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ABSTRACT

This thesis describes experimental and theoretical research aimed at under-
standing and manipulating the growth and optical characteristics of Silicon nanocrys-
tals (Si-nc). Si-nc were grown by implg,nting silicon ions into SiO, and annealing to
pfomote the nanocrystal gronh by precipitation and QStwald ripening. This nano-
material system has the potential for fabricating & silicon—bésed.light emitter, and
possibly a silicon laser. A silicon-based light. emi'ttér ils thevkey compohént Iﬁiséing
for complete integratioh of silicon photonic devices on microprocessors. |

Samples were prepared with Variéus doses of iml;lanfed ‘silicon, annealed to
various temperaturés and times, and studied by i)hotoluminescence (PL), cathodo-
luminescence (CL), transmission electron microscqpy (TEM), positron annihilation
speét_roscopy (PAS), Rutherford backécatfering spectroscopy (RBS) and ellipsom-
etry. It was determined from the depth proﬁle of Si-nc obtained by TEM that
vacancy-type defects introduced by 1mp1antat10n play a critical role in the Si-nc
growth. Consequently, a double implant ex;;enment at 450 keV and 90 keV was
desxgned to increase the vacancy-type defect concentration in the region of the 90
keV implant, and resulted in increased PL,emission intensity. This knowledge of
the growth mechanism is beneficial for optimizing the light emission of Si-nc, while
minim.izing production coéts and resources.

A simple theoretical model to predict the spectrum of light emission from

the dimensions of Si-nc using a one-dimensional finite square well was constructed.
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The model reasonably predicted the PL emission spectrum for our Si-nc and for
thqse published by other aﬁthors. Using the model the 0ptical' efficiency of the
nanocrystals was determined and revealed a possible quasi-direct band gap transition
predicted for nanostructured materials. The simple emission model provides a tool
to understand the changes occurring to the Si-nc system through PL measurements.

Finally the PL and CL of Si-nc are discussed in detail. The knowledge obtained
on the g'rowthl and optic’al. properties of Si—nc was applied to explain the increase in
PL intensity With'impla,ntqtion dose, and the eventual decrease in intensity at very
high doses. The CL emission was af a dramatically differeht Wavelength than the

PL and was determined to be caused by defects at the surface of the Si-nc.

Keywords': silicon nanocrystals, quantum dots, ion implantation, growth mecha-~

nisms, optical properties
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CHAPTER 1

Introduction

1.1 Influence of Silicon Microeleétrbnics

The silicon microelectronic industry creates numerous products, for various
applications, that have :bec'ome cruéial to our daily routiilés. The majority of indi-
viduals use a personal computer at work or at home to check their e-mail, create
reports and presentations, access and analyze information, and for many other ap- |
plicatiohs. Cell phones are also ubiquitoﬁs, éllowing individuals to connect and
communicate with friends, family, or colleagues anywhere and at any time. These
_are just two examples of products that rely on integrated circuits, but it also high-
lights the impqrtance of these products in our daily lives. | _ |

The microelectronics industry’s success stems from a variety of factors. A crit-
ical factor is the use of silicon, awidely abundant material with excellént mechanical
and ﬁhermal properties that allows_for the easy processing and manufacturing of de-
vices [1]. The industry’s success is also due to the improved performance of every
new generation of products and the continued decrease in the cost per component.
The concept of continued improvement and cost savings has been called Moore’s
Law after Gordon Moore who in 1965 projected that the number of transistors on
a microchip would double every two years [2]. From the time when Gordon Moore

first observed this scaling trend, it has been the driving force behind the micro-
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Figure 1.1: Number of transistors on a microchip that demonstrates consistency with
Moore’s Law [3].

electronics industry’s development of smaller microchips with increasing numbers of
transistors, and is illustrated in Figure 1.1. The increased number of transistors has
improved the microchip’s computing power while maintaining a reasonable cost.
The current goals and benchmarks for the scaling of microchips are monitored
by the International Technology R;)admap for Semiconductors (ITRS). ITRS is an
organization comprised of five different semiconductor manufécturing regions inter-
ested in the sustained health of the industry through cost effective advancements
in integrated circuit performance [4]. In order to maintain Moore’s Law, the con-
sortium prepares every two years an updated roadmap outlining advancements in
equipment and processes, future challenges, and possible solutions fo these (;hal-

lenges. Historically the challenges to maintaining Moore’s Law have been in regards



to the transistors, but the consortium has for several years highlighted another
“problem, the intefconnects that link to thé transistors.

Interconnects link transistors tngether, ‘but as the number of transistors in an
integrated circuit increases, so too do the number of required interconnecting wires.
The current metallic interconnects on a microchip are comprised of two kilometers of
wire per square centimeter and a very complex architecture of twelve metallic levels
[5] This complexity and length of wiring produces delays in signal propagation,
tremendous power consumption (most of which is converted to heat), hea,ting_ of
the microchip, signal cross-talk, and signal latency. In addition, these problems
- are exacerbated by the continued scaling- down .of microchips to smaller sizes and
interconnect delays will be the foremost speed limiting factor in fufure integrated
circuits. In the ITRS’s chapter on interconnects the performance requirements will
not be met beyond 2010 [5]. However, a possible solution to the interconnect problém

is optical interconnects.

1.2 Optical Interconnects

Telecommunication systems have already been revolutionized by optical in-
terconnections, which unfortunately do not convert well into the dense, short dis-
tance environment of the integrated ciljcuit. The photonic devices fabricated for
~the telecommunications industry are dominated by III/V semiconductors that are
too large and ekpensive, and have poor material and fabrication compatibility with
silicon. As such, silicon photonics may be capable of bridging these gaps. The in-

frastructure and mature fabrication technology necessary for silicon photonics are



available, which reduces some of the implementation and fabrication costs associ-
ated with their production. Major microelectronic manufacturers are aggressively
pursuing microphotonics focused pfimarily on silicon [6]. |

Optical interconnects provide num_eroﬁs‘ édvantages over their metallic coun-
terparts. They reduce power consumption and heat dissipation, and they signifi-
cantly reduce crosstalk due to strong cohﬁﬁing waveguides and highly collimated
laser beams. In addition, RC delays aild_ signal propagation time would be reduced
because the signal would be carried by neutral photons. Optical devices can operate
at higher frequencies, which Would allow for increased bandwidth, higher ffequency
modulation (or bit rate), low distortion transmission, wavelehgth division multiplex-
ing, ult_ra—shbrt pulses, and compatibility with future high bandwidth technology [7].
Finally, the potential for ﬁbre optic cables to be directly connected to a personal
computer would be feasible.

In order to implement optical interconnects, three essential devices are re-
quired: a laser or LED; an optical modulator or switch; and a photodetector. Other
passive devices would also bé required, including waveguides, optical routers, and
optical switches [8]. The required components for the irriplementation of optical
interconnects are shown in Figure 1.2. These basic components, includirig photonic
integrated circuits, have been tested and employed, except for a Si laser, which
is a major limitation in integrating silicon photonics into microprocessing [9]. A
laser is preferred over a LED becﬁuse incoherent light from the LED is difficult to
focus and niay not be sufficient for dense, high speed interconnects [10]. It is dif-

ficult for silicon to emit light due to its indirect band gap, which has a tendency
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Figure 1.2: Si photonic devices required for the implementation of microphotonics into
integrated circuits [12].

for non-radiative recombination processes, particularly since the radiative process
has a longer spontaneous lifetime in the millisecond range [10]. As well, Auger or
free carrier absorption prevents population inversion or optical amplification in sili-
con. Therefore, material engineering is required for silicon to luminesce and to date,
the most successful attempts have been in silicon nanostructures that modify the

electronic properties of the free carriers [11].

1.3 Properties of Silicon

Silicon is an indirect band gap semiconductor, which means that the bottom
of the conduction band does not align with the top of the valence band as it does
in a direct band gap semiconductor (illustrated in Figure 1.3). In an indirect band
gap material, the excitation of electrons into the conduction band is a simultaneous

two step process whereby the electron absorbs enough energy to overcome the band



Figure 1.3: Direct and indirect semiconductors: (a) a direct transition with the emission
of a photon and (b) an indirect transition via a non-radiative process.

gap and a phonon is required to conserve momentum. In contrast, the emission of
a photon in a direct band gap results from the energy lost as an electron transitions
from the valence band to the conduction band. For indirect band gap materials,
the majority of transitions occur through recombination levels within the band gap,
which result in energy being given to the lattice as opposed to the emission of a
photon [13]. The inefficient emission of silicon is due to its indirect band gap, which
can be overcome through the use of nanostructured materials, such as porous silicon

or silicon nanocrystals.

1.3.1 Porous Silicon

A means to overcome silicon’s indirect band gap was accidentally discovered

¢
in the mid 1950’s by researchers at Bell Laboratories. The Bell Laboratories’ re-



searchers were attempting to polish silicon wafers electrochemically, but under cer-
tain conditions holes developed in the wafers. These une;fpected results were doc-
umented in a Bell Laboratories’ technical note and forgotten until the early 1990’s
when L.T. Canham postulated that large and numerous holes could result in quan-
tum confinement effects [14]. Canham’s hypothesis was supported When the porous
silicon material he was testing luminesced bright orange, which demonstrates a sig-
nificant blue-shift from the bulk silicon band gap energy in the near infrared.

- Canham’s discovery resulfed in significant interest in porous silicon, particu-
larly for the development of silicon optoelectronic devices and a silicon laser. How-
ever, interest waned as che'micalan»d mechanical instabilities, and difficulties forming -
electrical contacts proved problematic. Eventually interest shifted toward materi-
als that incorporated tI;e quantum confinement phenomenon of porous silicon into
a medium more amenable to engineering, such as silicon nanocrystals embedded
in silicon dioxide. Compared to silicon, silicon dioxide (SiO2) has a large band
gap, thus providing the potential barrier required for quantum confinement. As
well, both silicon and SiO, are éompatible with current complgmentary metal oxide

semiconductor (CMOS) technology [15].

1.3.2 Silicon Nanocrystals (Si-nc)'

Silicon nanocrystals embedded in SiO, exhibit strong luminescence at room
temperature and are of interest for the development of silicon photonic devices that
are compatible with silicon processing techniques. Since the discovery of intense

red luminescence from porous Si in 1990, extensive work has been completed on
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Figure 1.4: Fabrication of Si-nc using ion implantation to enrich the oxide layer.

the optical properties of porous Si and Si-nc [14, 16]. Since Si-nc are embedded
in a dielectric matrix, they are more appealing than porous silicon in regards to
device fabrication because they offer more surface stability and material rigidity
[/l Many techniques for fabricating Si-nc exist, such as sputtering [17], plasma
enhanced chemical vapour deposition [16], laser ablation [18], and ion implantation
[19]. In order for crystalline nanoclusters to form, annealing temperatures greater
than 1000°C are required [20].

In the work described in this thesis, ion implantation was utilized to introduce
excess silicon into SiC2 in order to form Si-nc. lon implantation was chosen because
it is a common CMOS process and allows accurate control over the amount of added
silicon. The required processing sequence for the fabrication of Si-nc through ion
implantation is illustrated in Figure 14.

The high luminescence of Si-nc is due to three distinct properties: quantum

confinement of free carriers; Brillouin zone folding and the uncertainty in momentum



space; and the difference in the refractive index between the medium and the dielec-
tric matrix. Quantum confinement increasé_s the overlap between the electron-hole
wavefunctions and enlarges the band gap. In addition, quantum confinement reduces
the probability of non-radiative centres iﬁ Si-nc as they decrease in size, which al-
lows more Si-nc to be optically ;active'[7]. Therefore, quantﬁrﬁ confinement improves
- the efficiency of the radiative processes. Brillouin zone folding was hypothesized by
Gnutzman aﬁd Clausecker [21] approximatély 35 years ago. They specuiated that
thin layers on the order of unit cell dimensions could fold the Brillouin zone re-
sulting in ‘Quasi—direct’ band gap structures. Direct band gaﬁ structures as already
mentioned are more efficient at emitting photons than indirect band gap structures.
As well, uncértainty in mdmentum space increases the more carriers are confined
spatially, relaxing the mo‘mentum conservation rulé or leading to optical transitions
not involving phonons (quasi-direct) [22]. Therefore, a quasi-direct transition would
increase the probability of light emission. The efficient emission of light from Si-nc
is also due to their surrounding matrix of SiO,, which has a lower refractive index
than silicon and allows for the greater extfac’t;ion efficiency of the light from the Si-nc
[9]. All the reasons reviewed above regarding nanocrystals improve the efficiency of

light emission from silicon, but there is another mechanism by which nanocrystals

can luminesce, discussed below.

1.4 Luminescence Mechanisms

In order for Si-nc to luminesce, they need to be optically or electrically excited.

Optical excitation requires a p.hotbn with sufficient energy to create an electron-
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Figure 1.5: Widening of the Silicon band gap with quantum confinement.

hole pair across the band gap. Electrical excitation requires an electric field large
enough for the electrons to overcome the band gap leaving behind a hole. However,
in optical excitation two radiative recombination mechanisms have been observed
and are highly debated [23-30]. The two radiative recombination mechanisms are

quantum confinement and interface/surface states .

1.4.1 Quantum Confinement

As the dimensions of the Si-nc become comparable with or smaller than the
exciton Bohr radius of bulk silicon (~ 4.3 nm) [31], quantum confinement effects be-
come evident. Quantum confinement produces discrete energy levels and widening
of the bulk silicon band gap (shown in Figure 1.5). Evidence of quantum confine-
ment was found in porous silicon with a blue-shift in photoluminescence for silicon
dimensions less than 10 nm in diameter, which suggests band gap widening [32].

Quantum confinement or spatial localization, as previously mentioned, results
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in several effects that improve the light emissidn of silicon. Spatial localization
enhances the overlap of electron and hole wavéﬁmctions, which increases the prob-
ability of electron-hole pairs recombining radiatively. Even though the electron and
hole can be located anywhere in bulk silicon, they becomé increaéingly localized
- in Si-nc minimizing the uncertainty in Az. According to the Heisenberg uncer-
tainty principle, the uncertainty in the wave vector, Ak, then increases with spatial
confinement. Therefore, adequate confinement can result in sufficient uncertainty
regarding the wave vector to allow quasi-direct transitions. However, there are sur-
face states that also 1u1ﬁinescence and can compete with quantum confinement, thus

complicating the system.

1.4.2 Interface/Surface States

It has been observed that porous silicon smaller than 2.8 nm in diameter does
not necessarily emit light according to the quantum confinement model [24]. M. V.
Wolkin et al. observed this phenomenon through photoluminescence (PL) measure-
ments of porous silicon samplés fabricatedl in an argon ambient and exposed to an
oxygen environment. The PL red—shifted after exposure to oxygeﬁ and this was more
noticeable for smaller nan§crystals than larger ones. The use of Fourier transform
infrared spectfosc0py (FTIR) on the samples demonstrated an increase in the trans-
mittance of the Si-O-Si bonds within the material, which increased with exposure to
bxygen and suggests increased Si=b bonds. Thé Si=O bond at the interface is an
effective radiative trap, attracting the electrons and holes at the surface where they

recombine radiatively. Therefore, the emitted energy from a small nanocrystal is
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affected by the Si=0 bond, whose energy deﬁendsonthe sta.bﬂlty of the bond and
is related to the size of the nanocrystal [24]. HoWever, Godefrop et al. [33] recently
completed PL measurements in .lvarge magnetic fields and determmed that Si-nc’s
annealed in hydrogen emitted light according to the quantum con.ﬁnemer_lt Iﬁodél.
Consequently, if samples are annealed in hydrogen, their emission will be dominated
by quantum confinement and a model to approximate the emission characteristics
can potentially be determined.

Several research groups haye investigated the emission energy of Si-hq usiﬁg
various theoretical approaches, such as the effective mass approximation [34], trun-
cated crystal method [34], direct molecular calculations [34], eﬁlpirical tight-binding
[35], empirical pseudo—potentidl [34, 36], and other methods. First pfinciples calcu-
lations generally overestimate the emission energy and the other theoretical methods
employ fitted parameters, which naturally results in good agreement [31]. As a re-
sult, some form of first principles calculation or model that can approximate the

energy of the Si-nc would be of interest to researchers.

1.5 Thesis Outline

This thesis focuses on experimental and theoretical work to understand the
growth and optical properties of silicon nanocrystals in SiOy. The chapters are laid
but as follows:

Chapter 2 reviews the six key experimental techniques utilized to understand
the growth and optical properties of Si-nc. The six experimental techniques were:

ion implantation; transmission electron microscopy (TEM); positron annihilation
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spectroscopy (PAS); Rutherford backscattering spectroscopy (RBS); photolumines-
cence (PL); and cathodoluminescence (CL). In addition to the discussion of the
techniques themselves, specific details regarding the unique experimental setups are
summarized.
| Chapter 3 focuses on the growth of the Si-nc embedded in SiO,. Along with
simulations, the TEM, PAS, RBS, and PL measurements were utilized to investigate
the ldcation and size distribution of the Si-nc in the SiO, matrix. The Si-nc size
.. distribution and location were found to be correlated with the vacancy-type defect
distribution introduced by the i;)h implantation.- Since a correlation between the
vacancy-type distributibn and Si-nc size distribution was observed, the manipulation
of the growth of the Si-nc using additional vacancies deliberately introduced, was
attempted. This manipulation was expected to affect the Si-nc’s optical properties
and verify the observed correlation. The manipulation of the Si-nc’s growth was
done using a double implant, whereby the first implant was deep in the SiO, film
and the second implant was sﬁallow in the SiO; film. The deep implant affected
the shallow implant’s vacancy-type defect distribution allowing larger nanf)crystals
to be grown, which should be observed in the PL measuréments. As hypothesized,
a significant change occurred in the PL émission, thus verifying the correlation
between the Si-nc’s growth and the vacancy-type defect distribution.
In Chapter 4 the optical properties of the Si-nc are examined and two first .
principle models are introduced: a one-dimensional ﬁnite square well and a three-
dimensional spherical well. The one-dimensional model approximated the emission

energy very well compared to the overestimation of the emission energy by the
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three-dimensional model. Although Si-nc are three-dimensional structures, there
is evidence in the literature to suggest that a_qne—dimensional model is applicable
to Si-nc. Through the application of the .onefdimensional model, the recombina-
tion strength or radiative emissjon eﬂiciéncy was determ.ined. The recombination
strength was verified through luminescent lifetime measurements and cbrrespond_ed
very well to the recombination strength results of superlattice structures, which are
considered one-dimensional structufes since the electron conﬁnemenf, is in one di-
mension only. As well, other published TEM size disi;ributions were examined using
the Qne—dimensional model and the Si-nc recombination strength to predict the PL
spectrum. Good agreement océurrea for distributions of smaller nanocrystals aﬁd
greater deviations occurred for larger distributions. Rationales for the observed
deviations are discussed.

Chapter 5 investigates the luminescence of the Si-nc through PL and CL mea-
surements. The processing steps that affect the PL intensity are reviewed, employing
the observations described in Chapters 3 ‘and 4 on the growth and .optica,l proper-
ties. These observations were applied in order to understand the rise and fall of
PL intensity depending on implantation dose and annealing temperature. The CL
measurements provided emission characteristics that were either caused by the ex-
citation of a second excited state or by the creation and excitation of defects. After
some experimentation and a literature review, the CL emission characteristicé were
concluded to be related to defects.

The final chapter summarizes the conclusions of each chapter and provides

suggestions for future work.
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CHAPTER 2

Characterization

2.1 Overview

This chapter describes the equipment and techniques utilized to investigate
the growth mechanism and luminescence of silicon nanocrystals (Si-nc). The key
techniques in determining the growth and lﬁminescence were ion implantation, trans-
mission electron microscopy (TEM), Rutherford backscattering spectroscopy (RBS),
positron annihilation spectroscopy (PAS), photoluminescence (PL), and cathodolu-
minescence (CL). Since the majority of these techniques are well established and
in-depth béoks have been written, only a bfief overview of each technique will be

given and specific details regarding unique experimental setups are provided. -

2.2 Ion Implantation

Ion implantation is a technique utilized in_CMOS technology to incorporate
dopant atoms into a target material in a very controlled and precise manner. Ioﬁs
are accelerated to thousands of volts and directed toward a target material creating
a cascade of damage until the dopant atom los$es all of its energy and comes to rest
in some location. The loss of energy and trajectory of the dopant atom is a random
process due to scattering events; but since a large number of atoms are implanted

the distribution of implanted ions can be determined. A Monte Carlo program,
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the stopping and range of ions in matter (SRIM)V [37], allows the distribution of
implanted ions to be simulated with fairly good accuracy.

