker single layers, the inter-dot distance is more

homogeneous. The electrical conductivity is then observed to be almost independent

of temperature indicating tunnelling conduction. The decrease in conductivity can

be attributed to inter-dot distances of larger than 2 nm, which decrease tunnelling

probability.

The effect of H-passivation on the conduction phenomena was also clearly observed.

While Si-SiO2 interface defects can be passivated by annealing under forming gas,

dislocations and lattice defects still remain in silicon quantum dots and can influence

the opto-electrical properties. Nevertheless, photocarrier generation was observed in

capacitance-voltage loops, being a positive sign for potential photovoltaic applications.
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Chapter 4

From Single Layers to Multilayers

This chapter deals with the fabrication of alternating multilayer structures of ultra-thin

SiO2 and SiOx on 200 mm silicon wafers. The problem of fine control over deposition rate,

with simultaneous control over silicon enrichment and optical indices will be reviewed.

Additionally, we will work towards achieving ideal and optimum deposition and annealing

conditions for large scale formation of size-uniform luminescent silicon quantum dots

embedded in SiO2.

4.1 Single Layers Structures

In the preceding chapters, single layers were used for the initial understanding of the

characterization techniques. The requirements for improvement of the device structure

for eventually testing a photovoltaic device were established. Multiple bilayer structures

simultaneously solve several problems of thick single layers - the inter-dot distance and

also the size and statistical distribution of the quantum dots. Using a PECVD adaptation

of the method established by Tsybeskov27 and Zacharias,104 multilayer silicon quantum

dot superlattices were fabricated in SiO2.

The process involves alternate depositions of silicon rich oxides and stoichiometric

SiO2 of less than 2 nm to ensure electrical conduction. The size of the quantum dots

is limited by the thickness of SRO layer, as shown in Figure 4.1. The size is limited as

excess silicon in the SRO layer cannot diffuse through the SiO2, preventing formation of

dots larger than the SRO thickness.
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Si substrate Si substrate

Annealing
1100°C 60 min

SRO
SiO2

Size Depth

Distance

Figure 4.1: Multiple bilayers of SRO and SiO2 are deposited and then annealed at
high temperatures to form silicon quantum dots. The distance between the dots is

limited by the thickness of the SiO2 layers, and the size of the dots is controlled by the
thickness of the SRO.34

4.1.1 Challenges for Multilayer Depositions

While in principle multilayer depositions are simple, the challenge lay in doing so in

the industrial scale Applied Materials Centura 5200E, usually used for deposition rates

higher than tens of nanometres per second. Furthermore, to obtain uniform ultra-thin

layers of silicon rich oxide and SiO2 on 200 mm wafers, the deposition process needs

an in-depth understanding. A coordinated control over the excess silicon in the layers

is required for ensuring formation of SiO2 layers densely packed with silicon quantum dots.

However, it is indeed difficult to separate out the influence of each of the deposi-

tion parameters for optimizing the deposition process. These influential factors include,

but are not limited to, SiH4 gas flow, N2O gas flow, He gas flow, plasma power, chamber

pressure, inter-electrode distance and also the deposition time. Furthermore, these

parameters are not mutually independent and may have an influence on each other in the

form of interactions. Several models have been reported to describe the deposition process

of silicon rich oxides. However, they either only consider the ratio γ = N2O/SiH4,
150,151

or a limited number of interactions e.g. plasma power and silane.152 We attempt to

obtain a more complete deposition model, by examining and eliminating all possibilities.

4.1.2 Preliminary Experiments

To decrease the deposition rate from 12.5 nm/sec (Chapter 2) to around 1 nm/sec, gas flow

deposition parameters were varied, while an excess of helium was added as a neutral gas.
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4.1 Single Layers Structures

The deposition temperature was increased to 480◦C from the previously used 400◦C. This

is because a higher temperature in the reaction chamber helps improve the uniformity of

the deposited films. The thin-film depositions were carried out for different time periods,

with the rf frequency constant at 13.56 MHz, pressure 5.5 Torrs and power 115 W.

Inter-electrode distance

Inter-electrode distance can affect the uniformity and quality of films deposited by plasma

enhanced CVD.153,154 The inter-electrode distance was varied from 400 mils (1 mil =

thousandth of an inch) to 600 mils, with varying deposition times. Since the best values

in terms of highest refractive index with low deposition rate were obtained at 400 mils

(Figure 4.2) for γ = N2O/SiH4 = 1.14, all future experiments were performed with this

distance.
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Figure 4.2: Influence of inter-electrode distance on PECVD process. Improved
refractive index (a) and deposition rate (b) were observed for inter-electrode distance of

400 mils.

The Role of Helium

PECVD deposited stoichiometric silicon dioxides without a large excess of helium are

known to be porous with large number of defects as compared to a thermally grown

SiO2.
155 Batey et al156 achieved controlled and slow deposition rates by using a low flow

of reactive gases and a much higher proportion of helium as an inert carrier gas to ensure
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uniformity. Improved electrical integrity, uniformity and density of deposited films were

observed along with lower deposition rates.157,158

Helium was used as the inert gas because of its high thermal conductivity, and

the ability to suppress unwanted gas-phase reactions. It thus reduces unwanted Si-H,

Si-N, Si-OH, N-H bonds which can degrade electrical performance.122,155 Using the same

analogy for sub-stoichiometric silicon oxides, a large excess of helium was added along

with low reactive gas flows for achieving the required properties. The volume of helium

gas flow was left constant at 1900 sccm.

Gas Flow Ratio

For deposition times of 120 seconds, the influence of the ratio γ = N2O/SiH4 on the

refractive index of the layers can clearly be observed in Figure 4.3a. However, the de-

position rate depends on the gas ratio and also the individual quantity of either N2O or

SiH4 as illustrated in Figure 4.3b. Evidently, the total gas flow volume increases, as the

deposition rate increases.
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Figure 4.3: Influence of gas flow ratio γ = N2O/SiH4 on refractive index and
deposition rate of SiOx . In (a) we observe that the highest values of refractive index
were obtained for the lowest γ and the highest SiH4 gas flow. (b) shows that indeed

increasing gas flows increase deposition rates.
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Deposition Time

Depositions were carried out for γ = 1.14, with N2O at 16 sccm and SiH4 at 14 sccm.

For increasing deposition time, the deposition rate was found to decrease exponentially.

The gas flows were allowed to stabilise before the deposition step but the plasma power

was switched on only during the actual deposition step. Several phenomena thus run in

parallel for low deposition times - the initial instability of the plasma, as well as their

interaction with the gas flow volumes which need a few seconds to stabilise to give a

constant deposition rate. The minimum recommended deposition time for the reactor is

3 seconds.
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Figure 4.4: Influence of deposition time on the deposition rate. For constant γ= 1.14,
the deposition rate clearly decreases as we increase the deposition time from 3 seconds

to 120 seconds.

4.1.3 Controlling PECVD Depositions

Initial attempts at optimizing the deposition rate and refractive index successfully demon-

strated the influence of the reactive gas flows (N2O, SiH4) along with the possible depen-

dence on their ratio. However, it has also been observed that unlike the data reported

in most publications, the ratio γ is not the only influential factor in silicon rich oxide

depositions. Deposition time has a strong influence on the deposition rate. Furthermore,

pressure and plasma power may also play a significant role. A complete model describing

the sensitivity of the process to each of these parameters is therefore required.
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4.2 Design of Experiments

Design of Experiments, or Experimental Design, is a rigorous and systematic tool based

on statistical methods to select and organize the experimental trials to finally identify

the effects of several input parameters on the desired response. It is a helpful method to

obtain maximum information about a process influenced by several interacting parameters

with a minimum number of experimental trials. Such a procedure is optimum for plasma

enhanced chemical vapour deposition processes as the number of influential parameters

and their interactions with each other are numerous, and not entirely well understood.

4.2.1 Introduction

Design of experiments was used to determine the key parameters of the deposition process

and generate a model to evaluate their influence on the properties of the as-deposited

silicon rich oxide film. SiH4 gas flow, N2O gas flow, pressure, power and deposition time

have been used as the input parameters and the desired output was refractive index,

thickness and deposition rate. Helium gas flow and distance between the electrodes were

kept constant at 1900 sccm and 400 mils respectively. The rf frequency was 13.56 MHz.

The expected outputs were measured experimentally using spectroscopic ellipsometry.

As a reminder, the average size and the density of the quantum dots formed in

the layers is partially controlled by the thickness of the alternating bilayers and the

excess silicon content in them. Ideally, the SRO film thickness should be less than 5 nm

for quantum confinement, and the SiO2 thickness should be less than 2 nm to ensure

tunnelling conduction. Design of Experiments (DOE) was performed to achieve these

conditions, while keeping an excess of silicon in the oxide, corresponding to refractive

index n≥2 at 633 nm.

4.2.2 Description of the Experimental Design

A factorial plan allows variation of the input factors at two levels, i.e. a low level

minimum and a high level maximum. For the five input parameters used in this design,
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4.2 Design of Experiments

a high number of experimental trials are required with a factorial plan. As one of

our aims was to limit the number of experimental trials, a D-optimal (point exchange)

experimental design was used with a complete quadratic model to identify the most

influential effects and their interactions. This design was generated using the Design

Expert software, with a total of 27 experimental points.

D-optimal plans are used for factorial and screening designs where the most vital

variables need to be identified. The point exchange algorithm uses a random design

representing the model of the appropriate size created from the candidate (or experi-

mental) points. Additionally, one of the candidate points was repeated to determine the

reproducibility of the process. The input parameters and their range have been listed in

Table 4.1. Details on the experimental candidate points have been listed in Appendix B.

Factor Parameter Units Minimum Maximum

A N2O gas flow sccm 16.00 48.00
B SiH4 gas flow sccm 6.00 24.00
C Pressure Torr 3.00 9.00
D Power Watts 50.00 114.00
E Deposition time sec 3.00 10.00
- He gas flow sccm 1900 -
- Distance between electrodes mils 400 -

Table 4.1: Different factors (A-E) varied in the D-optimal Design of Experiments along
with their maximum and minimum values.

