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(In the name of Allah the most merciful, the most beneficient)

And on the earth are signs for those who have Faith with certainty.

And also in your own selves. Will you not then see?

(Holy Qur’an, Surah 51, verse 20-21)
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Abstract

Silicon-based light-emitting materials show much promise for integrated photonics appli-
cations. In particular, nanocrystalline silicon can exhibit efficient visible emission, though
the mechanism of luminescence is still the subject of some controversy. This thesis reports
on the optical properties and device applications of silicon nanocomposite thin films with
varying characteristics: amorphous and crystalline nanoclusters (INCs), both undoped and
doped with rare-earth (RE) elements.

Silicon nanocomposite thin films can be prepared by co-evaporation of Si, SiO, and/or
SiO; followed by annealing to induce phase separation. Such films typically exhibit a
broad photoluminescence (PL) band centred between ~600-800 nm. RE-doped a-Si-NC
films can exhibit relatively sharp emission in the near infrared, with excitation cross-sec-
tions on the order of 1076 cm? due to the sensitisation effect of the Si NCs—an increase in
excitation efficiency by over five orders of magnitude compared with typical values for RE-
doped SiOz. Er3* in particular is important due to its emission at 1.5 um, corresponding
to the wavelength of minimum attenuation in conventional silica optical fibres.

To demonstrate control over the spectral width and centre wavelength of emission for
photonic applications, undoped and RE-doped a-Si-NC films have been incorporated into
optical resonator structures (microcavities) with Ag mirrors. For a-Si films, the emission is
tunable from 475 to 875 nm, extendable to 1630 nm upon the addition of Er.

Itis well known that Si NCs are capable of efficient energy transfer to many of the RE3*+
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ions; the specific nature of the non-radiative transfer process, however, has not been estab-
lished with certainty. Efficient nanocluster-mediated excitation has been demonstrated for
Nd-, Tb-, Dy-, Er-, Tm-, and Yb-doped a-5i-NC films.

From luminescence modelling of ensembles of a-Si NCs, the observed quenching with
increased annealing temperature can be accounted for by assuming a non-radiative defect
density of ~10%° cm™3. The population dynamics of the coupled NC-Er3* system were
investigated via a phenomenological rate-equation model for weak optical pumping. A
phonon-assisted energy-transfer process is suggested by comparison with experimental
time-resolved PL measurements; future work in this area is required to confirm this inter-

pretation.
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Preface

This thesis catalogues the evolution of my graduate studies, tracing the somewhat mean-
dering path among the several related projects I have undertaken over the last five years.
The progression from one related topic to another is a natural part—if not one of the most
important aspects!-—of scientific inquiry, so it seems fitting that this final account of my
Ph.D. work should mirror it fully. While the topics presented herein range from optical
properties of ion-implanted silicon nanocrystals in SiO, to fabrication and characterisa-
tion of optical resonators based on amorphous Si nanocluster (NC) composites (both in-
trinsic and doped with rare-earth (RE) elements), to theoretical modelling of luminescence
processes in the Si-NC:RE and a-Si-NC systems, the common thread connecting all the
projects is that of nanoscale silicon.

This dissertation is of hybrid style, comprising both published and unpublished work;
as such, it is divided (unlike Gaul) into four parts:

The first part, consisting of Chap. 1, is the overall introduction to the thesis, providing
a general overview and motivation for the work as well as presenting some fundamental
ideas regarding the physics of amorphous semiconductors (which are rarely mentioned
in conventional condensed matter texts) and the rare-earth elements; a familiarity with
crystalline semiconductor theory—at least at a conceptual level—is assumed. While by no
means exhaustive, this introduction explains many ideas which are crucial to the discus-
sions in later chapters.

The second part, encompassing Chaps. 2-5, consists of published papers which are
largely independent; they may be read as separate articles on related topics in the physics
and applications of nanoscale silicon thin films. These chapters are not identical to their
respective published versions: some minor modifications have been made in the interest
of readability and appropriateness for inclusion within a thesis as opposed to a journal.
Chapter 2 is unique in this thesis in that it is the only chapter dealing exclusively with Si
nanocrystals fabricated via ion implantation; all other chapters concern mainly amorphous
Si NCs, produced via physical vapour deposition.

The third part is composed of Chaps. 6 and 7: as-yet-unpublished work on modelling
luminescence and tunnelling processes in ensembles of a-Si NCs, and rate-equation mod-
elling of the Si-NC-Er®* energy transfer process, respectively. The work presented in these
chapters indicates the state of inquiry with respect to these two topics at the time of writing;
after further investigation, it is intended that they too will be submitted for publication.

't is therefore obligatory to reference the now-legendary paper by Leigh Canham on efficient lumines-
cence from porous Si as soon as possible.! This paper arguably contains the first explicit mention of quantum
size effects with respect to emission from silicon, although there are earlier publications (e.g., Refs.>*) which,
although unrecognised by the authors, also dealt with nanoscale silicon.
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The fourth part comprises the appendices. These are an important part of the thesis,
as they provide, in some detail, many of the calculations which had to be omitted from
the publications due to length constraints, further explanations of some of the specific
models and experimental techniques alluded to in various chapters, and corrections to
a number of papers in the literature. As such, the reader who is primarily interested in
results may omit the appendices; the reader who wishes to know more about “how it was
done” should include them.

A.C.EH
Edmonton, Alberta, Canada
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List of Symbols

Ideally, each symbol used in this thesis would have a unique meaning; in some cases, how-
ever, this could not naturally be achieved, due to the historical use of certain symbols for
several different purposes. In any event, the correct meaning of a given multiply-defined
symbol should be clear from the context in which it is used.

A 1. Absorptivity.
2. Electron affinity.

Ac Capture area.

a 1. Nanocluster radius.
2. Lattice constant.

aB Exciton Bohr radius.

a; Probability amplitude of an electron existing on site j.

B Width of energy band due to atomic interactions.

C;;  Coupling coefficient for transfer of energy from level ¢ to level j.

c Speed of light in a vacuum. ¢ = 2.998 x 10® m/s.

cd Contribution to steady-state photoluminescence intensity from NCs con-
taining non-radiative defects.

caf Contribution to steady-state photoluminescence intensity from NCs which
are defect-free.

c; Electron annihilation operator.

c;f. Electron creation operator.

D Diameter.

D(z) Cumulative probability density.

d Thin-film thickness.

E Energy.

E;  Average gap between valence and conduction bands.

E., Conduction- or valence-band mobility edge.

Er  Fermi energy.

E, Bandgap or mobility gap.

