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Abstract

Silicon has been the mainstay of the microelectroncs industry for over four
decades. There is no material which can match the balance it affords between
cost-benefit, mass consumability, process versatility, and nano-scale electron
device performance. It is, therefore, the logical (and perhaps inevitable) platform
for the development of integrated opto-electronics — a technology that is being
aggressively developed to meet the next generation of bandwidth demands that
are already beginning to strain interconnect architectures all the way down to the
intra-chip level. While silicon-based materials already provide a variety of
passive optical functionalities, the success of a genuine silicon-based opto-
electronics will depend upon the ability of engineers to overcome those
limitations in the ortical properties of bulk silicon that occur at critical junctions
in device requirements (eg. modulator and laser). Such solutions must not render
the device processing incompatible with CMOS, for then the “silicon advantage”
is lost. Achieving reliable and efficient electroluminescence in silicon remains
the most intractable of these problems to date.

Reliability problems in recently developed light emitting devices operating
near a wavelength of 1.54 pm, based on the thermally induced formation of
silicon nano-clusters in erbium-doped silicon rich silicon oxide thin films, has re-
inforced the need for a further understanding of the luminescence mechanisms in
this material. Indeed, the efficient and stable sensitized photoluminescence from
Er’' ions (near the telecom wavelength), embedded in an oxide matrix, based on a
quasi-resonant energy transfer from nanostructured silicon, has the potential to
make possible compact waveguide amplifiers and thin film electroluminescence.

This thesis represents a study into the luminescence mechanisms in
erbium-doped silicon oxide (SiOy, x<2) thin films grown by electron cyclotron

resonance plasma enhanced chemical vapour deposition. Importantly, the film
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growth relies on in-situ erbium doping through the cracking of a volatile organo-
lanthanide Er(tmhd); source. Rutherford backscattering spectroscopy has been
used to map the film composition space generated from an ECR-PECVD
parameter subspace consisting of precursor gas flow rates and the erbium
precursor temperature. The response of the film photoluminescence spectra in
both visible and infrared bands consistenly reveals three classes of luminescence
centres, whose relative ability to emit light is shown in this study to exhibit a
considerable degree of variability through the control of the film composition,
subsequent thermal anneal temperature, duration, and process ambient. These
three classes consist of optically active Er'* ions, silicon nano-clusters phase
separated during thermal annealing, and oxide-based defects (which may
additionally include organic chromophores). The latter two of these species show
the ability to sensitize the Er’* luminescence. In fact, sensitization by intrinsically
luminescent defects is a rarely studied phenomenon, which seems to be an
important phenomenon in the present films owing to a potentially unique Er
incorporation complex. To further investigate the ability of the oxide defects in
this regard, an optimally luminescent film has been subject to a damaging ion
irradiation to induce a photoluminescence quenching. The subsequent recovery
of this luminescence with stepwise isochronous annealing has been correlated
with Doppler broadening positron annihilation spectroscopy measurements made
with a slow positron beam. Irradiation to a sufficiently high fluence has
demonstrated a unique ability to de-couple luminescent sensitizers and Er** ions,

producing enhanced blue and violet emissions.
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Chapter 1

Introduction

1.1 Silicon Photonics and Optical Interconnect

High speed communication is a classic self-motivating technology whose
advancement relies on synchronous improvements to component technologies.
Like the flow of an incompressible fluid through a closed loop, this paradigm for
the transfer of inforrnation breaks down when asynchronous advancement of the
sub-technologies leads to information ‘pile-up’ at the slowest component. Optical
fibres, for example, rescued long-haul data transfer from performance-crippling
attenuation losses in metallic electrical transmission lines when computer
performance — in conjunction with the demand for information prompted by the
internet — drove bandwidth demand into the GHz regime.' Within the last ten
years an analogous situation has arisen at the micro-processor level wherein four
decades of the pursuit of Moore’s Law has finally led to computer chips which
can process information faster than they can transmit and receive it. As a
fabrication-for-speed performance paradigm, Moore’s law is based on the
decrease of transistor gate time-delay with decreasing device size, allowing the
chip to operate at ever-higher clock speeds. This has led to modern-day computer

chips with bizarre device-packing densities reaching over one billion transistors

! While optical fibre was introduced to address attenuation problems, their potential bandwidth is
currently nowhere near bzing fully exploited. A single optical fibre can, in theory, be made to
transmit 150 trillion bits per second.

1



per square centimetre and blinding clock speeds expected to hit 14 GHz by 2009.2
Connecting these nano-transistors to the outside world gives rise to an
increasingly complex interconnect’ in which kilometres of metal channelling (per
chip) is processed into nano-spaced lines and layers with a required exactitude
measured by the clean distribution of GHz clock signals. However, unlike
transistors, interconnect speed decreases as the wire cross-section shrinks,
increasing the parasitic resistive-capacitive (RC) coupling delay*’ — directly
contradicting the need to operate at high clock speed. Today, the ‘interconnect
bottleneck’ is the limiting factor in chip-speed performance; interconnect cannot
keep up with Moore’s law.® This is powerfully illustrated in Figure 1.1.

Under the Manhattan interconnect paradigm [1], the problems extend to
include cross-talk between adjacent wires,” severe power consumption (which
raises thermal dissipation concerns®), electromigration in the inter-metal
dielectric, and low tolerance to signal noise.” The replacement of individual
metallic wire interconnect with dielectric optical wave-guide interconnect would

solve the problems that the former has under both dense line packing and high

? Instead of slowing down, this trend is accelerating. Multi-core processors are coming online.
Terahertz transistors are set for production at the 65 nm processing node and prototype transistors
were demonstrated at the 22 nm node (with 10 nm gate length and less than 0.1 ps gate delay).
Interestingly, this has largely been achievable with nano- and materials engineering (eg. strained
Si channels by embedded SiGe layers in the source/drain, silicon-on-insulator, NiSi gates, high k
gate dielectrics, etc.) without resorting to radical re-engineering of the device architecture
(although this is now being seriously explored with devices such as the Intel Tri-Gate transistor).

? This includes both high intra-layer interconnect density and an increasing number of layers to
minimize area and wire cross-talk. Such complex interconnect decreases device processing yields.
* Clock speeds are actually reaching the point at which RLC delay becomes a factor; in
conjunction, they are driving the ‘R’ higher because of increasingly severe skin effect.

> Furthermore, interconnect latency is proportional to the square of the wire length. Not only is
this being exacerbated by a trend of increasing chip die size but it limits inter-chip links; chip-chip
interconnect beyond 20 inches will not handle 10 Gbps of data transfer without significant effort.

S Significantly more time and money must now be invested to yield progressively smaller
performance gains.

’ This problem is particularly acute for local and intermediate interconnect.

® Current power densities in micro-processors are similar to that in a rocket nozzle (~kW/cm?).
Ironically, the necessary use of low k inter-metal dielectric to reduce capacitance (wire cross-talk)
also tends to reduce its thermal/electromigration stability. The further the interconnect lines from
the substrate (a good thermal conductor) the worse they dissipate heat because the dielectric
matrix is thermally insulating (therefore heating at the device gates is less of an issue).

? This problem is exacerbated by the continuous reduction in transistor operating voltages
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Figure 1.1: Shift of the micro-processor speed ‘performance bottleneck’ from the
transistor gate to the interconnect [2]; materials engineering of the line and
dielectric has rescued electrical interconnect so far: Al/SiO, was replaced at the
180 nm node by Al/SiOF, which was replaced by Cu/SiOF at 130 nm and finally
by Cu/SiOC at 90 nm.

frequency operation.'® The associated move to an optical frequency carrier would

' Clock distribution,

provide many advantages relevant to chip interconnect. '
which is carried by global interconnect, would be the first chip-level
implementation; it is the highest bandwidth interconnect function (and power
consumer) on a chip and so is increasingly subject to skew and jitter — that are
already exacerbated by the broad fan-out of global interconnect. Multiplexing

clock and data signals would simultaneously reduce clock distortion'? and the

required I/O pin density [3].

' This is because the former guide waves through a free carrier-mediated conduction mechanism
(this is impractically inefficient when the electric-field oscillates beyond 10" Hz) while the latter
involves no free carriers (this becomes practical to implement once the frequency is ~10" Hz).

"' These include much larger potential information capacity (bandwidth; >Tb/s estimated for
CMOS opto-electronic interconnect), low-attenuation transmission, no RC coupling delay, dense
wavelength division multi-plexing capability, reduced signal cross-talk, robust signal (against RF
interference), transmissible through free space, negligible heating, etc.

"> Note also that optical signals can be split without introducing clock skew.



Unfortunately, the shift to an optical interconnect paradigm, as epitomized
by the long-haul optical fibre, does not easily translate into the ULSI environment
of Si-CMOS micro-electronics; the comparatively huge size of current photonic
devices, their low processing yields and problematic integration onto a single chip
are the biggest obstacles. Furthermore, today’s photonic devices are dominated
by exotic III/V semi-conductors, which are prohibitively expensive for chips
intended for mass-marketing, and which are not even immediately compatible,
from a fabrication perspective, with Si or CMOS. Any optical interconnect
solution that is to be cost-effective for a major computer chip manufacturer (and
therefore of any practical interest) will have to be integrable into the Si-CMOS
back-end process-flow and monolithically integrated on a single Si substrate."
This leaves two options'*: develop a cost-effective method for CMOS-compatible
hybrid-integration of III/V photonic components on a Si substrate, or engineer the
required photonic devices directly from Si or specific Si-based materials. The
former solution solves the integration issue, in principle, but does not solve the
device size problem, and is plagued by processing complexities'> and probable
device alignment issues — all driving up cost.'® In comparison, the integrated ‘all-
silicon solution’, beyond offering apparent ease of processing and a proven
capability in nano-scale devices, promises to make opto-electronics ‘cheap’.
Indeed, it has a huge cost-beneft in the ability to leverage the decades of
experience gained in the field of Si processing as well as a hundred billion dollars
in research and Si-CMOS fabrication infrastructure. Such is the interest, that an

entire field of ‘silicon [micro]-photonics’ has rapidly taken shape [4], which

" In particular, rising chip costs associated with packaging and the increasing 1/O pin density
among other issues, provide a very strong motivation for monolithic integration. Assembly of
optical devices can account for up to a third of the cost of the finished product today. Integration
would save huge amounts of money since optical devices would not have to be packaged
individually.

'“f This does not include free-space optical interconnect schemes.

' This would include exotic epitaxial re-growths which would likely destroy chip yields.

' Some of the most advanced opto-electronic integration to date has been achieved by Infinera
Inc., which has built extremely competitive WDM systems in InP.



seeks to transform Si micro-electronics into Si-opto-micro-electronics — and seize
an industry worth nearly 200 billion dollars in the process [1,5].

While a marketable rendition of Si-photonic chip-/evel interconnect is
likely 10-15 years away, the interim implementation still promises ulta-fast inter-
rack/board and perhaps inter-chip optical networking.'” Furthermore, it could
permit optical ‘fibre-to-the-home’ (FTTH'®), which has.thus far been prevented
by the high cost of [III/V] photonic components.l9 The coupling of the optical
fibre directly on to the micro-processor is also envisioned. One immediate push
for these types of technologies is based on the anticipated explosion of data
transfer between billions of connected digital media devices [6]. At the current
time, most companies pursuing Si photonics are focusing on the computer chip
market, which is much larger than the telecoms market [7]; there is an historical
irony to this given that the concept of photonic integration was a product of the
telecoms boom in the late 1990s — the idea was scrapped when the market ran into
problems.

The realization of monolithic Si-CMOS opto-electronics requires the
development of four main devices (these form the standard operating basis set for

all integrated optical circuits).

Light Source

The source converts electrons to photons; configured differently, it could provide
light amplification. For short-distance interconnect, an incoherent (LED) source
would be sufficient, while long distance fibre applications would require a laser.
The source should ideally be electroluminescent (ie. electrically pumped). While
not strictly necessary, the option of direct (drive current-mediated) high-speed
(GHz) modulation of the electroluminescence (EL) is preferable. The wavelength

would ideally be below the Si band gap (~1.1 um). For fibre-optic applications,

' This would represent a huge improvement over current copper-clogged rack and blade servers.
'* Optical fibre communication is still limited by the ‘last mile’ of copper line to individual homes.
' In this application, the often mentioned problem of the lack of speed in Si-photonic components
would not be an issue since MHz signalling would be adequate for an individual household.



the wavelength should be near 1.55 um, which corresponds to the [C-band] ultra
low-loss propagation window (1.45-1.60 pm) in SiO,-based optical fibres. The
most practical laser in Si to date seems to be a hybrid Si evanescent laser; the
optically pumped — though potentially electroluminescent — device uses offset
AlGalnAs quantum wells bonded to a Si waveguide in Si-on-insulator (SOI) and

emits at 1568 nm [8].

Modulator

The modulator encodes information on the photon stream and can be configured
to provide optical switching. Chip-based optical interconnect requires a GHz
modulator. Optical modulation in Si is difficult because its crystal does not
exhibit any Pockel’s electro-optic effect (for electric dipole transitions). A weak
free carrier dispersion effect (also known as plasma dispersion or the Drude
effect) is the only available practical means of controlling the refractive index and
is usually limited to tens of MHz. Nonetheless, [ntel’s Photonics Technology Lab
(which is devoting a major research effort to Si photonics) recently developed a
plasma dispersion modulator in silicon-on-insulator (SOI) [9]. The device uses a
Mach-Zehnder wave-guide geometry with the source-drain current of an
integrated field effect transistor to inject carriers. Operation at | GHz has been

demonstrated; the device later demonstrated a data transmission rate of 10 Gb/s.?