Description of the Model

The model used to describe the results of the Design of Experiments was a complete-

quadratic, where the terms can be described by the following quadratic equation:

R = α0
︸︷︷︸

constant

+
d∑

j=1

αjXj

︸ ︷︷ ︸

linear terms

+

k=d
j=d−1

∑

j=1

k=j+1

αjkXjXk

︸ ︷︷ ︸

interactions

+
d∑

j=1

αjjX
2
j

︸ ︷︷ ︸

quadratic terms

(4.1)

81



4 From Single Layers to Multilayers

Terms in the equation are therefore the linear terms A, B, C, D, E ; interactions AB, AC,

AD, AE, BC, BD, BE, CD, CE, DE ; and quadratic terms A2, B2, C2, D2, E2 with the

corresponding coefficients represented by α. A, B, C, D and E have been described in

Table 4.1. The presence of each of these terms is not compulsory for the final model and a

combination of only the most significant terms was selected after an initial analysis with

the Design Expert software.

4.2.3 Results of the Experimental Design

Before discussing the results of the design of experiments, it is important to note

that spectroscopic ellipsometry is generally not used to simultaneously determine the

thickness and refractive index of such ultra-thin oxide layers. Often, the optical indices

are measured from thicker films and kept fixed, and subsequently the ultra-thin films

are fitted for thickness. However, we tried to simultaneously measure both refractive

index and thickness with ellipsometry, which inevitably led to unavoidable errors in the

precision and accuracy of measurements.

For the results of the experimental design, the Sobol indices were evaluated which

indicate the variance of the result variables caused due to a single input variable or its

various combinations. The Sobol variance analysis thus allows a ranking of the different

parameters in terms of sensitivity to the final deposition, and therefore analyse their

influence on the deposition process (Figure 4.5).

Thickness

The thickness of the deposited films varied from 2.8±0.5 nm to 15.3±0.8 nm. A quadratic

model used to describe the thickness is mentioned in Appendix B. However, quite obvi-

ously and as seen from Figure 4.5, the thickness has a strong dependence on the deposition

time which varied between 3 and 10 seconds. To overcome this and see the real influence

of the other parameters on the thickness of the film, the values for deposition rate were

also fitted.
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Figure 4.5: Percentage influence of each deposition parameter on the film properties.
The most influential factors for thickness (C, B and E), deposition rate (BC, B2, BD,

AB, CD) and refractive index (AD, D, A) can be seen, with a strong influence of
pressure (C) and SiH4 (B) gas flow in all cases. A, B, C, D and E have been described in

Table 4.1.

Deposition Rate

In the variance analysis for deposition rate in (Figure 4.5), a high sensitivity to SiH4

gas flow and pressure is observed. An important albeit lower sensitivity to deposition

time, plasma power and N2O gas flow is also observed, and a coherent quadratic model

describing the deposition rate has been mentioned in Appendix B.

The sensitivity of deposition rate to the deposition time may be due to the low

deposition times (3-10 seconds) used in this experimental design. Plasma stabilisation

occurs with higher deposition times, therefore influencing the deposition condition of the

film for a time of 3 seconds.

Refractive index

The refractive indices were fitted using spectroscopic ellipsometry models. However, as

described earlier, the error in the values is possibly too high as the technique is not

completely adapted to the measurement of both refractive index and thickness of such

ultra-thin films.

The lack of fit from the quadratic models in the Design Expert software was ob-
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served to be significant. This means that the quadratic model doesn’t correctly apply to

the results obtained and failed to give any coherent results. Furthermore, the use of the

ratio γ = N2O/SiH4 as an additional parameter in the model (which supposedly has a

strong influence on the refractive index of the film) did not facilitate the analysis.

As the refractive index relation is clearly not satisfied by a quadratic model, a

Spline meta-model was used to calculate the influence of the various parameters on the

refractive index. Splines are often used when polynomial models fail. They can estimate

the response surface over the entire experimental region of the problem. A spline response

showing the best fits was selected with only four variables, with deposition time and

gas ratios excluded as they did not seem to influence the outputs. The most influential

parameters were SiH4 gas flow and pressure along with the interactions of N2O gas

flow-plasma power and pressure-plasma power(Figure 4.5).

Desirability Analysis

The uncertainty from refractive index measurements must be emphasized as it doesn’t

allow complete confidence in these models, even if they show the best fits. 5000 values of

the different parameters were generated according to the refractive index spline models and

corresponding deposition rate and thickness were calculated using the equations generated

by the quadratic model (with deposition time = 3 sec). These equations are mentioned

in Appendix B. As two separate models have been used for thickness and deposition rate,

only those cases were considered where for the fixed deposition time of 3 seconds, the

following relation is valid:

Deposition Rate × Deposition T ime = Thickness ± 10% (4.2)

A desirability analysis (Figure 4.6) was used to filter out the desired values in terms of

these 3 parameters. The desirability factors for thickness (d1), deposition rate (d2) and

the refractive indices (d3) have been shown in Figure 4.6.

84



4.2 Design of Experiments

2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

0.0

0.2

0.4

0.6

0.8

1.0

D
e

s
ir

a
b

il
it

y
d

1

Thickness (nm)

(a)

0.8 1.0 1.2 1.4 1.6 1.8 2.0

0.0

0.2

0.4

0.6

0.8

1.0

D
e

s
ir

a
b

il
it

y
d

2

Deposition rate (nm/s)

(b)

1.4 1.6 1.8 2.0 2.2 2.4 2.6

0.0

0.2

0.4

0.6

0.8

1.0

D
e

s
ir

a
b

il
it

y
d

3

Refractive index

(c)

Figure 4.6: Desirability values assigned for (a) thickness, (b) deposition rate, and (c)
refractive index.

Only the cases with total desirability D > 0.67 were considered where, the D is

described by:

D = d1 × d2 × d3 (4.3)

Finally, for the cases where the total desirability was more than 0.67, deposition rate and

refractive index were plotted versus SiH4 gas flow and pressure in Figure 4.7. Additionally,

in spite of its exclusion from the quadratic and spline models used, the gas ratio γ =

N2O/SiH4 was plotted in Figure 4.8, to see if it indeed does influence the as-deposited

silicon rich oxide.
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Figure 4.7: Influence of SiH4 and chamber pressure on PECVD. (a) Within the
experimental design range, increasing SiH4 flow increases both deposition rate and

refractive index. (b) While the pressure was varied from 3 Torrs to 9 Torrs in the design,
only those cases show appropriate desirability where the pressure is lower than 5.5 Torrs.
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Figure 4.8: Influence of the ratio γ on the deposition rate and refractive index may be
misleading, as the models clearly indicate a strong influence of only SiH4.

Discussion

From the results of the design of experiments and the desirability analysis, we can

define certain conditions for ultra-thin depositions for silicon rich oxides, with a strong

control over the thickness and silicon enrichment (refractive index). The most influential

parameters are pressure and silane gas flow. The deposition rate and refractive index are

both observed to increase with increasing SiH4 flow. The refractive index is higher for

a higher quantity of silicon in the films. Interestingly, lower pressures are required for

optimum deposition rates and refractive indices as no desirable experimental points were

obtained for pressure more than 5.5 Torrs (Figure 4.7b).

While the models demonstrate no influence of γ, Figure 4.8 indeed shows higher

refractive indices and deposition rates for lower ratios (1.4<γ<3.1), along with some

scattered points for higher values (γ>4.5). This might be misleading as probably only

the silane content plays a major role under the right pressure conditions during deposition.

Our model gives a thorough picture of the influential parameters for deposition,

unlike different models in literature which examine the influences of one or two factors

independently.
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4.3 Optimizing Annealing Conditions

4.3 Optimizing Annealing Conditions

After obtaining the optimum criteria for ideal deposition conditions, the annealing step

needs to be optimized to obtain size-controlled luminescent quantum dots. For this, single-

step rapid thermal annealing (RTA) was used. The advantages of using a rapid thermal

process over a traditional annealing step have been reported where the RTA results in

decreased FWHM of photoluminescence peaks159 and helps in the initial nucleation of the

nanostructures under limited diffusion conditions.160 Using a single-step annealing instead

of a two step nucleation-crystallization limits the number of steps, while additionally

reducing the annealing ramp time for formation of the quantum dots. For the multiple

bilayers, the deposition conditions chosen have been described below, in Table 4.2.

Material N2O SiH4 He γ Pressure Power Temperature Distance

sccm sccm sccm Torr Watt ◦C mils

SiOx 16 14 1900 1.14 5.5 114 480 400

SiO2 550 6 1900 91.67 5.5 114 480 400

Table 4.2: Samples used for characterizations of multi-layer structures.

Ten alternating bilayers were deposited using a single deposition sequence, without

removing the wafers from the PECVD reactor.

4.3.1 Structural Characterizations of Different Annealed Films

RTA annealing under N2 was performed at 3 temperatures - 1000◦C, 1050◦C and 1100◦C

each for 5, 20 and 60 minutes. A defect passivation annealing step was performed under

forming gas for 30 min at 425◦C. Additionally a non-annealed sample was taken as ref-

erence. Using spectroscopic ellipsometry, the thickness of the silicon rich oxide layer was

determined to be 3.1±0.5 nm and SiO2 as 1.5±0.3 nm.
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4 From Single Layers to Multilayers

FTIR

The FTIR peak at 1042 nm−1 for the as-deposited film gives the stoichiometry of the

silicon rich oxide, with SiOx=1.54, and silicon atomic excess at 29%. On annealing, this

peak is observed to shift towards that of stoichiometric SiO2 (Figure 4.9a and b). This

shift can be attributed to the phase separation of Si and SiO2, and to increasing quantities

of silicon nanoclusters surrounded by stoichiometric SiO2 as the annealing temperature

and annealing time increase.
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Figure 4.9: FTIR for multilayer samples. (a) The Si-O stretching peak shifts from the
as-deposited film (1042 cm−1) to higher values for 60 min annealing time. (b) shows the

shift of this peak position with time and temperature.