AE; Increase of bandgap due to quantum confinement.
E; Electron energy at site j.

E(k) Electron energy in a band-structure diagram.

E, Tauc optical gap.
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N(E)

Nnr
NSI’II'
N(v), N(A)

Band-tail Urbach energy.
RF sputtering frequency.
Pair correlation function.
The Planck constant. h = 6.626 x 10734 J.s = 4.136 x 1071° eVs.

The Planck constant divided by 27.
h=1.055x 10734 J.5 = 6.582 x 10716 eVis.

Ionisation energy.
Simulated PL intensity spectrum from an a-Si NC.

Inhomogeneously-broadened simulated PL intensity spectrum from an en-

semble of a-5i NCs with a size distribution.
Light intensity as a function of time.

Light intensity as a function of distance through an absorbing
medium (as used in Beer’s Law).

Total (spin and orbital) angular momentum operator for an atom.
Wavevector.

1. Wavenumber (i.e., k = |k|).
2. Extinction coefficient (negative of the imaginary part of the
complex index of refraction).

The Boltzmann constant. kp = 1.381 x 1072 J/K = 8.617 x 1075 eV/K.
Orbital angular momentum operator for an atom.
Orbital angular momentum operator for electron k.
Molar mass of element j.

Electron rest mass. mg = 9.11 x 10731 kg.

Electron or hole effective mass.

Magnetic quantum number.

Spin quantum number.

The Avogadro number. Ns = 6.022 x 10?3 mol .
Density of states.

Population of level i.

Volume non-radiative defect density (cm—3).
Surface non-radiative defect density (cm™2).

Complex index of refraction. N = n — ik, where n is the index of
refraction and k is the extinction coefficient.

Index of refraction.

Population of level i (held constant).

NC number density.

Pressure.

Probability of electron-hole recombination at energy hv in an a-Si NC.
Probability density function.

A probability.
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Pew(E)  Probability that the lowest-energy electron (c) or hole (v) state in an
a-Si NC is at energy E.

Q Cavity (resonator) quality factor.

Qsca Scattering contribution to the extinction efficiency.

Qaps Absorption contribution to the extinction efficiency.

R Vector connecting any two lattice points in a crystal.

R, R(hv) Reflectivity.

Ry Characteristic distance for which the probabilities of energy transfer
and radiative de-excitation via electric multipole interactions is equal.

R? Coefficient of determination.

R, Capture radius.

R, Radius of an a-Si spherical quantum dot, or the half-width of an a-5i
quantum well.

Ry* Exciton Rydberg energy.

r A distance.

Tij Distance between electrons ¢ and j.

S Spin angular momentum operator for an atom.

S(w) Experimental QFRS spectrum.

S(w;T)  Single-exponential QFRS peak.

Sk Spin angular momentum operator for electron k.

T 1. Temperature.

2. Transmittivity.
3. Tunnelling barrier transparency.

To Characteristic temperature for temperature quenching of bulk a-Si.
T Boiling point.
Ty Freezing point.
T, Glass transition temperature.
t Time.
U Mott correlation energy.
Upk (1) Bloch envelope.
Vv 1. Volume.
2. Potential energy barrier height for tunnelling.
Ve Capture volume.
V; Anderson “hopping” matrix element.
Van. Nearest-neighbour hopping matrix element.
V(r) Crystal potential.
v A velocity.
w Anderson disorder potential width.
w A transition rate.
Lo Weight fraction of species j in a film.
Ljue Atomic fraction of species j in a film.
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Free-space optical admittance. ) = 2.6544 x 1073 S.

Y Optical admittance in a medium.

YL, Luminescence quantum efficiency.

Z Atomic mass number.

z First (nearest-neighbour) coordination number.

o 1. Absorption coefficient.
2. Inverse localisation length.

B 1. Stretched-exponential parameter determining the “degree of stretching.”
2. Phonon-assisted non-radiative energy transfer probability parameter.

Br Coefficient of thermal expansion.

e(v) Complex dielectric constant. e(v) = €1 (v) + iea(v).

€0 Permittivity of free space. €p = 8.854 x 1072 C2/Nm?.

€1(v)  The real part of the dielectric constant.
e2(v)  The imaginary part of the dielectric constant.

o Maximum quantum efficiency of bulk a-Si.
ur 1. Quantum efficiency of nanocluster j.
2. Population of level j at t = t,4.
Tp,s Tilted optical admittance for p- or s-polarised waves.
A A wavelength.
Ao PL band centre wavelength.
Al PL band full width at half maximum.
I ’ 1. Population mean.
2. Reduced mass of an electron and a hole.
v A frequency.
7 Attempt-to-escape frequency for a carrier in a quantum well.
p(R:)  NC radius size distribution.
p(T) Lifetime distribution.
Pz Mass density of material z.
o 1. Absorption cross-section.
2. Standard deviation of a distribution.
2 Variance of a distribution.
T 1. A time constant or lifetime.
2. Molecular rearrangement time.
o Excitation photon flux.
|D;) Wavefunction of atomic orbital at atom ;.
¥ Wavefunction.

¥nk(r) Bloch wavefunction.
w An angular frequency.
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List of Abbreviations and Acronyms

a- Amorphous.

AOM Acousto-optic modulator.

APTE Addition de photons par transfert d’énergie.
BCC Body-centred cubic.

BPF Band-pass filter.

c- Crystalline.

CCD Charge-coupled device.

CMOS  Complementary metal-oxide-semiconductor.
CRN Continuous random network.

CvD Chemical vapour deposition.

CW Continuous wave.

DBR Distributed Bragg reflector.

DC Direct current.

DE Differential equation.

DOS Density of states.

ECE Electrical and computer engineering.

EDFA Erbium-doped fibre amplifier.

EDWA  Erbium-doped waveguide amplifier.

EELS Electron energy-loss spectroscopy.

EFTEM  Energy-filtered transmission electron microscopy.
EMPA  Electron microprobe analysis.

ESA Excited-state absorption.

ESE Excited-state excitation.

EXAFS  Extended X-ray absorption fine structure.
FCC Face-centred cubic.

FWHM  Full width at half maximum.

GIF Gatan image filter.

HCP Hexagonal close-packed.

HPCVD High-pressure chemical vapour deposition.
HREM  High-resolution electron microscopy.

IC Integrated circuit.
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IUPAC  International Union of Pure and Applied Chemistry.
LCAO Linear combination of atomic orbitals.

LED Light-emitting diode.

LIA Lock-in amplifier.

LPCVD Low-pressure chemical vapour deposition.
MC Monte Carlo.