Waveguide Devices
Waveguides perform various functions including the guiding, coupling, splitting,
and combining of various streams of photons. They refer to an array of passive

devices including point-to-point links, various opto-couplers,”' beam splitters, and

2 Luxtera Inc. (a start-up company from CalTech) claims to have produced a 10-Gbit/s CMOS
modulator operating at 1550 nm that is superior to Intel’s device. They are currently developing a
40-Gbit/s interface for DWDM by integrating the devices in at attempt to gain a foothold in the
computer chip market, while leaving their options for telecoms open.

2! Fibre-to-waveguide coupling for Si photonics is a perplexing problem because of the large mode
mismatch. See (J. K. Doylend, et. al., Proc. SPIE 5970, 59700G (2005)).



even waveguide gratings. These have been well-demonstrated in Si, SiO,, and
SOI for a range of geometries, particularly for 1.55 um light [1,5]. The high
index mismatch between Si (3.52) and SiO, (1.46) makes for tight confinement
and reduced bend losses. lon implantation-induced defect engineering has been
used to enhance mode confinement and provide optical isolation between adjacent

waveguides [10].

Photo-detector

The photo-detector converts photons to electrons and can be configured to
provide power monitoring. Although this is easily achieved in Si for most visible
wavelengths, the problem is much more difficult for sub-band gap photons — such
as 1.55 pum. Band-gap engineering with SiGe alloys provide one solution [1]. A
more novel solution relies on the introduction of divacancy defects in crystalline
Si by irradiation wita protons; these mid-gap charged defects strongly absorb 1.55
pum photons. Incorporation of a rib waveguide on SOI into a p-i-n diode has
permitted MHz photo-detection in an unoptimized device [11]. To date, the low
conversion efficiency limits their use to optical power monitors; however this is

expected to improve.

1.2 The Engineering of Silicon-Based Light Sources

1.2.1 Current Status

Of the aforementioned photonic devices, a reliable and efficient Si-based EL
device remains the raajor stumbling block towards the full realization of the basic

infrastructure for Si optoelectronics.”?> To date, all of the required photonic

2 While the basic Si photonic infrastructure may be nearly in place, little research effort has
actually been invested irto device integration. Current thought in the field seems to be dominated
by individual device engineering. The assumption seems to have been made, by default, that
integration will prove less of an engineering problem than that of the basic device physics so that
the two can be handled sequentially. However, because Si photonics is such a disruptive
technology, it will not be easy to bring it online with current micro-processor technology



components have been simply demonstrated in Si-based materials (with

effectively CMOS compatible processing) except an electrically pumped Si laser.

Silicon Laser

Although Si is fundamentally a poor light emitter because it has an indirect band
gap, there are two particular gain limiting mechanisms which specifically hinder
lasing in Si [1,12]. The first is free carrier absorption, in which a free electron or
hole absorbs a photon. The second is non-radiative three-particle Auger
recombination, in which an electron-hole pair recombines by non-radiatively
transferring energy to a free carrier,” exciting it higher into the excited band.
Because both of these mechanisms are exacerbated by anything that populates the
conduction band (including the intrinsic carrier generation at room temperature)
they inhibit population inversion by definition. It was hoped that quantum
confined Si nano-structures would resolve these issues. Indeed, gain was
observed in the system of Si nano-crystals embedded in SiO; under optical
pumping [13,14]. However, a corresponding injection laser has remained elusive
owing to the problem of efficient electrical injection through the semi-insulating
oxide (and oxide-based cavity mirrors).

Only partially satisfying was the development, by Intel, of an optically
pumped continuous wave Raman laser in Si, which relies on the huge stimulated
Raman scattering coefficient in pure Si. The device integrates a p-i-n diode
structure across the gain-active rib waveguide in order to sweep out free carriers

generated by two-photon absorption (which limited early prototypes to pulsed

advancing as fast as it is. It has even been suggested that the integration problem might prove
fatal to Si-CMOS optical interconnect even if every individual device is successfully developed.
The fact that a device is Si-based does not, in any case, necessarily mean it is compatible with
CMOS processing. For example, Si p-i-n photo-detectors are not CMOS compatible because of
the required intrinsic layer. In this way, Si photonics may be relegated to its own isolated systems.
> Er-doped Si exhibits Auger transfer to bound carriers as well, however the Auger coefficient
with free carriers is two orders of magnitude higher (See: Priolo, et. al., Phys. Rev. B 57, 4443
(1998)).



operation) [15]. Evidently, an injection laser is not an option with this

mechanism.

Light Emitting Diodes

In general, there have been approximately six main approaches to attaining EL
from Si [1]. These are as follows (italics in parentheses indicate examples): bulk
Si systems attempting to eliminate non-radiative defects or decrease the free
carrier diffusion length (ultra-pure Si with careful surface passivation and
texturing; implant-induced dislocation loops), band structure engineering via
alloying to create a “more direct” band gap (Si;..Ge, or Si;..,Ge.C, multi-layer
films), quantum confined structures that attempt to force electron-hole localization
with wave function overlap (porous Si; Si nano-clusters in Si-rich SiO,,
nanocrystalline Si), mtroduction of impurity luminescence centres (iso-electronic
impurity complexes in Si or a SiGe alloy, rare-earth doping of Si or SiO, with
nano-clusters), relying on intra-band transitions so that the indirect band gap is
irrelevant (Si/Ge quantum cascade structures), and polymers containing Si which

display a direct band gap (siloxene or polysilane and its polymer derivatives).

1.2.2 Thin Film Luminescence in Er-doped SiO, (x<2)

In terms of achieving light emission near 1.55 pum®* without a wavelength
converter, the simplest approach employs Er doping, which coincidentally
exhibits a metastable optical transition in this vicinity.”> While Er doping of bulk
Si is the logical ancl simple choice for fabricating EL devices, the emission is

plagued by severe temperature quenching.?® Furthermore, the EL is dominated by

* The 1.55 um wavelength is not necessarily essential if one is uses it only for chip level
interconnect.

%% This makes it well suitad for achieving population inversion and optical gain, and has now been
exploited for 15 years in fibre amplifiers for long-haul telecommunication signal regeneration.

% Another advantage of 3r-doped crystalline Si is the huge optical absorption cross-section of the
Er ion (~2-8x10" cm? a: 488 nm) — to be compared with Er in SiO, (<8.0x107' cm?). See page
230 of A. J. Kenyon, Proz. Quan. Elec. 26, 225 (2002).
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hot electron impact excitation of the Er itself rather than a soft excitation by
energy transfer from carrier recombination. In order to avoid these problems,
attention has largely shifted to Er doped [Si-rich] SiOx (x<2). The Si-rich SiOx
material system has been well researched within the last ten years owing to the
luminescent Si quantum dot-like nano-clusters that form upon high temperature
annealing. This system was hailed as a chemically and structurally stable®’
alternative to porous Si [16].® While the intense photoluminescence (PL)
exhibited minimal temperature quenching, the emission was, however,
exceedingly broad and peaked at 850 nm. It was found that Er doping of the
material could effectively tune the emission to 1.54 um, with significantly
enhanced PL response over Er doped SiO; (a common material for fibre
amplifiers) at non-resonant pump wavelengths as a result of an efficient energy
transfer from the broad-band absorbing Si nano-clusters to surrounding Er’" jons.
The structurally disordered Si-rich SiOx host matrix had the added advantage,
over both bulk Si and SiO,, of being able to incorporate a larger amount of
optically active Er. Furthermore, it easily incorporates into a waveguide structure,
can be optimally processed below 900 °C, and lends itself well to opto-isolation.
For example, multiple circuits built in the same chip could be electrically isolated
from each other by insulating SiO, but could communicate via optical signals. In
an effort to maximize the energy transfer to the Er dopant, refinement of the film
deposition methods has allowed Er-doped Si-rich SiOy materials to be fabricated
in superlattice structures with size-controlled Si nano-cluster distributions and
precise control of the Er location [17]. As a photoluminescent material, this
system shows great promise for planar optical amplifiers.

LEDs based on the SiOy:Er system have shown significant promise, with
the most advanced device being a MOS capacitor-like structure created by ST

Microelectronics claiming a 10% external quantum efficiency [18,19]. However,

7 In particular, this sytem is stable against room temperature oxidation, UV light and some
ionizing radiation, as well as surface contact and light abrasion.

*® The discovery of luminescent porous Si in 1991 sparked the current interest into Si-based light
emitters for optoelectronics.
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the mechanism of Er (and Si nano-cluster) excitation under current injection has
universally been found to be dominated by hot electron impact excitation of the
Er itself, with a seeming inability to leverage the nano-cluster sensitization
mechanism so effective in the PL regime [20]. This is due to the insulating
behaviour of the host, through which current injection occurs predominantly by a
Fowler-Nordheim tunnelling mechanism [21]. This means that high electric
fields (reverse bias conditions) are necessary to inject non-negligible carrier
concentrations into the oxide and these carriers propagate through the material via
the conduction band of the [wide band gap] SiOx. This quickly leads to impact
ionization and dielectric breakdown of the oxide, rendering the device useless.
The fundamental problem here is that the devices rely on unipolar injection into
the nano-clusters. More effective and efficient photo-excitation is based on an
effective bipolar injection. Five years ago, this seemed to be a minor problem that
could be fixed though the combined optimization of the device structure, current
spreading in the contacts and film quality. A rash of devices produced by a dozen
research groups around the world seems to be proving otherwise. The best
devices do not last more than a few days. The paradigm of the pure engineering
guess-and-test approach without full understanding of the physics of the material
structure and luminescence mechanism, while often of use in quickly developing
marketable devices, seems unworkable in this instance. Stagnation in the
literature with respect to EL devices, not one of which demonstrates anything
novel with respect to its predecessors, suggests that the field needs somewhat of a
re-think in its approach. This material system does not need any more ‘proof of
concept’ MOS capccitor EL devices. Fundamentally, this material system (and
perhaps the associated deposition technologies) needs a fully developed physical
and chemical mode! so that properly rigorous optimization can be undertaken and
device engineering can be sensibly pursued with a real chance of success.

Alternatively, EL device structures need to be re-engineered with serious attention
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paid to novel current injection schemes — particularly those aimed at bipolar
injection. Funding and research projects should shift to reflect this need.

In principle, such a re-evaluation may be starting to take shape.
Experiments on this material system are becoming much more sophisticated.
Furthermore, the first radical departure in EL device geometry, specifically aimed
at resolving oxide reliability issues appeared in 2005 [22]. This device uses a
field-effect EL mechanism in a Si nano-cluster floating gate transistor to achieve
bipolar injection into the nano-clusters. The carriers sequentially tunnel (by
controlled Fowler-Nordheim tunnelling) into the clusters from the source-drain
channel, which reverses polarity at kHz frequencies. The device has exhibited
stability over more than 5 billion cycles. The field-effect LED has not yet been
applied to Er-doped SiOx.

1.3 Thesis Outline

The current thesis is guided by this context of a requirement to understand the
luminescence mechanisms and material structure of SiOx:Er. Specifically, this
work focuses on two issues. The first addresses the multiplicity of luminescence
centres in Er-doped SiOx (x<2) thin films and how they couple to each other to
influence Er-ion emission near 1.54 wum. Within the framework of these
luminescence centres, the second issue addresses how the emission from the
various centres depends on processing variables as pertaining to a plasma-based
film deposition and subsequent thermal treatment. All depositions were based on
SiH4/Ar and O/Ar precursor gas mixtures and were carried out on a electron
cyclotron resonance plasma enhanced chemical vapour deposition (ECR-
PECVD) system with a specially engineered in-situ Er-doping capability relying
on the metalorganic Er(tmhd); precursor. A discussion of the ECR-PECVD
system and associated deposition physics and chemistry is given in Chapter 2.
Special attention is paid therein to Er chemistry and its incorporation in Si-oxides.

In-situ Er doping of Si-rich SiOy thin films is not common but is carried out



13

predominantly with two alternative techniques. The first is co-sputtering of Er or
Er,0s targets alongside Si/SiO; or SiOy targets [23,24]. This permits reasonably
high dopant concentrations up to a few atomic percent but raises concerns about
film sputtering and ion bombardment damage. The second technique, as in the
present study, relies on metal-organic CVD employing any of the numerous
volatile Er precursors [25,26,27]. This technique also pemits high doping
concentrations but results in carbon and orangic ligand contamination of the films.
A semi-remote ECR-PECVD technique using concurrent sputtering of a metallic
Er target in the glow discharge represents a hybrid technique intended to resolve
both problems, however, it is not clear that Er sputters effectively in an oxygen-
based ECR plasma (possibly since Er reacts vigorously with O) [28].

Chapter 3 gives a summary review of the fundamentals of luminescence
theory, particularly in the context of rare-earth ions, silicon, and oxide point
defects. Basic quantum confinement theory is reviewed and followed by a
detailed application to semiconductor nano-clusters according to the Brus model
[29]. Finally, a coherent treatise on Si nano-cluster luminescence along with the
associated sensitization of optically active Er is presented based on the current
understanding and literature.

Chapter 4 provides a detailed review of the thermo-chemical properties of
the as-deposited thin films and their subsequent evolution under thermal
annealing. Particular attention is paid to the evolution of the SiO, phase; both
spinodal decomposition and classical cluster nucleation and growth models are
considered. The role of the Er and C-based impurity doping is discussed.

Chapter 5 reviews a selection of the post-deposition processing and

experimental systems used in this study.” A number of recommendations are put

# Rutherford backscattering spectrometry (RBS) was an important composition measurement and
profiling technique emplcyed in this study, however it is not discussed in this thesis. Nonetheless,
a major component of th:s work focused on enhancing the use of RBS as a characterization tool
for these films; novel methods were found for extracting compositional information obscured in
the RBS spectra as a resu.t of the use of Si substrates. Two major software packages for analysing
RBS data were compared (Qualitative Analysis of Rutherford Kinemetics (QUARK) deveoped at
the University of Western Ontario, and the RBS DataFurnace developed at the Surrey Centre for
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forth for enhancing process control on the ECR-PECVD system. The calibration
and optimization of a rapid thermal processor, which formed a part of the current
project, are discussed. Luminescence characterization in this study was carried
out with single wavelength laser photoluminescence (PL) spectroscopy. The
collection of both infrared and visible band PL is described along with common
critical errors associated with this type of measurement as pertaining to
experimental geometry and micro-cavity effects.