4.3.2 Influence of Annealing Conditions on Photoluminescence

Photoluminescence is extremely important for observing quantum dot properties and the

intensity of the peak may depend strongly on the annealing conditions.161 Using a combi-

nation of photoluminescence and EELS analysis, Iacona162 and Daldosso116 have reported

the formation of amorphous silicon clusters starting from a temperature of 1000◦C, which

turn into crystalline quantum dots from 1100◦C. Additionally, Lopez et al22 reported no

increase in quantum dot size between annealing at 1100◦C for 1 min or 16 hours. How-

ever, they reported an increase in the photoluminescence peak intensity which saturates

only after 3 hours, as well as the importance of a passivation annealing under forming gas.
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4.3 Optimizing Annealing Conditions

The size of the quantum dots is limited by the thickness of the silicon rich oxide

(3 nm). They should ideally demonstrate strong confinement due to the presence of

the surrounding SiO2 matrix in multilayers. The photoluminescence signal is expected

to originate largely from the dots even if Si-O interface defects add on to the luminescence.

Comparing the room temperature photoluminescence on excitation at 355 nm, a

strong photoluminescence signal was observed for the sample annealed at 1100◦C 1h

(Figure 4.10). It was indeed seen that the photoluminescence intensity only begins

to increase at 1100◦C, the minimum temperature required for formation of silicon

nanocrystallites.162
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Figure 4.10: Photoluminescence of multilayer samples for different annealing
conditions. The intensity of the PL peak increases substantially for the multilayers

annealed at 1100◦C, with maximum at 60 minutes annealing.

As the annealing time increases, this signal increases very strongly. Less time and

lower temperatures are probably insufficient for silicon nanocluster formation, and the

weak photoluminescence signals can be attributed to partially amorphous Si nanoclus-

ters. The change in intensity becomes more evident on comparing the intensities of the

photoluminescence peaks in Figure 4.11.
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Figure 4.11: Comparison of photoluminescence intensities for different annealing
times. The intensity increases substantially with annealing time at 1100◦C.

The change in intensity with time for samples annealed at 1100◦C can be fitted with

a
√

time relation that is given as follows, where tminutes is the annealing time in minutes.

PL intensity = 3
√

tminutes − 4.5 (4.4)

The diffusion length of a material in a solid is known to be a function of
√

time. A similar

observation in the relation arising from the intensity of the luminescent centres in the film

indicates the presence of diffusion related phenomena in the SiOx layers.

4.3.3 Energy Filtered Transmission Electron Microscopy (EFTEM)

Plan-view EFTEM micrographs with plasmon excitation at 16 eV (with silicon in bright

zones) were compared for observing the presence of silicon quantum dots in the films

annealed at 1100◦C (Figure 4.12). At 1000◦C, silicon is visible in the silicon rich oxide

layers, but without any observable separation into clusters and silicon crystallites are

not observed in the layers. At 1050◦C, a small separation begins to emerge and clearly

separated silicon quantum dots are observed at 1100◦C, along with their crystalline planes.

This corresponds well with the results from the photoluminescence data. The thickness

of the silicon rich oxide with nanocrystals and silicon dioxide are confirmed to be ∼3 nm

and ∼1.5 nm respectively. A plan-view micrograph (Figure 4.13) additionally shows a

high density of silicon quantum dots, observed at 16 eV (silicon in bright zones) as well

as 24.4 eV (silicon in dark zones).
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(a) (b)

(c) (d)

Figure 4.12: Cross-section TEM micrographs of samples annealed for 60 minutes at
(a) 1000◦C, (b) 1050◦C and (c) 1100◦C with plasmon energy loss at 16 eV, showing

silicon in bright zones. Small separated crystallites can be observed for 1100◦C in (d)
which is the corresponding micrograph without plasmon excitation.

(a) (b)

Figure 4.13: Plan-view EFTEM at (a) 16 eV and (b) 24.4 eV for sample annealed at
1100◦C (60 minutes) showing a high density of Si quantum dots with ∼3 nm diameter.
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4.4 Photoluminescence Studies of the Multilayer Structure

Other factors were varied during the deposition process to examine their influence on

the formation of the quantum dots and consequently on the final photoluminescence.

This was under the assumption that the Si nanocrystals contribute significantly to the

photoluminescence signal, and that it does not originate solely from Si-O defect states,

which have already been passivated.

The deposition time for the SRO was 6 seconds, corresponding to a thickness of

∼ 5.9 nm. All samples were annealed at 1100◦C for 60 minutes followed by a forming

gas anneal for passivation. In this section, the photoluminescence signals for 10 bilayer

samples have been compared.

4.4.1 Varying SiO2 Thickness

We observed in the previous chapter that the thickness of a single silicon rich oxide

film plays a major role in the formation and arrangement of silicon quantum dots in its

oxide matrix. To observe any influence of SiO2 on dot formation in the case of bilayer

structures the deposition time of the silicon dioxide was increased. Any change in the

dioxide thickness should not affect the quantum dots formed in the silicon rich oxide layer,

as the Si diffusion and phase separation occur only in this non-stoichiometric oxide.
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Figure 4.14: Increasing SiO2 thickness from 1.5 nm to 5 nm more than doubles the
photoluminescence peak intensity.
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4.4 Photoluminescence Studies of the Multilayer Structure

However, as seen in Figure 4.14, the photoluminescence signal was observed to more

than double up in intensity as the SiO2 thickness was increased from 1.5 nm to 5 nm.

This demonstrates that SiO2 indeed affects the silicon nanocrystal formation. Similar

phenomena have previously been observed on the crystallinity of the silicon quantum

dots in the case of a Si3N4 matrix by Scardera et al.163

4.4.2 Comparison with Thick Single Layer

In Chapter 2 for thick single layers, broad photoluminescence peaks (and a consequent

large quantum dot size distribution) were observed for singly deposited layers which was

one of the motivations behind optimizing multilayer depositions. To verify controlled

quantum dot formation in multilayer samples the photoluminescence spectra of multiple

bilayers (total thickness 85 nm) and single layers (thickness 75 nm) have been compared

in Figure 4.15. It is clear that while quantum dots are present in single layers, the size

distribution is fairly large and comparable to that observed in similar films of Chapter 2.
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Figure 4.15: The photoluminescence intensity in multiple bilayer structures is much
higher than that in a single layer.

The lower photoluminescence intensity can be attributed to the properties of the rest

of the film as the environment within the film can influence dot formation. Other factors

contributing to lower photoluminescence intensity are the broad size distribution of dots

and possible lower quantum confinement in single layer structures.
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4.4.3 Varying Number of Multilayer Stacks

The hypothesis that the silicon nanocrystals formed depend only on the thickness of the

silicon rich oxide cannot be entirely true as on doubling the number of bilayers (i.e. from

10 to 20 stacks), the photoluminescence signal doesn’t double up, but rather increases by

a factor of 5 (Figure 4.16). This again confirms the influence of external parameters in

the formation of quantum dots.
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Figure 4.16: Doubling up the number of bilayers from 10 to 20 increases the
photoluminescence intensity by a factor of 5.

4.4.4 Discussion

The differences in photoluminescence properties of these different films can be explained

by variations in film structure. For example, a detailed study by Zacharias et al114,118

indicates the importance of stacking faults or twinning that can influence x-ray inter-

pretation of silicon nanocrystals in an amorphous silicon matrix. This discussion can be

extended towards silicon quantum dots in SiO2 as the presence of dislocations and growth

faults has already been demonstrated in Chapter 3. Indeed, embedded nanocrystals show

inhomogeneous strain that depends on thickness of the multilayers and the annealing

temperature, along with the silicon enrichment.

For thinner layers, the strain was observed to decrease by one order of magnitude

in a-Si/SiO2 bilayer structures. Zacharias has attributed the origin of this strain to a
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combination of one or more of the following:

• Increasing surface/volume ratio with decreasing nanocrystal size, leading to intrinsic

strain from bond angle deviations.

• Differences in thermal expansion coefficients of Si, SiO2 and also the silicon rich

oxide layer.

• Volume shrinkage as we go from amorphous to crystalline materials.

• Strain from dislocations and growth faults.

The structural properties of the films may therefore be different as the multilayer

thickness and interfaces can affect the crystallization temperature, which increases

exponentially for thinner films, changing the nature of the dots from amorphous to

crystalline.118 Other factors influencing photoluminescence intensity include the differ-

ences in total film thickness of different samples, which can indeed change the quantity

of luminescent clusters. Furthermore, differences in quantum confinement of the dots

and the quantity of crystalline and amorphous silicon can influence the photoluminescence.

The influence of this strain in the quantum dot properties, along with presence of

small quantities of amorphous silicon is not completely understood. This is the potential

reason behind the differences in photoluminescence in the films. Furthermore, it is

important to note that none of the multilayer films showed diffraction peaks when

characterized with grazing incidence x-ray diffraction, reaffirming the importance and

influence of the strain which has significant consequences on dot formation.

4.5 Summary and Conclusions

The deposition and annealing conditions play a significant role in the fabrication of

size-controlled luminescent silicon quantum dots. For as-deposited films, contrary to

what has been mostly published, we observed little dependence of the refractive index on

the gas flow ratio, and a strong dependence of both the refractive index and deposition

rate on the PECVD chamber pressure and SiH4 gas flow. A complete model was
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established for PECVD depositions, with simultaneous and precise control over silicon

enrichment (refractive index) and ultra-thin layer thicknesses (SiOx ∼3 nm and SiO2

∼1.5 nm). Crystalline and luminescent silicon quantum dots were fabricated. It was

observed that a minimum temperature of 1100◦C is required for formation of luminescent

dots, and an annealing time of 60 minutes significantly increases emission.