The scattering events that create damage in the target material and the loss of
energy to the dopant atoms comes in the form of electronic énd nuclear interactions
or stopping powers as they are more _commonly’ known. Electronié stopping results
from the interactions between the implanted atoms and electrons in the Amaterial as
the atoms move through the target material. Nuclear stopping results from collisions
between implanted atoms and stationary target atoms, whereby the implanted atoms
loss energy through interactions with the electric field surrounding the nucleus of
the target aﬁom. The collisions betweeﬁ the implaﬁted and target atoms results in
the target atom being recoiled and the implanted atom continuing on a deflected
path. The recoiled target atoms leave behind empty spaces in the lattice, which are

called vacancies.

2.3 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a technique that examines ma-
terials on a small scale by exposing very thin samples to an electron beam. The
transmitted electrons are detected by a fluorescent screen and transferred to a CCD
camera that records the results as a digital image. The recorded iméges reflect the
interaction that occurred between the electrons and the material. From the collected
images some analysis can be performed which in oﬁr case was to determine the size
distribution of the Si-nc. In addition to the recorded images secondary signals are

produced by the electrons which can be used in analyzing properties of the material.
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Electrons are a type of ionizing radiation that produces secondary signals,

.........

which are useful in analymng propertles of ma,teria.ls such as chemical composi-

tion [38]. Two of the techmapes ,a‘ dle m_ the TEM enwronment that utilize

secondary signals are enery dmperswe X—ray spect fi‘f v (EDX) and electron en-

ergy loss spectroscopy (EELS) EDX examines charactenstlc X-rays to determine
the type of atoms present in a small region. Unfortunately, EDX complicates the
analysis by detecting X-rays produced by scattered electroné from atoﬁls ﬁot in the
region of interest. Therefore, EDX was used to.determine the approximate éhemica.l
composifion of certain regions in the SiO, film. EELS analyzes the energy lost by
electrons passing directly through the sample and can distinguish between atomic
species. A small energy window centered on the plasmon peak of an atom can en-
hance the features associated with that atom. This technique was used to determine
whether the obsérved particles were composed of silicon. To make use of TEM, thin-
ning the sample to approximately 25 nm thick is critical to achieving good contrast
between silicon and SiO,. Thinning the material to this thickness required delicate

techniques, which are not typically performed and are described in the next section.

2.3.1 Sample Preparation

The TEM samples were thinned through vertical milling using a Leo 1540
focused ion beam (FIB)/scanning electron microscope (SEM) cross beam. Vertical
milling is a sputtering process in which a Ga ion beam creates two wedge-shaped
trenches in the sample, thuslleaving a thin slice of material. Figure 2.1 demonstfates

the removal of the thin slice from the bulk material, which is thinned further and
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Figure 2.1: A TEM sample prepared using the FIB and being removed by the molyb-
denum nanomanipulator. The samples are further thinned with the Ga ion beam until a
thickness of approximately 25 nm.

imaged. Platinum was deposited on the sample surface prior to milling to protect
the surface layer and a molybdenum tip was used to remove and hold the samples.
Images of the vertically-milled samples were captured by a JEOL 2010 field emission
TEM/STEM with a Gatan electron energy loss spectrometer energy filter. The
captured images permitted the size distribution of the Si-nc to be determined as a

function of depth.

2.4 Rutherford Backscattering Spectroscopy (RBS)

Rutherford backscattering spectroscopy (RBS) is a method for determining a
thin film’s stoichiometry, impurity distributions, and areal density. RBS is quick,
easy, and is often a non-destructive method. As well, it has modest depth resolution

(10-30 nm) and the stoichiometric uncertainties are less than 1% [39]. The primary
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weakness of RBS is its poor sensitivity to light elements in heavy matrices.
Typically, an RBS spectrum is acquired by accelérating light ions (*H or “He)

td MeV energies and allowing them to elastically collide with target atoms in the

film. Through conservation of energy and momentum, the backscattered ions reflect

the target atom’s mass via the following expression

. 2
m2 — m?sin? )2 & my cosd
E, = E, (3 — mi sin’0)* & my

2.1
my + Mo ( )

where F, is the incident ion’s kinetic energy, @ is the angle through which the incident
ions are scatteréd, and m; and my are the incident and target atom masses. Since |
all other parémeters are known, the mass of the target atom cé.n Be determined.
Figﬁre 2.2 illustrates how RBS can be used to determine the atoms preseﬁt in an
experimental geometry composed of two target atom species and their stoichiometry
using Eq. 2.1.

Generally, RBS is utilized for relative measurements but the collected RBS
spectrum can be simulated if a known standard sample is also measured. The stan-
dard sample permits the unique parameters of the instrumentation to be determined.
A silicon substrate implanted with a known amount of bismuth was the standard
sample measured to obtain the parameters for the simulation program quantitative
analysis of Rutherford kinematics (QUARK) [40]. QUARK is capable of simulating
the stoichiometry, areal density (if the thickness is known), and thickness (if the
areal density is known). The main use made of QUARK in this work is the com-
parison of the simulated SRIM profile with the measured RBS spectra, discussed in

section 3.3.
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Figure 2.2: The upper image shows the experimental setup a.nd the bottom plot shows
the backscattered results [39].

2.5 Positron Annihilation Spectroscopy (PAS)

Positron annihilation spectroscopy (PAS) is a non—deé.tructive technique that
detects and differentiates between defects (e.g., vacancies, iroids, etc.) and a mate-
rial’s chemical composition from the near surface to the bulk of the material [41, 42].
Mono-energetic positrons from a radioactive sourbe, sodium-22 in our case, were im-
planted into the material and annihilated with an electron. Two or more gamma
rays of approximately moc? = 511 keV are created in order to conserve energy and
momentum. Due to the predominantly thermalized positrons, the detected gamma

rays indicate the momentum distribution of the electrons in the annihilation region.
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Positrons thermalize within picoseconds of entering a material and either dif—
fuse or become trapped at defect sites until annihilating with an electron. Once
within the material, positrons experience a potentia.l due to the Coulombic repul-
sion of atoms and thus only interact with conduction and/or core electrons [43].
In the absence of an atom or presence of an impurity, a potential minimum occurs
that attracts positrons and accounts for their sensitivity to defects. As a result,
the Wa{fefunction of a trapped positron collapses and then overlaps with that of an
electron. Since a defect’s electron density is lower than in a crystalline structure,
significant changes occur as positfons annihilate more often with low momentum
conduction electrons [43].

Another possible circumstance in which annihilation occurs is the formation
of hydrogen-like bonds between a positron and electron, called positronium (Ps).
Positronium generally occurs in either large, open volumes or near the material’s
surface where the concentration of free-electrons is low. Depending on the positron-
electron spin, two forms of positroﬁium exist: a pa.rallel spin or para-Ps (occurs 25%
of the time) resulting in the emission of 2 gamma rays and an anti-parallel spin or
ortho-Ps (occurs 75% of the time) which emits 3 gamma rays [42].

Observable differences in positron annihilation of either a delocalized, trapped,
or positronium state can be analyzed throﬁgh several methods, such as Doppler
Broadening, positron‘ lifetime, angular correlation spectrum, positronium fraction,
and centroid shift. This study relied on the Doppler Broadening spectrum method

and therefore, it will be the only technique described further.
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2.5.1 Doppler Broadening

The gamma rays emitted after a positron and electron annihilate emerge in
approximately opposite directions and are Doppler shifted due to the momentum
of the electron. The Doppler shift, plus "tvl-‘)_.e‘“"{"instrurrlient resolution result. in an
overall broadening of the annihilation pea.k and ‘this leads to the name Doppler
broadening [41]. Two parameters are often used to describe the annihilation peak;
S fof “sharpness” and W for “wing”. The S-parameter is defined as the number of
counts in the centroid of the spectral peak divided by the total number of counts in
the peak, as shown in Figure 2.3. The W-parameter refers to the number of counts
iﬁ the wing region of the peak divided by the total number of counts in the peak,
also shown in Figure 2.3. |

A simple relationship between the S- and W-parameters exists using the
Doppler Broadening method. Annihilation With»a‘ slow moving electron has the
effect of narrowing the peék with more counts in the centroid, resulting in a large
S-parameter value and small W-parameter value [41]. Thus, valence electrons are
reflected in the S-parameter a,nd-core electrbns are reflected in the W-parameter.
The S and W regions are selected to bbta.in the best statistical results and the
PAS spectrum is often normalized for compafisons between different experimental

arrangements and samples.

2.6 Photoluminescence Spectroscopy (PL)

Photoluminescence spectroscopy (PL) is a technique in which a material sam-

ple is illuminated by a laser and a spectrum of light emitted from the sample is
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Gamma Ray Energy (keV)

Figure 2.3: A typical gamma ray energy spectrum due to positron annihilation showing-
how the s- and TT-parameters are calculated. The ¢'-parameter is determined by dividing
the number of counts in the centroid of the spectral peak (region A) by the total number
of counts in the spectral peak (region C). The W'-parameter is determined by dividing the
number of counts in the wing region of the spectral peak (region B) by the total number

of counts in the spectral peak (region C).
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collected. The photon energy erm a laser is equal to or greater than the band gap
of a material and can excite valence electrons across the band gap into a higher
energy state. The electron’s return transition from this higher energy state to its
initial energy state can either occur as a radiat‘ive- or non-radiative process. Radia-
tive processes result in the emission éf a photon of energy equal to the difference in
energy between the higher and initial states. A non-radiative procéss results in the
electron returning to the initial state without the emission of a photon and heat is
typically transferred to the system.

The PL emission wavelength and intensity are strongly correlated with the
absorption process of the pump laser’s photons. This précess is greatly affected
by» the material’s band gap being direct or indirect. Since the laser’s photons have
significantly less momentum than the valence electrons, the electrons absorb thé
energy without altering their wavevector [44]. Therefore, direct band gap materials
can easily absorb the photons’ energy and excite the electrons into the conduction
band. However, indirect band gaps require the assistance of a phonon to provide the
additional momentum to excite the electrons into the conduction band as shown in
Figure 2.4. Due to the additional phonon, the indirect band gap materials are less
likely to absorb incoming photons and consequently, less likely to emit photons.

An exciton is a form of absorption and is one of the probable reasons Si-nc can
emit light more efficiently [7]. When electrons are excited to a higher energy state .
by the incoming photons, a hole is left behind in the valence band. By definition a
hole is the absence of an electron and attracts the electron through Coulomb forces

creating a bound hydrogen-like state. Once the exciton collapses, the electron and
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Figure 2.4: Excitation of a direct and indirect band gap material by a pump laser [45].

hole can either recombine radiatively or non-radiatively.

The majority of the PL measurements were performed at room temperature
with the excitation provided by a 17 mW He-Cd laser operating at a wavelength of
325 nm. The effective power density of the pump laser on the sample was approx-
imately 0.64 W/cm2. The emitted light was analyzed by an Ocean Optics S2000
spectrometer with a large spectral window from 350 - 1000 nm. All of the spectra

were corrected for the system response.

2.7 Cathodoluminescence Spectroscopy(CL)
Cathodoluminescence spectroscopy (CL) is a technique to excite a sample by
bombarding it with electrons in the keV energy range and collect a spectrum of

emitted light. A process similar to PL occurs in the excitation of electrons. The
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incident electrons impart enough energy to the material’s native electrons to excite
them into the conduction band, which results in holes in the valence band. The
“excited electrons \th'en recomb.in‘e with the holes to emit a photon or return back
to their origiﬁal state. Exciting the valence band electrons in this manner can
potentially prdduce defects in the material because of impact ionization.

There are typicaily f,wo types of CL arrangements. The first option uses a
cold cathode electron gun to supply the incident electrons and the second option
has the electrons produced frofn a heated filament typically in a scanning electron
microscope (SEM) The electron gun cé,n usually provide higher current densities
on the samples, which means the excitation or luminescence is stronger. However,
this process will result in greater damage to the sample. The heated filaments
in a SEM produce weaker current densities, which results in less damage and the
current density can be controlled more effectively. Both types of CL ai‘rangements
were utilized in the analysis of the sample’s luminescence with slight differences
occurring. The results are discussed further in section 53

In the first CL arrangement where the Si-nc were excited by a cold cathode
electron gun manufactured by Relion Industries, the light was coupled out Qf the
vacuum chamber by a fibre optic light guide into an Acton Spectra Pro 2150i dual
grating monochrometer. The second CL arrangement excited thé Si-nc by a heated
filament in a Cambridge Stereoscan 200 SEM, where the light was coupled out by .
a fibre optic cable to an EOS spectrometer.  The CL emission collected from both
arrangements were not corrected for the system response, but the spectra will not

be affected significantly.
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CHAPTER 3

Silicon Nanocrystal Growth

3.1 Overview

The mechanism that mediates the growth and size of silicon nanocrystals (Si-
nc) is important as it determines their photon emission energy and the probability
that radiative transitions will occur. Through transmission electron microscopy
(TEM), Rutherfordv backscattering 'spéctroscopy (RBS) and positron annihilation
spectroscopy (PAS), the growth of Si-nc was determined to be affected by the
vacancy-type defect distribution introduced through the implantation process. This
chapter describes and discusses the results obtained from the three techniques men-
tioned above, the correlation between the growth and vacancy-type defect distribu-
tion, and an experiment supporting that correlation.

It also needs to be mentioned that the annéa,ling gas affects the growth of Si-nc
and this will be briefly discussed.‘ The most common gases used during the annealing
process are nitrogen and argon. At temperatures greater than 1000°C, nitrogen can
dissociate and be incorporated into the film’s chemistry, while argon remains inert.
The incorporation of nitrogen is likely to create an oxynitride ﬁlm on the Si-nc
surface, which has the effect of maintaining the nanocrystals’ size after the initial
growth [46]. Conversely, argon allows the continued growth of the nanocrystals, but

at a slower rate.
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3.2 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a technicjue to observe materials
on a small scale. Particles were observed in the TEM images, and the composition of
the particles was determined to be silicon by energy dispersive X-ray spectroscopy
(EDX) and electron energy ldss spectroscopy (EELS). The effects of the electron
beam on the sample used to obtain the TEM images was also investigated and
concluded to be negligible. Therefore, the TEM images were capable of yielding the

size distribution of the Si-nc as a function of depth within the oxide film. The size

distribution indicated a correlation between vacancy-type defects and Si-nc size.

3.2.1 Sample Composition

The chemical composition of particles detected in regions suspected of contain-
ing Si-nc must be determined. The particles’ composition was ascertained through
two methods in the TEM environment. The first method, energy dispersive X-ray
spectroscopy (EDX) was utilized to analyze the different SiO, film regions and al-
lowed for a loose identification of the elements present. The other method, electron
energy loss spectroscopy (EELS) was used to directly determine whether the par-
ticles were composed of silicon. The analysis stemming from these two methods
resulted in an identification of silicon particles in the TEM images. The specific
process for identifying the sample composition is given below.

The analysis was initiated by analyzing the different elements present in the
film using EDX, which examines characteristic X-rays of atoms. An example EDX

spectrum taken from near the surface of the oxide layer is illustrated in Figure 3.1
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Figure 3.1: Energy dispersive X-ray spectrum of the SiO, film near the surface.

and the compositions are summarized in Table 3.1. There were seven atomic species
present in the film: Be, C, O, Si, Ga, Mo, and Pt. Although Be and Mo atoms should
not be present in the film, they were detected by EDX becauée' scattered electrons
from the film interacted with the Be TEM sample stagé, and from both the Mo
nanomanipulator hoiding the sample and the rings clamping the nanomanipulator
—‘to the TEM stage. Similarly, C is present throughout the TEM system making it
difficult to distinguish between the sample and the environment. Consequently, Be,
Mo and C were excluded from Table 3.1 and the majority of the remaining material
was composed of O and Si, with trace amounts of Ga and Pt. The 'trace amounts
of Ga are due to the ion beam used to thin the TEM sample and the Pt is due to
the protective layer deposited before the thinning of the TEM sample. Thus, the

concentration of C, and particle composition (O, Si or C) required further analysis.
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Table 3.1: Atomic percentage of elements present in different regions of the SiO, film
using energy dispersive X-ray spectroscopy (EDX). . -

O0(%) Si(%) Ga(%) Pt (%)
Near the Surface 63.10 36.34 0.24 0.32
Middle of the film 65.48 34.31 0.07 0.15
SiO,/Si interface  65.27 34.56  0.13 0.05

Given that the possible elements in the sample were a.scérta.ined through EDX,
EELS was utilized to détermine the actual eleméntal composition of the sample’s
pa,rticles. EELS axialyzes the energy lost by electrons passing directly through the
sample, which make it sensitive to the elemepts in a particular region. EELS’s
- sensitivity to the presence of carbon in the material is greater than EDX and the
amount of carbon was determined to be negligible. As such, the particles were either
composed of oxygen or silicon or a combination of the two. To distinguish between
the two species in the TEM images, a small energy window of 4 eV was moved
from the silicon plasmon peak to the oxygen plasmon peak. The modification in
the window’s position‘wa.s evident at the interface between the SiO, and Si by an
inversion of the image’s grey scale as shoWn in Figure 3.2. The same effect occurred
in the region where nanocrystals were observed. Therefore, the particles observed
in the TEM images were composed of silicon and only the effects of the electron

beam on the sample needed to b‘e established.

3.2.2 Electron Beam Effects

Electron beam damage must be discussed when employing TEM because at

high doses of electron irradiation SiO, can lose oxygen, the silicon can aggregate
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Silicon Substrate

Figure 3.2: EELS with a 4 eV window centered on (a) the silicon plasmon peak of 17
eV, and (b) the Si02 plasmon peak of 22 eV.

through heating of the sample [47], atoms can be displaced due to the high energy,
and material can be sputtered from the surface [38]. Sample heating was not a
concern because the field emission gun (FEG) only heats Si02 by less than 1 Kelvin,
as shown in Figure 3.3, which is not enough heat to affect the growth and size of the
Si-nc. At an acceleration voltage of 200 kV, the electrons’ maximum transferable
kinetic energy can impart enough energy to displace and sputter both silicon and
oxygen atoms (summarized in Table 3.2). The maximum transferable Kinetic energy

was calculated using the following expression [48]:

2maE (E + 2mec2)
[(ma + me)2c2 + 2mak;]

where m a is the atomic mass, m e is the mass of an electron, c is the speed of light, and
E is the accelerating voltage. Therefore, the beam’s effects were tested by exposing
a region in the oxide layer to 200 pA/cm2 for more than two minutes, which imparts

a dose greater than 2.4 x 10~8 C/cm2. A subtle change in the contrast was observed
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Table 3.2: Comparison of maximum transferable kinetic energy (Emqc) with the dis-
- placement and sputtering energies at 200 kV. The displacement and sputtering energies
were taken from SRIM [37].

Element E,,.. Displacement Energy Surface Binding Energy

(eV) (eV) | (eV)
Si 18.68 15 _ 4.71
O 32.79 28 2
FEG Source Thermionic Source ‘
1000 - e Ty
AT (K) ' k=041 / /:
J . k=1 ‘ 4
100 + ) : -
3 : Insulators / k=10 3
] (eg polymers) ]
/]
k=100
10 Ceramlw E
3 (eg., SlO) 4
Metallo;ds
'3 eg ®)
/ Metals
(eg Cr)
0.1 — T T T
10™ 10° 10°® 107 10° 10°

Primary Beam Current ip (A)

Figure 3.3:  The increase in temperature of the specimen as a function of the specimen’s
thermal conductivity ¥ [Wm~'K~!] and the beam’s current [38].

in the exposed region of Figure 3.4. However, it would have taken 16 hours to impart
the same dose with the 0.4 pA/cm? flux used to capture the TEM images. As well,
both EDX and EELS measurements were performed after the TEM images were

taken, which reduced the exposure to the sample further. Therefore, the beam’s |
damage on the sample would not have significantly affected the TEM images and

the silicon particle size distribution could be analyzed.
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Figure 3.4: Damage caused by the electron beam at 200 pA/cm2. The damaged region
is contained within the circle.