Mol Metal«insulator.

NC Nanocluster.

NIR Near infrared.

OLED  Organic light-emitting diode.

p- Porous.

PCF Pair correlation function.

PECVD Plasma-enhanced chemical vapour deposition.
PL Photoluminescence.

ppta Parts per trillion atomic.

PVD Physical vapour deposition.

QFRS Quadrature frequency-resolved spectroscopy.
RCM Random coil network.

RCP Random close packing.

RDF Radial distribution function.
RE Rare earth.
RF Radio frequency.

RGB Red-green-blue.

SNR Signal-to-noise ratio.
SRO Silicon-rich oxide.
SttExp  Stretched exponential.

TEM Transmission electron microscopy.
TRS Time-resolved spectroscopy.
ov Ultraviolet.

YAG Yttrium aluminium garnet (Y3Al5O;2).
ZBLAN A glass containing Zr, Ba, La, Al, and Na fluorides.
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CHAPTER 1

Exposition: Light from silicon, amorphous semiconductors, and
rare-earth-doped photonic materials

1.1 Coaxing light from silicon

Silicon is easily the most technologically-important material on Earth.! Capable of being
purified to electrically-active impurity levels of only a few tens of ppta,? crystalline Si
serves as the foundation of the entire integrated microelectronics industry, while current
fabrication processes for photovoltaic devices rely on the amorphous form of the element.
Silicon’s relative abundance, the mature state of its processing technologies, the controlled
manner in which its electrical properties may be modified, and its benign chemistry make
it the material of choice for electronic applications.

The growth of integrated circuits (ICs) has been exponential since the industry’s in-
fancy in the early 1960s, prompting Gordon Moore, co-founder of Intel, to formulate his
famous observation in 1965 that the complexity of ICs (usually taken as commensurate to
the number of transistors on a chip) would double every year;? this empirical rule is now
generally known as Moore’s Law. In 1975, the doubling period was revised by Moore to
two years, and has been a standard which the microelectronics industry has endeavoured
to meet ever since. This is, however, becoming more and more of a struggle. Projections
of Moore’s Law suggest component densities of over 10° transistors per chip by 2010,4
and already, interconnect issues such as latency, cross-talk, noise, and power dissipation
are becoming limiting factors in device performance and speed, foreboding the demise of
conventional microelectronics.’ As a means of overcoming such copper-interconnect bot-
tlenecks, there is now a strong research thrust to develop optical interconnect technologies,
exploiting the wide bandwidth offered by optical as opposed to electrical signals, though
the degree of electrical-optical integration (i.e., board-to-board, chip-to-chip, or potentially
even intra-chip) is still in its nascency.® However, since silicon is the material platform
upon which microelectronics is founded, a truly monolithically-integrated opto-electronic
system (if it is to take advantage of well-established IC processing techniques) requires a
silicon-based light-emitter. It is therefore a challenge that bulk crystalline silicon possesses
a very low luminescence efficiency.

TOne is tempted to say “in Earth” as well: silicon is the second most abundant element in the earth’s crust
(~27.7%).1
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Fig. 1.1: Theoretical band
structure of crystalline silicon,
calculated with semiempirical
pseudopotentials, after Ref.1C.
Ey4 = 1.17 eV corresponds to
the electronic bandgap. Note
the mismatch in wave vector
for the positions of the valence
band maximum (occurring at
I") and the conduction band
minumum (occurring at X),
indicating the indirect-gap
nature of Si.

Energy E(k) (eV)

L A T A X UK = r
Wavevector k

Bulk ¢-5i is an indirect-gap semiconductor, in which the extrema of the valence and
conduction bands occur at different wavenumbers k (see Fig. 1.1). As such, the “optical”
bandgap, characterised by vertical interband transitions, occurs at a higher energy than the
minimum energy required to form an electron-hole pair (the “electronic” bandgap, Ey).
Crystal momentum conservation therefore dictates that optical absorption is a phonon-
assisted process; the onset is weak with respect to direct-gap semiconductors because of
the low probability associated with the many-particle nature of the transition.” Further-
more, the intrinsic radiative decay lifetimes from indirect-gap semiconductors are very
long (7, ~ 1 ms to 1 s) compared to the competing rates for non-radiative transitions such
as the Auger effect (e.g., 74 = 10 ns in bulk Si)® or recombination through defects,’ result-
ing in a negligible luminescence quantum yield.” This low internal quantum efficiency,
defined as the number of photons emitted per electron-hole pair excited, essentially pre-
cludes the fabrication of useful light-emitting devices from bulk Si if the emission is based
on recombination across the fundamental bandgap.

However, since 1984, it has been known that the luminescence efficiency in porous
silicon (p-Si), produced by partial electrochemical dissolution of Si wafers in hydrofluo-
ric acid, is modified drastically from that of bulk ¢-Si.!* Such p-Si films are characterised
by nanoscale dot- or needlelike ¢-Si grains surrounded by SiO;, and yield intense pho-
toluminescence (PL) in the visible (typically in the 600-800-nm range). This was first
recognised as a quantum confinement effect by Canham in 1990:'? when the size of the
p-Si crystallites becomes sufficiently small, the confining effect of the finite crystallite size
increases the effective bandgap.

Quantum confinement in semiconductor nanocrystals may be briefly sketched as fol-
lows.” The hydrogen-like state of a bound electron-hole pair, or exciton, is characterised for
a given crystalline material by its exciton Bohr radius,

2
ap =92 ™ L o53A
pe w

and its exciton Rydberg energy,

2 4
e e pno 1
Ry* = - = = 1366V
2eap  2€2h2  mg €2 % ©
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where pp = (m}~ 1+ m;‘;_l)_l is the reduced mass of the electron-hole pair, ¢ is the dielectric

constant of the crystal, mg is the rest mass of an electron, and m} and m; are the effective
masses of an electron and hole, respectively, in the crystal. Quantum confinement occurs
when the characteristic size of the nanostructure becomes comparable to or smaller than
the exciton Bohr radius.

In the effective mass approximation, the effective masses of the carriers are considered
to be the same as in a bulk crystal;” two confinement regimes exist, depending on the
nanocrystal size. For a spherical crystalline of radius a, weak confinement occurs when a
is a few times larger than apg. In this regime, the bandgap is enlarged with respect to the
bulk crystal by an amount

h2 2
AEg— s (7TCLB

— —ZR* 1.1
T 2ua? a) 4 (11

A similar expression may be derived for the strong confinement limit, in which ¢ < ap:

2,2 2
_ T ase (1.2)

AFE, = —1.
9 ua? €a

where the second term describes a small decrease in energy due to the effective Coulomb
interaction between a strongly-confined electron and hole. In both confinement regimes,
the additive shift with respect to E, scales roughly as 1/a”.