However, the thickness of the silicon rich oxide layers and annealing conditions are

not the only factors affecting the luminescence and the formation of the silicon dots in

the SiO2 matrix. Altering the number of multiple bilayers and changing SiO2 thickness

can affect the properties of the nanocrystals formed. This can be attributed to strain

in the films arising from structural defects, which affects the structural properties

of the dots. The amorphous and crystalline content, overall thickness and quantum

confinement of the Si dots and luminescent defects can affect the photoluminescence

intensity. Nevertheless, it is possible to form size controlled quantum dots with tunable

bandgaps as will be discussed in the following chapter.
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Chapter 5

Electrical and Optical Properties of Single Layers
and Multiple Bilayers

5.1 Introduction

This chapter deals with the electrical and optical properties of multiple bilayer films de-

veloped in Chapter 4. Electrical conduction properties and carrier transport phenomena

are compared with single layer structures, followed by a brief discussion of the response

under illumination. Multilayer films were fabricated to have optimized control over quan-

tum dot size and inter-dot distance, to consequently control the bandgap and electrical

conductivity respectively.

5.2 Device Materials

5.2.1 Bandgap Optimization in the Active Layer

Different film thicknesses for the silicon rich oxide were used in 10 bilayer structures

for optimizing the bandgap of the quantum dots. The silicon rich oxide thickness was

varied from 3 nm to 8 nm. The thickness of SiO2 was kept constant at 1.5 nm. These

were compared with a single thick film of 75 nm using photoluminescence spectroscopy.

The material properties of the silicon rich oxide and the annealing conditions used were

identical to those used in Chapter 4.

The photoluminescence peak position of the these multilayer films is likely to vary
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5 Electrical and Optical Properties of Single Layers and Multiple Bilayers

due to the effect of quantum confinement on the bandgap, which blue-shifts as the

quantum dot size decreases. As the layer thickness increases from 3 nm to 8 nm, the

bandgap should decrease from 1.73 eV to 1.25 eV respectively, calculated using the

relation by Niquet et al.16 Normalised photoluminescence spectra for these multilayers

are shown in Figure 5.1. Photoluminescence of a thick single layer structure has been

included for comparison.
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Figure 5.1: Photoluminescence as it varies with thickness of the as-deposited SRO
layer in multilayers, showing a blue-shift for smaller dots.

From Figure 5.1, it can be inferred that photoluminescence peak position, related

to the bandgap, depends on the quantum dot size, which does indeed depend on the

thickness of the silicon rich oxide layer. The blue shift is clearly evident for 3 nm SiOx

layers. This is consistent with the known fact that the maximum diameter of the dots is

the thickness of this SiOx layer.104 Silicon quantum dots are formed as the excess silicon

diffuses through the non-stoichiometric layers, limiting the dot size by the thickness of

the layers.

Thicker SiOx layers therefore form larger quantum dots. However, larger dots

have weaker quantum confinement. Therefore as the thickness of the SiOx layer increases

beyond 6 nm, the bandgap change is not significant. In addition, thicker SiOx layers

demonstrate a broader photoluminescence peak undoubtedly due to the presence of
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5.2 Device Materials

smaller dots that have not grown to the maximum thickness of the layer. The photolu-

minescence spectrum of the 8 nm SRO film being almost identical to the 75 nm single

layer spectrum affirms this assumption.
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Figure 5.2: Experimental and calculated luminescence peak positions and quantum
dot size. The calculated values are from Niquet et al.16

As we compare the observed photoluminescence peak values with the theoretical

bandgap calculations of Niquet et al16 in Figure 5.2, a similar trend is observed in spite

of large variations in actual values. The dot diameter was assumed to be equal to the

thickness of the silicon rich oxide layer. The differences in experimental and calculated

values can be attributed to differences in the size and crystallinity of the dots and the

variations in interface defects.26 Furthermore, it is known that thinner layers require

higher annealing temperatures for Si recrystallization.114,118 The annealing temperature

also affects silicon dot interfaces and surface states164 which alter the photoluminescence

signal. Exciton binding energy affects photoluminescence and increases for smaller quan-

tum dots. The contributions from each of these effects are difficult to separate out from

quantum confinement.
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5.2.2 Electrode and Substrate Materials

For comparing electrical conduction phenomena in silicon quantum dot layers, different

electrode and substrate materials were used to ensure that the consequent electrical results

do indeed characterize the quantum dot layers. They should not be a characteristic of the

metal-semiconductor junction formed between the contact metal and the silicon substrate.

The work function difference between the electrodes and substrate can affect the type of

metal-semiconductor contact formed.

Aluminium and polycrystalline silicon

Degenerate n-type substrates (arsenic doped) were used with resistivity less than 3.5

mΩ cm with aluminium and polycrystalline silicon electrodes. Aluminium, with a work

function of 4.08 eV is a commonly used material for IC fabrication. For conventional Al-

Oxide-Si junctions, flat band voltages are known to be around -0.82 to -1.08 V for p-type

silicon and can further change with the dopant concentration. A Schottky junction with

rectifying characteristics is hence formed. The device needs to be specifically designed

for ohmic contacts to avoid unwanted characterization of junction properties. Figure 5.3

shows a schematic of the capacitors used for p-i-n type devices with Aluminium or poly-

crystalline electrodes.

Silicon substrate

SiO2

Si-nc in SiO2

Aluminium electrode

Polycrystalline silicon

n+ n+

Figure 5.3: p-i-n type devices with Al or polysilicon (boron doped) electrodes.

Polycrystalline silicon comprises of small single crystal grains of silicon separated by

thin grain boundaries. These different crystal orientations meet at the grain boundaries

creating dangling bonds. The size and quantity of the grains determines the conductivity.

On doping this polycrystalline silicon, the dangling bonds are rendered electrically

inactive, and they create a barrier which allows conduction through thermionic emission

or tunnelling.165 After its introduction by Faggin,166,167 polycrystalline Si has aided in
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5.2 Device Materials

reduction in dimensions for MOS technologies, while simultaneously providing faster

circuits with lower power consumption and higher reliability. For polycrystalline silicon

devices, the resulting threshold is far less negative than that for aluminium although it

still depends on the doping levels.

Boron doped polysilicon film with dopant concentration of 1021 atoms/cm3 and re-

sistivity of 3.85 mΩ cm was deposited using epitaxial silicon from silane at 650◦C in

Applied Materials Endura 5500.

Transparent Conducting Oxide

Aluminium and polycrystalline silicon have the disadvantage of being thick opaque elec-

trodes which do not allow the passage of light. To overcome this drawback and measure the

light dependent electrical conduction properties, transparent conducting oxides (TCOs)

can be used. These TCOs combine optical transparency and good electrical conduction

properties to form a suitable replacement electrode.168,169 In this work, ITO or Indium-

doped Tin Oxide (SnO2) (In2O3 90%, SnO2 10%) has been used as an n-type degenerate

semiconductor with p-type degenerate substrates to form an n-i-p type device with quan-

tum dots as the intermediate material. Figure 5.4 shows a schematic of the capacitors

used for n-i-p type devices with transparent ITO electrodes.

Silicon substrate

SiO2

Si-nc in SiO2

ITO electrode
p+p+

250 nm100 nm

Figure 5.4: n-i-p devices with ITO thickness 100 nm and 250 nm, allowing passage of
more than 80% of light through the substrate.

ITO has a work function commonly reported to be 4.7 eV (but it may vary from 4.1

to 5.53 eV). It allows transmission of more than 80% of light (Figure 5.5) and has con-

ductivities high enough for efficient carrier transport. 100 nm and 250 nm ITO layers

were deposited using physical vapour deposition (sputtering) on Applied Materials Cen-

tura 5500, followed by annealing under N2 for 300◦C. The resistivity of ITO was 252.3 µΩ
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5 Electrical and Optical Properties of Single Layers and Multiple Bilayers

cm and of the p-type substrates was 0.01-0.02 Ω cm.
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Figure 5.5: Light transmission in ITO versus wavelength.

Samples prepared for characterization

Samples of the lot T807P first characterized on full-sheet wafers for photoluminescence

were then prepared for electrical characterizations and have been listed in Table 5.1.

Three multiple bilayer structures were prepared along with a thicker single layer film for

comparison.

Thickness Al polycrystalline Si ITO 100 nm ITO 250 nm

(3nm-1.5nm)10 T03-Al T03-poly T03-ITO100 T03-ITO250

(4nm-1.5nm)10 T04-Al T04-poly T04-ITO100 T04-ITO250

(6nm-1.5nm)10 T06-Al T06-poly T06-ITO100 T06-ITO250

75 nm T75-Al T75-poly T75-ITO100 T75-ITO250

Table 5.1: Multilayer samples (with 10 bilayers) and a thick single layer sample used
for electrical characterizations with different electrode materials.

5.3 Electrical Conduction in Multilayers

Current-voltage measurements can give an insight into current densities in the films, along

with the associated electrical conduction phenomena. These electrical measurements

therefore permit a comparative analysis between the different active layer structures, i.e.

the multilayers with quantum dots of different bandgaps, and a single thick layer structure.
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5.3 Electrical Conduction in Multilayers

The current-voltage measurements were performed for 49 different chips of area

2.56 mm2 each, and averaged over the entire wafer. The sweep direction used was -15

V to +15 V. Current-voltage curves are shown in (Figure 5.6) for the four different

electrode configurations (Al, poly Si, ITO 100 nm, ITO 250 nm) in each of the silicon

quantum dot films.
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Figure 5.6: Current versus voltage characteristics for different electrode materials - (a)
Al, (b) polycrystalline Si, (c) ITO - 100 nm and (d) ITO 250 nm.

The different silicon quantum dot films show similar behaviour in the case of all four

electrodes. These measurements ensure that the results of the current-voltage experiments

are solely due to the film and not due to the nature of the metal-semiconductor junction
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5 Electrical and Optical Properties of Single Layers and Multiple Bilayers

contact. Additionally, the current density is observed to be significantly stronger in the

case of the single layer T75 sample, irrespective of the electrode used. This is followed

by the T03 (3 nm bilayer). The rest of the multilayer samples conduct even less, and

will therefore not be used for further electrical characterizations. Figure 5.7 shows the

current densities for samples T03 and T75 for different electrode materials. Similar results

further ensure that the silicon quantum dot layer has been characterized and not the

metal-semiconductor junction.
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Figure 5.7: I-V characteristics of (a) Multilayer structures (3 nm SRO + 1.5 nm
SiO2)10 and (b) 75 nm thick SRO single layer structures.