Chapter 6 presents a PL study of the deposition parameter space map for
the ECR-PECVD system. A large number of films were studied with a range of
both excess Si and Er concentrations. The major luminescent centres in the film
were identified and classified into those resulting from the incorporation of the
excess Si and those resulting from the incorporation of the Er. The coupling
relationships between these centres, as well as their ability to enhance the Er-
related PL at 1.54 um, were probed through the evolution of their luminescence
properties with annealing and over a range of annealing conditions. The results
were connected with probable structural changes occurring in the films upon
annealing. This information was used to identify the optimum composition and
thermal treatment for maximizing the PL from the various luminescent centres. It
was also used to assess the impact of deposition parameters on the film structures.

Chapter 7 investigates, more specifically, the role of luminescent oxide
defects in the sensitization of Er luminescence. A film with optimized PL was
intentionally damaged by Si" ion irradiation to induce a quenching of the PL
signal. The subsequent recovery of the PL (corresponding individually to the
different luminescent centres) with step-wise annealing was tracked and
concurrently characterized by thin film positron annihilation spectroscopy using
the slow positron beam at the University of Western Ontario.

Chapter 8 presents the final conclusions from the study relating to

luminescence optimization and mechanisms. The impact of these conclusions on

Research in Ion Beam Analysis (SCRIBA)); the utility of fitting versus simulation routines was
analyzed.
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general EL device engineering is discussed. Suggestions for future work are
identified both for further material structure characterization and EL device

fabrication based spzcifically on films from the ECR-PECVD system.
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Chapter 2

ECR-PECVD System and Deposition
Chemistry

It has become common in Si CMOS processing to deposit dielectric thin films,
particularly Si0; by chemical vapour deposition (CVD). CVD refers to an entire
class of thin film deposition techniques, in which selected precursor gases
(dependent on the desired film) are supplied to a substrate whereupon they are
made to chemically react with each other. Certain of the reaction products
chemisorb on the surface to form the desired film while the remainder desorb and
are removed from the system. With properly engineered reaction chemistry, the
film stoichiometry and bond structure can be precisely and repeatably controlled
with a minimum incorporation of impuiry elements. The various methods by
which the energy is supplied to drive the necessary chemical reactions define the
specific types of CVD. Thermal CVD, wherein the reaction is enabled by
substrate and gas heating, is inherently simple but is often not practical for the
deposition of dielectric films (such as SiO,) required in back-end CMOS or
optoelectronic integrated circuit fabrication.”® A major effort in process
engineering has historically been devoted to the development of low temperature
thin film deposition systems — particularly those for depositing SiO, — which can

duplicate the excellent quality and film uniformity of thermal CVD (such as the

%% The high temperatures typically required are prohibitive from a processing perspective as they
can cause unwanted dopant diffusion or damage device structures.

17



18

themal oxidation of Si). Plasmas provide a means of achieving both objectives
because they can siraultaneously contain high energy particles but maintain a low
overall temperature. The extremely high energy electrons in a plasma can be used
to supply the thermal energy necessary to drive the reaction, while low
temperatures can be maintained in the deposition chamber and at the substrate.’'
The use of a plasma to “enhance” the rate of chemical reaction of the precursor
gases in CVD is referred to as plasma enhanced CVD (PECVD). There are
various types of PECVD, each defined by a different method for generating the
plasma. The most common is radio frequency (RF) PECVD (or often simply
designated ‘direct PECVD’) which has an inherently simple implementation in
the form of parallel electrodes between which a standard capacitive plasma is
generated. The geometry of such an electrode system, however, necessitates that
the substrate and therefore the film is submerged directly in the glow discharge of
the plasma. The bombardment of the films by ions and other energetic particles
present in the glow discharge can lead to both radiation and sputtering related
damage to the film and incorporation of unintended products. Furthermore, the
fact that all of the precursor gases are flowed through the plasma means that one
has little control over the reaction pathways that lead to film deposition [30].** A
partial solution to these issues is to design a ‘remote’ deposition system, in which
the substrates are located a distance from the plasma, and in which precursors can
be introduced at different locations in the reactor chamber. This usually
necessitates a new technique for generating the plasma such as electron cyclotron
resonance (ECR). In fact, ECR-PECVD (electron cyclotron resonance plasma
enhanced chemical vapour deposition) has become popular in the deposition of
numerous different dielectric optical coatings having demanding quality and

uniformity requirements.

3! Contrary to thermal formation of a thin film, this technique effectively forms a film by
‘quenching’. The plasme. cracking of the precursor gases produces highly reactive species which
are thermodynamically only attainable at much higher temperatures. Forcing these species
instantly onto a comparaiively cold substrate results in rapid quenching which forms the film.
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2.1 Plasma Generation by ECR

A magnetic field of flux density B exerts a force on a particle of charge e, which
is directed along the cross product evXB where v is the instantaneous particle
velocity. Provided v is not parallel to B, continual exposure to the field forces the
charged particle to execute a circular motion.** The angular frequency of gyration
(cyclotron frequency) w. and the radius of the trajectory ri, (Larmour radius) are
constant for non-relativistic particles and can be determined classically by

balancing the magnetic and centripetal forces:

eB
W, =— (2.1
m,
and
"'L — vperpendiculur' (22)
w

where m, is the mass of the particle and Vyerpendicuiar 1S the velocity component
perpendicular to the applied magnetic field. ECR refers to the condition whereby
an electron undergoing such a motion will resonantly absorb circularly polarized
electromagnetic radiation, whose wave vector is directed along the applied

magnetic field, at the cyclotron frequency we.>?

The electron continuously gains
energy from the electric field, increasing r, accordingly.**

ECR can be used to generate a stable plasma since the resonant effect
quickly (and stochastically) generates electrons with sufficient energy to ionize
neutral gas atoms/molecules through inelastic collisions, liberating further

electrons which then undergo ECR themselves — creating an avalanche effect.

2 The path is actually helical when there is a drift velocity component. This helical path is
advantageous because it increases the effective path length of an electron within the plasma
(before being lost at a chamber wall) thereby increasing its probability of ionizing a gas atom.

3 The driving frequency must be greater than the plasma frequency.

** How much energy is gained by an electron for each pass through the ECR zone is a very
complicated subject because the electron velocity distribution is a function of its instantaneous
orientation relative to the applied magnetic field. Thus, the phase of the electron, as it passes
through the resonance zone, relative to the electric field affects how much energy it absorbs from
the electric field.
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Plasma process gases vary in their ability to absorb energy from electron impact
and dissipate it through non-ionizing interactions (molecular or atomic vibronic
states for example). Furthermore, the ioniziation energy itself is a strong function
of the species of gas atom/ion and its charge state (if any). This means that the
ability to produce a stable plasma, the plasma density itself, and the charge states
of the species present are sensitive to the species of gas used.

[t is common to confine plasmas using magnetic fields established by a
solenoid (and occasionally a hexapole) field. The field geometry and intensity
can be tuned by the current through the coils, allowing the ECR region to be set

inside a ‘magnetic mirror’ region. The non-uniform magnetic field (illustrated in

Figure 2.1) produces a force —y§ B, (where u is the gyrating particle’s magnetic
moment and is invariant) which acts in the opposite direction to that of increasing
field flux. This progressively transfers energy from the drift motion vy, to the

ECR motion v, as the electron moves into a progressively higher field.

Figure 2.1: Resolution of the forces exerted by a converging magnetic field which
attempt to reflect an electron drifting into the region of higher field strength.
Adapted from [31].
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Electron heating bty the applied electric field tends to increase electron
confinement because the cyclotron velocity increases without an increase in drift
velocity. The magnaetic field configuration, however, produces a loss cone in
velocity space for the charged particles, which can be tuned to alter the number of
escaping particles and their maximum energy (this is not clearly depicted in

Figure 2.1) [31]. The escaped particles are accelerated towards the substrate by

the divergent magnetic field which produces a force (—,u%B//) [32].

2.2 ECR-PECVD System Description

The McMaster ECR-PECVD system is depicted in Figure 2.2 [31]. A magnetron

3 It is desirable to

head generates microwaves at a frequency of 2.45 GHz.
maximize efficient power delivery to the plasma, so an optical circulator
(wavelength selection device) and directional coupler (couples radiation between
two parallel waveguides) measure and limit the reflected power seen by the
magnetron. The microwaves pass from the directional coupler through an
impedance matching waveguide relying on three manually adjustable stub tuners.
The microwaves continue through an apparatus known collectively as the
symmetric plasma coupler. Within this system, the microwave energy proceeds
through an aperture coupled cylindrical microwave cavity at the end of which it
impinges on a quartz coupling window through which it passes into the ECR
region of the plasma chamber.*®*’

The next section of the ECR-PECVD consists of the plasma generation
chamber. It is defined vertically by upper and lower solenoid electromagnets.

Typically, the upper electromagnet carries a higher current than the lower

* % The International Telecommunications Union specifies an operating frequency of 2.45 GHz for
exciting microwave energy. This corresponds to an ECR magnetic flux density of 875 Gauss.

*® The aperture contains a cylindrical tube antenna which ensures that a more uniform electric field
impinges on the quartz ‘window.

37 The quartz window allows the microwaves to pass into the region where the plasma will be
generated while preventing the plasma products from streaming back into the waveguiding.
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Figure 2.2: Schematic diagram of the McMaster ECR-PECVD system.

electromagnet and is primarily responsible for locating the ECR zone, which
occurs in the region just below the quartz window. The lower magnet is primarily
responsible for tuning the magnetic field profile in the chamber so as to confine
charged particles near the ECR region. Because the current to the magnets is not
equal, the magnetic field produced in the plasma generation chamber is
asymmetric. This gives rise to the loss cone associated with the magnetic field
profile near the lower electromagnet through which charged particles from the
main body of the plasma can escape. In this way, energetic particles from the
plasma can be extracted as necessary for the purposes of efficient CVD without

locating the substrate directly in the glow discharge. The tuning of the plasma
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confinement profile by adjustment of the lower magnet current provides some
control over the ion flux reaching the film surface since the energies of the
escaping particles depend upon the diverging magnetic field in the loss cone.

The plasma generation chamber contains a gas dispersion ring located
around the quartz coupling window that supplies the gases from which the plasma
is generated. All depositions in the present study simultaneously employ two
plasma gases: Arand O.*® Gas flows are regulated by mass flow controllers.

The final section of the ECR-PECVD system consists of the reaction
(deposition or processing) chamber. At the top of the reaction chamber is a
second dispersion ring, which delivers the Si precursor gas, and a third
(differently constructured) dispersion ring which is heated and delivers the Er
precursor. The Er line leading into the dispersion ring connects, on the other end,
to a small cell which is heated to sublime the precursor therein; an Ar carrier gas
is used to transport the precursor down a heated line to the dispersion ring [33].
At the current time, the Si source is silane gas (SiHs), the simplest gaseous Si
compound. The Si precursor is therefore never introduced into the main body of
the plasma, as in a direct PECVD system. In the ECR-PECVD system, energetic
particles of Ar and O (as well as electrons), which are streaming from the
magnetic loss cone of the plasma generation chamber, collide with the SiHy
molecules to create several highly reactive chemical species. These species then
proceed downward through the reaction chamber toward the substrate.’® The
SiH, dispersion ring is carefully engineered to deliver the gas uniformly to the
substrate. This is essential for achieving compositional and morphological
uniformity of the growing film.

The substrate stage is located near the very centre of the reaction chamber
and is adjustable along the vertical direction. During deposition, it is typically

placed approximately 15 centimeters below the SiH4 dispersion ring. The

3 1t is possible to deposit a-Si by using only Ar as the plasma gas. SiON, may be deposited by
adding N into the plasme chamber along with the Ar and O.

%% The path of the cracked SiH, species from the dispersion ring to the substrate is fairly straight
because there are actually relatively few activating collisions with plasma generated ions.
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substrate stage is connected to a resistive heating element to allow temperature
control (up to 800° C) of the substrate during deposition. The stage is also
configured to apply an electrical potential to adjust the floating potential of the
substrate. The ions bombarding the substrate will have energy proportional to the
difference between the plasma potential and the floating potential. Finally, the
substrate is rotated during deposition at frequencies of about 20 revolutions per
minute to increase film uniformity. The reaction chamber can be isolated from
the plasma generation chamber by a shutter, which allows the plasma to be
initiated and stabilized before the substrate is exposed. This makes the deposition
of multi-layer films and superlattices possible. Film thickness can be monitored
throughout the growth by an in-situ ellipsometer operating at a single wavelength
of 632.8 nm.

The ECR-PECVD system also contains a vacuum pumping system. The
reaction chamber is pumped by a diffusion pump which is backed by a
mechanical rotary vane pump. The system has a base pressure of about 107 Torr
prior to deposition.*® Samples are loaded through a load lock chamber, which is
isolated from the reaction chamber during sample loading/unloading by a gate
valve. To prevent the entrance of water vapour into the load lock during the
loading/unloading, a N, gas overpressure flow is maintained. The sample is
transferred from the load lock to the reaction chamber on a retractable fork. The
load lock is pumped by a turbomolecular pump for which roughing and backing is
carried out using the same rotary vane mechanical pump as for the diffusion
pump. Typical pressures in the reaction chamber during deposition are kept to
approximately 2 to 5 milli-Torr because the chamber 1s continually pumped by the
diffusion pump; this is considered to be a very low pressure for a CVD process

and contributes to the film quality.