For ¢-Si, ap =~ 4.3 nm, allowing for relatively easy fabrication of nanoscale Si structures
which exhibit quantum confinement effects. Porous Si of suitably high porosity generally
exhibits a broad PL band peaking between ~1.55 and 2.15 eV, blueshifted significantly
from the 1.12-eV bandgap of bulk ¢-Si. This emission is very efficient compared to bulk Si
(as high as 10%),'3 being easily visible to the unaided eye for moderate excitation powers.
The results of Canham, 2 which typify p-Si emission, are illustrated in Fig. 1.2.

With the proof-of-principle for efficient luminescence from nanostructured Si demon-
strated by p-Si, the case for a silicon-based light emitter began to look somewhat “brighter.”

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Absorption by NC NC-RE energy RE ion emission
transfer

Fig. 1.3: Schematic of the sensitisation of RE ions by Si NCs. In (a), an incident photon within a broad band of
possible energies is absorbed by the NC, exciting an electron-hole pair. The e-h pair recombines non-radiatively in
(b), transferring its energy to the RE ion, which emits at its own characteristic energies in (c). The effective exci-
tation cross-section of RE ions in close proximity to Si NCs can be orders of magnitude greater than the intrinsic

absorption cross-section of the RE. For example, JE%EH ~ 10716 cm? for erbium and Si NCs in silica, compared to

oB™* % 102! cm? for Er-doped SiO2.32

However, porous silicon’s fragility and susceptibility to environmental effects (such as ox-
idation) limit its practical utility in a viable photonic device. Several other methods of
fabricating Si nanocrystals have since been developed, with varying suitability for device
applications: aerosol procedures involving pyrolysis of silane (SiHy),4!° laser ablation of
bulk Si, %17 deep-UV lithography and reactive ion etching of Si wafers,'® chemical syn-
thesis involving inverse micelles 19 or arrested plrecipi’cation,20 and thermal precipitation
of nanoclusters (NCs) via phase separation of silicon-rich oxides. For this last class of tech-
niques, the silicon suboxides may be prepared by various means, including ion implan-
tation, 2?2 plasma-enhanced chemical vapour deposition (PECVD),?*?* co-evaporation of
Si, SiO, and/or Si03,22 and sputterir1g.27'28

While the phase-separation technique can produce robust, well-passivated nanocrys-
tals protected by a surrounding silica matrix, the temperatures required to crystallise the
nanoclusters is generally on the order of 1000 °C or higher. This poses a significant obsta-
cle to integration of silicon-nanocrystal-based light-emitting components on conventional
complementary metal-oxide-semiconductor (CMOS) microelectronics platforms, since the
maximum post-process annealing temperature for CMOS wafers is on the order of
500 °C.%° More recently, however, it has come to light that amorphous silicon nanoclusters,
which can be prepared by phase separation, but requiring much lower annealing tempera-
tures than their crystalline counterparts (300-800 °C), can also exhibit luminescence in the
visible and near infrared (NIR), with intensities comparable to that of c-Si NCs.263031 As in
the crystalline case, the PL is blueshifted with respect to the bulk material, and possesses a
much higher quantum efficiency. It is this class of materials, viz. a-Si NCs, with which the
majority of this thesis is concerned.

Another important characteristic of Si NCs is their ability to act as sensitisers of rare-
earth (RE) ions, notably the lanthanides, which exhibit relatively sharp emission in the
visible and NIR. When a RE-doped host material also contains Si nanoparticles, the ex-
citation cross-section of the ions can be increased by five orders of magnitude compared
to the case when NCs are absent (Fig. 1.3). This NC-mediated excitation path also takes
advantage of the broad absorption band intrinsic to ensembles of Si NCs as opposed to
direct optical pumping of RE ions, in which absorption only occurs in sharp bands corre-
sponding to allowed electronic transitions. For ¢-Si NCs, this fact has been well known for
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over 12 years;**** recently, a-Si NCs have also been shown to sensitise RE emission with

comparable efficiency.3!?> Since many of the radiative transitions in RE ions correspond to
technologically-important wavelengths, rare-earth doping represents a powerful method
of extending the versatility of Si-NC-based light-emitting materials. As such, three of the
chapters of this thesis are devoted to RE-doped a-5i NC films.

Spurred on by the promise of monolithically-integrated opto-electronics, several differ-
ent approaches toward achieving efficient light emission from a Si-based material platform
are currently under investigation. The use of quantum confinement in c-5i quantum wells,
wires, and dots (both intrinsic and doped with rare earths) is being considered for LED and
solid-state laser applications (e.g., see Refs.3¢38 and references contained therein). Another
approach, which achieves quantum confinement effects in bulk Si wafers via dislocation
engineering (essentially providing local spatial confinement of injected carriers through
an appropriately-designed array of dislocation loops), shows much promise as an effec-
tive means of producing near-infrared LEDs using wholly CMOS-compatible processes.>
An exciting recent development is the first demonstration of an electrically-pumped laser
using AlGalnAs quantum wells grown on a silicon-on-insulator wafer.®® As a hybrid
III-V/Si technology, this device integrates a natural photonic material system with the
mature fabrication processes available for silicon. Ultimately, each of the approaches dis-
cussed in this section have the same technological goal: raising photonics to the same level
of ubiquity currently enjoyed by microelectronics.

By means of general introduction to the work presented herein, the remainder of this
chapter addresses two broad topics which are fundamental to the discussions contained
in the ensuing chapters: basic physical concepts regarding (1) amorphous materials, and
(2) rare-earth elements.