The large differences in the conductivities of the thick single layer and multilayer films

will be studied by low temperature conductivity measurements in the next section.

Hysteresis and Charge Trapping

An interesting phenomenon observed in all samples is the non-zero current present at

0 V, during the measurement sweep (-15 to 15 V). The reverse sweep (+15 to -15 V)

demonstrates a hysteresis effect, shown in Figure 5.8 for sample T75-poly. The current

minima occur at ± 2.5 V, depending on the direction of the scan, forming a hysteresis

of width of around 5 V around 0 V. Similar results have been observed by Hossain et

al.170 The observed hysteresis can be attributed to trapping of charge carriers in the

quantum dot layer thus creating a built-in potential which adds on to the external bias.
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5.3 Electrical Conduction in Multilayers

This built-in potential has different signs depending on the charge of the trapped species,

hence leading to this hysteresis.170,171
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Figure 5.8: Current vs voltage characteristics show hysteresis for T75-poly sample.

For an insight into the origin of traps, in polycrystalline and amorphous semicon-

ductors like these silicon quantum dots, a high density of defects is present due to

grain boundaries between crystallites which are loaded with electron and hole traps.

These defects also create potential walls and wells, preventing charge carrier flow and

influencing electrical conduction.172

Furthermore, additional traps may be present even in the stoichiometric SiO2.

These include defects in the oxide layer (oxide traps), traps at the Si quantum dot-SiO2

interface (interface traps) and other near-interfacial oxide traps (border traps), which

lie within 3 nm of the oxide-substrate interface.173,174 In the case of silicon dots in a

single-step deposited layer, traps are present largely due to the large surface to volume

ratio at the Si-SiO2 interface. In the case of the silicon quantum dot multilayers,

additional traps may be present at each bilayer interface in the oxide, and also on the

surface due to the smaller size of the dots. These ultra-thin layers have higher strain and

lattice defects which may further multiply charge trapping. Even though H-passivation

post-annealing was performed and is known to passivate Si-O defects, its effectiveness on

the other defect states is unclear.164
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5.4 Low-Temperature Electrical Conductivity

Low temperature current-voltage measurements were carried out from 80 K to 300 K,

at every 10 K for elucidation of the conduction mechanism and possible explanations of

the differences in single and multilayer structures. In Chapter 3, electrical conductivity

was observed to decrease with increasing film thickness for single deposited films. Here,

it is indeed surprising that conductivity is still higher in single layers as compared to

multilayer structures even though the inter-dot distance has been optimally controlled to

be less than 2 nm.

Electrical Conductivity in Multilayers

For multilayer samples (T03-Al), conductivity appears to be temperature independent

with less than a decade of conductivity increase between 80K and 300 K. This has been

measured at low fields (±1 V, E = 0.21 MV/cm) as higher fields may alter conduction

mechanisms. The temperature independence indicates a tunnelling conduction mecha-

nism. This is further evident from Figure 5.9, which shows temperature change in current

density (linear and log scale) vs voltage, and conductivity vs 1000/T Arrhenius plot.

At higher electric fields (±12 V, E = 2.5 MV/cm), a visible change in conduction

mechanism is observed and will be discussed in the next section.

Electrical Conductivity in Thick Single Layers

Higher electrical conductivity is observed in thick single layer samples (T75-Al) at low

fields (±1 V, E = 0.13 MV/cm). At T < 200 K, the conductivity is also apparently

temperature independent. However, for T > 200 K, a transition in the temperature de-

pendence is observed. This has also been mentioned in Chapter 3, and previously reported

by Rafiq145 and Yildiz,149 who attribute it to the activation of thermionic emission. For

these thick layer samples, the current nevertheless shows an increase of only less than a

decade at low electric fields. The change in conduction mechanism at higher electric fields

(±12 V, E = 1.6 MV/cm) is visible and will be explained in the next section.
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Figure 5.9: Low temperature (80 K - 300 K) electrical conduction characteristics of
multilayer (T03-Al:left) and single layer structures (T75-Al:right) with Al electrodes.

The current density vs voltage characteristics are shown in the linear scale (a),(b) and
log scale (c),(d). Arrhenius plots with conductivity vs 1000/T are shown in (e),(f) for

±1 V and ±12 V.

107



5 Electrical and Optical Properties of Single Layers and Multiple Bilayers

5.4.1 Poole-Frenkel Conduction

Poole Frenkel is the conduction mechanism in insulators under high electric fields. It oc-

curs due to the field enhanced thermal excitation of trapped electrons into the conduction

band. The standard quantitative equation for the Poole-Frenkel emission effect is175:

J ∝ E exp




−q(φb −

√

qE/πǫi)

kbT



 (5.1)

where J is the current density, E is the electric field, φb is the barrier height, and ǫi is the

permittivity of the film with silicon nanocrystals.
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Figure 5.10: J/E vs
√

E at high electric fields for T03-Al and T75-Al between (a),(c)
-15 to -10 volts and (b),(d) +10 to +15 volts respectively. Good fits at 100 K, 200 K

and 300 K indicate Poole-Frenkel conduction.
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For voltages greater than 10 V, Figure 5.10 shows the Poole-Frenkel model fits for

J/E vs
√

E for multilayer and single layer films with Al electrodes (T03-Al and T75-Al

respectively).

The refractive index n was calculated from the permittivity values obtained with

the fits, using the relation ǫ =
√

n2 − k2, and assuming k = 0 at T = 300 K. The re-

fractive index values correspond well with each other, and also with the expected silicon

enrichment. The differences with refractive indices using spectroscopic ellipsometry

(n = 2.05 ± 0.15) could be due to other conduction mechanisms that run in parallel as

seen from the fits, the non-zero value of k which was omitted in this analysis, and errors

from the ellipsometry measurements which have been discussed before.

5.4.2 Elucidating Conduction Mechanisms in Si Quantum Dots

Thickness of the SiOx Layer and Size of the Si Quantum Dot

Multilayer formation by PECVD occurs by deposition of alternating layers of silicon rich

oxide and silicon dioxide. This is done in a multiple-sequence deposition step, with a gas

flow stabilisation time of a few seconds between each step and therefore each layer, to

change the quality of the deposited film. The as-deposited stoichiometric silicon dioxide

is a good insulating material.

On thermal annealing, the quantum dot size reaches a maximum diameter equal

to the thickness of the silicon rich oxide layer, though it could also be smaller. The

inter-dot distance is the thickness of the SiO2 layer (1.5 nm), which is less than 2

nm to ensure tunnelling conduction between the dots. The thickness of the mul-

tilayers thus formed has been evaluated using spectroscopic ellipsometry, leading to

significant yet inevitable errors because of the ultra-small dimensions of the films involved.
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Case I
Expected quantum dot configuration

Case II
Actual quantum dot configuration

Annealing
1100°C
60 min

2 nm

2 nm

SRO

SiO2

SiO2Si QD

Multiple bilayer stack 
deposited by PECVD

Figure 5.11: Expected and actual quantum dot configuration formed after annealing of
the SRO-SiO2 bilayers. The actual inter-dot distance may be greater than 2 nm, thus

leading to decreased conductivity for thicker SRO films in bilayer stacks.

This has been illustrated in Figure 5.11, where we see the interfaces between de-

posited and annealed silicon dioxide. Defects may be present at the interfaces due to

the initial differences between the films leading to differences in the quality of the oxide

post-annealing. The quantum dots are not perfectly aligned vertically and the diameter

of the Si dots may be smaller than the thickness of the SiOx layers. This can increase

the effective inter-dot distance, consequently decreasing electrical conduction. This is the

reason why poor electrical conduction has been observed for silicon rich oxide thicknesses

of 4 nm and 6 nm.

Film structure dependent electrical conductivity

The Arrhenius plots (conductivity vs 1000/T) for the different films fabricated during

this thesis are compared in Figure 5.12 at -1 V. The best room temperature electrical

conductivities were observed for the single layer sample Q30 (Chapter 2 and 3), with

the randomly ordered Si quantum dots. The multilayers demonstrate extremely poor

conductivities at low voltages because of the presence of a stoichiometric insulating oxide

and larger inter-dot distances.
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Figure 5.12: Comparison of Arrhenius plots (conductivity vs 1000/T) at -1.0 V for
single layer samples Q30 and Q75 (Chapter 2 and 3), T75-Al and multilayers T03-Al.
Q30 with disordered quantum dots demonstrates best room temperature conductivity,

while poorest conductivity is observed in multilayer structures.

Ordered Dots and Conductivity

An explanation of the effect of quantum dot organization on conduction phenomena is

suggested in Figure 5.13. In the ideal case for improved electrical conductivity (Case

I ), all quantum dots are perfectly aligned and the inter-dot distance is always 2 nm or

less. All of the dots are expected to participate in the conduction pathways, leading to

significant electrical conductivity in the film.

The real scenario is however Case III, where the inter-dot distance becomes larger

than 2 nm, thus limiting the possibility of tunnelling conduction. This is the situation

in samples Q75, T75-Al and T03-Al. There is limited variation in the inter-dot distance

in T03-Al multilayers. This distance is uniform and could be greater than 2 nm,

thus decreasing tunnelling probability and making percolation paths difficult. Thick

single layers with organized quantum dots (Q75, T75-Al) have a slight dispersion in

the inter-dot distances improving conductivity pathways. The best room temperature

conductivities are observed in the case of single layer structures with randomly organized

quantum dots (Case II ), as the randomness and variations in inter-dot distance provide

a percolation path leading to improved conduction in the film (Q30).
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Figure 5.13: Schematic showing the distribution of inter-dot distances in a SiO2

matrix. For ordered quantum dots in Case I, the inter-dot distance is always less than 2
nm ensuring tunnelling conduction. If this distance is greater than 2 nm like in case III,

tunnelling is rather inefficient even in the case of ordered structures. Disorder in the
inter-dot distance (case II) can lead to a large variation in distances.

5.5 Illumination Effects on Silicon Nanocrystals

ITO electrodes allow the transmission of up to 80 percent of incident light consequently

leading to the measurement of electrical characteristics of the samples under illumination.