% This greatly reduces the flux of contaminants to the film surface before and during the
deposition.
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Advantages of ECR-PECVD

There are several characteristic features of ECR plasmas. These include, but are

not limited to, the following:

- generation of a dense plasma (electron density of 10" to 10" cm™)*!

- generation of a highly ionized plasma (10'° to 10" ions/cm®)*?

- the ions leaving the ECR zone exhibit minimal energy dispersion

- a highly activated plasma (high density of charged species) is easily
obtained at low gas pressures™®

- Charged species escape the plasma through a moderately diverging mag-
netic field; the substrate/plasma potential difference accelerates the ions,
which impinge on the substrate with energies as low as 20-30 eV. Within
the magnetic bottle, the most energetic particles are reflected back into the
ECR zone (the [average] ion temperature is likely a few eV in the ECR
region). This avoids damaging of the substrate by those energetic ions,
which in direct PECVD systems can be as high as 1 keV [31]. In ECR
plasmas these more energetic particles dissipate this excess energy through
ionizing collisions thereby increasing the ion density of the plasma

- high quality thin films can be deposited at low temperature (also a

characteristic of PECVD in general)

The high density plasma (HDP) generated by ECR is very effective at

exciting, ionizing and dissociation precursor gas molecules. In fact, the plasma

* Like most technological plasmas, the ECR-PECVD plasma is weakly ionized and fairly “cold”
having a typical electrcn temperature (approximately equal to the thermal kinetic energy per
particle) near 5 eV (thovgh it is a function of the microwave power, gas pressure, magnetic field,
etc.). The electrons should be nearly in thermal equilibrium with each other — a state which they
reach relatively quickly - despite having a non-Maxwellian energy distribution. The ion/neutral
temperature is likely much lower than this since the plasma gases are at low pressure. Therefore,
because very little energy is transferred from electrons to ions/neutrals in elastic collisions, the
ions/neutrals will not come into thermal equilibrium with the electrons on the time scale of a
deposition.

*2 This usually represents only a few atomic percent of the instantaneous total number of atoms of
the particular gas in the chamber (ie. most of the gas atoms remain as neutrals).

“ The low pressure of ECR plasmas means that there is a greater propensity to form multiply
charged ions since there is a lower proability of charge exchange between ions and neutrals.
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densities stated above reflect an atomic ionization ratio of 107 to 10, which is
two to four orders of magnitude larger than typical direct RF-PECVD systems. **
This higher ionization efficiency results in a greater production of reactive species
at lower temperature, which tends to mean less contamination of the film due to
the incorporation of improperly excited species. Furthermore, the presence of two
dispersion rings in the reactor design is useful because the dissociation and
activation of multiple precursors can be independently controlled for multiple
precursor gases. For example, molecules which are more difficult to dissociate
can be injected in the ECR region while other molecules can be injected
downstream. This resolves the problem of microwave power flowing predom-
inantly into the species which more easily dissociates.®

The Er-doping capability on the McMaster ECR-PECVD system presents
some unique advantages over the more common ion implantation technique.
First, it easily permits high doping concentrations which would otherwise require
huge, costly industrial scale implanters. Second, it produces uniform doping
throughout a film of arbitrary thickness, removing the uncertainty of Gaussian
dopant profiles and the requirement for multiple implant steps to achieve the
necessary overlap between the Er and excess Si concentration profiles. Third,
‘soft” doping reduces the damage introduced into the film by ions implanted at
MeV energies. Finally, metal-organic rare earth doping, in general, can easily be

adapted to incorporate multiple rare earth elements [34].

“ Different gases have different ionization potentials (with each subsequent ionization requiring
more energy) and so ionize with differing efficiency. This partly reflects their ability to dissipate
energy through non-ionizing channels such as vibrational or rotational modes.

*> One important disadvantage of ECR plasmas relates to the propagation of the microwaves
through the plasma. Once a plasma exists in the chamber, the electric field coming from the
cylindrical cavity is resolved into right and left circularly polarized waves (RCP and LCP). (The
propagation of electromagnetic (EM) waves in a magnetoplasma is a complicated subject and is
discussed in [30].) In normal operating mode, the RCP wave propagates through the ECR region
in the whistler mode, while the LCP wave reflects back to the stub tuners to be returned to the
chamber as a RCP wave. However, the magnetic fields in the plasma complicate the EM field
propagation. It is possible to have a circumstance whereby the LCP wave also propagates, causing
hysteretic behaviour and plasma conditions which cannot be reproduced.
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Deposition Parameter Space

ECR-PECVD presents at least 20 variable global parameters through which to
control the deposition. These are expressed in Table 2.1; only two parameters
were varied in this study and they are highlighted in the table. In principle, the
parameters can be grouped into those which control the flux and energy of the
impinging ions, and those that control chemical kinetics at the growth surface.
Together, these determine the composition and micro-structure down to the
atomic level as well as the micro-chemistry of the as-deposited film [35]. These,

in turn, determine the film’s physical properties. Low energy ion bombardment

precursor/plasma/carrier gases, absolute and
relative mass flow rates and pressures, solid
Er precursor, Er cell temperature/geometry,
gas delivery location

excitation frequency, discharge/microwave
power

confining magnetic field geometry,
electromagnet current
material/doping/crystallinity/orientation of
substrate, pre-deposition surface cleaning
Surface and Substrate procedure, temperature, floating potential,
Parameters -2 position relative to ECR zone, chamber
pressure during deposition, chamber vacuum
prior to deposition

Table 2.1: Selection of the primary processing and deposition parameters and
variables in ECR-PECVD. This table is adapted from reference [36].

Kinetic Parameters =

Electrical Parameters 2>

Magnetic Parameters =

of the growth surface such as that occurring during ECR-PECVD has three

primary effects*’:

1) Provide the activation energy leading to the dissociation of adsorbed

molecules.

% See reference [35] page 69.
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2) Create surface defect sites which have reduced activation energies for the
occurrence of dissociative chemisorption or for the formation of a solid
compound

3) Remove (by sputtering) foreign species from a surface. Such species may

interfere with the dissociative chemisorption of a preferred species

All things being equal, the parameter which is most easily varied to adjust
the plasma density and impinging ion energy’’ and flux is the microwave
discharge power. Sputtering of Er from the film surface appears to be significant
for depositions carried out at 800 W in the ECR-PECVD system in comparison
with 500 W [37]. Insufficient microwave power prevents efficient cracking of the
precursor in a way that would lead to effective incorporation into the growing
film. There is thus an optimum power for maximizing Er incorporation; it has
been identified through previous work on the system though its value is classified.

Similarly, the parameter which is most easily varied to adjust the growth
kinetics at the film surface is the substrate temperature. In particular, the sticking
coefficient of the impinging species (as affecting their adsorption and desorption
rates) as well as their ability to diffuse on the growth surface are strongly
temperature dependent and affect the film micro-structure and growth mode*® as
well as the overall film uniformity. Thermal activation of chemical reactions and
phase transformations is strongly dependent on the surface temperature, however
as noted above, activation energy for these processes is also provided by the
inherent energy of the impinging ions.

Considering all other parameters as controlled, the film composition is

largely a function of the gas mass flow ratios, while the deposition rate is

*7 The electric potential difference between the substrate and plasma is also a critical parameter for
controlling the energy of the impinging ions since it constitutes an accelerating voltage.

8 For example: layer-by-layer (Frank-van der Mewe), island (Volmer-Weber) or layer plus island
(Stranski-Krastanov) modes.
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determined by their absolute values.* It is important to remember, however that
in the same wasy that many of the above deposition parameters are strongly
coupled to each other, the same is true of the gas flow ratios. For example, it has
been found that the Er incorporation can be highly dependent on the O, precursor
mass flow rate [37].>° Perhaps more subtly, the gas flow rates largely determine
the deposition chamber pressure during film growth. This affects the ‘residence
time’ of each species in the chamber during a deposition. There is evidence that
the residence time can significantly alter the film bond structure by altering the
type of radicals present in the chamber [38].

It should be noted that precise stoichiometric control can be difficult with
CVD techniques; this is often simply the result of the presence of bonded
hydrogen within the films — a certainty with a SiH, precusor. Because thin film
growth is inherently a non-equilibrium process, thermodynamically unfavourable
compositions and bond structures can be deposited. This is particularly true of
low temperature depositions where thermal quenching plays an important role in
the film growth. However, it is this very fact that allows the growth of Si-rich
SiOy films such as those of this study, as well as those containing higher amounts
of Er than would be possible from melt glasses such as might occur in fibre-optic
fabrication. Unfortunately, however, the luminescence properties of these films
can be as sensitive to composition as the composition is to the limitations in the
control of the deposition parameters and their various coupling effects. This was
a challenging aspect in the present study and must be borne in mind when
carrying out future work or considering future structural modifications to the
ECR-PECVD system. Proper characterization of the plasma and its influence on

the micro-structure and chemistry of the films (in addition to the overall

* In the deposition of ultra-thin layers, as might be necessary for superlattice structured films, the
process should be calibrated to be carried out at much lower gas flow ratios than those of this
study. Without such calibration, deposition repeatability and layer uniformity would be dubious.
*® The higher Er incorporation at higher O, flow rates was explained on the basis of the lower
vapour pressure of Er,0; compound at the film surface relative to pure Er, leading to a higher
desorption rate of the latter.
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stoichiometry) is paramount if this issue is to be brought under tighter control.
This has been most effectively achieved in the literature by the use of optical

emission and/or absorption spectroscopy and quadrupole mass spectroscopy [39].

2.3 Structure Physics and Deposition Chemistry of SiO,

Both the chemical and electronic structure of CVD and thermal SiO, as well as
the associated deposition chemistry of SiOy thin films in ECR plasmas from SiHy
precursor have been extremely well developed in the literature and to a lesser
extent in previous theses based on the McMaster ECR-PECVD
system[30,40,41,42,43,44,45,46,47,48,49,50,51,52]. There are literally
hundreds of gas phase and surface reactions (involving dozens of species) that
occur during the plasma deposition of SiO, based films and it is difficult to
usefully outline in a summary fashion.’"**> For this reason and in the interest of
space, these issues will not be addressed here at all. The reader will refer to the

listed references.

2.4 Erbium Chemistry

2.4.1 Er* Bonding Requirements

Because Er doping represents the novel aspect of this study and the crucial

luminescent species, it is of considerable value to understand, in detail, aspects of

°! The variety of highly reactive radicals in a plasma discharge and the varied reactions that they
undergo often causes stoichiometry problems in PECVD SiO, (ULSI Technology, Ed. C.Y. Chang
and S.M. Sze, McGraw Hill Inc.: New York, p. 244 (1996)).

%2 One can get a sense for the complexity of the process by considering the various types of gas
phase reactions: i) electron impact reactions (electronic excitation, vibronic excitation, ionization,
dissociation, attachment), ii) reactions among neutral species (atom transfer, metathesis reactions,
dissociation, recombination), iil) ion-ion neutralization, 'iv) ion-neutral reactions, v) charge
exchange reactions, vi) ion-collision induced atom-transfer reactions. In addition to this, there are
the surface reactions. One model (E. Meeks, et. al,, J. Vac. Sci. Technol. A 16, 544 (1998)) has
isolated 167 different gas phase reactions involving 33 gas phase neutral species, 11 charged
species, and two metastable species. They have also included 96 different surface reactions
involving 13 different surface species, each of which is centered on a single Si atom.
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rare-earth chemistry as pertaining to Er complexing in thin films and how this
might be optimized in the deposition process.*

Er exhibits low solubility in SiO; and Si and so tends to precipitate (or at
least cluster) at conzentrations above 10" cm™ leading to severe luminescence
quenching. This is a crippling problem for Er-doped micro-photonic devices and
so motivates a detailed understanding of the Er environment in various host
materials and the driving forces for precipitation.>*

As a preface to the discussion, it should be noted that the typically
accepted ionic radius of the Er** ion is 0.88 A (considerably smaller than Er),
while for Si*' the value is 0.4 A and for O% the value is 1.4 A. The Si and O
atoms in SiOy are not exactly in these respective ionic states but such values are
useful first-order approximations. Preliminary thermodynamic data on Er—Er, Er—
Si, Er-N, Er-0O and Si-Si bonding can be found in reference [53].

The Er'" ion has very high cationic field strength® and requires a
significant anionic coordination in order to screen its electric field (charge). The
non-bridging oxygea (NBO) atom point defect®® is the most electronegative
species native to the SiO, network’ and constitutes the most effective

coordinating anion for Er dopant.”® However, the amorphous SiO, network is

>3 The chemistry of rare sarth elements has historically been well-researched owing to their useful
optical properties (as exgloited in luminescent phosphors and numerous glass and crystal lasers) as
well as their many urique magnetic properties (including an accessible antiferromagnetic
transition).

>* Given the necessity of minimizing Er clustering effects in fibre amplifiers, it might be expected
that the diffusion kinetics for Er in SiO; would be well characterized. To the contrary, there is
virtually no literature addressing this. Work on single crystal Si hosts has revealed that both Er
and O are highly mobile at anneal temperatures as low as 400 °C — a temperature which might be
used to eliminate implant damage. Activation energies relevant to diffusion are ~2 eV.

5% This is defined to be the valence of the cation (in this case +3) divided by the ionic radius
(typically equal to 0.88 A. for Er’").

>® Perfectly stoichiometric SiO, contains no (uncompensated) NBOs. That is, unless each NBO is
compensated by an O-vacancy (in the form of a Frenkel pair) the network will be oxygen rich. A
large O surplus is not thermodynamically stable at room temperature.