1.2 Fundamental concepts of amorphous semiconductors

If one were to form a definition of solid-state physics based on the topics covered in the
vast majority of solid-state and condensed matter texts, one would inevitably come to the
conclusion that “solid-state” was tantamount to “crystalline.” This is largely due to the
fact that the periodicity and symmetry of the atomic lattice intrinsic to crystals provides a
wealth of mathematical tools (e.g., reciprocal space, Bloch states) which facilitate quantita-
tive descriptions of the crystalline material properties. Amorphous materials, on the other
hand, generally receive only a passing mention in most condensed matter books, often in
connection with a remark such as “...the lack of a periodic array of ions...has left the subject
of amorphous solids in [a] primitive state compared with the highly developed theory of
crystalline solids.”#! While it may be conceded that the complexity of amorphous solids
hinders their inclusion in introductory solid-state texts, such materials form a fascinating—
and increasingly technologically-important—branch of condensed matter physics. While
a detailed survey of amorphous solid theory is far beyond the scope of this section, it is
~ the hope that the following brief précis of important physical principles of amorphous ma-
terials will help to redress the aforementioned deficiency in traditional condensed matter

physics pedagogy.

tThe reader is referred to the texts by Zallen,*? Elliott,** and Mott and Davis* for a much more detailed
description of the subject than is possible here.
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(a) (b) (c) (d)

Fig. 1.4: Principal types of disorder found in solids: (a) Topological disorder (long-range order absent), (b) Substitu-
tional disorder (randomness in atom identity on a periodic lattice), (c) Spin disorder (randomness in spin orientation
on a periodic lattice), (d) Vibrational disorder (randomness in instantaneous deviation from equilibrium position on a
periodic lattice). (After Ref.3.)

1.2.1 Amorphous solids: definitions and types of disorder

All amorphous solids are characterised by structural randomness or disorder, though by
itself, this is an insufficient definition, since structural disorder can manifest itself in sev-
eral ways; topological (geometric), substitutional (compositional), spin (magnetic), and
vibrational disorder are the principal forms.*® The latter three, however, are forms of ran-
domness which may be present even if the underlying lattice of atomic sites is perfectly
periodic. In an alloy such as brass, although the material structure is a face-centred cubic
crystal (for low zinc concentrations), the Zn and Cu atoms substitute for each other ran-
domly in the lattice (Fig. 1.4b). Substituting zinc for manganese produces the magnetic
alloy Cu-Mn, which, for dilute solutions, has the property of possessing random spin
orientations at each atomic site, though the crystallinity of the lattice itself is unaffected
(Fig. 1.4c).! Furthermore, all atoms in solids—crystalline or amorphous—exhibit vibra-
tional disorder about their equilibrium positions, if only due to zero-point motion
(Fig. 1.4d). Topological disorder, however, occurs when translational periodicity is de-
stroyed completely: the long-range order typified by crystals is entirely absent (Fig. 1.4a).
It is this lack of long-range order which provides the definition for “amorphous;” it also led
to the rather disheartening opening to Zachariasen’s classic 1932 paper: “It must be frankly
admitted that we know practically nothing about the atomic arrangement in glasses.”®
Experimentally, amorphous materials are easily recognised by the absence of sharp Bragg
spots or rings in diffraction experiments, in favour of diffuse annuli (see, e.g., Fig. 4.1b).
Note, however, that the definition of amorphicity does not rule out the possibility of short-
range order, a property of many covalently-bonded glasses.

The vocabulary concerning amorphous materials is far from standardised, with vary-
ing definitions in the literature for terms such as “amorphous,” “non-crystalline,” “glassy,”
and "vitreous.” For the purposes of this discussion, we will follow Elliotts terminology,**
treating amorphous and non-crystalline as synonyms referring to any materials lacking long
range order, reserving glassy and vitreous for amorphous materials exhibiting a glass tran-
sition. Also, lattice will be taken to denote the set of equilibrium positions for atoms in a
solid, free from any connotation of long-range order (as distinct from a Bravais lattice); in
this sense it may be used equally to refer to the atomic positions of amorphous as well as
crystalline materials.

a7y

fSuch a material is generally referred to as a spin glass.
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Preparation of amorphous materials

The transitions from gas to liquid to solid phase due to cooling are familiar processes:
an ensemble of initially isolated, uncorrelated gas atoms gradually lose kinetic energy,
condensing into a liquid of well-defined volume at the material’s boiling point, 73, and
increasing its density in a continuous fashion until a liquid—solid transition occurs. After
solidification, the material’s volume V' continues to decrease slowly, governed by its co-
efficient of thermal expansion, Sr = % (g—¥) pr and remaining finite as T — 0. A typical
process may be described by the V(T') plot shown in Fig. 1.5.

The solidification process, however, may follow one of two general paths in V-T space.
It may experience a discontinuity in V' at the material’s freezing point, T} (path A in
Fig. 1.5), yielding a crystalline solid, or it may solidify continuously (path B), characterised
by a smooth shift to a shallower slope around the glass transition temperature, T}, yielding
an amorphous solid. Note that 87 for both the crystalline and amorphous cases is similar
after solidification. Which of the two paths the material follows depends on the rate of
cooling.

The relevant timescale to which the cooling rate must be compared is the material’s av-
erage molecular relaxation time, 7. 1/7 may be regarded as the rate at which the molecular
configuration of the material may respond at a given temperature. As shown by the ap-
proximate typical values on the top axis of Fig. 1.5, 7 changes dramatically with tempera-
ture: from the picosecond regime near the freezing point to the age of the
universe at a temperature significantly lower than the glass transition temperature
(e.g., Ty — 50 K), a range of some thirty orders of magnitude! Below Ty, the timescale
of molecular rearrangement therefore quickly exceeds the timescale of any conceivable
experiment, and the atomic structure becomes frozen into the lattice (crystalline or amor-
phous) of well-defined equilibrium positions. Thus, for an amorphous material to result,
the temperature range between Ty and T, must be traversed quickly enough to bypass the
nucleation and growth process required for crystallisation.

In this way, it may be seen that the historical assumption that only certain materials
(the so-called “glass-forming solids” such as oxide glasses and organic polymers) could be
prepared in amorphous form is erroneous: it is simply a matter of being able to cool a given
material “fast enough and far enough”4® below T. The requisite minimum cooling rate,
however, varies enormously between materials: for the Pyrex (silicate) glass forming the
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200-inch mirror of the Hale telescope at the Palomar Observatory, an eight-month cooling
period (corresponding to 7' ~ 3 x 10~° Ks™') was adequate; for many metallic glasses,
T 2 10% Ks~! is necessary. *2

Several different methods exist by which amorphous solids may be prepared; how-
ever, great variation in cooling rates restrict the applicability of each method for a given
material. The main techniques are as follows:

1. Melt quenching techniques are the oldest methods of preparing amorphous solids:
the ancient Phonecians were adept at making silicate glasses as early as 3000 BC.
For materials with high glass-forming tendency such as oxide glasses, which require
only a slow cooling rate, such a quenching process can be as simple as turning off the
furnace in which the melt was produced. Moderately fast quenching may be effected
by plunging a sealed ampoule filled with a charge of the melt into a liquid bath with
a high thermal conductivity and latent heat of vaporisation.*?