Spectral Response

The spectral response of a material describes its sensitivity to optical radiation of different

wavelengths. This is done by measuring the photocurrent produced by a incident light

intensity and its variation with the wavelength. The relation between the photoelectric

sensitivity and wavelength is referred to as the spectral response and it is expressed in

terms of photo sensitivity, quantum efficiency etc.
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The photosensitivity (S) can be described as the ratio of the photocurrent (A) re-

sulting from the incident radiant energy (expressed in Watts). The photosensitivity is

expressed in A/W over the range of measured wavelengths. The quantum efficiency can

also be used to express the spectral response. It describes the number N of electrons or

holes that have been detected as a photocurrent divided by the number of the incident

photons:

QE = NElectrons/NP hotons =
S × 1240

λ
(5.2)

where S is the photo sensitivity in A/W at a given wavelength λ in nm.

The spectral response of the multilayer sample (T03-ITO250) and the thick single film

(T75-ITO250) have been shown in Figure 5.14, for the spectral range of 430 to 1600 nm

and different applied voltages.
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Figure 5.14: Spectral response of multilayer films and single layer films showing
(a), (c) photosensitivity and (b), (d) electrons/photons (quantum efficiency). Improved

response in the blue-green region is attributed to silicon quantum dots.
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Poor conduction at low voltages demonstrated a correspondingly low optical signal

and a poor spectral response. In the case of the multilayer sample T03-ITO250, the

photosensitivity increases strongly on increasing voltages (Figure 5.14a). As the film

begins to conduct at higher electric fields, the line shape of the spectral response

in the 600-1200 nm range resembles that of crystalline silicon. Furthermore, for

shorter wavelengths of 430-600 nm, an additional improved photoresponse is clearly

observed, which can be attributed to absorption and blue-shift of the bandgap in

the quantum dots. The quantum efficiency (electrons/photons) traced in Figure 5.14b

demonstrates significant response of these multilayer films, with as many as 55 percent in-

cident photons involved in photogenerated current in the green-blue visible spectral range.

For the thick single layer sample T75-ITO250, poor photosensitivity and quantum

efficiency (Figure 5.14c and d) was observed in spite of its better electrical conductivity.

Again, an improved response is observed in the 430 - 600 nm range which is atypical for

bulk crystalline silicon, and can thus be attributed to absorption in silicon quantum dots.

The low photosensitivity in the range of mA/W has been published before for similar

films by Hossain et al,170 although they did not demonstrate improved absorption in the

blue spectral range. These poor photosensitivity results can be attributed to a larger size

distribution of dots and poorer optical confinement in the single layer structures.

Even though these results were only obtained at high applied voltages which are

not valid for photovoltaic applications, the improved absorption in the blue-green

spectral range is promising for any solar cell integration. Improvement in electrical

conductivity of the films can help overcome the drawback of having only high electric

field conduction.

5.6 Summary

Silicon quantum dots with tunable bandgaps were fabricated using multilayer depositions

on a large scale (on 200 mm wafers). Electrical characterizations were performed with

different electrode materials, to ensure that the results are a response of quantum dots
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5.6 Summary

and not of the metal-oxide-semiconductor junction formed. The different electrodes used

were aluminium and B-doped polycrystalline silicon in p-i-n devices, and transparent

conducting electrode ITO in n-i-p devices.

Poor room temperature electrical conductivity of less than 10−14 mΩ−1cm−1 was

observed in the multilayers as compared to thick single layers. This can be at-

tributed to larger yet uniform inter-dot distances, in spite of careful control during

the deposition process. This occurs as the size of the dots may be smaller than the

thickness of the SiOx layer, increasing the effective distance between dots. Additionally, a

large number of interface states and defects introduce charge traps in the multilayer films.

The electrical conductivity in both types of films was observed to be temperature

independent at low fields, and follows Poole-Frenkel conduction for high electric fields.

Samples with transparent ITO electrodes were then used to evaluate the spectral

response. Improved photosensitivity in the green-blue spectral region is obtained in the

multilayers, with external quantum efficiencies as high as 55%. The thick single layers

show a poor optical response, although the sensitivity to the blue wavelength region is

still present.

We have successfully been able to improve either electrical conduction, or optical

absorption in silicon quantum dot layers. While these are positive results for any

photovoltaic applications, it is necessary to work towards simultaneously improving both

these properties, which are requisite for photovoltaic integration.
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Silicon nanocrystals were fabricated and characterized for applications in silicon based

advanced photovoltaic devices. The objectives and results of this research work are divided

into three parts and summarized as follows:

1. Adapting microelectronic techniques for large scale fabrication of silicon quantum

dot layers in thick single films and alternating multilayer structures.

Plasma Enhanced CVD followed by high-temperature annealing was initially used

to fabricate thick single layers (30 - 75 nm) of SiOx<2 in a single deposition step.

Using Design of Experiments to control the deposition parameters, this deposition

procedure was transferred to ultra-thin film depositions. Full control over refractive

index (silicon enrichment) and low deposition rates (1 nm/sec) was achieved. Mul-

tiple bilayers of 10 alternating bilayers of SiOx (3 to 8 nm) and SiO2 (1.5 nm) were

then fabricated to control the dot size/band gap (which depends on the SiOx thick-

ness) and the inter-dot distance (assumed to be the SiO2 thickness) which controls

electrical conductivity.

2. Understanding the structural properties of the films and quantum confinement in the

dots using different morphological characterization techniques.

Thick single layer films show a thickness dependant spatially ordered formation of

quantum dots which was attributed to the diffusion of Si in the SiOx during the

annealing step. This was made visible by TEM imaging after copper depositions on

the silicon dislocations. All these thick films consist of luminescent and crystalline

quantum dots, with average diameters around 5 nm.

Multilayer films allow bandgap control of the quantum dots as the photolumines-

cence peak positions were observed to shift from 1.35 to 1.55 eV depending on SiOx
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thickness. However, it is difficult to determine the actual bandgap of the dots, as

the photoluminescence depends on multiple factors including dote size, film envi-

ronment, amorphous and crystalline content, defects, film strain etc.

3. Comparing the electrical and optical properties in thick single layers and multiple

bilayers.

The thickness dependent arrangement of quantum dots in thick single layers

leads to thickness dependent electrical conductivity mechanisms. Disordered dots

provide percolation conduction paths, where the low-field at room temperature

conductivity (10−9Ω−1cm−1) phenomena can be explained by Nearest Neighbour

Hopping. Ordered structures demonstrate temperature independent conductivity

(>10−13Ω−1cm−1) which is a sign of tunnelling. Photocarrier generation and im-

proved absorption in the blue range was observed in thick layers, although the

external quantum efficiency was less than 0.4%.

Multilayers show poor conductivity (<10−14Ω−1cm−1) as the thickness and the SiO2

quality was controlled precisely with the depositions. The size of the dot may be

smaller than the SiOx thickness, increasing the effective inter-dot distance to more

than 2 nm and hence decreasing electrical conductivity. Large amounts of charge

traps were also observed in spite of H-passivation annealing. The conductivity was

observed to be temperature independent, indicating tunnelling at low fields, and

Poole-Frenkel conduction at high electric fields. Very strong photosensitivity was

observed in the blue-green spectral range at high electric fields, with external quan-

tum efficiencies up to 55%, which is very promising for photovoltaic applications.

Most research efforts involving silicon quantum dots for photovoltaic cells are now

evolved around multiple bilayer structures. These layers show improved photolumi-

nescence, bandgap control and significant photosensitivity in the green-blue spectral

range. However, we have observed that charge carrier trapping effects were always

present and much higher in these multiple bilayer structures. Furthermore, SiO2 layer

thickness of 1.5 nm was not low enough to ensure tunnelling conduction between the dots.

Ordered quantum dot formation and tunnelling conduction is indeed possible in
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single layer structures and the slight disorder helps in improving conductivities. On

the other hand, these films have a poor optical response, which is not sufficient for

photovoltaic applications.

For photovoltaic integration, it is imperative to simultaneously control the band

gap and optical properties of the film along with the electrical conduction. Both thick

single layer and multiple bilayers need to be examined further.

In the future, efforts should be made to analyse Si diffusion and quantum dot for-

mation in thicker layers based on Si enrichment, thickness and annealing conditions.

This can aid in forming self-organized yet luminescent dots in single layer films, which

have already demonstrated better electrical conductivities.

Electrical conductivities in multilayers need to be improved significantly, and possible

options for doing so include the following:

• Decreasing thickness of the SiO2 in the multilayer stack to improve tunnelling prob-

ability by further decreasing inter-dot distance.

• Decreasing number of multilayers to see the possible effect on conductivity, and

increase probable conduction pathways.

• Doping the multilayer samples to improve conductivity.

Sustained efforts to simultaneously improve conductivity and optical activity are therefore

possible and imperative for integration of quantum dots into photovoltaic devices.
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Appendix A

Quantum Confinement in Nanocrystals

A simplified approach to understanding confined electrons is by using the famous

particle-in-a-box problem of quantum mechanics in a 1-D case which can be solved

for energies and wavefunctions using the Schrödinger equation. The time-independent

Schrödinger equation is given by:

[

− ~
2

2m
▽

2(þr) + V (þr)

]

ψ(þr) = Eψ(þr) (A.1)

where | ψ(þr) | is the wave function that describes the behaviour of an electron in space.

(| ψ(þr) |)2 is the probability to find an electron at position þr.

▽
2 = δ2

δx2 + δ2

δy2 + δ2

δz2 is the Laplacian operator.