37 Er-Er and Er-Si compcunds are both metallic. Pauling electronegativities: Er(1.24), Si(1.90).

% A bridging oxygen (BQ) has a much lower ability to screen positive charge than a NBO. Er/O
pair distribution functions produced with Molecular Dynamics simulations have confirmed that an
increase of the total coordination number around Er** in SiO, is accomplished by an increase of
the NBO contribution and a decrease in that of BOs.
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characterized by strong Si—O covalent bonding so that the structure is not only
rigid (contains very few NBOs>® [54]) but contains low (four-fold) coordination
throughout. The network is thus largely incompatible with Er’* coordinating
requirements and does not readily deform itself to accommodate. Simulations
have shown [55] that as the Er concentration in SiO, increases, more Er ions
formed clusters so as to share their NBOs and expel BOs out of the nearest
neighbour shell. Insufficiently coordinated Er atoms experience significant forces
from the surrounding Si—O bonds such that structural relaxation occurs most
naturally through the mutual increase of coordination number that they achieve by
clustering. This constitutes the driving force for Er clustering. Increasing the Er
concentration inevitably increases the number of Er ions in clusters.”’ The
problem with clustering is not necessarily that it takes the Er out of the optically
active 3+ valence state (although Er*' is thought to be optically inactive [56]).
The problem is that the clusters place the Er’* ions in close proximity to one
another (about 2 A in the case of an Er—Er pair, which is comparable to the Er ion
diameter) so that parasitic ion-ion interactions dominate the optical properties,

significantly enhancing non-radiative losses from the luminescent *I,3/2 manifold.

2.4.2 Experimental Determination of the Er** Site in SiO;,

The most useful experimental techniques for the investigation of the Er
environment in solids seems to be extended x-ray absorption fine structure

(EXAFS) and electron paramagnetic (spin) resonance (EPR)®' [56].%* EXAFS at

*® The number of NBOs per SiO, tetrahedral bonding unit forms a statistical distribution which
measures the connectivity of the network. Fewer NBOs means that the network is highly
connected and is therefore structurally rigid.

% The use of the word “clustering’, which is common in the literature, as in this case, refers to the
formation of an Er/O nano/micro-cluster — which might be expected to contain some direct Er-Er
bonding at sufficiently high Er concentrations. The formation of pure metallic Er inclusions
should be termed “precipitation”, and usually requires the application of temperatures high enough
to drive the dissociation of Er-O centres.

%' The EPR technique can also differentiate between the presence of Er*" and Er** (See: Carey, et.
al., Phys. Rev. B §9, 2773 (1999)).
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the Er Ly absorption edge (near 8.36 keV) using synchrotron radiation yields
precise coordination numbers as well as the relevant bond lengths. Powdered
samples of crystalline Er oxide (Er,Os), Er metal, and Er disilicide (ErSi,) are
often measured in conjuction to provide a comparison with well-characterized
materials which might be expected to exhibit similar Er siting to the films
[57,58,59]. Molecular Dynamics simulations have been effective in modeling the
cluster formation dynamics and agree well with the EXAFS results [54,55].5%%
The EXAFS studies have confirmed that Er is preferentially coordinated
by oxygen in SiOyx hosts (and even single-crystal Si hosts containing small
amounts of residual impurity oxygen). The exact number of coordinating oxygen
atoms has been found to be dependent on the preparation conditions. A study of
Si0, doped with Er by ion implantation to a concentration of 1 atomic percent,
revealed a first neighbour shell consisting of 5.5 oxygen atoms, at a distance of
2.25 A. This sample showed a second-neighbour Er-Si shell at 3.11 A [58].
Figure 2.3 represents an attempt to depict the Er’" ion bonded in the three-
dimensional SiO, network with six-fold oxygen coordination (adapted from E.
Desurvire [60]). While the simplest six-fold geometry with the highest symmetry
is an octahedron, the crystal field of such a structure does not exhibit sufficient
asymmetry to form the electronic states necessary for the intra-4f optical

transitions. The inherent asymmetry of the SiO, network contributes to the

82 The Stark splitting of “he “Lisi2 to *I;s2 luminescent transition, which can usually be resolved
with a PL measurement a: cryogenic temperatures, is often used to draw comparative conclusions
about changes to the Er environment in different host solids. This is usually plagued with
ambiguity, however, owing to vibronic splitting and mixed symmetries.

9 Electron paramagnetic (spin) resonance (EPR or ESR) has been used to study Er doped c-Si.
Because the Er'* ion has an odd number of electrons, the Zeeman splitting of the unpaired electron
energy levels in a strong magnetic field can be probed by resonant absorption of microwaves.
This yields information atout the electronic structure of the Er’* since the Zeeman splitting is also
affected by local magnetic fields in the material. This allows the differentiation of specific Er site
symmetries as well as the Er charge state.

 Emission Mossbauer spectroscopy (based on the recoil-less emission of Gamma rays) has been
successfully used to measure the splitting of the nuclear energy levels of Er doped a-Si. In
particular, the superposition of a singlet and quadrupole doublet has been ascribed to specific
oxygen and Si coordinated Er sites respectively. See Chapter 8 for an experimental description.
The technique has apparently never been applied to the SiO,:Er system.
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deviation from a perfect octahedral symmetry of the coordinating oxygen anions;
the tapered axes in Figure 2.3 indicate the distortion into three-fold D;
symmetry.”> An examination of Figure 2.3 reveals that there is a charge
compensation problem with this structure if one considers the Er—O bonds to be
fully ionic. The Er’* ion provides three electrons, whereas the six coordinating
oxygen atoms would require an additional three electrons to fully meet their
valence requirement. This could be provided by one nearby triply ionized ion
(such as AI’") or three singly charged ions (such as Na") — or another Er’* ion

forming a clustered pair.

2.43 Er* Site in Si-rich SiO,

The only major study of Er doped Si-rich SiOy containing Si nano-clusters used
the EXAFS technique. This study [57] considered two samples, both annealed at
high temperature (1250 °C) to produce Si nano-crystals; each was implanted with
Er. Sample 4 contained 5.4x10" Er/em’ while sample B contained

2.1x10% Er/cm’. Both received a post-implant anneal of 900 °C for 1 hour in N,

% Dy is the Schonflies notation for the point group having a 3-fold rotation axis plus a two-fold
axis perpendicular to that axis.

% As a result, co-doping of SiO:Er with sodium or aluminum is a common technique for
significantly enhancing the Er solubility. In practice, the co-doping is typically achieved by
adding compounds such as Na,O or Al,O;. The action of the extra oxygen from the co-dopant
breaks up the SiO; network by forming singly bonded oxygens (NBOs) that do not participate in
the network (the network conmnectivity is reduced because the NBO concentration increases).
These co-dopants are therefore called network modifiers (to be compared with network formers
which are the cations, such as Si'", forming the tetrahedral bonding units of the network). This
creates exactly those conditions required to increase the Er solubility and allow the relaxation of
the ErO¢ complex: charge compensating cations, NBOs and an open network. From a conceptual
point of view, the modifying cations and extra oxygens form a solvation shell around the Er which
is itself, soluble in the SiO, network. The Er’*ions themselves are generally considered to be
network modifiers in SiO; because they generate NBOs as a result of the large ionicity of the Er—O
bond (to be discussed below). However, in some multi-component glasses, the Er’”ion can
actually be a network former because its six-fold coordination actually corresponds to the
coordination of the basic bonding units in the glass. The more open structure of such glasses is, in
any case, more favourable to Er solubility. It is interesting to note that while co-doping techniques
allow a much higher concentration of optically active Er that is more randomly dispersed, ion-ion
interactions are still found to be prevalent owing to the ability of the Er’* ions to couple over
distances seemingly well beyond | nm.
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Figure 2.3: The Er*" site in SiO, depicted with a six-fold [non-bridging] oxygen-
coordinated shell in a distorted octahedral geometry. The Si0O4 tetrahedral units
of the Si10; network are depicted. Adapted from [60].

gas. Sample 4 was found to have an average Er coordination of four O atoms at a
distance of 2.09 A, while sample B showed a first shell of about seven O atoms at
a distance of 2.16 A. The Debye-Waller factor in both cases indicated a broad
distribution of Er—O bond lengths in the samples. The difference in the Er
environment based on the implant fluence was ascribed to the difference in
implant damage. The higher coordinated Er is the more stable complex. Thus,
similar to the Er doped SiO; system described above, the limiting factor in the Er
complex is the availability of O. While it is difficult to liberate O atoms from the
strong Si—O bond, the implant step does just this. The higher implant fluence
breaks more such bonds and avails more O atoms. Once available, they will
likely have a stronger propensity to bond with the Er than with the Si; this has

been demonstrated by oxidation studies on thin Er and Si layers on SiO, (see
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[61,62]). Beyond the first neighbour O shell, the EXAFS data were inconclusive.
However, there appeared to be a shell at 3 A which might be ascribed to a Si shell
from the SiO, matrix or a Si nano-cluster. Interestingly, no Er—Er bonding was
detected.

The distribution of electronic charge in the Er complexes identified with
the experimental techniques mentioned above has been found to be very similar to
that of crystalline Er,O;. This includes the cases of Er in ¢-Si, a-Si, SiO; and Si-
rich SiO,. The Er,Os3 crystal has sixteen molecular units in the unit cell and
belongs to space group Ty .*” There are two inequivalent Er sites, both of which
are six-fold coordinated with oxygen [63]. Twenty four Er’* ions occupy sites of
C, symmetry®® and eight occupy sites of Cs; (S¢) point symmetry®. These are
both distorted cubic symmetries. This six-fold coordination is similar to the site
observed in the SiOy (x<2) matrix, however the EXAFS data of crystalline Er;O;3
suggest a narrower distribution of bond lengths than those of the Si-rich host.”

Molecular orbital calculations have been designed to simulate and predict
the local distortion in an ErOs cluster such as is evidenced to occur in the SiOy
host. These have revealed that Er and O form a highly stable ionic bond when the
Er*" is shifted by 0.1 A from the true octahedral centre to produce a structure with
C4 symmetry [64]. Such a structure optimizes the ionicity of the Er—O bond by

3+ 71

preventing electron transfer from O” to Fr The structure represents an

optimization over octahedra with either of Cs, or Cs, symmetry.72

%7 In the Schénflies nctation, T indicates that the point group has the symmetry of a tetrahedron
(excluding improper operations — which are those that change handedness) and Ty, is T with the
addition of an inversion; the superscript 7 is an index used to categorize distinct space groups that
share major symmetry properties.

% In the Schonflies notation, C, indicates that the point group has a 2-fold rotation axis.

% In the Schonflies notation, C; indicates that the point group has a 3-fold rotation axis and an
inversion; S¢ denotes a point group that contains a 6-fold rotation-reflection axis.

™ The seemingly simultaneous use of the terms ‘cubic’ and ‘octahedral’ to describe Er symmetries
should be clarified. The cube is dual to the octahedron, meaning that the vertices of one
correspond to the faces of the other. Therefore, the cube has octahedral symmetry.

"' This has to do with the rotation of an oxygen 2p orbital due to Er 5d translation which allows
the formation of a special bond between these two orbitals.

7 In the Schénflies notation, C,, indicates that the point group has a 2-fold rotation axis with the
addition of a mirror plane parallel to the axis of rotation.
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Separate simulations involving density-functional theory with ultra-soft
pseudopotentials have been applied to Er,Si,O clusters in order to analyze the
effect of the Er on the Si—O bond in the vicinity of six-fold oxygen coordinated Er
[64]. This scheme actually treated the Er 4f states as a partially occupied core
shell. The resulting calculated density of states and electronic charge distribution
indicated that the presence of the Er tended to increase the covalency of
neighbouring Si—O bonds. This occurs because the Er and Si energy levels are
such that the Er—O bond is more ionic than the Si—O bond (recall that the Si-O
bond in SiO; is about fifty percent ionic and fifty percent covalent). However,
because the total charge transfer to the oxygen is similar in SiO, and Er,;Si,0; the
O has less capacity to accept electronic charge from the Si atom.

Regarding Er-Si complexes, Er forms various metallic alloys with Si,
including ErSi; and ErsSiz. The most prominent example of Er-Si bonding seems
to occur in Er-doped float zone Si, where the extreme high purity of the Si
provides insufficient O atoms for gettering by the Er. EXAFS data suggests that
the Er site in float zone Si is that of ErSi, [59]. The Er atom is twelve-fold
coordinated in ErSi, with a Si—Er bond length of 3.00 A, as shown in F igure 2.4
[65]. This coordination number is extreme. In order to reconcile this with a
reasonable Er valence (it would have to be 5 for the isolated site), it is thought
that the EXAFS data is actually referring to a precipitate of bulk metallic ErSi,
[65]. The resulting centre is highly symmetric and does not provide sufficient
mixing of electronic states to achieve efficient intra-4f luminescence. This optical
inactivity of Er-Si complexes is a key factor that limits Er luminescence in high
purity float zone Si -- aside from the extremely low solubility of Er in pure, single
crystal Si.” The effects of Er-Si complexing may become increasingly

significant in Si-rich SiOy as one increases the Si excess to high concentration.

7 This is principally due to the lack of anions and the regular sp® bonding of Si, which is not
compatible with the coordination requirements of the Er and leads to ion clustering. There is also
a size mismatch between the Er’ ion and the crystalline Si lattice. The greater structural disorder
found in amorphous Si makes this a better host, but this is also due, in part, to the greater tendency
to have residual O impurities in amorphous Si.
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Figure 2.4: Illustration of the Er site in ErSi; metal showing a central Er ion with
12-fold Si coordination. The hexagonal planes have been drawn to guide the eye
and emphasize the correct bonding alignment.