3.2.3 Silicon Nanocrystal Size and Location

The location and distribution of Si-nc was determined by collecting and an-
alyzing TEM images from consecutive depths within the sample. The mean and
median Si-nc sizes were calculated from two different regions to enhance the statis-
tical analysis. Particles were rejected from the analysis if they lay on the image’s
border or if their circularity was not between 0.5 and 1 (where 1 is a perfect circle).
A circularity of 0.5 was chosen in order to reject particles that overlapped from
the analysis. Typically 3 to 4 particles were rejected per TEM image containing
approximately 60 particles. Table 3.3 summarizes the mean and median Si-nc sizes
as a function of depth where each TEM image covers approximately 30 nm x 30
nm, and the image sequence is outlined in Figure 3.5. The Si-ncs increase in size the

further they are from the sample surface until 135-180 nm (image 4), after which
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Table 3.3: Median and mean Si-nc size as a function of depth for a 430 nm thick
oxide layer implanted with 1.4 x 10'7 silicon ions/cm? (20 at.% excess Si) and annealed
at 1070°C for 3 hrs. The TEM image locations are illustrated in Figure 3.5, and the
uncertainty in the mean diameter is the standard error and not standard deviation.

TEM Image SiO, Median Si-nc  Mean Si-nc

Location Depth Diameter Diameter
(nm) (nm) -{nm)
1 0-45 1.71 1.77 £ 0.05
2 45 - 90 1.79 1.82 £+ 0.05
3 90 - 135 1.82 1.86 &+ 0.05
4 135 - 180 1.61 1.67 + 0.04
5 180 - 225  Too small to distinguish

depth the size decreases. By image 5, the Si-ncs are too small to distinguish and in
the unimplanted oxide region (beyoﬁd ~250 nm) no Si-nc are visi‘ble, which either
means that there are no Si-ncs or that they are much smaller than 1 nm.

In view of the relatively small diffusivity of silicon in SiO, [49], these results are
surprising since one might reasonably anticipate that the Si-nc distribution would
follow the Si ion implantation profile. Examining Figure 3.5(a), it would be expected
that regions 3 and 4, and regions 2 .and 5 exhibit a similar concentration and size
of Si-nc due to a similar density of irhplanted silicon. However, Table 3.3 demon-
strates that this is not the case. To explain the existence of such large Si-nc near
the surface of the sample requires cénsideration of factors other than the density of
implanted silicon. Ion implantation creates defects of various types in SiO,, includ-
ing vacancy-type defects and vacancy clusters, which decrease in concentration with
increasing annealing temperature and time. The vacancy-type defect and implanta-
tion profiles simulated by SRIM are plotj:ed in Figure 3.5(a). These profiles reveal

that the primary vacancy-type defect distribution is broader than the implanted ion
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Figure 3.5: (a) SRIM simulation of the implantation and vacancy-type defect distri-
butions for a 90 keV implant plotted along with the mean size of the Si-nc determined
from TEM. (b) TEM images including an outline indicating their location and orientation
relative to the oxide film and the surface. The TEM samples were implanted at 90 keV
to a dose of 1.4 x 1017 ions/cm2, and annealed at 1070°C for 3 hrs.

distribution and reaches its peak concentration closer to the surface.

In Figure 3.5(a), a strong correlation between the distribution of vacancy-
type defects and the distribution of Si-nc is observed. Similar results of Si-nc in
close proximity to a sample’s surface were observed by Brongersma et al. through

a process of iterative PL measurements and etching [50]. Their Si+ implant at
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an energy of 35 keV did not permit a clear distinction between the vacancy-type

“defect distribution and the profile of implanted ions, which did not alléw them to
observe the importan(;,e. of vacancy-type defects on the growth of Si-nc. However,
luminescence was observed from: (i) Si-nc near thé surface of the sample; and (ii)
smaller than expected Si-nc deeper in the sa,mplebwith ﬁ high supersaturation of
silicon. This supports the correlation of the Si-nc size diStribufion with the vacancy-
type defect distribution.

Solidifying the correlation between the Si-nc size with the Vacancy-typé defect
distribution required further measurements of the implant profile and the vacancy-
type défect di‘stribution. The implant pfoﬁlevcan be verified through RBS measure-
ments discussed in the next section, which confirmed the presence of excess silicon
in the oxide layer and with a depth distribution very similar to the SRIM simula-
tion. Similarly, the vacancy-type defect distribution can be determined through PAS
ineasurements, discussed in section 3.4, which demonstrated a broad vacancy-type

defect distribution centred around 100 nm (éonsistent with SRIM).

3.3 Rutherford Backscattering Spectroscopy (RBS)

The stoichiometry of the films was examined by Rutherford backscattering
spectroscopy (RBS). In particular, the silicon ion distribution before and after an-
nealing was compared to the simulations obta;ined by SRIM through the modeling‘ _
program QUARK [40]. The results from QUARK demonstrated the consistency

between the simulated SRIM ion distribﬁtion and RBS measurements. Also, neg- |

ligible change in the ion distribution occurred after annealing the sample, which is
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consistent with the small diffusivity of silicon in SiO, [49].

3.3.1 Silicon Ion Distribution

The RBS measurements were performed on thé films after every processing
stage in order to observe the stoichiometric changes. In Figure 3.6, observable
differences occurred vin the silicon and oxygen composit’ibﬁ of the SiO, between the
reference sample and both the implanted and annealed samples. This difference is
the result of the implantation of silicon ions into the oxide, which can be simulated
by SRIM.

Incorporating the SRIM simulation into tﬁe QUARK modeling program re-
sulted in excellent agreement with the RBS experiments (Figure 3.6). Subtle dif-
ferences in the thickness of the films were evident by ellipsometry measurements
but were harder to distinguish in the RBS results. Therefore, one sample partially
masked from the implantation was produced in order fo measure the film expansion,
by atomic force microscopy (AFM).‘ It was established that the implanted side was
approximately 6 nm thicker than the non-implanted side, thus the sputtering from
the film was not significant. As well, the difference between Figure 3.6 (b) and (c)
in the implanted region is minimal, which is expected due té the small diffusivity of
silicon in SiO; [49]. Thus, the simulated SRIM profile of the silicon ion distribution

predicted the experimentally measured implanted silicon ion distribution very well.
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Figure 3.6: The RBS measurements were performed with a 2.25 MeV “Het beam.
The noisy curves are the experimental results and the smooth curves are the QUARK
models. The samples were implanted at 90 keV and a dose of 1.4 x 107 ions/cm?. (a) is
the reference SiOg, (b) is the implanted sample where the QUARK model uses the SRIM
simulated implantation profile, and (c) is the implanted sample after it has been annealed.
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3.4 Positron Annihilation Spectroscopy (PAS)

The vacancy-type defect distributions were probed by positron annihilation
spectroscopy (PAS). The PAS results confirmed the SRIM simulated vacancy-type
defect distribution. As well, both PAS and PL measurements pi‘ovided additional
evidence regarding the role of vacancy-type defects in the formation of Si-nc with
the concomitant rapid reduction of defects and rapid growth of Si-nc. These results
would indicate that the vacancy-type defects facilitate the silicon atom diffusion

required for the growth of Si-nc.

3.4.1 Vacancy-T&pe Defegt Distribution
- Defect distributions of implanted material can be qualitatively measured using
PAS. Theré are several defect species that can be formed in SiO; by ion implantation
[51]: peroxy radicals; E’ centres; non-bridging-oxygen hole centres (NBOHC); and
vacancy-type defects. Peroxy radicals are most often observed in oxygen rich SiOs,
making them less likely to be defected in a silicon rich film {52]. However, E’ centres
are most often found in silicon rich SiO; [53], but they are positively charged and
therefore, very inefﬁcieﬁt at trapping positrons. The final two defect types, NBOHC
and vacancy-type, are the resuit of the implanted ions’ two stopping mechanisms,
electronic and nuclear [54].
Initially, the implanted silicon’s ionization effect (i.e., electronic stopping)
knocks off valence electrons creating NBOHC defects, which reduce the S—parameter
value due to the lack of valence electrons and the annihilation of positrons with oxy-

gen core electrons [55]. Such results have been observed by Knights et al. [56] for a
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Table 3.4: Electronic and nuclear stopping powers for different silicon implant energies
tabulated by SRIM.

Energy d—f— Electronic El% Nuclear
(keV) (MeV-cm?/mg) (MeV-cm?/mg)

25 0.6411 1.936
90 0.9067 1.683 -
90 1.255 1.387
100 1.317 1.330
250 1.804 0.8553
500 2.674 0.5657 -
1000 4.635 0.3556
1500 6.279 - 0.2661

high energy implant of 1.5 MeV where the dominant stoppiﬁg power was électronic
(see Table 3.4). Finally, the implanted silicon kpocks ofher atoms away from their
location (i.e., nuclear stopping), which leaves vacancy-type defects that increase the
S-parameter because in open-volumes the positrons have a higher probability of
encountering slow moving valence eléctrons [65]. If the vacancy-type defect is large
enough, positronium can form and be observed [41].

The majority of the implants were performed at 90 keV, where the two stopping
mechanisms were roughly equivalent as shown in Table 3.4, which indicates that both
types of defects should be present and affect the S-parameter value. Ih Figure 3.7,
PAS measurements for three different implant doses demonstrated an S-parameter
value greater than the initial material, and which increased with ion dose. As
well, Figure 3.8 demoﬁstrated that the raw data spectrum for the as-implanted
sample had a higher peak in the S-parameter window and a lower peak in the W-
paraineter window compared to the reference SiO, film. These results indicate that

the positrons are annihilating with slower moving valence electrons and less with
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Figure 3.7: S-parameter results of as-implanted samples implanted at 90 keV and various
doses in a 430 nm thick SiO film. The lines are to guide the eye.

core electrons, which is chafacteristic of vacancy-type defects. Ghislotfi et al. [52]
performed a comparable experiment with similar results at high doses; but at lower
implant doses they measured a decreased S-parameter value, signifying the presence
of NBOHC defects. Nonetheless, the résults at lower doses from Ghislotti et al. [52]
| still possessed a distribution of‘ S-parameter value versus depth of éimilar shape andr
location to the vacancy-type defect distribution.

It was suggested by Ghislotti et al. [52] that the distribution and the increased
S-parameter value for high ion doses was related to the higher concentration of Si-
atoms. The PAS and RBS measurements contradict this suggestion. In Figure 3.9, |
a dramatic reduction in the S-parameter value occurred after a 10 s anneal. This

result does not reflect the consistency in stoichiometry of the material between the
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Figure 3.8: Raw data spectrum at 3 keV comparing the reference SiOs with the as-
implanted, 10 s anneal and 30 min anneal at 1170°C of a sample implanted with a dose
of 1.4 x 10'7 ions/cm?. The data have been smoothed for clarity.

as-implanted and annealed samples (Figures 3.6 (b) and (c)). As well, in the PAS
measurements the peak is located approxima,tely at 100 nm, which is closer to the
depth of the peak vacancy-type defect concentration than the peak ion concentra-
tion. Therefore, the change in the S-parameter is likely not stoichiometry related
but vacancy-type defect related.

The present data demonstrate that the location and size distribution of Si-nc
closely resembles the distribution of vacancy-type defects rather than the profile
of the implanted Si ions. This suggests that the Ostwald ripening process, where
larger Si-nc grow at the expense of smaller‘ ones [58], may be mediated by vacancy- |
type defects. The relationship between ripening and vacancy-type defects can be

inferred through the PL and PAS measurements. Figure 3.9 illustrates the positron
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Figure 3.9: S-parameter results showing the reduction of vacancy-type defects after a
short anneal time and the appearance of Si-nc after a longer anneal time in a 430 nm
thick SiO, film implanted at 90 keV and a dose of 1.4 x 107 ions/cm?. The lines are
fitted results of the collected experimental data using POSTRAPS [57] and the model is
discussed in Appendix A.

annihilation S-parameter value versus mean positron implantation energy and depth
for samples at vé,rious processing stages. The S-parameter value (iecreases from
1.02 to 0.99 after a 10 s anneal at 1170°C. The lower value approaches the S-
parameter value of the SiO, prior to 1mplantat10n, .denoting a rapid reduction in the
concentration of vacancy-type defects; |

PL measurements demonstrafe the concomitant and rapid evolution of Si-nc
at the high temperature. The data preséﬁted in Figure 3.10 reveal that the peak
wavelength, an indication of the Si-nc size, ddes not change significantly beyond 2
minutes of annealing. Garrido Fernandez et al. observed similar rapid precipita-

tion or formation of Si-nc using Fourier transform infrared spectroscopy and x-ray
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Figure 3.10: Progression of the photoluminescence peak wavelength for various implant
doses. The apparent blue shift in the peak PL wavelength from 10 s to 2 min for the 1.4
x 10'7 ions/cm? sample is not reliable and is due to the progressive increase in detector
noise above 800 nm, which skews the peak PL wavelength to a higher value for very low
intensity samples.

photoelectron spectroscopy [59]. The results parallel the behaviour of the PAS S-
parameter (i.e., a significant change during short annealing times). The correlation
between the rapid reduction in vacancy-type defect concentration observed in the
PAS measurements and the stabilization of peak PL Waveléngth after only 2 minutes
of annealing, is once more consistent with the suggestion that vacancy-type defects
play a significant role in the formation of Si-nc. One possible mechanism for this
correlation is that vacancy-type defects facilitate the silicon atom diffusion required
for ripening of the Si-nc.

Since it has been established that the PAS results are associated with vacancy-

type defects, the results must be compared to the SRIM simulated va;ca,ncy—type'
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defect distribution shown in Figure 3.5. The SRIM simulatiqn and PAS measure-
ments are plotted in Figure 3.11 and produce comparable distributions and corre-
lated peaks. The simulation and measurement data are similar on the left side of the
distribution and deviafe on the right side. Nevertheless, the slight deviation on the
left side is likely due to the positrons diffusing to the éurface at low positron implant
energies, thus lowering the S-parametér value. The deviation on the right side of
the distribution is likely attributed to a combination of two factors. First, as the
positron implant energy increases, the posjtron depth distribution broadeﬁs hand the
S-parameter is sampled from a wider region of the film. Secondly, the large number
of vacancy-type défects near the surfa,Cé;\ of the film trap more positrons than the
unimplanted SiO,. Therefore, as the poéitrcn implant energy increases, the broadly
distributed positrons are more Iikelj to 1a>nnihilate in the region containing vacancy-
type defects rather than in the unimplanted region. This would generate a wider
tail on the right side of the S~parameter distribution results.

Based on the PAS measurements and analysis presented above, the observed
distribution is due to vaca.ncy—type defects. As well, the concomitant rapid evolution
of the vacancy-type defects and PL :pea;k wavelength further supports the correlation

of the Si-nc size with the vacancy-type defect distribution.

3.5 Verifying Vacancy-type Defect Correlation

If the hypothesis regardiﬁg the role of vacancy-type defects in Si-nc growth
is correct, it should be possible to manipulate the emission properties of Si-nc con-

tained within an oxide matrix via defect engineering. To test this hypothesis, three



46

-
o

0.8 -

0.6 0.98

0.97
0.4 -

0.96

Normalized S-Parameter

Normalized Defect Concentration (a.u.)

0.2 - :
- \acancies \
- = -Electronic Stopping N 0.95
00 —0O— PAS Measurement >
. - T ' T ' - ' ; .
0 50 100 150 200 250

Depth (nm)

Figure 3.11: SRIM simulation of the vaéancy—type defect profile (nuclear stopping) and
ionization (electronic stopping), and PAS measurement for a 430 nm SiOs film implanted
at 90 keV. The PAS results are from a sample implanted with a dose of 1.4 x 10'7 ions/cm?.
The depth for the PAS measurement is the mean depth of the implanted positrons and
not an absolute depth.

samples were prepared using implantation of a 965 nm thick SiO; film. Sample A
was prepared using a single Si ion implant with a projected range of 650 nm (im-
plantation energy of 450 keV and a fluence of 1 x 10'7 ions/cm?), while sample B
had the Si ions implanted at a shallower projected range of 130 nm (implantation
energy of 90 keV aﬁd a ﬂuence‘ of 3 x 108 ions/cm?). The third sample, C, was
implanted first at an energy of 450 keV and then at 90 keV, with the same doses
as for samples A and B. The SRIM simulated profiles of the implanted Si ions and

the associated vacancy-type defects are shown in Figures 3.12(a) and (b). All three
samples were annealed in nitrogen at 1070°C for 3 hrs and passivated at 450°C in

forming gas. Forming gas passivates the interface with hydrogen and allows the
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quantum confinement emission fo be the dominant emission characteristic [33].
Depending upon the mechanism driving the growth of the Si-nc, the following
three statements regarding the emission properties of the samples can be made:
(i) if the size, number, and location of the Si-nc were determined solely by the im-
planted Si ion profile, then the éum of the PL ‘spect'ra from the two control samples,
A+ B, should resemble the spectrum for the dual implanted sample C. The results
would be due to the low diﬁusivity of silicon and the separation of the implant pro-
files in Figure 3.12(a), in essence making thein independént of one another;
(i) if vacancy-type defects impact the growth of Si-nc, then in sample C' the PL
shape should be comparable to sample A and the intensity should increase compared
to sample A. This would be a direct consequence of the number of vacancy-type
defects in the 90 keV implanted region shown in Figure 3.12(b) doubling to a con-
centration similar to the 450 keV implantation region or the Si-nc size distribution
being comparable in both regions;
(iii) if statement (ii) is correct, then the peak emission wavelength for sample C
should red-shift compared to sample B but be ‘limited in its red-shift to a value
less than the peak Wavelength‘ for sample A, because the peak vacancy-type defect
concentration in the 90 keV region of sz/a,mple C is less th;an the peak vacancy-type
defect concentration in the 450 keV region.
The PL results shown in Figure 3.12.(c) and summarized in Table 3.5 indicate
that the PL intensity for sample C is nearly twice that of sample A, with a similar
shape to sample A in accord with statement (ii). Further, lthe peak wavelength

shifted according to the arguments presented above in statement (iii). However,
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Figure 3.12: SRIM simulations of a 450 keV implant at 1 x 10'7 jons/cm? and a 90 keV
implant at 3 x 10! jons/cm? where (a) is the relative normalized ion concentration, (b)
is the relative normalized vacancy-type defect concentration, and (c) is the relative PL
intensity of the samples. The PL intensity of the sample implanted at 90 keV is multiplied
by a factor of 10 for clarity.
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Table 3.5: Summary of the peak wavelength and corrected PL intensity for the samples
shown in Figure 3.12(c). The PL intensity was corrected for the system response.

Sample  Peak Wavelength Corrected PL

(nm) Intensity (a.u.)
450 keV 784 159
90 keV 27 1.3
450 & 90 keV 777 , 26.9

before any conclusions are made the slight difference in absorption and reflection of
the pump beam for the different sampleé needs to be considered.

We can approximate the intensity of the pump beam using transfer matrices
often used to calculate the optical response of multilayef structures [60, 61). The
relationship between the electric and magnetic vectors of a single layer with the

incident and substrate media can be expressed in a matrix notation given by

4
sin o,
B s—1 oS O Lon 1
= 4 Tmo e 3.1)
C m=11 Gy Sind, €osom Vs
\ - -~ - }

transfer matrix

where 6, is the phase factor and -y, , is the admittance. The phase factor, and the

admittance for the s- and p-polarized waves are expressed as

C O = 2’,—rN,,,,d,,, cos b,
Ao
Ym,s = Nin,s €S O, s s-polarized (TE)
Ym,s = P p-polarized (TM)
" coSOnme

where )\, is the pump beam wavelength in air, d,, is the thickness of the layer, N,

is the complex refractive index, and 6, is the angle of refraction. The complex
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refractive index combines the refractive index (n,,) and extinction coefficient (ky,),

and the angle of refraction is determined by Snell’s law.
N m = Nm — ka
Np—18inb,,—; = N, sin6;, Snell’s law

From the matrix relationship in Eq. 3.1, the reflection, transmission and absorption

of the system can be calculated as follows
Be (%B — C) (%B - C’)*
" \7B+C) \B+C

T 4v,Re (s)
('703 + C) (’YOB + C)*

_ 4v,Re (BC* — )
(’YoB + C) ("/OB + C)*

where v, and 7, are the admittance of the incident and substrate media respectively.