Melt spinning is a type of quenching capable of producing ribbons or wires of amor-
phous metals, which can require very fast cooling rates. For these techniques, a
cooled, rapidly-rotating “chill-block,” typically of copper, is put in intimate contact
with molten metal, either by propelling a jet of the melt onto the disc, or by lowering
the disc to touch the surface of a melt reservoir. Such techniques can achieve cool-
ing rates in excess of 10% Ks~1.424% A summary of cooling rates typical of quenching
processes is given in Table 1.1.

2. Physical vapour deposition (evaporation, sputtering) is the most versatile approach,
capable of producing amorphous thin films of materials with even the lowest glass-
forming tendency, such as metals. For evaporation, the source material is heated to
its melting or sublimation point in a high-vacuum chamber (typical base pressure of
a few pTorr); the resulting flux of vaporised material then condenses on a substrate
positioned within the line-of-sight of the source.! The heating usually takes place
by placing the source material in a refractory metal “boat” through which a large
DC current is passed, or by bombarding it with a high-energy beam of electrons. The
substrate may also be heated or cooled if necessary: for Ga and Bi, the substrate must
be maintained at liquid-He temperatures to prevent crystallisation.

The major disadvantage of evaporation is the difficulty in controlling the composi-
tion of the resulting thin films, especially when depositing compounds which have a
tendency toward differential evaporation (i.e., the species with higher vapour pres-
sure evaporates first, leading to a film rich in that species and changing the composi-
tion of the source material with time). One method of circumventing this difficulty is
to employ flash evaporation, in which the source material, as a fine powder, is contin-
uously dropped onto a heated filament or boat at very high temperature, vaporising
the material completely.

Sputtering involves bombarding a source target with ions (typically Ar) from a low-
pressure plasma, dislodging atoms (or clusters thereof) from the surface, and de-
positing them as a thin film on a substrate. The pressures used in sputtering are
usually significantly higher (~1-10 mTorr) than in evaporation. The Ar* ions are at-
tracted to the target either by applying a negative voltage (in the case of conducting

For a pressure of 7.5 x 107 Torr, the mean free path of gas molecules is on the order of 6.6 m (greatly
exceeding typical source-substrate distances), causing most evaporated species to reach the substrate via a
straight-line, collision-free trajectory.*
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targets), or an RF field (in the case of insulating targets; usually, frr = 13.56 MHz).
Variations to this process include introducing a gas such as O, into the chamber to
react with the flux from the target (reactive sputtering), using multiple targets, or
using a target which is a conglomerate of several materials. %

All of the work discussed in subsequent chapters of this thesis concerns thin films
produced by thermal or electron-beam evaporation.

3. Chemical vapour deposition (CVD) techniques rely on the reaction of process gas(es)
to form the desired products, which are then adsorbed on the substrate as a thin
film; there are numerous methods by which this process may be implemented. In
plasma-enhanced CVD (PECVD), also known as glow discharge decomposition, a
plasma of the reactants is produced by application of an RF field by inductive or (now
more typically) capacitive coupling. Glow discharge decomposition of silane (SiH4)
by the reaction SiHy (;) —5i (,)+2H; () has been the preferred method of preparing
hydrogenated amorphous silicon (a-Si:H) since first demostrated by Chittick et. al in
1969.%%2° These films may also be heavily doped by adding phosphine (PH3) or di-
borane (BsHg) to the chamber, producing n- and p-type a-Si:H, respectively. Some
of the many other variations on the basic process CVD include using high or low
pressure (HPCVD, LPCVD), high or low temperatures of the substrate and/or the
chamber walls, and photo-inducing the reaction using a laser.*® CVD processes gen-
erally do not suffer from the line-of-sight deposition requirement found in PVD, and
can result in a much more uniform coating of the substrate.

Method Cooling rate T (Ks ! Table 1.1: Cooling rates of typi-
& ( ) cal melt quenching methods (after
Annealing Ref.#%). Although PVD processes
large telescope mirror 1075 do not strictly involve quenching
"optical” glass 3x 1074 of a melt, an estimate of the cool-
rn o -3_1n—2 ing rate is included for comparison
ordinary” glass 10710 with conventional quenching tech-
Air quenching 1-10 niques; the very high value for 7'
- . 2 103 is indicative of the ease of produc-
Liquid quenching 10°-10 ing amorphous materials by this
Melt spinning 108-108 method.
Evaporation, sputtering ~ 10°

There are numerous other methods by which it is possible to fabricate amorphous ma-
terials, including gel desiccation, electrolytic deposition, laser glazing, chemical precipita-
tion, reaction amorphisation, irradiation (neutron, electron, ion), shock-wave transforma-
tion, and shear amorphisation.*>#? The first three classes of techniques enumerated above,
however, are the most important in terms of practical production.

Structure of amorphous solids

As stated earlier, the defining structural characteristic of an amorphous material, that
which differentiates it from crystallinity, is its lack of long-range order. This is not to say,
however, that the atomic positions are completely uncorrelated. On the contrary, atoms
in an amorphous solids are not randomly distributed in space, as they are in a dilute gas.
Fig. 1.6 schematises the arrangement of atoms (at a given moment in time) for a crystal,
amorphous solid, and an ideal gas. In both the crystalline and amorphous cases, the lattice
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Fig, 1.6: Schematic of atomic positions in: (a) a crystal, (b) an amorphous solid, and (c) a dilute gas at a given moment
in time (after Ref.42).

is marked by a high degree of local correlation with respect to similarity in bonding. Ne-
glecting vibrational motion, for a perfect crystal, the bond lengths and angles are exactly
equal, whereas for an amorphous solid, while nearly equal, there exists a statistical distri-
bution in these quantities. This gradual loss of order as one progresses from short to long
range may be elucidated with the help of a plot of the pair correlation function (PCF), g(r),
for the three cases shown schematically in Fig. 1.6.

g(r) dr is the probability that the centres of two particles may be found separated
within the distance range r and r + dr, normalised to the particle density. Also commonly
encountered is a form of PCF which is not normalised to the particle density, generally
referred to as the radial distribution function (RDF). For simplicity, we may visualise atoms
as hard spheres of diameter D. In a gas (Fig. 1.7c), the only restriction on the interparticle
spacing is that there may be no overlap, causing g(r) — 0 for r < D; otherwise, the
particle positions are uncorrelated, resulting in uniform probability (g(r) = 1). At the other
extreme, g(r) of a perfect crystal (Fig. 1.7a) is characterised by sharp (é-function) peaks,
corresponding to the positions of the nearest neighbours, next-nearest neighbours, and
so on. In general, the spacing of these J-functions decreases with increasing r. A typical
amorphous solid (Fig. 1.7b) possesses qualities of both of these foregoing cases: the short-
range order manifests itself by broadened peaks for small values of r, corresponding to
the average positions of the first few nearest-neighbours; for large values of r, however, the
absence of long-range order results in a uniform probability, causing g(r) — 1, as in the
gas case. Experimentally, g(r) may be obtained via a spatial inverse Fourier transform of
diffraction patterns.*?