As with Er-doped SiO,, the preparation technique for Si-rich SiOy can
significantly affect the tendency for Er clustering and the propensity to form
certain Er complexes. Increasing the amount of excess Si alone can be significant
because it reduces the overall concentration of O. For example, in SiOx hosts
with x in the range 0.002 to 0.076, the O-coordination was found to range from
2.0 to 3.6 respectively with bond lengths of about 2.1 A [66]. Futhermore, it has
been suggested that the presence of excess Si inhibits Er clustering in comparison
with S10; (similar to the implantation related damage as previously noted) [67].
Si0, grown by PECVD is also thought to incorporate higher amounts of
unclustered Er as a result of reduced dopant diffusion in the matrix [68].
Contrarily, co-sputtered Er-doped Al,Os films have been found to contain higher
amounts of clustered Er via a spatially inhomogeneous distribution of Er relative

to their implant-doped counterparts (evidenced by enhanced cooperative
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upconversion luminescence in the former) owing to a greater tendency for non-

uniformity in plasme. processed films [69].

2.5 In-Situ Erbium Doping by ECR-PECVD

The ECR-PECVD system can, in principle, use any volatile metal-organic (MO)
Er precursor.”®  The solid powder compound tris(2,2,6,6-tetramethyl-3,5-
heptanedionato)erbium(I1l) or Er(tmhd); was selected because it is thermally
stable, exhibits considerable volatility at an accessibly low temperature [70]
(melting point of 180 °C) and because it is already coordinated to six O atoms in

the molecule.” The main unit in the molecular structure is depicted in Figure 2.5:
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Figure 2.5: Bond diagram of the metalorganic Er precursor Er(tmhd);.

It would be desirablz if the plasma cracked this molecule at the first O—C bond
and allowed the Er-O complex to incorporate into the film while the ligand was

pumped away. Mass spectrometry of the reactant stream in an ECR-PECVD

™ The engineering of new MO rare-earth precursors which are optimized to incorporate optically
active lanthanide centres is an ongoing effort. See: D. Pfeiffer, et. al., Inorganic Chemistry 38,
4539 (1999).

™ The p-diketonate ligand actually forms analogous thermally stable, volatile organic chelates
with all of the rare-earth metals. They are thus very useful precursors for metal-organic CVD.
The six-fold O-coordination produces a distorted octahedral cage around the Er'* because the O-
bonds are not equivalent.
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similar to that at McMaster, during growth of Er doped epitaxial Si with

Er(tmhd); showed that the Er—O bonds broke more easily and left the C;;H;90,

ligands intact; furthermore, H in the chamber was contributing strongly to the

dissociation [27,71]. (The films of the present study do reveal significant C

contamination; this is always a problem in MOCVD but is often tolerable.) When

comparing various MO Er precursors, the previous study [27] found that the
bonding arrangement of C within the MO molecule was an important factor in

how it incorporated into a film and to what extent. It also showed that the C had a

propensity to substitute for Si in the lattice.

The actual behaviour of Er(tmhd); in the films of the present study has not
been specifically investigated, however several observations should be made:

1) The Er could possibly incorporate along with an oxygen coordination shell
from the Er(tmhd); precursor or from the formation of Er-O complexes in the
plasma itself.” Indeed, in-situ doping of a-Si:H with Er(tmhd); has been seen
to leave the molecule largely intact, reproducing an Er environement in the
film similar to that in the precursor [25]. This would be tantamount to doping
the SiOx (x<2) with Er,03 or ErOg, for example, and would therefore reduce
the competition for NBOs (as discussed in the context of network modifier
doping of SiO;). This would reduce the driving force for clustering and
would effectively depress the expected excess Si concentration. This does
indeed seem to be supported by RBS data, which found that increasing the Er
content in those depositions which could not incorporate excess Si, actually
produced an O-rich SiOx with the O surplus increasing with Er content. The
O may well be bonded to Er because it does not seem to release from the film
during annealing, which it should if the matrix is SiOx. Furthermore, Si-rich
SiOy films grown at a given O,/SiHs flow ratio reveal that the excess Si

content falls with increasing Er.

76 The growth temperature in the present study is low enough to leave undissociated Er(tmhd);
molecules intact.
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The Er may be able to getter residual oxygen, including NBOs resulting from
imperfect bonding, in the film during growth since the host matrix is actually
forming at the same time as the Er is incorporating; this contrasts with the
more common sequential process involving ion implantation.

The tmhd ligand on the precursor introduces carbon into the films. With
respect to the Er, this could certainly be bonding directly to the Er and
contributing to the nearest neighbour shell along with the oxygens — in fact
reducing the requirement for NBOs. Carbon is thought to form a ligand
capable of resulting in optically active Er [68]. The carbon could also affect
the Er diffusion kinetics by altering the Si-O bond network much like a
network modifier. It is unclear how much C is outgassing during annealing.
The presence of hydrogen within the film could affect the Er coordination by
bonding to NBOs. Furthermore, some of the hydrogen will leave the film
upon annealing. This hydrogen effusion can create voids within the film
which increase the mobility of oxygen atoms.

Rutherford backscattering spectrometry (RBS) has revealed that Er-doped
films from the ECR-PECVD system almost always exhibit an Er-rich layer
corresponding to the first 10-50 nm of the deposition. The layer contains up
to 25% more Er than the remainder of the film. This ‘spike’ in the doping is
likely the result of a build-up of Ar/Er(tmhd); over-pressure in the dopant
delivery line in the minutes prior to deposition. The precursor has been
sublimating for some time before the deposition begins and probably fills the
line with an excess of precursor vapour. It takes a few minutes of deposition
time before this has been exhausted and an equilibrium mass flow results.
One possible solution to.this problem would be to install a shutter at the top of
the Er heating cell so that the Er(tmhd); vapour does not prematurely
penetrate into the carrier line.  The shutter could then be opened
simultaneously with — or perhaps a few seconds prior to — the opening of the

main shutter in the reaction chamber.
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Chapter 3

Luminescence Theory for SiO,:Er

(x<2) Thin Films

Luminescence refers to the general property of the emission of visible and/or
infrared electromagnetic radiation, beyond thermal radiation (incandescence),”’
occurring when an electron in an excited state relaxes to a lower energy level by
creating a photon; such electronic transitions are characteristic of a material.

Luminescence theory is well developed within quantum electrodynamics
and extends to acdress each material system and excitation mechanism
individually. Semiconductor optoelectronic device applications are most often
concerned with doped III/V semiconductor and glassy materials with the most
important excitation/emission mechanisms being photoluminescence and
electroluminescence. Broadly speaking, photoluminescence refers to the excita-
tion of luminescence by the application of electromagnetic radiation (particularly
at ultra-violet, visible, and IR energies), while electroluminescence refers to
excitation by the applications of an electric field or voltage.

On an atomic level, luminescent transitions are, in effect, the result of
temporal fluctuations of the electric and magnetic field produced by specific
classes of oscillation of an electronic charge distribution. The electron

distribution in question may be that of a single atom or molecule (as in a rarefied

77 Incandescence occurs in heated materials and increases with temperature. “Cold” luminescence,
by contrast, usually becomes more efficient with decreasing temperature.

43
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gas), or of a macroscopic aggregate of atoms, as in a solid. Knowledge of the
electron’s full time-dependent wave function (or at least the energy level structure
including excited states), is a pre-requisite to first principles modeling of
luminescent transitions in a material system. The inverse problem, which seeks to
elicit the electronic energy structure by measuring transition energies, is
investigated with optical or electronic spectroscopies. A specific luminescence
mechanism may be delocalized in the sense that it can occur almost anywhere
within a material, as in band-edge electron-hole pair recombination, or it may be
localized to a specific atomic site or defect giving rise to a /uminescent centre.
Because luminescent transitions in solids are complicated by the interactions with
surrounding atoms (as opposed to a rarefied gas), much work in the field is
invested in the study of the coupling of luminescence mechanisms or between
luminescent centers, as well as the effect of the vibrations of neighbouring atoms.
A particular field of research which has gained considerable interest as of
late, has been the luminescence properties (and optical properties in general) of
quantum confined structures. Quantum confinement can distort the electronic
distributions in a material such that they are quite different from that of the
corresponding bulk material. This inevitably changes the way in which the
material interacts with electromagnetic fields and gives rise to various useful non-
linear optical properties as well as entirely new absorption and luminescent
transitions. The ability to generate and manipulate materials in the quantum
confinement regime allows many materials to exhibit properties which they would
not otherwise exhibit in bulk form. This can permit the engineering of photonic
devices of small size, which could help to overcome the device integration
problems associated with the typically large size of photonic components. On a
more exotic level, quantum confined structures may even allow the engineering of
photonic devices from materials which have historically been considered useless

for such an application. Silicon is one such example, which in this study, is
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shown to be potentially useful as a light emitter when processed into a nano-

structured configura:ion.

3.1 Basic Luminescence Theory

3.1.1 Quantum Mechanical Description

Quantum mechanically, the action of emission or absorption of a photon by a
distribution of electronic charge places the system into a mixed state (time-
varying superpositicn of two stationary states) [72]. Physically, this corresponds
to an oscillation in the charge distribution. To emit or absorb radiation this
oscillation must possess a time-varying net moment. For example, a spherically
symmetric oscillation of an arbitrary charge distribution cannot emit net radiation
because it has zero niet fluctuating moment [73,74]. The time-varying electric and
magnetic field originating from an arbitrarily complex fluctuating charge
distribution can be mathematically expressed and conveniently conceptualized
according to a multi-polar expansion. Successively higher moments (terms) in the
expansion make a successively smaller contribution to the net field because they
exert a progressive'y shorter-range influence. The largest non-spherical (zero
moment) component of the field of an electronic charge distribution is the electric
dipole moment. From a radiation emission perspective, a time-varying
distribution having a fluctuating electric dipole moment will radiate intensely,
dominated by the high efficiency of the radiating dipole, with the higher order
moments making comparatively negligible contribution. From a radiation
absorption perspective, electric dipole oscillations can be strongly driven by the
electric field of an incident electromagnetic wave. If the fluctuating charge
distribution does not have a fluctuating electric dipole moment, than radiation and
absorption can only occur through the weaker oscillation of the higher order
moments of the electric or magnetic fields. The next strongest coupling to

electromagnetic radiation, beyond the fluctuating electric dipole moment, occurs
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through the electric quadrupole moment, followed by the magnetic dipole
moment (which is much weaker since the charge distribution is now coupling to
the magnetic field of the electromagnetic wave), etc.

The transition probability, for a luminescent centre, from state w; to state

w5, involving absorption of a photon of energy hw is [75]:

2z
P, =7|Vﬁ\5(5, ~E,~ho) 3.1)

Vi is the matrix element, <y V]w;>, and V is the operator corresponding to the
interaction energy of the luminescent centre with the radiation (the electron-
photon interaction), which is a function of the relevant field moments discussed
above [76]. This same matrix element appears in the equation for the probability
(per unit time) that spontaneous emission of a photon will occur from the excited
state. This quantity is known as the Einstein spontaneous transition probability.
In this way, this matrix element connects the symmetry of the wave function (and
therefore the electronic charge distribution/orbitals) to the transition probability;
the probabilities are then grouped into likely and unlikely events by the so-called
selection rules.”

It is difficult to excite an electronic charge distribution into an excited
state by photon absorption along a probabilistically inhibited path, that is, one
which violates a selection rule. Furthermore, when an electronic charge
distribution is excited into a state from which its only [radiative] decay modes are
the inhibited paths of low probability, the state is so-called metastable. This
excited state could persist for a significant amount of time (on the order of

milliseconds or longer) if non-radiative decay modes are suppressed. It is evident

78 The wave function symmetry is often discussed in term of parity and the selection rules can be
cast in the language of momentum. Taking the potential seen by the electrons to be approximately
spherically symmetric, the parity of their wave functions is strictly dependent on their orbital
angular momentum number (identified as s, p, d, and f in spectroscopic notation). The transition
which does not change the parity of the wave function does not induce an adequate change in the
angular momentum of the electrons to compensate for the momentum transferred to the photon
and symmetry is violated.
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from the time-energy form of the Heisenberg uncertainty principle that such
transitions should exhibit reduced lifetime broadening and therefore potentially
narrow transition linewidths. It is possible for specific vibrations of the ions
within a solid to disrupt the orbital symmetry, that is responsible for preventing
the dipole transition, and thereby increase the transition probabilities.

An important phenomenon in luminescence theory is the extent of the
coupling between the particular luminescent electronic charge distribution and the
surrounding ion cores in the solid. The coupling determines the extent to which
phonons can alter the transition energies and even non-radiative relaxation
probabilities. Conceptually, the lattice vibrations “frequency modulate” the
optical transition, thereby introducing side-bands (which appear as broadening) on
the lifetime-broadened pure electronic transition [75]. The coupling is assumedly
too strong for perturbation theory methods. Modelling is complicated by the fact
that the electronic state of the luminescent ion affects the vibrational frequencies
of the surrounding ions, which changes the crystal-field at the erbium site, which
in turn modulates tke electronic energy of the luminescent ion. The solution to
the problem therefore relies on two assumptions:

1) Born-Oppenheimer approximation: the vibrational motion of the ion is

much slower than the electronic motion

2) Only the ‘breathing mode’ of vibration of the neighbouring ions is

considered. Under this assumption, the ions pulsate in and out around
the lumirescent ion via simple harmonic oscillation. The only spatial
coordinate needed to describe the oscillation is the configuration
coordinate, Q, which is the average distance from the luminescent ion
to the nearest neighbours.
Within this model, the electronic and lattice states can be depicted on a single
energy level diagram based on the configurational coordinate (Figure 3.1). The

vibrational energy levels are a parabolic function of the configuration coordinate
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Figure 3.1: Configurational coordinate diagram depicting the vibronic energy
levels at two different electronic states and the resulting Stokes shift and optical
absorption/emission band widths. Adapted from [75].

(standard for the harmonic oscillator) for each electronic state of the centre.”
This gives the energy states of the complete system (luminescent centre plus
surroundings). The vibrational broadening into bands of what would otherwise be
the sharp atomic-like transition lines of isolated luminescent centres is apparent
since there are a myriad of possible transitions all with characteristic probabilities.
Consistent with the Born-Oppenheimer assumption, the transition lines are
depicted as vertical on the diagram suggesting that the electronic configuration re-
arranges instantly as a function of the configuration coordinate (in the context of
the diagram this is referred to as the Franck-Condon principle).