Since the implanted film is inhomogeneous, the optical properties will vary
from the reference SiO, depending on the excess silicon concentration as is shown in
Table 3.6. From the TEM images it was calculated that ap.proximately} ten percent
of the implanted silicon ions are consumed in the formation of Si-nc. Combining that
with the negligible change in the RBS implant profile after annealing, would indicate
that the refractive index and extinction coefficient will change in accord with the
implant profiles shown in Figure 3.12(a). Therefore, we divided the film into 10
nm layers, weighting them according to the implant proﬁles such that the average
of all the layers equélled the effective optical properties measured by ellipsometry.

We verified this assumption by calculating the films’ reflectance, transmittance and
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Table 3.6: Summary of the ellipsometry measurements at the pump wai}eléngth of 325
nm.

Sample Refractive Index Extinction Coefficient
Reference SiO, 1.486 ‘ -0

450 keV 1.520 0 0.0056

90 keV 1.498 _ 0.0012
450 & 90 keV 1.542 7 00071

absorption using the effective opticai .;p'.vrop‘tler;;ies; Jméasﬁfecl’ by éllipsometry and the
multilayer method with nearly identical results.

To determine the pump beam intensity for each layer, the transmitted light to
- the layer and the reflected light from subsequent layers deeper in the film must be
calculated. ‘The transmitted light can be calculated using the multilayer approééh
for every layer starting from the surface and working toward the substrate. The in-
tensity of reflected light on the other hand will be small due to the small difference
in refractive index and extinction coefficient between layers, and as such is orders
of magnitude smaller than the transmitted light. Thus, the relative pump beam
intensity is strongly dependeﬁt on thé calculated transmittahce and results for the
TE and TM modes are shown in Figure 3.13. Figure 3.13 shqws the pump intensity
for the incoming ‘beam excluding the reflected light from the substrate. The exclu-
sion of the reﬂected light will underestimate the pump beam intensity in the 450
keV region for samples A and C but in the same manner for both, and in the 90
keV region of sample B. The underestimation affects only the difference in inten-
sity between samples B and C in the 90 keV region, where sample B would have a
larger intensity dﬁe to the lack of absorption by the SiO;. From these calculations

the pump intensity in the 90 and 450 keV regions of sample C' is 1ower than in their
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single implant counterpart (samples A and B), however the PL intensity is larger

for sample . C. The stronger PL intensity despite the lower pump beam intensity is

most likely due to an increase in the number of Si-nc of sizes similar to sample A in

agreement with argument (ii) above. This strongly sﬁpports the postulate that the

Si-nc growth, size, and location are dependent on the concentration of vacancy-type

defects.

An important implication of these results is highlighted by the TEM images

in Figure 3.5(b). From these we can estimate that for a single energy impléntation

process, only ten percent of the implanted Si ions form Si-nc. By judicious choice
of multiple implantation energies and doses, it may be possible to engineer greater

efficiency in the use of the supersaturated Si concentration in the formation of Si-nc.

3.6 Summary and Conclusions

Understanding the growth mechanisms of Si-ncs is critical because it deter-
mines their size and ultimately their emission characteristics. The importance of
the growth mechanism is evident through ion implantation, which is a reliable and
controllable means of manipulating Si-nc growth through the introduction of more
vacancy-type defects to obtain a desirabie nanocrystal size for a particular appli-
cation. Transmission electron microscope measurements gmd SRIM simulations ini-
tially indicated the correlation between the vacancy-type defect distribution and the
Si-nc growth. Further experiments utilizing Rutherford backscattering and positron
annihilation confirmed that the SRIM éimulated distributions were a good repre-

sentation of the experimental ion and vacancy-type defect distributions. Finally,
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Figure 3.13: Pump beam intensity at different depths within samples A, B and C for
(a) the TE modes and (b) the TM modes. The angle of incidence of the incoming beam
was 45°.

an experiment verified the correlation of the Si-nc growth to the vacancy-type de-
fect distribution through a double implantation, one deep within the material and
the other near the surface. Based on the presented evidence and analysis, the ini-
tial growth, size, and location of the Si-nc is dependent on the vacancy-type defect

distribution, which was previously unknown.
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CHAPTER 4

Silicon Nanocrystal Optical Properties

4.1 Overview

This chapter describes the relationship between the nanocrystal size distri-
bution as determined by TEM and their photoluminescence (PL) spectra, and the
process of determining Si-nc’s recombination st‘:rength. Two quantum- confinement
models were utilized to investigate the potentidl relationship between Si-nc size and
luminescent emission: a one-dimensional finite square well; and a three-dimensional
finite spherical WQH. The one-dimensional finite square well approximated the lumi-
nescent emission of the Si-nc better than the three-dimensional spherical well did.
The one-dimensional finite square well also gave better agreement to experimental
data reported by others. Applying the one-dimensional finite square well to all of
the measured Si-nc sizes permitted the determination of the Si-nc’s recombination
strength. Through the recombination strength, additional experimental measure-
ments and other published results, it was established that energy is transferred from
smaller Si-nc to larger Si-nc, resulting in less efficient Si-nc. The most efficient Si-nc
size was approximately 1.75 nm in dbiameter,‘ where a quasi-direct transition can
occur. Finally, the larger Si-nc behaved like bulk silicon as their size increased, re-

ducing the Si-nc’s efficiency. All these results are discussed in the following sections.
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4.2 Introduction

The luminescent mechanisms of Si-nc have been widely debated [23-25, 27-30],
which is a barrier to correlating the Si-nc emission wavelength to any model. Wolkin
et al. [24] observed that following exposure to oxygen, smaller porous silicon samples
would redshift and this shift was attributed to localized surface states. Godefroo
et al. [33] measured photoluminescence (PL) in large magnetic fields and deter-
mined that Si-nc in SiO; exhibit two discrete luminescent mechanisms depending
on the system’s passivation. In unpassivated systems, the luminescent mechanism
was correlated to localized surface states (similar to Wolkin et al.), but in hydrogen
passivated'systems, the luminescent mechanism was associated to quantum confine-
ment. Since our PL measurements were completed after a hydrogen passivation, the
quantum confinement and measured size distribution could be correlated with the
PL.

Prior to linking the Si-nc size to quantum confinement, the uniformity in the
excitation of Si-nc by the pump laser, and the absorption cross section: for various
Si-nc sizes must be determined. As the pump laser propagates through the SiO,
layer containing the ensemble of Si—n_é’s, internal reflections and absorptions occur
depending on the Si content and the nanocrystal sizes. The mean Si-nc size as a
function of depth, presented in the pfevipus Chapter, ranged from 1.67 to 1.86 nm
with a standard deviation of approximately 0.5 nm for all depths. With the similarity -
in Si-nc size distributions at the different depths, the change in pump intensity as

it propagates through the material would not skew the emission spectrum because
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the average pump intensity for all sizes is roughly the same. Thus, the excitation‘of
the Si-nc by the purhp laser can be considered uniform.

The Si-nc’s absorption cross section across the range of measured sizes was
assumed to be uniform. This ‘assumption is éupported by Kovalev et al. [62],
who demonstrated that the absorption cross section in porous silicon became more
uniform as the excitation energy increased from 1.93 to 3.53 eV. Similar results of
uniformity in the‘ absorption cross section have been observed at higher pump laser
energies for Si-nc embedded in SiO, [63]. However, uniformity is also possible at a
lower pump laser energy if the pump laser’s power is large enough [62, 64]. For our
excitation wavelength of 325 nm (3.81 eV) and power density of 0.64 W/cm?, the
absorption cross section would be generally uniform over the range of Si-nc sizes.

Since the PL emission is due to quantum confinement, the Si-nc are uniformly
excited by the pump laser, and the absorption cross section is uniform for the range
of sizes, we can relate the PL emission to thé Si-nc size distribution. The one-
dimensional finite square well is the simplest first principle quantum confinement
model that can be employed to link the PL 'emission with the Si-nc size distribution.
Considering Si-nc are three-diﬁlensional spheres, a three-dimensional finite spherical
well is a more realistic model._. There are other possible methods for calculating
the emission energy of Si-nc, such as the effective mass approximation [34], the
truncated crystal method [34], direct molecular calculations [34, 65], empirical tight- -
binding model [35], empirical pseudo-potential [34, 36], and others. However, the
first principle methods have had little to no success and some of the methods require

fitted parameters, which naturally leads to good agreement [31]. Therefore, only the
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one-dimensional square well and three-dimensional spherical well will be addressed

further.

4.3 Quantum Confinement Models

For the quantum confinement models preseﬁféd in this chapter, the electrons
and holes are treated separately because the majority of Si-nc were in a regime of
strong quantum confinement where d < 2a. (3.7 nm) and d < 2ap, (2.2 nm), with d
being the diameter of the Si—nc, and a. and a;, being the effective Bohr radii of the
electron and hole respectively [31]. The electron and hole Bohr radii were calculated

with the following expression [31]:

where €, is the permittivity of free space, ¢, is the dielectric constant of silicon
(11.9), % is Planck’s reduced constant, m;  is the effective mass of the electron and
hole respectively, and e is the charge of an electron. The effective masses of the
isotropic electron and hole were calculated to be 0.33m, 'and 0.55m, (m, is the free

electron mass), using the following expressions [66]:

(mz mtz)

win

3 3
* *3 *3
my, = (mlh +mhh)

where m} is the longitudinal mass (0.98m,), m} is the transverse mass (0.19m,),
my, is the light hole mass (0.16m,), and m}, is the heavy hole mass (0.49m,) of

silicon. These effective masses agree with values presented by Godefroo et al. [33].
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Table 4.1: One-dimensional and three-dimensional model parameters.

Carrier type Effective mass Barrier Height

(mo) (eV)

Si SiO,
electrons 0.33 0.5 3.2%
holes 0.55  0.35 - 4.0

® References [68, 72, 73] -
b References [72, 73]

The effective mass for the electron in both bulk and thin film Sidg is approximately
0.5m, [67-69], and the effective mass for the holes varies dramatically from 3-10m,
) for bulk SiO, to approximately 0.35m, in thin films [70,‘ 71]. Based on thé TEM
iméges and evaluating the Wigner-Seitz radius, it was detérmiﬁed that the closest
distance between the Si-nc was approximately 7 nm (Appendix A), implying that
the hole’s effective mé,ss can be treated like that in a thin film. A summary of the

parameters used for the models are given in Table 4.1.

4.3.1 One-Dimensional Finite Square Well

The one-dimensional finite square well is often utilized for multi-layered struc-
tured systems where the electron-hole pairs@re confined in one spatial dimension
with a small feature size [73-75]. In Si-nc, electron-hole pairs are confined in all three
spatial dimensiqns, which indicates that a three-dimensional model would be more
appropriate. However, beginning with éu simple model and adding complexities to
" the model can render interesting results. The emission energy in the one-dimensional '

finite square well can be determined by solving Schrodinger’s time-independent wave
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equation

h2 d%p
—2mz’h z? + Very = Eep¢

with the potential energy of the system given by
0, for |z|]<a
Ven (z) =
Vo, for |z| > a

where V, is the potential energy barrier height of 3.2 eV for the electron [68; 72, 73]
and 4.7 eV for the hole [72, 73], and a is the radius of the Si-nc. The general
solutions for the Schrédinger equation, both inside and outside of the nanocrystal,

in this system are:

r

Acos(kz), for |z|] <a even solution

P (z) = (4.1)
Cexp (~kz), for |z|>a

\
4

Bsin (k) , for |z] <a odd solution
P (z) = | | (4.2)
kC’exp (—kz), for |z|>a
with ,
2m: h(in Ee,h, 2777,: h(ou (‘/0 - Ee,h)
K= o and k= \/ o)

h ‘ h
where the effective masses are indicated either inside or outside of the nanocrys-
tal, and A, B and C are normalization constants. The general solution for the

nanocrystal should be continuous at the boundary, which implies that ¢ and dy/dz

at |z| = a, inside and outside the well, must be equal to each other. After some
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algebra transcendental expressions are obtained and given by

tan(z), even solution

\/('?)2 - e o) W

m*
e,h{in) ]
" | =cot(z), odd solution

where z = Ka and z, = a/ ﬁ\/W More detailed calculations are given
in Appendix B. The above ﬁra.nscendental expressions differ slightly from those
presented in quantum mechanjcé textbooks due to the variation in the effective
masses inside and outside the one-dimensional finite square well. Solving the even
solution in Eq. 4.3 determined the first excited energy states of the electron and
. hole in the Si-nc, and the odd solution determined the second excited energy states.
Along with the individual excited states for the electrons and holes, the silicon band

gap of 1.12 eV must also be included to obtain the emission energy of the Si—ﬁc.
E=FE;+ E.+ E4 (4.4)

The application of Eqs 4.3 and 4.4 to the TEM measured Si-nc mean diameter of
1.78 nm results in a ﬁfst excited state emission energy of 1.54 eV (806 nm) and a
second excited state emission energy of 2.76 eV (448 nm). The emission wavelength
of the first excited state is similar to the measured PL peak wavelength of 825 nm.

This good result should improve with the three-dimensional finite spherical well.

4.3.2 Three-Dimensional Finite Spherical Well
Based on the good results from the one-dimensional model and the fact that Si-
nc are three-dimensionally confined, it is assumed that the three-dimensional finite

spherical well would approximate the emission energy better. To determine the
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emission energy in three-dimensions requires solving the radial Schrédinger equation

given by
) Roo(e+1)
—%;{;'a—r;ft' [Ve,h-l'zm:’h —— | ¥ = Een?
with
0, for |r|<a
Ven () =

Vo, for |r|>a
where V, is the potential energy barrier, a is the radius of the Si-nc, and £ is the
angulél.r momentum. The general solution to the radial Schrédinger equation inside
the nanocrystal for the zeroth order (¢ = 0) is the spherical Neumann function of the
first kind and the spherical Bessel function of the first kind. The general solution
to the radial Schrodinger equation outside the nanocrystal for the zeroth order is
the Hankel function of the first kind. In this system the general solutions can be

separated as follows:

r

no (kr) = —AZE (rer) , for |r] < @ Neumann Function

P (r) = ~ ) (4.5)
hs) (tkr) = —CEX—E—(_—T—)-, for |r| > a
\ kr
Jo(kr) =B sin (1) y for |r] < a Bessel Function

% (r) =4 . (—kr) | (4.6)

Q) ;. - €XPp \—RT
| Lho (ikr) = C———-———kr , for |r]>a
with once again
/2y B 2% oty (Vo = Ee)
. h(in) and b= \/ h(out) /

h h

where the effective masses are indicated either inside or outside of the nanocrys-

tal, and A, B and C are normalization constants. Similar to the one-dimensional
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finite square well, the general solution inside and outside of the nanocrystal should
be continuous at the boundaries. After some algebra the following transcendental

expression is obtained:

G- n

where z = ka and 2z, = a/ ﬁm. It shéuld bé ‘noted that the transcen-
dental expression (Eq. 4.7) is similar to Eq. 4.3 apart from the even solution
disappearing due to the Neumann function having a singula,rity ast — 0. Moré
detailed calculations are given in Appendix B. This is a fascinating result because
the even solution agréed best with the PL results and the odd solution dramati-
cally overestimates the emission energy. Due to the poor correlation between the
three-dimensional model and the PL results, researchers rely on more complicated
theoretical methods. However, these methods for determining the emission energy
do not accurately reproduce the experimental emission characteristics.

A possible explanation for the poor agreement between the three-dimensional
spherical well and the experimental PL data could be related to the crystallinity
of the nanocrystals. The th.ree—dimensional model assumes spherical symmetry,
which is lost in crystalline silicon due to its cubic symmetry. This loss of symme-
try would negate the assumption made in the three-dimensional model potentially
explaining its inability to predict experimental results. The loss of symmetry three-
dimensionally could also be an explanation for the one-dimensional model being able
to predict experimental PL results more effectively. Another possible explanation is

uniaxial stress on the nanocrystals that break the symmetry leading to a preference
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Wavelength (nm)

Figure 4.1: On the left is the PL emission from a Si/Si02 superlattice (SL) structure
and Si-nc in Si02 with similar shape and peak wavelength. On the right is the TEM
histogram for the two different systems with similar Gaussian distributions [64].

in one direction.

Furthermore, in a publication by Priolo et al. [64], the PL emission spectra
of a Si/Si02 superlattice structure and Si-nc in Si02 were reported to be similar
for samples with similar TEM size distributions (Figure 4.1), despite the difference
in dimensionality. A Si/Si02 superlattice structure is spatially confined only in
one dimension and would indicate that the one-dimensional model could potentially
approximate the emission energy of a wide range of Si-nc sizes. Thus, the emission
energy ofthe Si-nc sizes from the TEM results were simulated by the one-dimensional

model and compared to the experimental PL emission.
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4.4 Recombination Strength

Simulating the PL spectra of the TEM measured Si-nc sizes using the one-
dimensional finite square well model revealed intriguing results. At first glance the
intensity of the PL emission, and TEM distribution histogram depicted in Figure
4.2 do not correspond well, and this is likely due to a difference in efficiency between
different Si-nc sizes. Silicon is an indirect band gap semiconductor, and Gnutzman
and Clausecker [21] speculated that thin layers on the order of unit cell dimensions
could fold the Brillouin zone resulting in a quasi-direct band gap structure. However,
the critical result is illustrated in Figure 4.2 (b): the width of the TEM distribution
histogram is roughly equal to the width of the PL emission, which indicates that
the one-dimensional model is appropriate for a wider range of emission wavelengths.
In addition, the results in Figure 4.2 can be utilized to determine the most efficient
nanocrystal size for emitting a photon or, as previously stated, to determine the
recombination strength [76].

The recombination strength was determined by dividing the measured PL
spectrum by the emission spectrum simulated from the TEM distribution utilizing
the one-dimensional square well model. The results of this are shown in Figure 4.3
(a). The data points in Figure 4.3 (a) were fitted with the following expression to

help guide the eye:

y = Aexp l— exp (—-x ;xc) - (I ;xc) + 1] (4.8)

where A is the amplitude, z. is the centre of the peak, and w is the width of the

curve. Recombination strength results for Si/SiO, superlattice structures have also
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Figure 4.2: PL and TEM results superimposed using the one-dimensional model, (a)
plots the results linearly, and (b) plots the results logarithmically.
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been reported with respect to the silicon layer thickness [76], and can be compared
to the results in Figure 4.3. But in order to compare the two results Figure 4.3 (a)
needs to be converted to a relationship between the recombination strength and Si-
nc diameter. The conversion was performed by interpolating the diameter from the
emission wavelengths in Eq. 4.8 by using an array of emission wavelengths versus
diameter calculated from Eqs 4.3 and 4.4. The conversion results are plotted in
Figure 4.3 (b) and show similarities to the superlattice structures. For example, the
peak recombination strength for both superlattice and Si-nc was around 1.7 nm.
These results demonstrate further the similarities between superlattice structures
and Si-nc.

Moreover, the recombination strength results in Figure 4.3 (a) are supported
by luminescent lifetime measurements. A luminescent lifetime measurement of Si-nc
that emit at a wavelength of 800 nm is shown in Figure 4.4, and the luminescent

decay was fitted by a stretched exponential function given by [64, 77, 78];

I(t)=Iexp [— (;ﬂ

where I, is the initial intensity, ¢ is time, 7 is the time constant, and 3 is the disper-
sion factor. The dispersion factor has been shown to change for smaller nanocrystals
depending on the density of the Si-nc system [64, 78]. The authors of those studies
concluded that energy migrated from smaller to larger nanocrystals and that the
smaller the dispersion factor, the greater the migration of energy to larger nanocrys-
tals. If energy can migrate from smaller to larger nanocrystals, it may be possible in

larger nanocrystals to observe energy migrating to non-radiative recombination cen-
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Figure 4.3: (a) Fitted recombination strength of the Si-nc with respect to the emis-
sion wavelength using the results in Figure 4.2. (b) Recombination strength converted
into the equivalent nanocrystal diameter along with the recombination strength from the
superlattice (SL) structures [76].
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Figure 4.4: Luminescent lifetime measurement of Si-nc emitting light at a wavelength
of 800 nm, fitted with a stretched exponential. The luminescent lifetime measurements
were performed utilizing a monochromator and photomultiplier tube, along with a pump
wavelength of 473 nm and a pump power of 40 mW.

treés. As the nanocrystals get larger the probability of non-radiative recombination
centres increases [7] and thus the dispersion factor should decrease.