A second quantity by which we may partially characterise the structure of amorphous
solids is the first coordination number, z, defined as the number of nearest neighbours. This
single number provides much information on the short-range order and bonding of the
solid. A low coordination number (z < 4) generally indicates the predominance of direc-
tional covalent bonding, producing a structure which is not close packed: z = 1and z = 2
imply a disconnected lattice with units consisting of diatomic molecules and closed rings
or extended linear chains, respectively, relatively weakly bound together; z = 4 implies
a tetrahedral structure, such as found in Si and Ge. Conversely, a close-packed structure
usually connotes the existence of non-directional ionic, metallic, or van der Waals bonding,
resulting in a high coordination number (2 = 8 for BCC, z = 12 for FCC and HCP). An
experimental value for z may be extracted by integrating over the first peak in a RDF.

Strictly speaking, given the distribution in interparticle spacing, the true coordination
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Fig. 1.7: Sketch of normalised pair correlation functions for a perfect crystal (close-packed FCC), amorphous solid,
and gas, assuming hard sphere particles of diameter D.

number for each atom in an amorphous solid is unity, but this does not in general presup-
pose the existence of diatomic molecules in a glass, as in the case of crystalline hydrogen. 42
This may be seen by considering that for a solid consisting of atoms which have paired off
into molecules, any atom a which has a nearest neighbour b is itself the nearest neighbour
to atom b. For a general amorphous solid, however, atom a may have b as its nearest neigh-
bour, whereas the nearest neighbour of b is ¢; this is the case whenever ¢, b, and ¢ form the
vertices of a scalene triangle with @ > ab > bc. However, this point turns out to be moot
when considering real crystals and amorphous materials: the experimental width of the
first RDF peak is nearly the same in both forms of a given substance,?? since vibrational
disorder contributes to the peak width even in crystals. This remarkable similarity indi-
cates that similar bonding characteristics dominate the short-range structure in both the
amorphous and crystalline forms of the same material.

There are three major models for the overall structure of amorphous solids, supported
by such experimental characterisation techniques as diffraction (neutron, electron, X-ray)
and extended X-ray-absorption fine structure (EXAFS): continuous random networks
(CRN),*® random close packing (RCP),> and random coil models (RCM).52 CRN structures are
characteristic of most covalent glasses, such as silica, a-5i, and the chalcogenide glasses.
The schematic of an amorphous solid shown in Fig. 1.6b is a representation of a CRN for a
z = 3 material such as vitreous carbon; its crystalline counterpart, graphite, is represented
by the honeycomb lattice in Fig. 1.6a. While both of these ideal structures are threefold co-
ordinated, have nearly constant bond lengths, and do not contain any dangling bonds, in
the amorphous case, a distribution in the bond angles causes the breakdown in long-range
order.

Simple metallic glasses, on the other hand, typically exhibit random close packing due
to their isotropic bonding.! Such a structure may be realised macroscopically by allowing
ball bearings to settle in a container with irregular walls (planar walls promote the for-
mation of a periodic lattice), and corresponds to a local energy minimum in terms of the
configuration. As might be expected from the V (T') curves in Fig. 1.5, the packing fraction
of RCP structures is less than that of FCC or HCP lattices: 0.637 vs. 0.7405 for the crystalline
case. However, each sphere is secured in its position by (usually) six nearest neighbours,
preventing a smooth transition to crystallinity by continuous densification. An illustra-
tion of a RCP cluster is shown in Fig. 1.8, constructed via a potential energy minimisation
procedure.

The random coil model is arguably the most commonly-encountered form of amor-
phous solid in modern everyday life, as it comprises the structure of plastics: glasses con-

tOther names for random close packing include dense random packing and Bernal structure.*
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Fig. 1.8: An 84-atom random-close-packed cluster (stereo pair). For this model, implemented using MATLAB, 84
spheres (of diameter D) with an initial random position distribution were allowed to relax via potential energy min-
imisation (pairwise Lennard-Jones potential). For clarity, the atoms are plotted as solid spheres with diameter 0.3D;
the full extent of the space occupied by each atom is shown by the transparent shells. Atoms are shown bonded to
their neighbours if their separation is less than 1.3D.

sisting of 1D-network long polymerised chains of organic molecules. In this model, the
configuration of each strand of polymer is equivalent to a self-avoiding 3D random walk.>?
In such an organic glass, each chain typically permeates a spherical region of space with
a characteristic radius of approximately 30 nm, as demonstrated by neutron scattering ex-
periments.4? This radius has been observed to be proportional to the square root of the
number of monomer units in the chain, a signature of the structure’s random-walk origin.

Since the main amorphous materials considered in the forthcoming chapters are amor-
phous silicon, silica, and silicon suboxide (i.e., SiO,, with 2 < 2), the most relevant of the
aforementioned structures to this thesis is the CRN model. In particular, for a-Si, we shall
see that the short-range order dictated by the nature of the Si-Si bonds has some surpris-
ing consequences—at least to a condensed matter physicist who has been brought up on
crystalline solid theory. The disorder inherent in the distribution of bond characteristics,
on the other hand, leads (somewhat more expectedly) to some electronic properties which
differ considerably from crystalline Si.

So far in this discussion we have been considering “perfect,” defect-free amorphous
solids. The concept of a defect in an amorphous solid, however, is necessarily different
than in a crystalline material, since the former has no unique idealised structure with
which to compare the atomic positions. In a crystal, any atoms which are out of place
with respect to the relevant periodic lattice are considered defects; the two simplest ex-
amples are vacancies and interstitials (Fig. 1.9a). Contrast this with the situation in an
amorphous solid, where the only (short-range) structural characteristic is the coordination
number, z. As such, we may define the elementary defect in an amorphous material as a
coordination defect, in which the bonding of a the defect atom results in a different z. The
simplest case is that of an isolated dangling bond (Fig. 1.9b). If we consider a z = 4 crystal
structure such as that of ¢-Si (diamond), we see that a single vacancy results in four dan-
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(a) Crystalline (b)  Amorphous
Coordination  Fig. 1.9: Schematic of elementary de-
defect fects in crystalline and amorphous
solids. The preferred coordination for
atoms in both structures is z = 4.