It 1s clear that there is a red-shift between the absorption and emission

band as a result of the relaxation (by phonon emission) to the lowest vibronic

" If one were to take into account other modes of vibration and/or anharmonic effects, the
parabolic shape would be distorted
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level in the excited clectronic state. This shift is referred to as the Stokes shift.
The Stokes shift becomes more severe as the coupling to the surrounding ions
increases. Note that an overlap of the emission and absorption bands is indicative
of zero-phonon transitions, which can permit the re-absorption of luminescence
emitted in the material.
The lateral secparation between the two parabolas, 4Q is quantified by the
Huang-Rhys parameter S defined by:
1
—2—Ma)2 (AQ)® = Sho (3.2)
where M is the equivalent ionic mass engaged in the vibration of angular

frequency w, and # is the Dirac constant. The Stokes shift AEs can be expressed

in terms of the Huang-Rhys parameter:

AE, = (28 —he (3.3)

3.1.2 Luminscence of Er Ions

The rare-earths (lanthanide series) consist of fourteen elements in the sixth row of
the periodic table, beginning with cerium (Ce, atomic number 57) and ending with
ytterbium (Yb, atomic number 70). In their pure form, lanthanides are all metals,
they are all characteristically unstable. They comprise the first subset of the f-
block elements and are generated by the filling of the electronic 4f orbitals. In
fact, the energies of the 4f, 5d, and 6s orbitals are comparable over much of the
sixth period, so that the order of electron filling throughout this block is erratic
[77]. These elements almost invariably incorporate in solid hosts as a 3+ ion
(even Er metal is thought to be composed of Er** ion cores); the 2+ and 4+ charge

80,81

states are much less common. Rare earth ions are all characterized by the

% The 3+ valence state of rare-earth incorporation in semiconductors also has a firm theoretical
basis (see C. Delerue, et. al., Phys. Rev. Lett. 67, 3006 (1991)).



50

partially filled 4f shell which gives rise to low energy electronic states, some of
which are optically active. This partially filled 4f shell is electrostatically
shielded from external electric fields, such as the crystal field in a solid,* by the
5s and 5p electrons, which are located farther from the nucleus; the 4f electrons
do not participate in bonding. For this reason, the energy levels of lanthanide ions
are largely insensitive to their local field environments and therefore to the
particular host solid in which they are incorporated.®?

Er in its ground state has the electron configuration [Xe]4/'?65°. In the
trivalent state, it takes the form: [Xe]4f ! with the eleven 4f electrons shielded by
the 5s® and 5p° electrons. Theoretical calculation of the energy levels indicates
that the splitting, due to spin-orbit and spin-spin coupling, of the unperturbed
levels of the free ion is much wider than the Stark splitting introduced by the host
matrix. The latter is actually a fine-splitting in which the degeneracy of the
energy levels of isolated Er'’ is lifted according to the symmetry of the
coordinating ions.*® This concurs with the experimental observation that different
host materials change only the width of the energy manifolds while leaving their
positions relatively unchanged. Within a manifold, the levels are closely spaced,
however, and exhibit a strong thermal coupling. Increasing thermal population of
levels within a manifold along with the inelastic/elastic collision broadening of
those levels with increasing temperature effectively blurs each manifold into a

quasi-continuous band.

¥! Theoretical calculations of the energy levels of divalent and tetravalent Er are extremely rare.
The only example which the author has found can be found at: Charles W. Thiel, “Energies of
rare-earth ion states relative to host bands in optical materials from electron photoemission
spectroscopy”, PhD thesis, Montana State University, Bozeman, Montana, 2003.

%2 The crystal field is due to the local electric field experienced by the Er’ ion in a solid matrix
from the charge density of all surrounding atoms, and particularly nearest neighbour anions.

% This unique phenomenon is not observed in transition metals, however it is partially observed in
actinide series ions where the 7s electrons shield the 5f shell.

8 For cubic (or lower symmetries) the number of Stark components for the 1,5, level is 5 or 8,
while that for *I;3, is 5 or 7 as determined using group theory. This gives rise to 8x7=56
transitions between the Stark manifolds giving rise to the 1.54 pm.
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Figure 3.2: Energy level splitting of the Er’"ion resulting from spin-orbit
coupling and an applied electric field (Stark effect) in a solid. Adapted from [68].

It will be immediately apparent, given the previous discussion on electric
dipole transitions and selection rules that intra-4f shell transitions in the free Er’"
ion are dipole forbidden (or parity forbidden depending on the preferred

perspective). Evaluation of equation 3.1 yields zero because of the symmetry of
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the 4f wave functions.*> The solid host matrix plays an important role here. A
crystal field that is non-centrosymmetric (lacks inversion symmetry) at the Er site
enables a small amount of mixing of the 4f'' states with the 4f'°5d states. This
makes the above transitions weakly dipole allowed. The effect is weakest for the
low lying states, which is why only the lowest lying state of Er**, corresponding
to the 1.54 um transition, is metastable. Because all of the transitions are at least
partly inhibited, even the higher lying excited states are characterized by rather
long lifetimes — on the order of 1-100 micro-seconds — and correspondingly
narrow linewidths, along with small direct optical absorption cross-sections
(approximately 10%' cm? for Ef" in Si0O;). For this reason, direct optical
pumping by resonant absorption is not an effective way to excite Er.

The coupling of the Er’* jon to its host network arises through the
modulation of the crystal field by vibrations of the network atoms. In amorphous
Si0;,, the oscillations of the nearest neighbour network forming SiO4 polyhedra
are of primary importance; and of these vibrations, coupling to the highest energy
vibrations dominates the phonon relaxation. In amorphous materials, it is not
uncommon for vibrations to be much more localized than in crystals. The
coupling of the 4f electrons to the surrounding ions is weak. This suggests, on the
basis of the configuration coordinate model, that the excited state parabolas will
be broad and not widely separated; in fact the Huang-Rhys parameter is near zero.
As a result, the Stokes shift between luminescence and absorption bands in Er is
small so that most of the transition energy is associated with the zero-phonon line;
the Debye-Waller factor, which indicates the fractional intensity in the zero-
phonon line, is experimentally found to be near unity. This supports the fact that
there is little phonon broadening.*® Despite the shielded 4f shell, one should

remember that the higher the electronic energy level being considered, the greater

85 The Er 4f"' configuration is the same for states up to about 6 eV, beyond which the opposite
parity 4£'°5d states become active.

% This is somewhat tempered however, on the macroscopic scale in real systems (especially those
that are glassy), because of the inhomogeneous broadening resulting from the existence of
multiple non-equivalent Er sites, each subject to different crystal field symmetries and strength.
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will be the involvemrent of the Er 5d orbitals in the excited state. The 5d orbitals
are strongly affected by the surrounding ions and will therefore give rise to
broader transitions. Further discussion of the phonon relaxation properties of Er’

ions will be taken up in section 3.4.1.

3.1.3 Luminescence in Silicon

Luminescence in undoped semiconductors commonly occurs through electron-
hole recombination across the band gap typically giving band edge emission or, at
low temperatures, excitonic emission. The energy level structure of a bulk solid
is more complicated than that of a single luminescence centre because the
individual electronic states are, in principle, delocalized over the entire body of
the solid and the Pauli Exclusion Principle is operating on a semi-infinite number
of electrons. The electron energy is a function of its wave vector k=27/4 which
determines its crystal momentum. The E(k) function is highly complex (requiring
four dimensions to fully visualize) and is referred to as the band structure.
Selection rules for band edge luminescence proceed from the same basic
multi-polar transition physics as described above. A simplified tight-binding
picture of the wave functions is useful in visualizing this [78]. The electron wave
functions in the semiconductor are a linear combination of atomic-like orbitals .
multiplied by a phase factor in between unit cells. When adjacent cells are in
phase, the wave vector k=0; when adjacent cells are out of phase, & is a maximum
of z/a. In bulk Si, the valence band can be considered (in the simplified model) to
arise from Si 3p orbitals. The maximum of the valence band (highest occupied
molecular orbital - HOMO) occurs when these 3p orbitals are arranged to give ¢
antibonding (and m bonding). This requires that the 3p orbitals be in phase
between unit cells, which means that the top of the valence band occurs at k=0.
The conduction band can also be considered to arise from Si 3p orbitals. The
minimum of the conduction band (lowest unoccupied molecular orbital - LUMO)

occurs when these 3p orbitals are arranged to give ¢ bonding. This requires that
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the 3p orbitals be out of phase between unit cells, which means that the bottom of
the conduction band occurs at k=n/a. Thus, the HOMO and LUMO occur at
different k£ values, a condition which is referred to as an indirect band gap.
Within a unit cell, the HOMO and LUMO are aligned to yield a net dipole
moment. However, the phasing of the molecular orbitals between unit cells points
adjacent dipole moment in different directions, causing them to cancel. The
wavelength of light. being long compared with the unit cell dimension, does not
see a sufficient net electric dipole moment with which to couple. Radiative
transition across the indirect band gap requires a temporary vibration that can
appropriately alter tae lattice symmetry. Electron-hole recombination is therefore
a three-body process involving a phonon (although multi-phonon mediation is
possible as a still higher order effect). The radiative rate now depends on the
product of the matrix elements for electron-phonon scattering and the electron-
photon interaction. As a result, the transition probability is low — typically 1000
times less than for a dipole allowed transition in a direct band gap material. In
real crystalline Si {c-Si), the valence band maximum lies at the centre of the
Brillouin zone or I' point (k=0) while the conduction band minimum (A
minimum) lies near the X point. The TO phonon at A minima (Exro)) is 57 meV;
the optical phonon energy of Si at the I' point (Er(o)) is 64 meV. The dominant
optical transition across the indirect gap in bulk Si occurs with the participation of
a transverse optical (TO) phonon at 57 meV [791.%

Being weakly allowed vibronically means that the excited state lifetime
of electron-hole pairs near the indirect band gap is very long — on the order of
milliseconds, due to the low transition probability. This means that the diffusion
length of these carriers (which have a high mobility in Si) can be very long, which
increases the probability that the carriers will encounter a fast non-radiative defect

or interface. In this way, even in highly pure single crystal Si, the efficiency of

%7 One can also view the phonon as a momentum conserving entity since a photon does not
involve sufficient momentum to bridge the difference in momentum between an electron and hole
across the indirect band gap.
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band edge luminescence is extremely low. In principle, if one could eliminate all
of the defects in the Si lattice, the indirect band gap would not necessarily be
detrimental. One can pre-suppose that well-passivated Si quantum dots might
provide a more attainable alternative in this regard, since the small volume of pure
Si should make it possible to be entirely free of defects.

In a direct band gap semiconductor, the top of the valence band and the
bottom of the conduction band occur at the same k value (often k=0). This means
that the LUMO and HOMO both involve molecular orbitals which are in phase
between unit cells, thereby removing the requirement for a momentum conserving
phonon.® Radiative recombination across a direct band gap is typically very fast.

The high degree of disorder and disruption of translational symmetry in
amorphous Si (a-Si) tends to increase the probability of radiative recombination
relative to single-crystal Si. The difficulty, however, is that a-Si tends to possess
large numbers of localized states owing to dangling bonds and other geometric
defects — which are sensitive to the material preparation process. These defects
can act both as non-radiative recombination centres and as charge traps. They
appear in the band structure primarily as a region of localized states above and
below which one gradually has the usual extended valence and conduction band-
like states respectively; this structure gives rise to the so-called Urbach region in
which the optical absorption coefficient has an exponential dependence on the
energy for photons of energy less than 1000 cm’'. The concept of an “electrical’
band gap in a-Si is thws ill-defined owing to the rather diffuse band edges and one
speaks more typically of a mobility gap E, at the centre of which are defects
localized neat the Fermi level. Nonetheless, it is not uncommon to define an
optical gap based on the absorption coefficient; however such a definition is not

unique. The most commonly accepted definition of the optical gap extrapolates

% This does not necessarily guarantee that the unit cell will possess a net dipole moment. It is
possible to have a dipole forbidden direct band gap (eg. Cu,0), although the most technologically
important direct band gap semiconductors are those which are highly luminescent owing to their
dipole allowed direct band gap.
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the absorption coefficient to define a quantity called the Tauc gap [80].% The
Tauc gap (denoted Etayc) is typically larger than the band gap of crystalline Si by
0.3-0.7 eV depending on the material preparation technique and the extent of
hydrogenation. The large number of dangling bond defects makes the properties
of a-Si highly sensitive to hydrogen. Hydrogenated a-Si (a-Si:H) has the
advantage that the defects can be largely passivated (and therefore eliminated

from the mobility gap).”

3.1.4 Luminescent Electronic Defects in SiO,

There are a significant number of radiative defects which commonly occur in
amorphous Si0; (a-S10,) since the lack of conduction band electrons at room
temperature can stabilize most electronic defects (unlike pure Si). These radiative
defects provide useful clues about the bond structures in SiO; thin films (an often
difficult material to understand) and have been well researched. Their number,
type and lineshape are extremely sensitive to their local environment as affected
by film preparation conditions and heat treatments as well as the presence of
impurities; in this regard, they serve an important characterization purpose.”’

Most of the luminescent centers to be discussed here would be classified
as point defects (ie. they are localized) so that their excited state wave functions
for energy levels that are well below the host oxide band gap should be
correspondingly localized [81]. The most important experimental tool for
investigation of the defects is electron spin/paramagnetic resonance (EPR) and

positron annihilation spectroscopy; photoluminescence (especially using UV

% Other definitions of the optical gap include the iso-absorption gap (denoted Eq4 and defined as
the energy at which the absorption coefficient is 10* cm™) and a variation of the Tauc gap (E;).