To demonstrate the presence of discrete energy levels, we first start with the particle-in-

a-box problem in a 1-D case. Let us assume that the electron is confined to a volume of

solid material (a box), which can be modeled as a potential well of size a with infinitely

high walls as depicted in Figure A.1a. The Schrödinger equation in 1D (having only an

x component) is then given by:

[

− ~
2

2m

]

δ2ψ(x)

δx2
= Eψ(x) (A.2)

The wave function of the electron must be continuous at the walls of the well. Therefore,

the boundary conditions are that the probability to encounter the electron outside the
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box, or at its boundaries is zero.

| ψ(0) |2 = | ψ(a) |2 = 0 ⇒ ψ(0) = ψ(a) = 0 (A.3)

This is just a second order differential equation, whose trial-solution is given by:

ψ(x) = Asin(kx) + Bcos(kx) (A.4)

Using the boundary conditions from Equation A.3 in Equation A.4, we get B = 0 and

ψ(a) = Asin(ka) = 0 ⇒ ka = nπ ⇒ k =
nπ

a
where n = 1,2,3,... (A.5)

Substituting Equation A.5 in Equation A.2 after double differentiating, we get the solu-

tion:

E =
~

2k2

2m
=

~
2n2π2

2ma2
(A.6)

Equation A.6 shows the nature of the energy states as n = 1, 2, 3... corresponds to the

discrete excitation levels. The allowed energies are discrete (as shown in Figure A.1b)

and are represented in the E-k diagram. As a decreases, the energy levels become

more widely spaced. And when a is in the range of the Bohr exciton radius, i.e. the

natural separation between electron-hole pairs, spatial electron confinement results in

the quantization of energy levels.

For the case of quantum dots, we extend this argument in three dimensions. The

Schrödinger equation as defined in Equation A.2 will now have x, y and z components.

On solving, we get the allowed values of k as

ki =
niπ

a
, where i = x,y,z (A.7)

Similarly, the energy is given by:

E =
~

2π2

2m

(nx
2 + ny

2 + nz
2)

a2
(A.8)
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Figure A.1: a) depicts an infinite potential well. b) The E-k diagram shows the
discrete energies as only certain values of k are allowed, as seen from equation A.6. c)
represents the E-k diagram showing the formation of energy gaps; d) shows the E-k
diagram modelled for quantum dots. As the size of the quantum dots decreases, the
bandgap increases and the allowed energy levels also become more widely spaced.a

Considering a cubic box, for n = nx = ny = nz,

E = 3
~

2π2

2m

n2

a2
(A.9)

The extra factor of 3 comes in due to 3D confinement. For a given confined energy level,

a quantum dot has a diameter which is
√

3 the width of the corresponding quantum well.

This is just a simple treatment considered here for confinement in a cubic quantum dot.

In reality, the potential barrier is not an infinite cubic box but rather a finite spherical

wellb.

For a spherical quantum dot of diameter a the confinement is slightly greater and the

factor slightly larger than
√

3. Also, some other factors that should be noted in this

approximation are that the “particle” in a box is not a single electron, but rather multiple

excitons. Additionally, this “box” is not empty, and the electron is instead confined

to a semiconductor lattice of finite dimensionsc. In spite of these assumptions, we can

approximate fairly well the change in diameter with size for quantum confined systems.

aMurray CB, Kagan CR and Bawendi MG CB, Kagan CR and Bawendi MG. Annu. Rev. Mater. Sci.
30, 545-610 (2000)

bBrus LE. J. Chem. Phys. 80, 4403 (1984)
cEfros AL and Rosen M. Annu. Rev. Mater. Sci. 30, 475-521 (2000)
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Appendix B

Experimental Design

A B C D E
Run N2O SiH4 Pressure Power Time Thickness Rate n

♯ sccm sccm Torr Watt sec nm nm/s -

1* 32 15 6 82 6.5 7.86 1.21 2.11
2 48 24 9 50 10 15.63 1.56 2.05
3 16 6 9 50 10 8.26 0.83 1.56
4 48 6 3 82 3 2.85 0.95 2.17
5 32 24 3 114 3 3.98 1.33 2.36
6 48 6 3 50 10 6.61 0.66 1.56
7 16 15 3 114 10 9.79 0.98 2.21
8 48 24 3 114 10 12.28 1.23 1.96
9 16 24 9 50 3 4.28 1.43 2.12
10 16 6 3 50 3 2.26 0.75 2.11
11 48 6 9 114 10 8.32 0.83 1.52
12* 32 15 6 82 6.5 7.86 1.21 2.09
13 32 15 9 82 6.5 9.79 1.51 1.64
14 48 24 3 50 3 3.16 1.05 2.15
15 48 6 9 50 6.5 6.41 0.99 1.56
16 16 6 9 114 3 3.16 1.05 1.81
17 16 15 6 82 6.5 7.05 1.09 1.99
18 16 24 3 50 10 5.94 0.59 2.58
19 48 24 9 114 3 6.27 2.09 1.79
20 16 6 3 114 6.5 5.4 0.83 1.67
21 16 6 9 50 10 8.5 0.85 1.59
22 16 24 9 114 10 15.29 1.53 2.2
23 48 15 3 114 3 3.89 1.3 1.89
24 48 6 6 50 3 2.99 1 1.79
25* 32 15 6 82 6.5 7.91 1.22 2.09
26 16 14 5.5 115 3 4.2 1.4 1.99
27 16 14 5.5 115 10 11.18 1.12 1.99

Table B.1: Runs used in the D-Optimal design. Run 1, 12 and 25 were repeated for
testing the reproducibility of the process. All runs were performed with helium gas flow

1900 sccm, inter-electrode distance 400 mils, chamber temperature 480◦C and rf
frequency 13.56 MHz.
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B Experimental Design

Complete quadratic equation with interactions for controlling layer thickness with

different deposition parameters in plasma enhanced chemical vapour deposition.

Thickness = −1.72843

+0.17950 × N2O

−0.14348 × SiH4

+0.12613 × Pressure

+0.024671 × Power

−0.093852 × time

+4.24270 × 10−3 × N2O × SiH4

−4.17773 × 10−3 × N2O × Pressure

−9.20602 × 10−4 × N2O × Power

+2.88742 × 10−3 × N2O × time

+0.029700 × SiH4 × Pressure

+1.45454 × 10−3 × SiH4 × Power

+0.025286 × SiH4 × time

−3.64812 × 10−3 × Pressure × Power

+0.049997 × Pressure × time

+3.23809 × 10−3 × Power × time

−2.00590 × 10−3 × N2O
2

−9.70800 × 10−3 × SiH2
4

Complete quadratic equation with interactions for controlling deposition time in

plasma enhanced chemical vapour deposition of silicon rich oxides, calculated using
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Design of Experiments.

Deposition Rate = +0.60376

−1.11680 × 10−3 × N2O

+0.013775 × SiH4

+0.027425 × Pressure

+1.17616 × 10−3 × Power

−0.030699 × time

+4.22927 × 10−4 × N2O × SiH4

+4.34268 × 10−3 × SiH4 × Pressure

+2.49948 × 10−4 × SiH4 × Power

−2.84443 × 10−3 × Pressure × Power

−1.61863 × 10−3 × SiH2
4
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Résumé en Français

Ce travail traite de l’élaboration et de la caractérisation de boîtes quantiques de silicium

dans une matrice de SiO2 pour des applications photovoltaïques.

Les Nanocristaux de Silicium

Les technologies à base de matériaux semi-conducteurs sont présentes dans tous les

produits électroniques modernes. La technologie CMOS (Complementary Metal Oxide

Semiconductor) est une technologie de fabrication de composants électroniques. Le

silicium, avec sa bande d’énergie interdite de 1.12 eV, est au cœur des technologies

modernes dans le monde de la microélectronique. Malgré son gap indirect, le silicium est

le matériau majoritairement utilisé dans le monde du photovoltaïque.

Du fait de son gap indirect, le silicium est un émetteur inefficace de la lumière.

Historiquement, il n’était pas utilisé pour les applications optiques. La découverte de

l’émission de la lumière dans le silicium poreux et nanostructuré a permis plusieurs

applications potentielles, transversales aux domaines de la microélectronique, le photovol-

taïque et la photonique. Ces applications incluent notamment les mémoires non-volatiles,

les lasers, les diodes électroluminescentes (LED), et les cellules photovoltaïques de

troisième génération qui sont le principal objet de cette thèse.

L’amélioration des propriétés optiques du silicium a été obtenue grâce au confine-

ment quantique des électrons et des trous dans l’espace, en permettant de réduire les

recombinaisons non-radiatives dans le silicium. Dans une boîte quantique (ou nano-

cristal), ce confinement se fait dans les trois directions de l’espace lorsque la taille du
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nanocristal est inférieure au rayon de Bohr de l’exciton, qui est voisine de 5 nm pour

le silicium. Une autre conséquence, due au confinement quantique, est le changement

de gap du silicium lorsque la taille des nanocristaux diminue. Les nanocristaux sont

noyés dans une matrice diélectrique à base de silicum, telles que SiO2, Si3N4 et SiC. La

distance entre les nanocristaux étant supposée d’être suffisamment faible pour permettre

la conduction électrique à travers une matrice diélectrique.

Les technologies à base de nanocristaux de silicium sont à la fois compatible avec

les technologies CMOS de la microélectronique et les technologies de l’industrie photovol-

taïque, puisque la plupart des cellules/panneaux PV commerciaux sont principalement à

base de silicium massif. Une grande partie des pertes dans une cellule à simple jonction

solaire est due à la thermalisation des porteurs chauds et des photons non absorbés.

L’efficacité d’une cellule solaire à simple jonction se trouve ainsi limitée à la valeur

théorique de 31%, plus connue comme la limite Shockley Queisser.

Cette limite peut être dépassée, en utilisant des dispositifs multi-jonctions avec

des nanocristaux de silicium dont le gap est contrôlé. Outre ces cellules tandem solaire,

d’autres cellules peuvent être réalisées comme les cellules de porteurs chauds, la généra-

tion de multi-excitons, etc.

Avant l’incorporation de ces boîtes quantiques dans les dispositifs réels, il est im-

portant d’examiner leurs techniques de fabrication, leur structure, ainsi que leurs

propriétés optiques et électriques.