Lifetime measurements could be a means of determining the recombination
strength because more efficient nanocrystals tend to utilize their energy in radiative
processes. Comparing the dispersion factor results to the recombination strength
reveals similarities in the shape of the curve and the approximate location of the most
efficient wavelength (Figure 4.5). The similar shape and location of the most efficient
wavelength are good indicators that the recombination strength is comparable to
the dispersion factor. Dispersion factor results observed by Linnros et al. [78] had
a similar tendency to the one illustrated in Figure 4.5. Furthermore, Pavesi et al.

[79] made optical gain measurements with a similar trend to the dispersion factor
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Figure 4.5: Dispersion factor plotted along side the recombination strength indicating
similarities in the trend and peak location. The luminescent lifetime measurements were
performed with a pump wavelength of 473 nm and a pump power of 40 mW. The beam
spot was approximately 1 mm in diameter. '

results in Figure 4.5 with the highest gain achieved at 800 nm.

The comparable recombination strength, dispersion factor results and pub-
lished optical gain results could indicate a quasi-direct transition. The recombin&
tion strength peak in Figure 4.3 (a) occurred at 816 nm, but the TEM distribution
histogram has broad bin sizes of 33 nm, and 816 nm is at ﬁhe centre of one bin.
'The most efficient size in Figure 4.3 (b) was 1.75 nm or an emission wavelength of
800 nm. Pavesi et al. [79] measured the optical gain of Si-nc and discovered that it
peaked at 800 nm and the optical gains were of the same order as other direct band
gap quantum dots. Furthermore, the dispersion factor results also peaked between

800 aﬁd 830 nm. Therefore, the most efficient emission wavelength should be be-
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tween 800 and 830 nm, and measurements of the direct transition are possible with

a tunable laser. Unfortunately, such measurements were not able to be performed.

4.5 Discussion of Recombination ,Sti-éngth
4.5.1 Large to Medium Size Nanocrystals (> 1.75 nm)

Figure 4.3 (b) illustrates that the recombinaﬁion strength peaks at a nanocrys-
tal size of 1.75 nm, and this is attributable to several factors. The electron and
hole wavefunctions increasingly overlap fdr smaller nanocrystals due to theuspatia,l
confinement of the well, which increases the probability of a radiative process [7].
Smaller nanocrystals are less likely to have non-radiative recombination centres,
~ which allows smaller nanocrystals to be more opticélly active [7]. In addition, the
Brillouin zone can fold and then requires smaller momentum phonons. The smaller
phonons can quicken the radiative process by improving the probability that an
electron and hole occupy a radiative recombination centre simultaneously. All of
these factors to some extent should be and are observable in the dispersion factor
and lifetime measurements (Figure 4.5 and Figure 4.6). As the nanocrystals get
smaller the dispersion factor improves indicating more efficient radiative processes,
and the lifetimes become shorter indicating a faster radiative process.

Furthermore, in previously reported results [64, 78], 8 and 7 remained consis-
tent at higher wavelengths regardless of nanocrystal density. This suggests that the .
density of the Si-nc does not affect the behaviour of the larger nanocrystals [64].
Therefore, the results and conclusions for larger nanocrystals (> 1.75 nm) would in-

dicate quantum confinement and the material transitioning from a bulk-like material
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Figure 4.6: Lifetime measurements at various wavelengths that were performed with a
pump wavelength of 473 nm and a pump power of 40 mW. The beam spot was approxi-
mately 1 mm in diameter.

to a quasi-direct band gap material.

4.5.2 Small Nanocrystals (< 1.75 nm)

In contrast, smaller nanocrystals alter their behaviour depending on the den-
sity of the nanocrystal system. _At higher"im;;laﬁta,;tiion doses or larger supersatura-
tions of silicon in SiO,, A decreases_a.ﬁd the .d(:ec‘ay coﬁsta.nt T becomes shorter. It
has been concluded that highly dense nanbérystal systems enhance the migration of
energy from smaller to larger nanocrystals [64, 78]. As well, a broader size distribu-
tion occurred simultaneously in denser nanocrystal systems, which would promote
the migration of energy from smaller to larger nanocrystals. These results and con-

clusions are reasonable considering the carrier confinement of smaller nanocrystals,
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Figure 4.7: TEM image showing smaller nanocrystals closer to larger ones.

and that the growth of the Si-nc occurs through Ostwald ripening.

As the nanocrystals become even smaller, the probability of the electron and
hole wavefunctions existing outside the potential well becomes greater. Moreover,
as the wavefunctions increasingly branch out of the well, the more likely the car-
riers are to migrate to larger nanocrystals. In addition, the growth of the Si-nc is
mediated by Ostwald ripening [58] whereby large nanocrystals consume the atoms
of small nanocrystals. Due to this consumption, it would be expected that smaller
nanocrystals are closer to the larger nanocrystals, which is evident in the TEM im-
ages (an example image is shown in Figure 4.7). Therefore, the close proximity of
small nanocrystals to larger nanocrystals and the extension of the wavefunctions
into the sample’s medium enhance the probability that energy will migrate to larger

nanocrystals in densely populated Si-nc systems.
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4.6 Photoluminescence Simulations

To date, there have been several publvica.tionsb on the TEM size distribution
of Si-nc in SiO, and thei; PL emission [59, 64, 80, 81]. Noteworthy results may be
bbtained by simulating the PL emissions from the TEM size distributions reported
in these publications, using the recombination strength and the one-dimensional
model. As such, publications by Iacona et al. [80] a,nd. Priolo et al. [64] will be
reviewed.

The TEM images by lacona provided good contrast between Si and SiO,.
Conversely, the publication by Priolo did not provide the TEM images, but since
Iacona was a co-author it was assumed that the TEM images were of similar quality.
Unfortunately, in the publication by Iacona the PL emission spectra for somé of the
TEM nanocrystal size distributions were not presented. However, in the Priolo pub-
lication, PL emission spectra were presented that matched the missing PL emission
stated 'in the Iacona publication with the same material property characteristics.
Therefore, it was assumed that the PL results in the Priolo publication were from
the same or similar samples to those presented in the Iacona publication.

The PL emission for the two publications was simulated by multiplying the
Gaussian size distributions stated by the authors with the recombination strength to
obtain the light-emitting effective distribution. The effective distributions were then
evaluated to an equivalent emission wavelength using the one-dimensional model -
(Eq. 4.3). A summary of the results is presented in Table 4.2 and shown in Figures

4.8 and 4.9. Better agreement was obtained for smaller nanocrystal distributions,



Table 4.2: Summary of the experimental and simulated PL. The values in brackets of
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the “simulated” columns represent the difference between the experimental and simulated

results.
Sample Mean 0 Amaz Amaz FWHM FWHM
Diameter Simulated Simulated
(m) (om) @m) (m)  (om)  (m)

A1-SL 2.2 0.8 810 830 (+20) 175 175 ( 0 )

"A2 2.2 0.6 860 850 (—10) 165 165 ( 0 )

B1 2.0 0.4 900 835 (—65) - 130 ( — )

B2 2.2 04 850 855 (+ 5) 160 130 (—30)

B3 2.6 0.8 915 855 (—60) 185 190 (+ 5)

B4 3.0 0.6 890 940 (+50) 175 150 (—25)

B5 3.4 1.0 910 915 (+ 5) 190 230 (+40)

B6 4.2 1.0 950 1005 (+55) 230 170 (—60)

Mean Difference - 34 23

Samples A - Priolo et al. [64]
Samples B - Iacona et al. [80]

and results deviated more with larger nanocrystal distributions.

4.7 -DiscuSsion of PL Simulations

4.7.1 TEM Distributions

Some of the results for which }poor agreement was obtained could be attributed

to TEM distributions that were over or under estimated due to the difficulty in

preparing thin TEM samples, rather than an error in PL measurements. For ex-

ample, samples Bl and B3 in Table 4.2 underestimate the PL peak wavelength

by 65 and 60 nm, respectively. Plotting the nanocrystal diameter versus PL peak

wavelength in Figure 4.10, there exists a linear relationship between the majority of -

mean nanocrystal sizes and peak PL wavelengths. However, Bl and B3 appear to

be outliers from the linear trend. Calculating the PL peak wavelength for samples
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Figure 4.8: Simulated PL (in red) of Si-nc in SiC2 for a Si concentration of 37% annealed
at 1250°C for 1 hr. The experimental PL is from Priolo et al. [64], which was previously

shown in Figure 4.1.

B 1 and B 3 from the linear relationship would result in wavelengths of 840 and 870
nm, respectively. These values differ from the simulated results by 5 and 15 nm, as
opposed to 65 and 60 nm. Another example is BA and B 6, which appear to have
a much smaller standard deviation compared to B> and B 5. If the standard devia-
tion for BA was increased to a value of 0.8 nm, the simulated PL peak wavelength
would be 898 nm and the FWHM would be 200 nm, much closer to the experimental
results.

As well, both authors’ TEM size distributions were fitted using the radius of
the nanocrystals, but could have achieved more accurate Gaussian fits had they
utilized the nanocrystal diameter while still maintaining the same number of signif-

icant digits and decimal places. For example, a mean radius of 1.1 nm is equivalent
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Wavelength (nm) Wavelength (nm)
Figure 4.9: The simulated PL emissions are from Table 4.2 sample’s A2 (a), B2 (b), B3

(c), .BA (d), B5 (e), and B6 (f). The experimental PL for (a - b), and (d - f) are from
Priolo [64], and (c) is from lacona [80].

to a diameter of 2.2 £ 0.2 nm, whereas a measurement of the mean diameter would
have been 2.2 +0.1 nm. Thus, the PL emission is revisited in Appendix C, with the
exception that our own fit of the TEM size distributions was utilized. Therefore, the

accuracy of the TEM measurements can impact how well the PL can be simulated.
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Figure 4.10: PL peak Wavelehgth as a function of Si-nc diameter. A linear relationship
exists between the results with a square symbol (O), and the linear fit is from the square
symbols. The results with a triangular symbol (A) appear to be outliers.

However, there are other explanations for the deviations between experimental and

simulated results.

4.7.2 Interface Defects

Nearly all of the simulated PL enﬁssions fit pééﬂy at the higher wavelengths.
Looking closer at the experimental PL in ,Figu;é 4.9' one notices that the emission
extends beyond 1100 nm, which is below the band gap of silicon. As well, in Figure
4.9(f), one will notice a shoulder in the experimental PL at the higher wavelengths.
As has been mentioned before there are two competing luminescent mechanisﬁs: '
quantum confinement and surface states. Due to hydrogen passivation the quan-

tum confinement mechanism dominates [33], but Iacona and Priolo did not report
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performing a final hydrogen anneal. Their PECVD SiO,, films were fabricated with
SiH; and N,O gases, which should incorporate a significant amount of hydrogen.
Thus, most likely enough hydrogen was provided by thevprocessing of the material
to passivate the majority of the Si-nc, but not all of them.

Larger nanocrystals a.ren%:ore prone to have defects and are more difficult to
passivate. It is possible that the larger nanocrystals are not passivated well enough
and are transferring their energy to surface defects or impurities that may lie below
the band gap of silicon. If the larger nanocrystals are not passivated well enoﬁgh and
did transfer energy to surface defects or impurities, then the one-dimensional model
would have difficulty simulating the experimental results since it does n.ot include
these features. Therefore, surface defects or impurities for larger nanocrystals most
likely contributed to the discrepancies between the simulated and experimental PL

results.

4.7.3 Coulomb Interaction

The majority of the above published size distributions are in a moderate con-
finement regime, and the calculations consider a strong confinement regime. In a
strong confinement regime the Coulomb interaction between the electron and hole is
ignored, but should be included in a moderate confinement regime [31]. The inclu-
sion of the Coulomb interaction should and does improve the accuracy of simulated
photoluminescence for both the one-dimensional and three-dimensional models. A
more in-depth discussion of the Coulomb interaction, and calculations are presented

in Appendix D. One of the important results in Appendix D is that although the
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simulated PL improves, the three-dimensional model still does not adequately pre-
dict the emission of the silicon nanocrystals, whereas the one-dimensional model

does.

4.8 Summary and Conclusions

Two first principle models, a one-difnensignal finite square well and a three-
dimensional spherical well, were utilized to approximate the emission energy of Si-nc.
The one-dimensional finite square well predicted the PL peak emission wav-elength
better than the three-dimensional spherical well, which was unexpected. However,
evidence from other publications has revealed similar PL emissions between Si-nc
and superlattice structures that spatially confine carriers in one dimension. Ex-
tending the one-dimensional model to all Si-nc sizes and comparing the resultant
histogram to the PL emission demonstrated that the one-dimensional model did
comparably well over a wider wavelength range. The major difference between the
- histogram and the PL emission was intensity, but silicon’s indirect band gap results
in different efficiencies due to nanocrystal size. Using the histogram and PL emis-
sion, it was possible to calculaté.the recombination strength or the efficiency of the
Si-nc. The recombination strength wa.s compared to the dispersion factor, a pa-
rameter in luminescent lifetime measurements that indicates energy migration, and
both had strikingly sirﬁilar results. A significant outcome from the recombination
strength and dispersion factor resultslwas the possibility of a quasi-direct transition,
as predicted by Gnutzman aﬁd Clausecker [21].

For smaller nanocrystals, their recombination strength reflected the migra-
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tion of energy to larger nanocrystals, which was more pronounced for the smallest
nanocrystals. The recombination strength of larger nanocrystals reflected the spa-
tial confinement of the carriers, as the napocrystals transitioned from a bulk silicon
material to a quasi-direct material. As well, the one’-dimensioﬁal model and the ob-
tained re_:combination strength were applied to other published TEM results, which
produced bétte_r agreement for smaller nanocrystal distributions than for larger ones.
The observed devié.tions for larger size distributions were due to a few factors. First,
the accuracy of the TEM distribution is crucial in simula,ting‘ the PL enﬁssiﬁh spec-
trum. Any difference in size or standard deviation can have a negative effect on
the simulated PL emission. Surface defects or impurities appear to be participat-
ing in the emission due to the PL at wavelengths below the band gap of silicon.
As well, the inclusion of the Coulomb interaction improved the agreement between
simulation and experiment.

Overall, the PL can be suitably simulated by a one-dimensional model and
a strong confinement regime. Although further refinement of the model can be
completed with thé inclusion of the Coulomb interaction, comparisons with other
experimental results were acceptable, particularly for the typically reported emission
wavelengths [33, 72, 79, 82-84]. Therefore, the one-dimenéional model reasonably

approximates the emission energies for nanocrystals with sizes of studied interest.
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CHAPTER 5

Luminescence

5.1 Overview

In this chapter the photoluminescence (PL) and cathodoluminescence (CL) of
Si-nc will be discussed. The first part of the chapter focuses on how the prqcessing
steps affected on the PL, particularly the growth and terminal size of the Si-nc,
and the impact on the optical properties. Results and discussions on the processing
steps will be related back to the previous two chapters on the growth and optical
properties. The second part of the chapter will focus on cathodoluminescence. In
cathodoluminescence the sample is bombarded with high energy electrons in much
the same §vay as electroluminescent measurements, but with some differences. At
first it appeared as though the second excited state of the Si-nc were being excited,
but after further experiments the luminescence was concluded to originate from
damage caused at the Si-nc interface by the incoming electrons. All of these results

will be discussed in more detail in this chapter.

5.2 Photoluminescence
The previous two chapters examined the growth and optical properties of the
Si-nc, which are responsible for the photoluminescence (PL). To relate the results

from the previous two chapters to the PL requires a review of the processing steps
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that affect the nucleation and growth of the Si-nc. The two most important process-
ing steps are ion implantation and the annealing stages. The ion implantation step
produces vacancy-type defects that affect the size, location, and efficiency of the
Si-nc. The annealing stages act ésthe éatalyst for the growth of the Si-nc and the
reduction of defects at the Si-nc’s surface. The reduction of defects permits more
Si-nc to be optically active, improving the PL intensity. Both of these processing
steps affect the PL and can therefore be directly linked to the growth and optical

properties.

5.2.1 Implantation Dose

Implantation is a key parameter that can have a significant impact on the
luminescence of the Si-nc embedded in SiO,. Implantation creates vacancy-type
defects in the SiO, film, which was determined in Chapter 3 to affect initial growth
and, depending on the annealing gas, the final size of the Si-nc. In Chapter 4,
the efficiency of the Si-nc was shown to be dependent on their size and therefore,
luminescence is directly affected by the implantation dose. As such, the relationship
and importance of the implantation dose to the Si-nc 'size distribution and the PL
intensity will be discussed.

In order to examine the impact of implantation dose on the luminescence, the
preparation of several samples with a range of doses was required. The samples
were annealed in nitrogen gas at three different temperatures ranging from 970°C
to 1170°C and for various annealing times until saturation of the PL intensity was

achieved. Finally, a 1 hour anneal in forming gas at 450°C was performed after
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each high temperature anneal to reduce the defectsvat the Si-nc’s interface and to
increase the number of optically active nanocrystals.

The PL intensity saturated more quickly at higher temperatures then at lower
temperatures. The rapid saturation at higher temperatures is due to the mobility
of excess silicon and the dissociation of nitrogen atoms. Higher silicon mobility
results from higher annealing temperatures, and a faster reduction of vacancy-type
defects. Greater annealing temperatures also dissociate more nitrogen atoms from
the ambient gas, which passivates the defécts‘qumkerl. Therefore, the PL intensity
saturated more rapidly at highér tempera,tures

Another noticeable difference ths,t &:curred was the PL intensity at different

annealing temperatures. For thﬁsmplesannealed at 1070°C, the PL intensity was

-

L WS

greater than the samples annealed at higher or lower temperatures (illustrated in

Figure 5.1). The sample’s ,1‘_: er PL intensity when annealed at 970°C was likely

v 5
PRI SRS B

due to the fact that nitrogen gas does not dissociate below 1000°C [85] and the Si

| particles are ambrphous{_r [64 ﬁﬁ] The lack of dissociated nitrogen atoms hinders

the passivation of defectsa.nd fg.;?;tqrphous Si particles have been shown to be less
efficient [64, 86]. The sample annealed at 117Q°C had a lower PL intensity, which was
possibly due to the formation of larger Si-nc. The formation of larger Si-nc would
result in fewer Si-nc and possibly less efficient ones depending on their recombination
strength. The size and number of opticqlly active Si-nc can be investigated further -
by relating the PL spectrum to the Si-nc size distribution.

- The size of the Si-nc can be calculated from the PL emission by interpolating

the diameter from an array of emission wavelengths versus diameter values calculated
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Figure 5.1: PL intensity for samples implanted with different doses of Si. The samples
were annealed at 970°C for 10 hrs, 1070°C for 3 hrs, or 1170°C for 15 min. All samples
after the high temperature anneals were annealed at 450°C in a mixture of hydrogen and
nitrogen.

from Egs. (4.3) and (4.4) in Chapter 4. The number of optically active Si-nc of a
given size can be estimated by multiplying the PL intensity with its corresponding
Si-nc size, which provides an effecfive size diétribution. Figure 5.2 illustrates two size
distributions determined from the PL mtensn:y and provides insight into the results
plotted in Figure 5.1. The key parameters from all the interpolated PL emissions
are summarized in Table 5.1.