% However, it has been found that the hydrogen passivation can break down under prolonged
exposure to infrared radiation — a phenomenon known as the Staebler-Wronski effect. This has
proven a limiting factor in a-Si solar cell technology.

°' Much of the research effort has been driven by the utility of these defects in the micro-structural
characterization and optimization of SiO, films for micro and opto-electronics. Radiation damage
characterization and structural optimization of thin MOSFET gate oxides, particularly in the
context of defect-mediated breakdown, have been the primary motivating factors.
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excitation) and cathodoluminescence [82] have been the most common optical

characterization techniques.

Non-bridging oxygen hole centre (NBOHC): typically luminescent in the range
620-650 nm; 1.9-2.0 eV
=Si-01

The =Si notation refers to a Si atom singly bonded to three other atoms (not a Si
atom triply bonded to another single atom). The 1 on the oxygen atom refers to
an unpaired electron (sometimes in the literature this is specified as a single dot,
Si-). In other words. this defect is paramagnetic and would typically be an SiO,
tetrahedron in which one of the corner oxygen atoms does not bridge to an
adjacent tetrahedron. A possible precursor of the NBOHC could be the peroxy
linkage or radical (sce below). It has been proposed that there are two types of
NBOHC, each from a different precursor [83]. The first results from a strained
Si—O bond, which cleaves to produce a NBOHC emitting at 1.91 eV (FWHM of
0.2 eV) and an E’ centre (see below).”> The second is thought to originate from
the removal of a hydrogen atom from a hydroxyl (OH") passivated Si bond, Si—
OH to yield the NBOHC and atomic hydrogen; this centre emits at 1.95 eV with
FWHM of 0.42 ¢V [84]. The emission energy differs from the previous NBOHC
since it is not necessarily in an environment of strain bonds. Clearly, the presence
and thermal evolution of hydrogen will influence the formation/elimination of this

defect.

Neutral oxygen vacancy (NOV): typically luminescent in the range 450-470 nm;
2.64-2.76 eV

=Si-Si=
This is the most common example of an oxygen deficient centre. A typical

example in SiO, would be 0;=Si-Si=0;. This is a diamagnetic defect and has a

%2 This particular emission might also be associated with a Si; defect (see for example: Kenyon, et.
al., J. Appl. Phys. 79, 9271 (1996)).
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vacuum ultra-violet (VUV) absorption band near 7.6 ¢V (163 nm). It has been
shown that this absorption can, in some cases, lead to a conversion of the NOV
into a divalent Si defect (which is alternately viewed as a conversion from a
relaxed to an un-relaxed form of an oxygen vacancy) from which fast (nano-
second scale) 4.4 eV PL emission has been observed; non-radiative decay to two
E’ centers is also thought possible. A competing pathway from this excitation,
however, is 2.7 eV PL. The 2.7 ¢V PL is due to the S,—T; (singlet to first triplet
state) transition of the NOV. The 2.7 eV PL has shown a decay time of 10.2
milli-seconds and a linewidth in the range of 35-50 nm. This centre also seems to
have an absorption band at 5.8 eV (214 nm) resulting from photo-ionization of the
defect — which usually results in the formation of E’ centers. This centre is

sometimes referred to as oxygen deficient centre I: ODC(I) [85].

Two-fold coordinated (divalent) Si: typically luminescent near 285 nm (4.4 eV)
[86]
=Si:

This is another type of oxygen deficient centre.” It has been suggested that three
E’ centres can combine to yield a divalent Si [87]. Common examples of this
defect would be —O-Si—O- and —-O-Si~C—. It has VUV absorption bands at 5.0
eV (248 nm) and 6.9 eV (180 nm). This centre may also be excited at 7.6 eV
(163 nm) by a NOV (see above). The divalent Si defect is sometimes referred to,
in this context, as oxygen deficient centre II: ODC(II) [85]. It should be noted
that one of the divalent Si or NOV defects may also have a luminescent transition
near 400 nm (3.1 eV) [88].94 A possible luminescent triplet-to-singlet transition
in divalent Si has been calculated at 2.5 eV (496 nm) and 2.84-3.2 eV (387-437
nm) [89].

% $i0, has an optical absorption band at 5.0 eV called the B, band. The defect giving rise to it is
disputed but is referred to as the B, centre. The B, centre has been ascribed to divalent Si in the
case where it is regarded as the un-relaxed form of a NOV; the form B,(Si) is sometimes used.

% Alternately, this transition may simply be a perturbation of the NOV 2.7 eV transition by
common inevitable impurities in the SiO; network.
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Weak oxygen bond (WOB): typically luminescent near 415 nm (2.99 eV)

0-0
This is different from standard molecular O, which involves two sigma bonds and
one pi bond. The precursor of the weak oxygen bond is interstitial oxygen atoms,
such as might effectively be introduced by energetic collision damage during ion

irradiation.”

E;’ centre: typically luminescent in the range 520-550 nm; 2.25-2.38 eV
Si1Si=Si

This defect is often thought to be the precursor to a Si nano-cluster, being
effectively a paramagnetic state of a small Si cluster [90]. In some of the
literature, it has been ascribed to a five-centre tetrahedral Si cluster with the
unpaired spin delocalized over the four Si-Si bonds; the FWHM and
luminescence lifetime of this centre have been measured to be 0.44 ¢V and 20-30
ns respectively. However, recent theoretical work [91,92] has suggested that the
defect is more likely to be a structurally relaxed Si dimer (oxygen monovacancy)
with the unpaired spin localized on the dimer regardless of the cluster size; that is,
regardless of the atoms which satisfy the rest of the bonds on the dimer (for
example 0;=Si1Si=0s; note that the dimer does not involve a Si-Si bond). In
principle, the E’ centers define a class of paramagnetic defects, all positively
charged oxygen vacancies, denoted E,’, Eg’, E,’, and E5’. The basis of all of these
centers is a Si dangling bond (sp® orbital) with an unpaired electron, =Sit. The
different versions arise from different complexes in which this Si dangling bond
structure exists. It is thought possible for E’ centers to form by hole capture at a

NOV to form, for example, 03=Si-'Si=0;

% It should be noted that the observation of luminescence near 2.93 eV (423 nm) has also been
ascribed either to a WOB or possibly a carbon related impurity (M. A. Stevens Kalceff and M. R.
Phillips, Phys. Rev. B 52, 3122 (1995)).
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Other luminescent defects which occur in Si-rich SiOy include the —SiO;
group bonded at the interface of a Si nano-cluster (thought to be luminescent near
370 nm (3.35 eV)); a double peak emission at 417 nm (2.97 eV) and 436 nm (2.84
eV) has been proposed to originate from states produced in the band gap by
vacancies in Si nanocrystals.

There are also a number of defect centers which are typically found to be
non-radiative. However, it should be noted that in the quantum confinement
regime (or maybe even in a network filled with impurity atoms) it is feasible that
some of these centers might become radiative as a result of perturbations to their

bulk charge distributions.

E’ centre =Si7
This general class of defects has been discussed above. An example of this would

be 0;=Si1. These have been assigned an absorption band at 5.8 eV.

Peroxy radical 0;=Si-0-01

A closely related defect is the peroxy linkage (03=Si—-O-0-Si=03). The peroxy
linkage is effectively the Frenkel counterpart of the neutral oxygen vacancy and is
thought to have an absorption band near 3.8 eV (325 nm). It is characteristic of
oxygen rich SiOy or even oxygen-rich regions within SiO,. There has been some
speculation [93] that a closely related defect, the small peroxy radical (SPR) can
actually emit luminescence in oxygen-deficient SiO; at 550 nm (2.25 eV) with a
FWHM of 0.2 eV and a lifetime of 300 ns (as distinct from the Es” centre. The
SPR has the following structure:

ot

I
0;=81-0-Si=0;4

D centre (S13=Si11 )
This is a Si dangling bond in pure Si. For example, such a defect is extremely

common in a-Si.



61

Py, centre

This defect is located at a Si/SiO, interface and consists of a Si atom which is
three-fold coordinated with other Si atoms and has a dangling bond that points
into void space in the SiO, matrix [94]. It is distinct from the E’ centre and is

detectable by EPR.

It has been noted that the presence of impurity atoms in the network can
perturb the defect site simply by altering the arrangment of the neighbouring
atoms. This can influence the energy level structure of the defect without the
impurity actually participating in the defect. Impurities may also favour the
formation of oxygen vacancies by changing the thermochemical conditions during
film growth and annzaling [95].

One additional aspect of luminescence in Si-oxides which should be kept
in mind (because it can be confused with the intrinsic electronic defect
luminescence) is that there are hundreds of stable organosilane compounds which
can potentially emit blue/green PL; the emission typically has broad FWHM and
lifetimes in the ns regime [81]. This is an important consideration in SiOy films

deposited by PECVD using any sort of organic precursors.g'6

3.2 Fundamentals of Quantum Confinement Theory

3.2.1 Quantum Confinement in Nanoclusters: Brus Model

Appendix A provides a general description of the basic physics of ideal quantum
confined structures (dots, wires and wells). One gains insight into the real physics
of nano-clusters, which are in effect an approximation of a quantum dot, by

recasting aspects of the discussion in Appendix A using the language of band

% A further defect-related issue is that of self-trapped excitons in the SiO, matrix. These are
electron-hole pairs localized at a self-induced lattice distortion that typically result from strong
electron-phonon interactions. These are typically found to have an energy of 2.4 eV (517 nm) in
a-Si0; (J. L. Shen, et. al., J. Phys.: Condens. Matter 15, L297 (2003)).
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structure theory. The simplifying feature of dots is that there is essentially no
consideration of a quasi-continuum of states along any spatial dimension.

The energy band structure of a solid is normally calculated and expressed
by considering the bulk material, infinite in extent, without regard to boundary
(surface) effects of any kind. In this way, the E(k) structure can be taken in a
rather literal sense because each quasi-electron can be considered to be infinitely
delocalized (over the entire infinite solid) and therefore reside completely in a
single Bloch state (molecular orbital) of single well defined wave-vector k£ [29].

Such a Bloch state has the general form:

o, (N=exp™ . (1) (3.4)
Where X, has the periodicity of the unit cell (and weak k£ dependence). The

exponential pre-factor is plane-wave like and connects the wave-vector with a
wavelength A=27/k. Based on this form, the spatially localized wave function in a
nano-cluster could be synthesized as a Fourier transform wave packet of Bloch

states.
V(=X [1, R, ()dk (3.5)

The u index the different bands. The energy eigenfunctions of the electron are
now superpositions of bulk k-states ranging over some A4k (weighted by the
fi(k).”" The energy associated with the localized wave function can be estimated
by writing a Taylor’s series expansion for E(k) about the central £ in 4k. The
result is the same as described in Appendix A (keeping only the first two non-zero

terms):

%7 The properties of the Fourier transform are reminiscent of the Heisenberg uncertainty principle
here in the sense that as the nano-cluster decreases in size, a larger region of k-space is required to
achieve the necessary wave function localization within the cluster.
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EzEC+AE=EC+( n’ ][ﬁj (3.6)

2m, \ d’

The discussion to this point has considered only an electron. One can
consider a confined electron-hole pair by writing a Hamiltonian containing both
of their kinetic enerzies with effective mass along with an interaction term. The
latter term accounts for correlation effects via a shielded Coulomb potential. The
energy eigenvalues can be calculated as the expectation value of the Hamiltonian
using wave functions determined by the method of equation 3.5. The lowest
energy is denoted £~ and represents the effective theoretical quantum confined

band gap of the nano-cluster:

2.2 2
E'=E +1 ”2 -1—*+ 1* _Lge +(smaller _terms) (3.7)
£ 2 \m, m, ed

4

The quantity E, is the band gap of the bulk material. Note that the Coulomb term
lowers E” as d” while the confinement energy term (containing the additive and
independent confinement energies of the electron and hole) raises E~ as . This
is one of the most important results for the present study for it indicates that the
band gap will always increase with decreasing nano-cluster size.

The density of states (DOS) provides an intuitive way of considering the
so-called ‘band-gap opening’ of nano-clusters with decreasing size. Given the
bulk &(k) structure occupied by the multitude of electrons from a semi-infinite
crystal, one considers gradually decreasing the crystal size all the way down to a
single atom, at which point there remain only widely discrete atomic levels. The
confining boundary would gradually force the localization of the wave functions
which, in effect, would become a [Fourier] super-position of bulk k-states over
some increasingly large range 4k. As the confinement becomes more severe,
fewer wave functions can meet the boundary conditions and increasing numbers
of bulk states would be required to form an acceptable wave function. Converting

the many bulk states into progressively fewer localized states enhances the
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density of states at some energies and reduce it elsewhere. Increasing
discretization of energy (and DOS) features appears first at the band edges and
then proceeds gradually to the centre of the bands. Because a semiconductor band
gap is based on band edges, this is tantamount to progressively opening the band
gap.

The phenomenon of band gap enlargement with decreasing cluster size
and the concomitant decrease in the DOS at the band edges is particularly relevant
to the current study for its effect on surface and/or trap states. In bulk material,
trapping defects localize an electron or excitonic wave function in the vicinity of
the defect; the degree of localization depends on the defect. When these defects
are present in a nano-cluster, the energy levels of the defect will rise depending
upon the degree of enhancement of the wave function localization at the defect
forced by the confinement relative to the bulk case. Highly delocalized bulk
defect states (usually shallow states in semiconductors) can become
indistinguishable from the Fourier transform states, while tightly localized bulk
defect states (usually deep states in semiconductors) may increase only slightly in
energy. These latter states would become increasingly separated in energy from
the Fourier transform states as illustrated in Figure 3.3. In this way, the energy
gap between a mid-(band gap) defect state and an energy band edge can increase
as the cluster size decreases. This is an important point because it will be seen

later that defect states play an important role in Si nano-clusters.
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