Développement de Monocouches avec Nanocristaux de Silicium

Les nanocristaux de silicium sont fabriqués par la technique de Dépôt Chimique en Phase

Vapeur assisté par Plasma (PECVD) avec les précurseurs SiH4 et N2O. Ces précurseurs

réagissent pour former un oxyde de silicium, sous-stœchiométrique en oxygène, donc

contenant un excès de silicium (SiOx, x < 2). Trois couches d’épaisseur 30 nm (Q30), 50

nm (Q50) et 75 nm (Q75) ont été réalisées dans les mêmes conditions de dépôt.
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Le recuit, à haute température, de ces couches enrichies en silicium, permet la sé-

paration des phases, formant ainsi du silicium et de l’oxyde de silicium stœchiométrique

(SiO2). Pour les échantillons composés d’une seule couche épaisse, la taille des nanocris-

taux et la distance entre chacun d’eux n’est pas contrôlée. Par conséquent, les boîtes

quantiques noyées dans la matrice d’oxyde SiO2 sont aléatoirement réparties.

Les propriétés structurelles de ces films peuvent être évaluées par FTIR et ellipso-

métrie. La technique de Spectroscopie Infrarouge à Transformée de Fourier (FTIR) est

utilisée pour évaluer l’enrichissement en silicium de ces couches (SiOx, x = 1.56). Ceci

est fait en utilisant le pic de l’élongation des liaisons Si-O qui se déplace en fonction de

l’excès de silicium. De plus, ce pic confirme, après le recuit, la séparation des phases Si et

SiOx , en montrant la transition de SiOx en SiO2 et Si. L’ellipsométrie spectroscopique

est une autre méthode rapide et sans-contact. Cette technique est utilisée pour estimer

l’enrichissement en silicium dans ces couches à l’aide de la mesure des indices optiques,

et permet de déterminer la fraction de chaque matériau (a-Si, c-Si et SiO2) après le recuit.

Les propriétés des boîtes quantiques de silicium, i.e. la taille des nanocristaux, le

gap correspondant, la cristallinité, les propriétés optiques, etc. peuvent aussi être

évaluées. La spectroscopie de photoluminescence montre que le gap augmente jusqu’à

1.45 eV, ce qui est supérieur à celui du silicum massif, et confirme ainsi l’hypothèse du

confinement quantique. La diffractométrie par rayons X en incidence rasante montre les

pics de Si cristallin, et confirme que les boîtes quantiques ont une structure cristalline.

La largeur à mi-hauteur des pics nous permet d’évaluer la taille des grains (i.e. les

nanocristaux). La technique de Microscopie Electronique en Transmission (TEM) permet

de visualiser les boîtes quantiques, et donne une estimation de leur densité et de leur taille.

L’ensemble de ces trois techniques peuvent être utilisées pour évaluer la taille moyenne

des nanocristaux, qui a été trouvée voisine de 5 nm. Cependant, une grande distribution

de tailles et la présence d’éventuels défauts luminescents empêchent une évaluation

précise.
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Organisation des Nanocristaux de Si dans les Monocouches

Les nanocristaux formés après le recuit à haute température ont un grand nombre

de défauts (fautes d’empilement, dislocations). Il est connu que dans le silicium, le

cuivre a une forte affinité pour les dislocations. Du cuivre a donc été déposé sur les

échantillons au cours de la préparation des lames TEM pendant le polissage. Ce cuivre

s’est déposé précisément sur les zones où des nanocristaux de silicium étaient présents ;

cela nous a permis d’évaluer l’organisation des nanocristaux dans la matrice d’oxyde SiO2.

Une organisation des nanocristaux de Si a été observée selon l’épaisseur des couches.

Une organisation différente est observée pour les 3 couches, malgré leur stœchiométrie

identique. Dans le cas de la couche la plus mince de 30 nm (Q30), les boîtes quantiques

sont aléatoirement organisées dans l’oxyde, alors que pour la couche de 75 nm d’épaisseur

(Q75), une organisation quasi-hexagonale est observée, montrant un super-réseau des

nanocristaux.

Cette organisation peut être attribuée à la diffusion du silicium dans les couches

de SiOx, pendant l’étape de recuit. Pour les conditions de recuit et d’enrichissement de

silicium utilisées dans ce chapitre, la longueur de diffusion de Si a été évaluée à 12 nm.

Les interfaces de la couche et les limites de la couche mince Q30 sont susceptibles de

jouer un rôle important dans la limitation de la diffusion de Si, formant des dots dans

un ordre aléatoire. Dans le cas de la couche Q75, la diffusion est moins susceptible d’être

affectée par les limites, conduisant à l’auto-organisation de boîtes quantiques de silicium.

Les différences observées dans l’organisation des boîtes quantiques ont également

une conséquence sur la conductivité électrique et les mécanismes de conduction associés.

Ils ont été évalués par des mesures courant-tension à température ambiante, et à basse

température. Les mécanismes de conduction montrent de la conduction par Hopping

qui dépend de la température pour les couches Q30 avec organisation aléatoire des

nanocristaux. Pour l’échantillon Q75, avec des nanocristaux ordonnés, la température n’a

pas d’influence sur la conductivité, représentatif d’une conduction tunnel. Cependant, la
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conductivité la plus faible est observée dans les couches Q75. Par effet, elle peut être attri-

buée à une distance entre nanocristaux bien plus uniforme, bloquant la conduction tunnel.

Par ailleurs, les mesures de capacité-tension démontrent l’élargissement de l’hysté-

résis sous éclairage qui peut être attribué à la génération des porteurs par la lumière

dans Q75. Ceci est un résultat positif pour l’intégration des nanocristaux de Si dans les

dispositifs photovoltaïques.

Des Monocouches aux Multicouches

Des monocouches épaisses d’oxyde enrichi en silicium permettent la formation non

contrôlée de boîtes quantiques dans une matrice de SiO2. Ce problème peut être

surmonté en utilisant des alternances de bicouches (multicouches) d’oxyde de silicium

enrichi et de SiO2. La distance entre les nanocristaux est désormais contrôlée précisément,

dans une direction de l’espace, par l’épaisseur de la couche de SiO2, et la taille des dots

est limitée par l’épaisseur de la couche d’oxyde de silicium enrichie.

Cependant, la fabrication à grande échelle de ces structures est difficile dans un

réacteur PECVD industriel, les vitesses de dépôt étant de l’ordre de 1 nm/s. Plusieurs

paramètres jouent un rôle dans le contrôle de la vitesse de dépôt et de l’enrichissement

de silicium.

Un Plan d’Expériences a été réalisé afin d’établir un modèle complet du second

degré, montrant l’influence des débits de SiH4 et de N2O, de la puissance du plasma, de

la pression de la chambre et du temps de dépôt sur l’épaisseur de la couche, la vitesse du

dépôt et l’indice de réfraction, ce dernier étant lié à l’enrichissement en Si de la couche.

Les autres paramètres comme le flux d’hélium et la distance inter-électrodes ont été

maintenus constants.

Le débit de silane et la pression de la chambre ont été identifiés comme étant les

paramètres dont l’influence est la plus grande sur le procédé de dépôt. Ces paramètres
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permettent de déterminer les conditions nécessaires pour obtenir l’épaisseur et l’enrichis-

sement désirées.

Des échantillons avec 10 bicouches (3 nm de SiOx et 1.5 nm de SiO2) ont été réa-

lisés et recuits à 1000, 1050 et 1100 ◦ C pendant 5, 20 et 60 minutes. Une analyse des

conditions de recuit montre des débuts de photoluminescence à partir de 1100◦C, dont

l’intensité augmente avec le temps de recuit. Les images TEM montrent également une

séparation visible de SiOx en Si et SiO2. Cependant, l’environnement du film joue un rôle

majeur dans la formation des nanocristaux. Nous avons observé que la photoluminescence

dépend fortement de l’épaisseur de la couche de SiO2, du nombre d’alternances dans les

multicouches etc. Ces différences peuvent apparaître à cause des contraintes existant

dans les boîtes quantiques, la quantité de silicium cristallin et de l’amorphe etc.

Caractérisations Optiques et Electriques des Nanocristaux de Silicium

Les nanocristaux de silicium avec des bandes interdites contrôlées ont été fabriqués en

utilisant des dépôts multicouches sur une grande échelle (sur des plaques 200 mm). Des

caractérisations électriques ont été réalisées avec des matériaux différents pour l’électrode,

pour s’assurer que la réponse est celle des boîtes quantiques et non celle de la jonction

métal-oxyde-semiconducteur. Les différentes électrodes utilisées sont d’aluminium, de

silicium polycristallin dopé B dans des dispositifs de type p-i-n, ainsi que l’électrode

transparente et conductrice (l’ITO) dans les dispositifs de type n-i-p.

En comparaison avec les monocouches épaisses, une mauvaise conductivité élec-

trique à température ambiante de moins de 10−14mΩ−1cm−1 a été observée dans les

multicouches. Cela peut être attribué à une distance trop grande mais uniforme entre

les nanocristaux, malgré un contrôle soigneux pendant le processus de dépôt. Cela se

produit car la taille des nanocristaux peut être plus petite que l’épaisseur de la couche

de SiOx ; ce qui augmente la distance effective entre les dots. De plus, un grand nombre

d’états d’interface et des défauts peuvent introduire des pièges dans les multicouches.

148



Résumé en Français

La conductivité électrique dans les deux types de couches est indépendante de la

température pour des champs faibles, et suit la conduction Poole-Frenkel pour des

champs électriques élevés. Les échantillons avec des électrodes d’ITO transparentes ont

ensuite été utilisés pour évaluer la réponse spectrale. La photosensibilité est améliorée

dans la région bleu-vert du spectre pour les multicouches, avec des efficacités quantiques

externes élevées allant jusqu’à 55 %. Les monocouches épaisses montrent une mauvaise

réponse optique, bien que leur sensibilité dans la région de longueur d’onde bleue-verte

est toujours présente.

Conclusion

Nous avons réussi à améliorer soit la conduction électrique, soit l’absorption optique dans

des couches de silice à nanocristaux de silicium. Ce sont des résultats positifs pour toutes

les applications photovoltaïques, mais il est nécessaire de travailler sur l’amélioration

simultanée de ces deux propriétés, qui sont exigées pour l’intégration photovoltaïque.
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