One of the ﬁrst parameters to look at is the peak nanocrystal size and how it
compares with the peak PL'Wavelength because they should be connected. In Figure
5.3 both the peak nanocrystal size and peak PL wavelength have very similar trends

and the quantum confinement emissions are very similar. A larger nanocrystal size
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Figure 5.2: Theoretical size distribution that emits light for samples implanted at 90 keV,
and doses of 6.1 x 1016 ions/cm? and 1.4 x 10'7 jons/cm?. Both samples were annealed
at 1170°C for 15 min and at 450°C for 1 hr in a mixture of hydrogen and nitrogen.

Table 5.1: A comparison of the important factors that affect the PL intensity for samples
annealed at 1070°C for 3 hrs and 1170°C for 15 min. The values are calculated by convert-
ing the PL emission energy into the Si-nc distribution that emits light. Peak size refers
to the mode of the distribution and FHWM stands for full width half maximum. The
size distribution gets cut off at nanocrystal sizes greater than 3.5 nm due to the detector
wavelength limit of 1000 nm.

Dose Peak Size FWHM Number of Si-nc

(x 10'® cm™2?) (nm) (nm) (Normalized)
1070°C 1170°C 1070°C 1170°C 1070°C 1170°C

6.1 1.62 1.73 0.58 0.66 0.31 0.42

7.2 1.67 1.76 0.61 0.71 0.55 0.51

8.8 1.77 0.71 0.59

10 1.76 1.82 0.68 0.78 0.76 0.70

12 1.79 1.84 0.82 0.80 0.92 0.78

14 1.87 1.91 0.81 0.94 1 0.69
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occurred at higher doses which is anticipated because more vacancy-type defects are
created, allowing larger nanocrystals to form as described in Chapter 3. As well,
larger nanocrystals occurred at higher annealing temperatures because the silicon
atoms are able to diffuse further and faster prior to the minimization of vacancy-
type defects. The results in Table 5.1 can also give some explanations as to the PL
intensity declining at 1170°C for the largest dose in Figure 5.1. The decline can be
- explained by the Si-nc size distribution and the number of nanocrystals.

As the nanocrystals become largér, they consume more silicon atoms af, a rate

proportional to d® (where d is the nanocrystal "ﬂiametér) [34, 87]. For example, a

nanocrystal 2 nm in diameter requires twice any atoms as a nanocrystal 1.6 nm
in diameter. The increased appetite of the l&rger nanocrystal indicates that twice as
many smaller nanocrystals can be formedwith thg same amount of atoms. Depend-
ing upon the efficiency of the nanocrystalﬁ&_,daubling thé number of nanocrystals
can have a significant impact on the T;L mi:ensxty even with a minor change in
the nanocrystal diameter. The PL mténsaty was also lower at the higher anneal-
ing temperature due to the broader size distﬁbutlon of nanocrystals (demonstrated
in Table 5.1). Broader size distributian:‘»:ezté.vcerbates the reduction in the number
of nanocrystals by consuming even mare atoms The combination of the larger
nanocrystal sizes and broader size apxstnbutlons at the highest doses and annealing

temperatures eventually reduced the number of optically active Si-nc, resulting in a

decline in the PL intensity.
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5.2.2 Annealing

The annealing stages are critical processing Stéps that affect the Si-nc growth
and the reduction of defects at the interféce between the Si-nc and SiO,. Vacancy-
type defects have been shown to facil?fﬁte the growth of nanocrystals, which is a
fast process affected by the temperat_;{ire ramp rate. Thus, the two commonly used
annealers and their effects on the 'YPL intenSity are‘discussed. The reduction in
defects allows additional Si-nc to be optically active, aﬁd so three of the commonly
used gases in silicon processing and their impact on the luminescence will é,lso be

discussed.

5.2.2.1 Fux"nace versus Rapid Thermal Annealing

Two types of annealers are generally used in silicon processing: a furnace and
a rapid thermal annealer (RTA). In a furnace the sample’s temperature increases
gradually, whereas in the rapid thermal annealer (RTA) the temperature increases
much quicker, as suggested by the name. In addition, the temperature ramp rate
can be betfer controlled in a RTA. It has already been discussed in Chapter 3 that
the diffusion of silicon in SiO; is very slow [49]} and that the initial growth of the
nanocrystals is greatly affected by the va,caﬁcy-type defects introduced by the ion
implantation. As well, it was suggested that the vacancy-type defects facilitate
the silicon atom diffusion required for the ripening of the Si-nc. Therefore, the
temperature ramp rate should affect the growfh and PL.

A comparison of the PL intensity between similar samples, one annealed in

a furnace and the other in an RTA (Figure 5.4), revealed a significant difference.
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Figure 5.4: PL intensity of similar samples annealed in a furnace or an RTA at 1070°C
for 3 hrs. Both samples were annealed at 450°C for 1 hr in forming gas to reduce additional
dangling bonds. The RTA ramp rate was 100°C/s.

The PL intensity from the sample annealed in the RTA was more than three times
higher than the one annealed in the furnace. Iwayama et al. [88] observed similar
differences between the furnace and RTA anneals. In addition, the two samples
had similar PL spectrum shapes and peak PL wavelengths, suggesting that more
nanocrystals were formed for the sample annealed in the RTA. In other words, more
silicon atoms are allowed to diffuse and form nanocrystals before the vacancy-type
defects have been annealed away in the RTA process. In contrast, the nanocrystal
growth is slower in the furnace process and results in fewer nanocrystals. This
has significant implications on the thermal budget utilized in the formation and
luminescence of nanocrystals, Which will become more evident after the discussion

in the next two sections on the annealing gases.
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5.2.2.2 Nitrdgen and Argon

Nitrogen or argon gas are typically utilized in silicon processing with high
temperature anneals. The choice of gas depends on fwo factors: the cost and the
inertness of the gas at a particular temperature. Nitrogen gas was originally utilized
more often than argon due to lower costs, 'but‘the cost differences have been reduced.
The key concern with high temperature anneals is the inclusion of dissociated atoms
from the ambient gas into the annealed material and their effect on the overall
performance. Early studies of SiOg films showed that annealing in nitrogen gas for
temperatures above 1000°C reduced tile fixed oxide charge [85]. The reduction was
due to the inclusion of nitrogen at the interface between the Si/SiO; creating a thin
oxynitride layer that reduced the number of dangling bonds [89, 90]. Conversely,
argon gas is relatively inert at high temperatures and will incorporate negligible
amounts of argon in the film. Therefore, the dependence of the PL intensity on the
annealing gas has been investigated and will be discussed further.

Wilkinson and Elliman [46] investigated the affect of thé annealing gas on PL
intensity and nanocrystal size. They observed thé.t the PL intensity was stronger for
samples annealed in nitrogen than in argon and the difference increased with longer
anneals. As well, the peak wavelength red-shifted in argon after a long anneal time

“and in nitrogen the peak wavelength remained relatively stable. Through Raman
spectroscopy it was demonstrated that larger nanocrystals had formed in the sam- -
ple annealed in argon after a long annealing time. The increases in nanocrystal size

could explain both the red-shift and lower PL intensity. Larger nanocrystals emit
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photons closer to the band gap energy reéulting in the red-shift, and the lower PL
intensity is caused by the formation of fewer nanocrystals since larger nanocrys-
tals require more atoms [34, 87], and are potentially less efficient. Wilkinson and
Elliman [46] concluded that the inclusion of nitrogen gas formed oxynitride layers
at the interface of the nanocrystals. These oxyniﬁ*ide layers thermally relaxed the

bonds and reduced the interface defects, which remﬂwd in smaller nanocrystals and

improved PL. These findings are consistent with earliex‘studies of SiO, films, and

the relationship between the nitrogen content and PL intensity ‘can be investigated
further. B oy

The dependence of the PL intensity on nitrogen content can be investigated

through the implantation of nitrogen ions since thg_i can ;be accurately measured.
Four samples were prepared; two that were impla.ntedwi‘t}’l nitrogen ions and another
two that were not. Samples were annealed in-"-"&ithéﬁ*‘-‘aigon or nitrogen gas at a
temperature of 1100°C for 1 hr. Figure 5.5 illustrates that the samples implanted
with. nitrogen ions had a stronger PL signal than their non-implanted counterparts,
and the PL intensity was stronger for the sathples-annealed in nitrogen gas. Since
the PL’s peak wavelength and shape are very similar in all four samples, the effect of
the included nitrogen atoms in the film ﬁ'om both the implanted ions and from the
ambient gas on the PL intensity can be‘“.'a;na.lyzed. It is assumed that each sample
annealed in nitrogen gas had a similar amount of nitrogen incorporated in the film. .
The différence in intensity in Figure 5.5 between the nitrogen implanted sample and

the non-implanted sample annealed in argon is greater than the samples annealed

in nitrogen. The smaller difference in intensity for the samples annealed in nitrogen
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Figure 5.5: PL intensity of two samples annealed in either argon or nitrogen at a
temperature of 1100°C for 1 hr. All samples were implanted with silicon at 425 keV and
a dose of 1 x 107 ions/cm?, and two of the samples were implanted with nitrogen at 250
keV and a dose of 5 x 10'* ions /cm?.

is due to the defects at the nanocrystal interfaces being sufficiently passivated by

nitrogen. At 1070°C, the PL intensity saturates after approximately a 3 hour anneal,

and at 1170°C saturation occurred within 15 minutes (as shown in Figure 5.6).
The inclusion of nitrogen atomsm%ﬁerfmmm implantation or the dissocia-

R e

! 'tich oxide film reduced the number

tion of the ambient nitrogen gas into the
of defects at the nanocrystals’ interfaces, which perniitted more nanocrystals to
be optically.a,ctive. It also needs to be mentioned that the nitrogen implant adds
vacancies, but the effect of that is likely small due to a small dose. Annealing in
inert argon gas was less effective in improving the PL than annealing in nitrogen
gas because of the lack of defect reduction and the increase in nanocrystal size after

long anneals. Nonetheless, annealing in nitrogen has its limitations and eventually
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Figure 5.6: Evolution of the PL intensity for various Si implant doses at an anneal
temperature of 1170°C in nitrogen.

results in a saturation point. However, improvements can be gained by annealing

in hydrogen gas, which was observed in early device fabrication.

5.2.2.3 Hydrogen

Initially during silicon device operétion, the defects at the Si/SiO, interface
would trap electrons or holes and hinder performance. Through a low temperature
anneal in hydrogen gas, a reaction at the interfa.ce causing Si-H bonds to form
was observed and rendered the defects electrically inactive [91]. As such,' hydrogen
gas is presumed to improve the PL in nanocrystals by rendering defects inactive
and allowing more nanocrystals to emit light. This improvement is potentially still
achievable even after a nitrogen anneal because remaining defects may be passivatedb

by a hydrogen atom that requires only one bond, compared to three bonds for
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nitrogen.

Wilkinson‘ and Ellimén [82, 92], have reported extensive work on the effects’
of hydrogen annealing on the PL of silicon nanocrystals. They observed that the
PL intensity improves depending on temperature and on how the _hydrogen is intro-
duced during the annealing process. The optimal annealing temperature was found
to be 500°C since the absorption and desorption of hydrogen are at their highest
and lowest at this temperature. Figure 5.7 illustrates how the inclusion of hydrogen
into the silicon rich loxide can improve the PL intensity. Also, the method by which
the hydrogen atoms are introduced into the material can affect the PL intensity.
Atomic hydrogen introduced through either implantaﬁon or ‘other processing steps
bonds readily to defects present at the interface between Si and SiOs. In contrast,
molecular hydrogen introduced through the ambient gas requires a reaction to occur
and is not able to react with all non-radiative defects [92]. As such, atomic hydro-
gen removes substantially more defects, which allows additional nanocrystals to be
optically active.

The benefit of annealing with hydrogen gas is not limited to the PL intensity.
Additional benefits include longer radiative lifetimes and larger dispersion factors.
Longer radiative lifetimes are an important benefit in regard to laser technoldgy
since population inversion is required and is easier to achieve with longer radiative
lifetimes. Longer radiative lifetimes arise in Si-nc because the fast non-radiative
defects are reduced improving the probability that a photon will be emitted. An in-
creased dispersion factor is also advantageous because it indicates a lack of migration

channels for the electrons and/or holes to non-radiative processes [92].
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Figure 5.7: PL mtenmty before and after a 1 h anneal at 450°C in forming gas (5%H,
95%N3). The sample was implanted at 90 keV, a dose of 1.2 x 10'7 Si ions /cm? and
annealed at 1170°C fot 15 min.

5.2.3 Phofdliiminescence Conclusions

In summary, ?mpla.ntation dose impacted the PL intensity by influencing the
vacancy-type defe;i;fswhlch in Chapter 3 was shown to affect the nanocrystal size
and distribution. T’he nanocrystal size increased with dose and annealing temper-
ature, and the dlstnbutlonbroadened at higher temperatures. Increasing the dose
and distribution resultéyc:ifi%;ijarge nanocryStals that required many more atoms,
eventually reducing the overa:Il | huﬁiber of ;Si-nc that emitted light and led to a
reduction in PL intensity. As Well,the ‘la,rg.er and broader distributions had less
efﬁcienf nanocrystals according tﬂej results found in Chapter 4, which contributed

to the eventual reduction in PL intensity.

The photoluminescence of Si-nc is also strongly affected by the choice of the
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annealer and annealing gas. The rapid thermal annealer allowed more silicon atoms
to form nanocrystals which resulted in a higher PL intensity compared with samples
annealed in a furnace. The choice of gases (i.e., argon, nitrogen, and hydrogen)
utilized in silicon ’pmcessing also affected the luminescence of Si-nc. Argon, an
inert gas, does not achieve results approaching that of nitrogen gas due to a lack
of defect reduction and the tendency to create larger nanocrystals. Additionally,
the PL intensity «can bel enhanced further after the initial anneal in nitrogen by
annealing at .a-.{ﬁxach lower temperature with hydrogen, because of further defect
reduction. 'Thu;s; a lower thermal budget can be achieved by annealing in an RTA
with nitroge:e;zgds, promoting the growth of the most nanocrystals, followed by an
anneal at a lower temperature in hydrogen removing the defects at the surface of

the nanocrystals.

5.3 ~ Cathadoluminescence

Severa;l-‘meﬂmds for achieving a silicon light emitting device have been pub-
lished [72, 93-95], some of which use Si-nc embedded in SiO,. Most of the devices
utilizing Si-ne excite them through impact ionization in the electroluminescence (EL)
measurements. Impact ionization is a process whereby the injected electrons excite
the material’s electrens from the valence band to the conduction band, resulting
in electron-hole pairs that can recombine to emit light. Cathodoluminescence (CL)
also excites Sifnc by using electrons, but with slight differences between the two
excitation techniques. The applied voltage in an EL measurement is much smaller

than that applied in a CL measurement, and an electric field is present in an EL
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measurement. Nevertheless, the excitation method for CL and EL measurements
are similar and therefore, it is fascinating to probe the Si-nc by CL.

Exciting the Si-nc with a beam current of 0.6 mA at an energy of 6 keV revealed
that the CL emission spectrum is dramatically different from the PL spectrum shown
in Figure 5.8. This result is unexpected because it has been repofted that the
emission in EL measurements are similar to PL measurements [93, 96]. However,
the difference between ‘the two spectra can potentially be explained two ways. First,
if enough electrons and holes occupy the first excited state of a Si-nc, then the second
excited state can be observed. CL measurements are made with higher excitation
intensities than either PL or EL measurements, possibly leading to the emission
from the second excited energy state. Calculating the second excited energy state
using Eq. (4.3) in Chapter 4 results in an emission centered near 450 nm, close to
the emission observed in Figure 5.8. A second possibility is that the electron beam
in a CL measurement creates and/or excites luminescent défects at the interface of
the Si-nc. Either possibility can be explored further through the exposure of the
sample to smaller beam currents.

Observing the changes in CL emission with smaller beam currents and expo-
sure times can indicate the mechanism responsible for the CL emission. At lower
beam currents two emission peaks are distinguishable, one centered at 450 nm and
the other at 650 nm (illustrated in Figure 5.9). These emissions are consistent with -
other CL measurements [97-99]. Even though the emission at 650 nm is strongest
at the lowest beam currents, the 450 nm emission becomes stronger at higher beam

currents. As well, the longer the sample is exposed to the electron beam the stronger
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Figure 5.8: CL and PL emission spectra for a sample implanted at 90 keV and a dose of
1.4 x 10'7 ions/cm?. The sample was annealed in nitrogen at 1170°C for 15min followed
by a passivation anneal at 450°C for 1 hr. The CL measurement was done at an energy of
6 keV with a 0.6 mA electron beam current. The CL emission was smoothed for clarity.

the emission at 450 nm becomes (Figure 5.10). If the emission was due to excited
states, these results would indicate that: the first excited state was filling up allow-
ing the s@nd excited state to be observed; and the rate of excitation is faster than
the radia,l;{iveb recombination rate. However, the results after long exposure times
and large currents can also be explained by increased damage to the sample, creat-
ing more luminescent defects. Determining whether these results are related to the
excited sté,tes or .to defects can be accomplished with a straightforward experiment
described below.

Multiple CL measurements of one region in a sample containing Si-nc, but
changing the exposure time can determine which of the two possibilities is respon-

sible for the observed CL emission. The first measurement was obtained after the
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Figure 5.10: A progression of the CL at 10 keV with a target current of 5 nA.
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sample had been exposed for 300 s with a beam current of 5 nA. The electron beam
was then moved to another location for 300 s, alibwmg' the region where the first
measurement was collected to relax to its unexposed state. The second measure-
ment was obtained in the same region as the first measurement, but exposed instead
for 30 s. If the CL emission observed was due to the second excited state, then the
second measmement would produce a spectrum similar to that measured after 30 s
in Figure 5.10, bééause the excited states depopulate during the relaxation period
and repopulate When exposed again. If the CL emission was due to defects, the
second measurement would be‘identical to the ﬁrsf measurement because the beam
would have caused irreparable damage. The results of the second measurement are
identical to the first measurement, revealing that the emission spectrum measured
at 450 nm was due to defects.

Additional evidence that the CL emission is caused by defects is provided dur-
ing the ion implantation process where a blue emission at approximately 450 nm is
clearly visible (Figure 5.11). The visible blue emission during the implantation pro-
cess is likely due to defects because the nucleation of excess Si at room temperature
is extremely small and the positron annihilation spectroscopy (PAS) measurements
revealed numerous vacancy-type defects. However, the CL emission at 650 nm de-
creased with exposure to the electron beam, which is contrary to the defect emission
at 450 nm. Thus, the luminescence at 650 nm needs to be investigated further.

Although it has already been demonstrated that the CL emission at 450 nm
was due to defects, the results were inconclusive for the CL emission at 650 nm.

The types of defects introduced into SiO; during ion implantation, some of which
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Figure 5.11: Picture of a sample during implantation emitting light in the blue region
of the visible spectrum.

luminesce, were briefly discussed in the PAS section of Chapter 3. The luminescent
defects in Si02 and their emission energies are tabulated in Table 5.2 and some of the
luminescent defects are tentatively identified in Figure 5.12. The PL measurement
after implantation demonstrates defect related emission centered at both 450 and 650
nm, similar to the CL emission. As well, Pillai et al. [98] obtained CL measurements
from porous silicon with peaks at both 450 and 650 nm, and discovered that after the
samples had been etched in hydrofluoric acid, the CL emission was extremely weak
while the PL emission did not change. This experiment’s results strongly support
the theory that the CL emission at 650 nm is due to the oxide related defect rather

than the Si-nc.
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Table 5.2: List of luminescent defects in SiO2 [100].

Defect Ty;e ~ Energy (eV) Wavelength (nm)

NBOHC 1.91 - 1.96 636 - 650
Self trapped exciton 22-24 517 - 564
E centre . . 2.72 - 2.95 420 - 455
Al centre ' 3.12 397
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Figure 5.12: Comparison of defects excited by PL and CL. The two PL measurements
are from the same sample. The first PL measurement was taken after the ion implantation
stage and the other PL measurement was measured after a nitrogen and hydrogen anneals.
The sample had a 1 um thick oxide layer implanted at 450 keV and a dose of 1 x 1017
ions/cm?. The sample was annealed at 1070°C in nitrogen gas and 450°C in 5%Hz 95%N5.
The CL measurement was done at 10 keV with an electron beam current of 5 nA. All the
curves were smoothed for visual clarity.

5.3.1 Cathodoluminescence Conclusions

The cathodoluminescence (CL) measurements excited the Si-nc with energetic
electrons much like electroluminescence (EL). With large electron beam currents, an
emission spectrum centered at 450 nm is observed and a second emission centered

at 650 nm is also observed at lower currents. These two emission peaks differ from
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PL and EL measurements and are caused either by the emission from the second
excited energy state or by defects. An experiment was completed where the CL
spectrum was measured in one region with different beam exposure times. It was
concludéd that the emission at 450 nm was caused by defects and that the increase
in the emission intensity was due to damage from the electron beam exposure.
However, the emission at 650 nm differed frém that at 450 nm and prompted further
investigation. Pillai et al.’s CL experiment in porous silicon demonstrated that
after a hydrofluoric acid etch, the CL emissions disappeared while the PL emission
remained, which confirmed that the emissions were caused by SiO, defects. Thus,
the CL measurements damaged and created defects in the sample that were excited

by the incident electron beam.
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CHAPTER 6

- Conclusions

The microelectronics industry has followed Moore’s law since 1965, whereby
the number of transistors on & microchip doubles every two years. Although the
challenge in maintaining Moore’s law has traditionally been in reducing the size of
the transistors, the International Technology Roadmap for Semiconductors (ITRS)
has in the past few years highlighted interconnections between the transistors as
another challenge. 'Tlhe challenge fega.rding the interconnections between the tran-
sistors is exacerbated as the size of the transistors decrease and there is no long term
solution beyond 2010. Nevertheless, a potential solution is the integration of opti-
cal interconnects on -@i_mi(;?rpchip, which would solve most, if not all, the problems
associated with their metallic counterparts.

Most photonic devices used in the telecommunications industry are made of
III/IV semiconductors that cannot be easily reduced in size, are expensive, and are
not particularly cbmpa.tible;;with silicon. Even though silicon would be the ideal
material for integrating photonic devices on a microprocessor, its indirect band gap
makes it a poor emitter of light. .A solution for overcoming silicon’s indirect band gap
is through nanostructured materials that enhance the probability that a radiative
recombination will occur.

In the early 1990’s, L. T. Canham proposed that large and numerous holes

in silicon would result in quantum confinement effects that improve the radiative
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recombination of silicon. Canham’s hypothesis was proven correct and initiated an
interest in silicon photonic devices and a silicon laser. Some of the interest focused
on silicon nanocrystals embedded in silicon dioxide because they utilize the quantum
confinement effects produced through the difference in the two materials’ band gaps.

With interest in siliqon nanocrystals and a silicon laser, this thesis has focused
on experimental and theoretical work to enhance and increase the comprehension of
silicon nanocrystals’ (Si-nc) material properties. The growth and optical properties
of Si-nc were examined in greater detail since they are essential for developing a
silicon light emitter.

The growth of Si-nc was examined through numerous experimental techniques
and simulations to identify the mechanism responsible for the growth. A correlation
was observed between the vacancy-type defects created by ion implantation and
the growth of the Si-nc. This correlation had not previously been observed and
has implications for the manipulation of the nanocrystals’ optical characteristics for
various applications. Experiments were performed to support the correlation and to
illustrate its potential benefit. A sample was implanted twice, with the first implant
deep in the material and the second implant shallow. The deep implant affected
the shallow implant’s vacancy-type defect distribution allowing larger nanocrystals
to grow, which was reflected in the photoluminescence measuréments. These results
supported the preceding correlation and the potential to manipulate the growth of
nanocrystals in a particular region.

Additionally, the relationship between the nanocrystal size obtained ﬁom

transmission electron microscopy and emission wavelength from PL measurements
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was explored. The images revealed that previous theoretical work overestimated the
nanocrystals’ emission energy and that a simple one-dimensional modél can reason-
ably predict the emission energy. Even though nanocrystals are three-dimensionally
confined, previously published results provided supporting evidence for the validity
of a one-dimensional model. Through the application of the one-dimensional model
to the nanocrystal size distribution; the recombination strength or the efficiency of
the nanocrystals was determined and the results were similar to those published
on one-dimensional structures. In addition, luminescent lifetime measurements and
optical gain measurements in other published work supported the recombination
strength. ‘The establishment of a reasonable emission energy model and recombina-
tion strength permitted the simulation of phdtoluminescence from other published
TEM size distributions. The results were in good agreement at lower emission wave-
lengths and deviated at wavelengths greater than 950 nm. Nonetheless, the majority
of published results with the highest intensities occurred at lower wavelengths, which
implies thaﬁ the one-dimensional model and recombination strength are appropriate
for the emission wavelengths of interest.

The results obtained regarding the growth and optical properties of silicon
nanocrystals alléwéd for the analysis of the relationship between photoluminescence
and processing parameters. It was discovered that the peak photoluminescence
wavelength shifted with an increase in dose and/or annealing temperature due to -
the increase in the nanocrystal size. As well, the photoluminescence intensity in-
creased with increasing dose until the nanocrystals’ average size was large enough

that fewer nanocrystals were formed due to the fact that larger nanocrystals require
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more silicon atoms and are less optically efficient. When this point was attained, the
PL intensity decreased. In addition, cathodoluminescence measurements were per-
formed and produced different results than the photoluminescence measurements.
Initially there were two potential explanations for this variation,» but upon further
investigation it was concluded that the emission was caused by defects at the surface
of the nanocrystals.

All the experimental and theoretical work performedvin this thesis regarding
the growth and optical properties of Si-nc are valuable tools for future analysis of
Si-nc. Based on the results obtained from the growth of the Si-nc, it was demon-
strated that the growth of the nanocrystals can be modified to affect the emission
wavelength and intensity. As well, the changes in photoluminescence with vary-
ing process parameters can be better understood with a simple theoretical model.
Therefore, the results attained in this thesis allow for future enhanced analysis and

manipulation of Si-nc in silicon dioxide.
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APPENDIX A

Modeling PAS Results

PAS measurements were modelled and fitted using the program POSTRAPS
[57], which can provide insight into the material properties. A simple model was
applied by dividing the oxide film into three regions, except for the reference SiO,
which had }:Wo regions. Only two parameters were altered per region (i.e., thickness
and diffusion coefﬁcientj with the diffusion coeflicient maintained between 0.0020
and 0.0i43~ cm? /s, which are typical values for positrons in Si02 [101]. An illustration
of the model and a description of each region is depicted in Figure A.1. In all the
models the Si/SiO, interface was included because it effectively trapped positrons
and signiﬁcahtly improved the fit of the model even though the thickness of the
interface was only 1 nm. To maintain consistency the parameters obtained in fitting
the reference SiO, for the interface and oxide region were kept identical for the
implanted and annealed samples. As such, for the implanted aﬁd annealed samples
only the thickness and diffusion coefficient in the implanted region were changed
and all other parameters remained consistent between samples. Results of the S-
parameter fitting are summarized in Table A.1 and the fits are shown in Figure
3.9. Figure 3.9 demonstrates that the model was a good representation of the

materials properties and can be used for some important comparisons between the

PAS measurements and the TEM images.
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Figure A.l: Model used in POSTRAPS to fit the PAS results for the implanted and
annealed samples.

Table A.l: Normalized 5-parameter values simulated by POSTRAPS for PAS data
collected from the 430 nm thick SIC2 film implanted at 90 keV and a dose of 1.4 x 1017
ions/cm2. Sample (A) reference SIC film, (B) as-implanted film, (C) annealed 10 sec. at
1170°C, and (D) annealed 30 min. at 1170°C.

Sample Surface Implanted SIO: film Si/Si02 Substrate

Region Interface
A 0.9172 : 0.9827 0.9718 1
B 0.9495 1.0244 0.8339 0.9794 1
C 0.9466 0.9954 0.9790 0.9578 1
D 0.9074 0.9581 0.9841 0.9538 1
A .l Presence and Location of Silicon Nanocrystals

The results from the PAS model are important when discussing the presence
and location of nanocrystals in the film because they can be directly compared with
the TEM images. The presence of nanocrystals is evident by the 5-parameter value
in the implanted region dropping below that of Si02 after a 30 min anneal (sample b
in Table A.1), and being comparable to the value at the SI/SIOz interface. Ghislotti
et al. [52] observed similar results with the same conclusion that the reduction
in 5-parameter was due to the formation of Si-nc because they introduced several
SI/S102 interfaces effectively lowering the 5-parameter value [102]. As well, the

model thickness of the Si-nc region was 225 nm, which is comparable with the
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observed TEM thickness of approximately 200 nm. Thus, the results from the PAS
model and the TEM images are in mutual agreement regarding the presence and
location of the nanocrystals.

Since the PAS model and TEM images agree on the presence and location of
the nanocrystals, the positron diffusion length and the nearest neighbour distance
of the Si-nc in the TEM images should be comparable. Positrons are attracted to
the Si-nc interface which would be reflected in the diffusion coefficient and diffusion
length. The positron diffusion coefficient in the implanted and annealed sample was
0.0020 cm?/s, much shorter than the SiO, film diffusion coefficient of 0.0083 cm?/s.
This indicates that the positrons do not diffuse as far before they annihilate and the
average distance they travel before annihilation can be determined by the diffusion

length:
[ =+v4Dt

where D is the diffusion coefficient and ¢ is time. The diffusion length is directly
comparable to the nearest neighbour distance in the TEM images. The nearest

neighbour distance can be calculated by using the Wigner-Seitz radius given by

1
3 V\3
nn = - rT -d
@ 2(47rN>

where V is volume of the sample in the TEM image, N is the average number of
particles in the TEM image, and d is the average particle diameter. The diffusion -
length using a diﬂ"usioﬁ coefficient of 0.0020 cm?/s is 8.9 nm and the approximate
nearest neighbour diétance from the TEM images was 6.6 nm. However, the diffusion

coefficient is constrained by the boundary conditions mentioned earlier for SiO,
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which does not include the existence of Si/SiO, interfaces in the oxide layer. If
the diffusion coefficient is permitted to vary in order to achieve the best fit, then
the diffusion coefficient would be 0.0010 cm?/s or a diffusion length of 6.3 nm. This
best fit diffusion length is very .similar to the nearest neighbour distance in the TEM

images further supporting the existence of silicon nanocrystals.
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APPENDIX B

Quantum Mechanics Calculations

B.1 One-Dimensional Finite Square Well
The one-dimensional finite square well can be solved using Schrédinger’s time-

independent wave equation expressed as follows

R d%

——
2mg ;, dz

+Very = Eeptp

where the potential energy of the system is given by

0, for |z|]<a
Ven (z) =

Vo, for |z| > a
For the region inside the square well the potenfial energy is zero, which implies

that the Schrodinger equation becomes
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The general solution for the wavefunction inside the wéll is then given by
Yen (x) = Acos (kz) + Bsin (kz)

where A and B are normalization constants.
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For the region outside the square well the potential energy is V,,, which implies

that the Schrodinger equation becomes

2 2 2 ‘
T2V V=B, o Slaky,

Zm:’h( out) dx?

where

\/2m:,h(out) (V; - Ee,h)
k= P

The general solution for the wavefunction outside the well is then given by
Yen () = Cexp (—kzx) + D exp (kx)

where C' and D are normalization constants.
Grouping the general solutions together and separating them into even and

odd solutions results in the following forms

,
Acos(kz), for |z| <a even solution

¥ (x) =4 (B.1)
| Cexp(—kz), for |z|>a

4

Bsin (kx),  for |z|] < a odd solution

Y (z) = 4 (B.2)
\Cexp(-—kx), for |z| > a

The general solutions inside and outside the well need to be continuous at the
boundaries, which implies that 9 and di/dz at |x| = a need to be continuous. The

continuity of ¥ (z) for both the even and odd solutions at a are

Acos (ka) = Cexp(—ka), even solution

¥ (z) = (B.3)
Bsin (ka) = Cexp (—ka), odd solution
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and the continuity of di/dz for both the even and odd solutions at a are

& (z) —kAsin (ka) = —kC exp (—ka), even solution
= =\ (B.4)
kB cos (ka) = —kCexp(—ka), odd solution
- Dividing Eq. B.4 by Eq. B.3, we find that
k tan (ka), even solution _

—cot (ka), odd solution

‘The expressions obtained in Eq. B.5 are the allowed energy states of the system

since k and k are both a function of E, ;. Expanding Eq. B.5 we get

P

\/mz,h(out) (‘/:) - Ee,h) < taun (I‘ia,)

m: o Fon
hm) — cot (ka)
\

\/ mZ,h(om)VB _ ™M h(out) .y tan (xa)

mz,h(in)Ee,h Mg hin) _ oot (ka)

\

Adopting a nicer notation: let

a
Z = Ka, and 2o = 71 /2m;,h(out)Vo

Therefore, Eq. B.5 becomes

(-52)2 } ™ out) _ tan (2), even solution B6)
2 Mg h(in)

—cot(z), odd solution

The above transcendental expressions differ slightly from those presented in quantum
mechanics textbooks due to the variation in the effective masses inside and outside

the one-dimensional finite square well.
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B.2 Three-Dimensional Finite Spherical Well

The three-dimensional finite spherical well can be solved uSing Schrédinger’s

radial time-independent wave equation expressed as follows

H2 d*p fi? 2(3+1)

Ven E
2meh e T [ 2my ¥ =Eery

where the potential energy of the system is given by

0, for |r|<a
Ven(r) =

Vo, for |r| >a
For the region inside the spherical well the potential energy is zero, which
implies that the Schrodinger equation becomes

B h? d2¢+ B2 L(£+1)
2mg i) dr? 2 i) r?

¢ = Ee,hwa

or

dr? — Zm;"h(m) r2

d%p_[ A2 e(e+1)_n2]¢‘

where

A/ 210 imy Ee.n

h

K

Solving for the zeroth order case (¢ = 0), the general solution for the wavefunction
inside the well is then expressed as

cos (kr) Bsin (kr)

Ven (1) = no (K7) + Jo (k1) = —A———= = =
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where n, (kr) is the Neumann function of the zeroth order, j,(kr) is the Bessel
function of the zeroth order, and A and B are normalization constants.
For the region outside the spherical well the potential energy is V,, which

implies that the Schrédinger equation becomes

K2 g2 K2 t(+1
R N A A )
2me,h(out) r 2'Ine,h(out) r .
or

d2;b=[ G 2(e+1)+k2]¢’
2m

*
e,h(out) r

where

\/2m:,h(out) (1/0 - Ee,h) .
k= =

Solving for the zeroth order case (¢ = 0), the general solution for the wavefunction

outside the well is then expressed as

exp(—kr)+Dexp(kr) -

Yeu (r) =—C kr kr

where C' and D are normalization constants.
Grouping the general solutions together and separating them in terms of the

Neumann function, n, (kr), and the Bessel function, j, (kr), results in the following

forms
A (m"), for |r| <a Neumann function
¥ (r) = m (B.7)
_CM for |7'| > a

kr
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BE (KT), for |r] < a Bessel function

¥ (r) = mr (B.8)
‘ _o®P (—kr)
kr

, for |r| >aq

For the Neumann function the constant A has to be zero because of the singular
behaviour as 7 — 0. This leaves only the Bessel function solution, which has to be
continuous at the boundaries, implying that ¢ and di/dr are continuous at |r| = a.
The continuity of ¢ (7) for the Bessel function solution at a is

sin (ka) _ XD (—ka)

B — -C a (B.9)
and the continuity of di /dr at a is
kBcos(ka) Bsin(ka) kCexp(—ka) Cexp(—ka)
— = +
Ka Ka? ka ka?
phacos (ka) — sin (ka) _ Cka exp (—ka) + exp (—ka) (B.10)
Ka? ka?
Dividing Eq. B.10 by Eq. B.9, we find that
Kacos(ka) —sin(ka) _ (ka+1)
Asin (ka) B A
kacot (ka)— A = ~ka— A
k
- = — cot (ka) (B.11)

Equation B.11 is exactly the same result as the odd function given in Eq. B.5,

therefore the simplified version of the transcendental equation is

\/ (ﬁ)2 _Menow _ ot ) (B.12)

%*
o me,h(in) »
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B.3 Results

Along with the individual excited states for the electrons and holes, the silicon
band gap of 1.12 eV must also be included to obtain the emission energy of the

silicon nanocrystal (Si-nc).
E=E;,+E.+ E, (B.13)

A few example results are given below in Table B.1 and shown in Figure B.1.

Table B.1: ,\'R‘,es'ults for the one-dimensional even solution and the three-dimensional
solution (whi¢h is equivalent to the one-dimensional odd solution).

- Si-n¢ Diameter Solution E,  Ej E  Wavelength

{nm) (1D/3D) (eV) (eV) (eV) (nm)

0.5 1D 1.54 106 3.71 334
: 3D - - - -
o1 1D 0.65 040 2.17 571

3D 230 161 5.03 246

15 1D 035 021 168 739
" 3D 1.33 0.84 3.29 376
3 1D 021 013 146 848
- 3D 0.84 0.52 248 501
3 1D 0.10 0.06 1.29 963

‘ 3D 0.42 0.25 1.79 694

5 1D 0.04 0.02 1.18 1046

3D 0.16 0.10 1.38 899
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Figure B.l: The emission energy and wavelength of silicon nanocrystals for the one-

dimensional even solution and the three-dimensional solution (or one-dimensional odd
solution).
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APPENDIX C

| Photoluminescence Simulations

The simulatevaL emissi(;n spectra aﬁd their equiValent TEM size distributions
are further presented in this Appendix. The authors of the publications examined
(Priolo and Iacona), determined the size distribution using the nanocrystal radius.
Had they utilized the nanocrystal diameter they could have improved the Gaussian
fit while maintaining the same number of significant digits and decimal places. For
example, a mean radius of 2.1 nm is equivalent to a diameter of 4.2 * 0.2 nm,
whereas a measurement of the mean diameter would have been 4.2 + 0.1 nm. As
well, at the higher nanocrystal diameters the distribution deviates from a Gaussian
distribution, which affects the simulated PL at higher wavelengths. Thus, the TEM
size distributions were re-evaluated to obtain the best fit, énd a comparison between
the fits is shown in Figure C.1. The results are also summarized in Table C.1 and
shown in Figure C.2. The difference in the results is noticeable both in the peak PL
wavelength and the full width half maximum (FWHM), but more so in the FWHM
compared with the results presented in Table 4.2. As well, one notices through
inspection that the simulated PL in Figure C.2 appears to fit the experimental
results better than those plotted in Figure 4.9. These results indicate the importance

of the accuracy of the TEM distribution on the simulated PL.
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Figure C.I: The TEM distribution for (a) is from Priolo [64], and (b - f) are from lacona
[80]. Both the author’s fits and our own are included in the TEM distributions. The TEM
distributions refer to sample’s A2 (a), B2 (b), B3 (c), B4 (d), Bh (e), and B6 (f) from

Table C.I.
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Wavelength (nm) Wavelength (nm)

Figure C.2: The simulated PL intensities are from our own fits’ of the TEM size distri-
butions and not those stated in References [64, 80]. The simulated PL emissions are from
Table C.lI sample’s A2 (a), B2 (b), B3 (c), BA (d), 135 (e), and B6 (f). The experimental
PL for (a - b), and (d - f) are from Priolo [64], and (c) is from lacona [80].
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Table C.1: Summary of the experimental and simulated PL utilizing our own fit of
the TEM distributions. The values in brackets of the “simulated” columns represent the
difference between the experimental and simulated results.

Sample Mean O Amaz Amag FWHM FWHM

Diameter Simulated ~ Simulated
(om) (om) (nm) — (nm) (nm) (nm)
A1-SL 2.2 0.8 810 840 (+30) 175 175 ( 0 )
A2 2.2 0.6 80 850 (—10) 165 165 ( 0 )
B1 2.0 0.4 900 840 (—60) - 130 ( - )
B2 2.2 04 80 850( 0 ) 160 150 (—10)
B3 2.6 0.8 915 855 (—60) 185 190 (+ 5)
B4 3.0 0.6 890 940 (+50) 175 145 (—-30)
B5 3.4 1.0 910 -940 (+30) 190 205 (+15)
B6 4.2 1.0 950 1010 (+60) 230 175 (—55)
Mean Difference 38 16

Samples A - Priolo et al. [64]
Samples B - Iacona et al. [80]
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APPENDIX D

Coulomb Interaction

There are several additional terms that can be included in the Hamiltonian
utilized to determine the emission energy of the silicon nanocrystals. Among these
terms are the Coulomb interaction, exchange interaction, electron-hole correlation,
polarization at the surface, etc [31]." Most of these terms are very small with the
exception of the Coulomb interaction. Generally, the Couiomb interaction is ignored
in a strong confinement regime but included in other regimes, effectively lowering
the emission energy. Thus, the Coulomb interaction will be the only additional term
in the Hamiltonian that will be reviewed in detail.

The emission energy of the Si-nc was calculated using both the finite square
well and finite spherical well models. The wavefunctions in the two models are either
one-dimensional or three-dimensional in nature and require an equivalent Coulomb
interaction. In both cases the Coulomb interaction is treated as a perturbation

[103, 104], and the emission energy becomes
E=Eg‘|‘Ee+Eh+ (‘IllHehI\I’) (D'l)

where E, is the band gap of silicon, E, is the energy of the excited electron, Ej is

the energy of the excited hole, and H,p, is the exciton Hamiltonian.
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D.1 Coulomb Interaction fof a Finite Square Well

In a finite square well the Coulomb interaction Hamiltonian has the form

[104, 105]

mp— Mg ¢

2 47re\/r2+ (ze — xh)2 .

where y is the exciton effective mass, € is the dielectric constant, which is generally

(D.2)

different from the bulk dielectric constant, and r and x; are the positions of the

electrons and holes. The exciton effective mass can be determined from the following

(L, 1\
#= me mp

where m, and m;, are the effective masses of the electron and hole respectively.

expression

The dielectric constant inside the nanocrystal is determined from a generalization

of Penn’s model [106, 107]

_ Eb—].
es(R) 1+—1+ (%)l

where R is the radius, €, is the bulk dielectric constant (11.9), a = 6.9 A[108], and

(D.3)

[ = 1.37 [108]. The wavefunction for the exciton in a finite square well is a product

ansatz expressed as

v = ¢e($e)¢h(xh)q’eh(r) (D'4)

where 9. and 9, are the one-dimensional non-interacting electron (e) and hole (h)
wavefunctions, and W.,(r) is the electron-hole Coulomb interaction wavefunction.
The non-interacting electron and hole wavefunctions in one-dimension had an even

and odd solution given earlier in Eq. B.6. However, it is easier to evaluate the
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Coulomb interaction by solving the infinite square well with an effective well width.
The energy of the even solution and infinite square well with an effective well width
renders the same excited energy results but is slightly easier to evaluate. The infinite

square well wavefunction using the effective width is expressed as

4y(2) = \/Ll— cos (2 - m9

where L; is the effective width.
For the electron-hole Coulomb interaction wavefunction (W), the 1s-like func-

tion is assumed [104, 105, 109].

r

‘I’l,eh(T) = N, exp (—}\‘) (D-G)

\/7’2 + (ze — z1)°
A

(D.7)

\Ilg’eh(’f') = N2 eXp | —

where X is the radius determined variationally, and N; and N, are the normalization
constaﬁfé. The first expression for the Coulomb interaction wavefunction can accu-
rately éccount for the behaviour of the exciton in narrow square wells but fails to
approxin.latévthe behaviour in wider square wells {105, 109]. The second expression
approximates the Eehaviour of the exciton in both narrow and wide wells but it is
more complicated to solve [105, 109].

First, the Wavefunctions need to be normalized. The normalization constant

for Eq. D.6is given by N; = 1/# [104, 105, 110], and Eq D.7 normalized becomes

2n ] 2
24/12 4+ (20 — 2
1= |N2|2/.d<p}/'rexp — \/ ( ) dr (D.8)
0

A
0

Adopting a nicer notation: Let

u= \/'r'?+(me—xh)2



1 _
du = 7 2r [7"2 + (ze — xh)z] 12
udu = rdr

Substituting u into the normalization expression results into Eq. D.8

1=2m|N,|? / U exp (—%\q) du

|te—2zh|
2 o0
1=2m|Ny)? [—%/\ (2u+ M) exp (——;)]
|ze—zp]
1= lN2|2 g)\ (2|ze — zn| + ) exp (—M)

Thus, the normalization constant for the second trial wavefunction is -

A
A (2|xe — zp| + A)

_ 1/2
2 exp (—-———2 [z xhl)
Ny =
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(D.9)

(D.10)

(D.11)

(D.12)

Now, the Coulomb interaction of the two different trial wavefunctions can be

determined. First, the simple trial wavefunction (Eq. D.6) will be evaluated. Since

the simple trial wavefunction is separable the kinetic energy term only needs to be

evaluated for the electron-hole Coulomb interaction wavefunction (U):

ﬁ2 9 .

(Ty) = —% |V |2 7d<p]or exp (—g) V2 exp (—g) dr
0 0 :

(Th) = _ﬁ,277r |N)? [ rexp (-—%) -}%rad; exp (—%) dr

2 r 1 [ 2r
(Th) = L | V1 | (F - X) exp (_7> dr

(1) = <w1,eh(r)
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h2m A2 2ra% 1 2r\ 1%
) =~ -~ T+ ) = ()],
Rr o f1 1
<T1) =—— |N1| (Z - 5)

Thus, the kinetic energy term is

(D.13)

The potential energy for the simple trial wavefunction was evaluated both

analytically and numerically as follows

Vi) = <\111D e - xplD>
ame \/'7'2 + (ze — xh)Q

Qe ap,
2
= AR IN TZh
(V1) 47re|e||h|| 1|/cos (Le)dxe/cos(Lh)dxh
—Qe ~Qap

r exp )
/ dy / dr
V72 + (e~ za)?
Thus, the potential energy term is

. Qe a'h
2¢2? T T
VY= ¢ 2 e d . 2 _h' d
(V1) ms,\L.th/coS (L) ! /COS (Lh) o
—Qe

Zan (D.14)

2|ze —zp| [7 2 |ze — | 2|z, — |

where H; is the first-order Struve function and N; is the first-order Neumann func-

tion or Bessel function of the second kind. Evaluating Eq. D.14 further analytically
is very difficult and it was evaluated instead numerically. Both expressions for the
kinetic and potential energy perturbations are the same as those presented in other
publications [104, 105, 109, 110]

The second trial wavefunction is a little more complicated but can predict

the Coulomb interaction for larger nanocrystals more accurately. The second trial
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wavefunction is not separable, implying that the kinetic energy term needs to be

evaluated for the entire product ansatz wavefunction (¥!?) given by

) = (w0 |-l o)

(B = =1 LA 1A NP / (

Efvz

an
T
) dz, / cos? ( I ) dzy,

—ap,

x‘/dap:‘/rexp (_\/T2+(ie_$h) )V2exp (_\ﬂ”z"l"(ie—xh) )dr
o0

anp

T
) dzx, / cos? (—1—;—’—1’1) dxy,

—ap

]o \/r2+(:c ——:rh) 1d d \/r2+(xe—xh)2 d.
T exp b\ ;_"c'l—”:’f'zi—; exp | — b\ T
0

o

A

B2
(Tz),='ﬁ_—7—r- |Ac|? | Aw]? | N J? /cos (

3 r2 4 (zo — xp) |
A= |N2[2/rexp (—\/ (Ae & )
o Y
1dr?(r’*+|z. — -'L'hlz)—l/2 \/72 + (ze — zn)”
X —— exp | — dr
rdr A A

A A2

2 [r? + (ze — z4)°] _1/2} ( 24/72 4+ (2 — xh)z)
- 5y exp | — ‘ dr

“32 o1, oy
|N2|./{ [P e m ] 7 [+ (@ =l

A

Once again let

u=4/r2 + (2. — z4)*
udu = rdr

i 2 2 2 2
_ 2 u'— (Te—zn)” W —(Te—z) 2 _2u
= | Ng| / u{ — + 2\ " exp 3 du

|ze—zp]
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9 T U (:I:e—.'rh)2 (:ce——a:h)zy 1 2u
A = |Ns| /{Xi_ O TR U Ll S

|ze—2zp)

_ 2 1 1 (me — mh)z U _2u (ze — xh)2 2u
A =[N, {l2 4:+ N 5 | €XP 3 v E; X | |
Te—Zp

A+2|z. — 2 \z. — a2 9z —
A= |-Nr2|2 [_ + |-’Ee mhl exp (-M) <4 (CCe xh) El ( Ixe xhl):l

o0

4\ A A2 A
1 2 (ze — zp)? (2|xe —xhl) (2|me—mh|)
A=——+ exp [ 22 —Zrl ) g (21T — Tl
2N " 8 [2 (g —zn) 4 A D\ A X

where E is the exponential integral. Thus, the kinetic energy term can be evaluated

numerically from the following expression

ﬁ2
ah

82 f o [ TTe o [(TTh
——uAsLeLh /cos (Le)dxe/cos (L_h) (D.15)

—Qe —Qp

— 2 — —
(ze — z1) exp (2[:1:6)\ xh]> B (2|xe)‘ xh|) iz,

where a. and ay, are the effective well radii for the electron and hole respectively. In
the above kinetic energy expression, thé first term is the same as that of the kinetic
energy in Eq. D.13. The second term is smaller than the first term leading to a
slight difference in the kinetic energies of both trial wavefunctions.

The potential energy term of the Hamiltonian for the second trial wavefunc-

tions is evaluated both analytically and numerically as before. As well, the same

substitution u = 4/7r2 + (z. — )" is utilized as shown in previous calculations.

(Vo) = <\Ilw - - xplD>
- 4mre \/1"2+ (2o — xh)2

2 %
e 31 15 1ar 12 o [ TZe o (T
= ——|A, . 2ok
(Va) 47re, |“|An|° | No| /cos (Le)dm /cos (Lh)dxh
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2u
2% % uexp (__)T)
X /dcp / du

Y |ze—xp]

2 %
4 2 2 2 [ TZe 2 ( TZh
(Vi) = =5 1A LA | [ cos (Le)dxe/cos (Lh)dzh
o,

o -2 oo (—22)]7
2 PN e
Ie“’h'

Thus, the potential energy term is

22 f o cos? (7—?’1)
L 2 [ TTe h
(Vo) = - /cos (Le)d:ce/ dzp (D.16)

—Qe —-Qp,

The perturbation expressions for the kinetic and potential energies of the two
trial wavefunctions are the first step in determining the Coulomb interaction energy.
With a variational parameter, the kinetic and potential energy perturbations need

to be evaluated until a minimum in the Coulomb interaction is reached.

<\IIID |Heh| \IIID>

min

= (T3) + (Vi)

Since the expréSSions are not analytic, the minimization of the Coulomb inter-
actions is determined numerically. A comparison of the Coulomb interaction energy
for the two trial wavefunctions is shown in Table D.1 and Figure D.1. The results
are very similar even for large nanocrystal sizes, but the relative difference as a

percentage increases with nanocrystal diameter as discussed earlier.
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Table D.I: Comparison of the Coulomb interaction energy determined utilizing the two
trial wavefunctions.

Diameter Wavefunction #1 Wavefunction #2

© 1D rplD

"Coul A"Coul
N (meV) (meV)
1.00 210 220
1.50 124 130
1.78 102 107
2.08 86 91
2.70 67 71
4.00 48 ol
5.00 41 44
6.00 36 39

Figure D.I: Comparison of the Coulomb interaction energy evaluated utilizing the two
trial wavefunctions.
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D.2 Coulomb Interaction for a Finite Spherical Well

The Coulomb interaction Hamiltonian in a three-dimensional finite spherical

well has the form [103].

62

H3D - -
ch 4me |rp, — 1

where r; and r. are the position of the hole (h) and electron (e), and |r, — re| =

\/ 72 + 12 — 2rp7e COS f. The wavefunction for the exciton in a finite spherical well

is once again a product ansatz expressed as

\IJSD = we(re)'wh(rh) (Dl?)

where 1, and %, are the three-dimensional non-interacting electron (e) and hole
(h) wavefunctions. Since the above Coulomb interaction is for a three-dimensional
object, the three-dimensional Bessel function (Eq. 4.6) will be utilized and compared
with other published results in literature. Prior to the calculation of the Coulomb

interaction, the wavefunction needs to be normalized.

T 27
1= / l(r) |2 d®r = [ [ (r)|? r2dr / sin 6d6 / dp
0 0
2 ¢ 2 F
1=4n I:lgz—!—/sim(nr)dr-k %/exp(—%r)dr]
0 a
{ = dn I_B_li r _ 2sin(kr) cos(kr) “+ IC)? _exp(=2kr)]*
B K2 |2 4k o K2 2k |,
_ |_C'|_2 a 2sin(ka) cos(ka) lelk __exp(—2ka)
1_47T{ k2 |2 4K + k2 2k

Substituting from the boundary condition C = —Bksin(ka) exp(ka)/k (Eq. B.9),

and k = kcot(ka) (Eq. B.11) into the above expression leads to

. .. 2
| = an |BP [ a _ 2sin(ka)cos(ka) sin®(ka) ]

2K2 4K3 2k3 cot(ka)
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2sin(ka) cos(ka) sin®(ka)
1=47|B? | % — -
™ |Bl [2&2 453 2k3 cos(ka)
_ 2 f a  2sin(ka) 0 . 9
1=4n|B| {252 1% cos(na) [cos?(ka) + sin®(ka)]
1
1=4r|B {2,# 2&%}
2k%k
B = ——" _
4r(ka+1)
Thus, the normalization constants are:
B K and o= —k sin(ka) exp(ka) D18)

V2r(a + 1/k)  2r(a+1/k)

Next the Coulomb interaction energy is examined assuming that the exciton

recombines inside the well, so

Cout

3D
ECoul -

3D
E Coul =

where

2
47r6/ |¢h rhl We (re) darhd3re

|I'h_re|
62 | B - 27
| ,;| /sm (’Zh"'h) 2drh‘/sin9hd0h_/d‘ph
4me | Kj Th
0 0 °
A ) Vit e 2rercosbe )
e?

4A7e

B .
47{1_'&%' / sin?(kp7s)drn

™

\/ 72 + 12 — 2rrp COS 08)

R

hTe

' 1
X 27r| el sm'“’(fsere)dre (’r
- 0

1
¢= ( T2+ 124 2rery — A/TE + 12 — 2rerh)
ThTe

) = Irn —7el]
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2/rh, fre <rp

’ =
2/re, ifre>rTp
and hence
a ) a
4me? | By | Be|? sin®(Kere) sin?(kere)

E3D  — - sin? (k7 )dr /-————-—f-e—dr /—e—e—dr
Coul ex2k2 (kar)dr Th e Te ’

0 Th

(D.19)

D.2.1 Comparison Qf Three-Dimensional Coulomb Interaction Results

| ‘Most often the emission energy for nanocrystals or quantum dots is solved
utilizing the effective mass approximation (EMA) assuming infinite potential bar-
riers. The ground state electron and hole Wavefﬁnctions for the EMA model are
(2rR)~/2sin(wr/R)r~', and the Coulomb energy perturbatively calculated from

Eq. D.19 gives the well known analytic expression {111, 112]

2

EMA _ €
Ecui 1.786 IreR (D.20)

Unfortunately, the EMA model can significantly overestimate the Coulomb Energy
[103], mainly due to the wavefunction unrealistically vanishing at the nanocrystal
boundary. Thus, an effective radius is required to achieve a more realistic solution
for the Coulomb interaction.

The effective radius can be approximated by |
R.ss = R+2/k (D.21)

with

k — \/2m;ut(v; - E)
h
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Table D.2: Comparison of the Coulomb interaction energies determined through effective
mass approximation (EMA), pseudopotentials (PS) [103], as a perturbation using Eq. D.19
(3D), and effective mass approximation utilizing the effective well width (EMA¥*).

Diameter Effective Diameter EEZMA  pES E3D — pEMAT

Coul Coul Coul Coul
(nm) (nm) (meV) (meV) (meV) (meV)
1.00 1.94 976 - 509 503
1.50 2.10 o07 340 375 363
1.78 2.32 391 270 311 299
2.08 2.59 311 223 259 250
2.70 3.18 217 176 190 184
4.00 4.46 131 - 120 117

6.00 6.44 81 - 76 75

where V, is the average potential barrier height for the electron and hole (3.95 eV),
E is the energy of the exciton solved from the transcendental Eq. B.12, and m},, is

the exciton reduced mass outside the well given by

-1
o (L1
ot m:(out) m;‘z (out)

Substituting the effective well width into Eq. D.20 rendered very similar results to

those calculated in Eq. D.19. The slight difference between the two calculations
occurred becaus‘e Eq. D.21 slightly overesﬁmates the well width, resulting in a
slightly lower Coulomb interaction. All of the Coulomb interaction energies are
summarized in Ta’ble D.2 and plotted in Figure D.2. The results of all the methods
are very similar with the exception at small nanocrystal diameters for the EMA
calculation without the effective well width, but this is to be expected with the

unrealistic boundary conditions.
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Silicon Nanocrystal Diameter (nm)

Figure D.2: Plot comparing the Coulomb interaction results from the effective mass
approximation (EMA), pseudopotentials (PS) [103], as a perturbation (3D), and effective
mass approximation utilizing the effective well width (EMA¥*).

D.3 Coulomb Interaction and Photoluminescence

The inclusion of the Coulomb interaction in both models should and did im-
prove on the results stated in Chapter 4. In the case of the three-dimensional model,
the results did not fit the experimental data well enough to warrant its application
to the TEM measured nanocrystal size distribution. In Figure D.3, the emission
energy including the Coulomb interaction for the three-dimensional model indicates
that a nanocrystal approximately 3.4 nm in diameter emits at a wavelength of ap-
proximately 826 nm (the peak emission wavelength experimentally measured). From
the 462 nanocrystals measured in the TEM micrographs, only one nanocrystal was
3.4 nm or greater in diameter. It seems highly unlikely that so few nanocrystals

that emit at the peak PL wavelength or greater wavelengths, would result in such
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Figure D.3: The emission energy and wavelength for both the one-dimensional and
three-dimensional models, with the inclusion of the Coulomb interaction.

a strong emission. Thus, the three-dimensional model as already stated does not
adequately predict the emission characteristics of the Si-nc embedded in Si02-

In the case of the one-dimensional model, incorporating the Coulomb inter-
action improved on the already existing results in most cases. In Figure D.4, (a)
and (b) are almost identical to the PL measurements, and for (e) and (f) the results
improved on those presented in Figures 4.9 and C.2. For Figure D.4 (c) and (d) it
Is difficult to gauge the results due to the poor correspondence between the TEM
distributions and the PL emission as discussed in Chapter 4. However, all of the
simulations still have difficulties predicting the emission wavelengths above 1100 nm

(below the band gap of silicon), which are due most likely to surface defects.
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Wavelength (nm) Wavelength (nm)

Figure D.4: The PL emission for (a - b), (d - f) are from Priolo et al. [64], and (c) is
from lacona et al. [80]. The simulated PL intensity incorporates the Coulomb interaction
and is evaluated utilizing our own fits’ of the TEM size distributions and not those stated

in Ref. [80].
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Table D.3: Summary of the experimental and simulated PL utilizing our own fit of
the TEM distributions. The values in brackets of the “simulated” columns represent the
difference between the experimental and simulated results.

Sample Mean o Amaz Amaz FWHM FWHM

Diameter Simulated Simulated
(om)  (nm) (om)  (om) (nm) (nm)
A1-SL 2.2 0.8 810 840 (+30) 175 160 (—15)
A2 2.2 0.6 860 850 (—10) 165 160 (— 5)
B1 20 0.4 900 850 (—50) - 150 ( — )
B2 2.2 04 80 850( 0) 160 160 ( 0 )
B3 2.6 0.8 915 835 (—80) 185 180 (— 5)
B4 3.0 0.6 80 960 (+70) 175 180 (+ 5)
B5 3.4 1.0 910 870 (—40) 190 230 (+40)
B6 4.2 1.0 950 970 (+20) 230 240 (+10)
Mean Difference 38 11

Samples A - Priolo et al. [64]
Samples B - Iacona et al. [80]
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