Note that the disorder in the amor-
phous solid permits the formation of
an isolated dangling bond, whereas in
the crystalline case, this is not allowed
(minimum of four dangling bonds).
(After Ref.59)

Interstitial

gling bonds; isolated dangling bonds are not permitted in a crystal, whereas the disorder
in the CRN structure allows such a possibility. The density of defects within an amorphous
semiconductor can have a profound effect on the material’s electrical characteristics. A fur-
ther discussion of bond defects in amorphous semiconductors will be included in the next
section.

1.2.2 Electronic and optical properties

We now turn to the electronic and optical properties of amorphous materials; we will con-
centrate on amorphous semiconductors in general and o-Si in particular, as they bear the
most relevance to this thesis.

Local order and bonding

Figure 1.10 is a plot of reflectivity for bulk Ge in liquid, crystalline, and amorphous form,
in the energy range corresponding to electronic excitations (ultraviolet). The clear qualita-
tive difference between the long-wavelength behaviour of the liquid and and solid phases
is indicative of the distinct electronic natures of the materials: Ge(;), with R(hv) — 1 as
hv — 0, is a metal, whereas R(0) ~ 0.36 for both c- and a-Ge, which are semiconductors. A
contrasting case is that of selenium, which is unique among the elements in that it is semi-
conducting in all three forms. >3 This difference can be explained by Ioffe’s rule, which pre-
dicts the fundamental electronic character of a material (metal, semiconductor, insulator)
in terms of 2.% The strong covalent bonding in crystalline Se yields a structure composed
of long helical chains (triclinic, most stable) or Seg rings (monoclinic, metastable); for both
crystalline phases, z = 2. The triclinic polymer structure persists relatively unchanged
upon melting, and while the particular molecular arrangement in a-Se varies with prepa-
ration technique, in all cases the nearest-neighbour distance, bond angles, and twofold
coordination remains nearly the same as in the crystal and liquid, maintaining the semi-
conducting nature of Se regardless of its phase.> In Ge, however, the coordination of the
solid phases (z = 4) shifts to z ~ 8 in the liquid, changing the material from a semiconduc-
tor to a metal. These two examples illustrate the predominance of short-range order on the
overall electronic properties of a material.

The covalent bonding in tetragonally-coordinated materials such as Si and Ge may be
illustrated with the help of a molecular orbital diagram, as shown in Fig. 1.11. In the usual

tSe(, is a semiconductor near its melting point of ~217 °C; at temperatures higher than ~1100 °C it be-
comes metallic.**
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sort of gedanken experiement, we can imagine “building” a Si solid (either crystalline or
amorphous) by bringing together initially isolated Si atoms from infinity. The electron
configuration of an isolated Si atom is [Ne]3s%3p?; the ten core electrons do not participate
in bonding. The “first stage” in the bonding process is the hybridisation of the orbitals:
mixing of the two 3s and 3p states to yield four equivalent sp? orbitals, at an energy cost of
~6 eV.*2 When four other similarly-hybridised Si atoms are made to surround the first
atom in tetragonal coordination, the overlap of the sp?® orbitals between nearest-neighbour
atoms along the Si-Si bond axes results in the formation of bonding and antibonding or-
bitals, the splitting between which is ~5 eV. Upon the formation of covalent bonds, the
initial 6-eV energy cost is more than compensated for, each bond reducing the energy by
2.5 eV, to yield a net change of —4 eV per atom.

The bonding configuration which minimises energy varies from element to element.
For instance, in Se, with a valency of six ([Ar]3d'%4s%4p*), no hybridisation occurs: four
electrons fill the 4s states and two of the 4p states, leaving the remaining two 4p electrons
to form a lone pair. The lone-pair and 4s electrons to not contribute to bonding. As such,
the coordination of Se is two. The predicted coordination number for an atom in a solid
may be found using Mott’s ”8-N” rule®’

z:{S—N for N >4 (13)
N for N < 4

where N is the number of valence electrons for the isolated atom. Eq. (1.3) codifies the gen-
eral rule for covalent bonding: maximise the number of electron pairs in bonding orbitals,
with the remainder in non-bonding states; antibonding orbitals remain empty.

In a solid consisting of many atoms, interactions between the bonds broaden the bond-
ing and antibonding states into bands of finite width; these are the valence and conduction
bands, characterised by their respective densities of states V(E), also sketched in Fig. 1.11.
The quantity E,;, shown in the figure is the average gap between the two bands, with the
minimum separation corresponding to the bandgap E,. It is important to note that the
above description makes no mention of whether the material is amorphous or crystalline.
As such, the main qualitative features of the density of states functions are the same in
both cases. Indeed, the values for E; and E,, are nearly the same in ¢- and a-Si: ~1 eV and
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Fig. 1.11: Schematic of the bonding configuration for Si, resulting in tetrahedral coordination. At right is a sketch
of the density of states function, N(E), resulting from the bonding and interactions between bonds. Note that this
situation is substantially the same in both the crystalline and amorphous cases. The bandgap Fg, average gap Egp,
and Fermi energy EF are also showr. (After Refs.5 and #2.)

~5 €V, respectively.*?T In both cases, for intrinsic (undoped) materials, the Fermi energy
EF lies mid-gap.

Bandgap and density of states

It is perhaps surprising to those accustomed to crystalline solid theory that an amorphous
solid should exhibit any sort of bandgap at all, since the existence of forbidden energy re-
gions in a crystal is intimately connected with its periodicity. This periodicity is accounted
for in the Hamiltonian by the crystal potential V (r), which approximates the average po-
tential experienced by an electron due to interactions with all of the nuclei and other elec-
trons in the solid; it has the property that, for all vectors R connecting points in the lattice,
V(r 4+ R) = V(r). By Bloch’s theorem, the solutions to the Schrédinger equation for elec-
trons subjected to such a potential can be written as the product of a plane wave and a
function sharing the periodicity of the lattice:*!

":bnk(r) = eik.runk(r) (1.4)

where the Bloch envelope u,x(r) possesses the same translational invariance as V(r), viz.
Unk(r + R) = unk(r). As such, the allowed values of the electron wavevectors k are con-
tingent upon the symmetry (and long-range order) of the crystal lattice.

A convenient representation of the allowed electron energies in a crystal is a band struc-
ture diagram of E as a function of k, illustrated for a 1D weak periodic potential in Fig. 1.12.
The opening up of energy gaps at wavevectors corresponding to the edges of the Brillouin

'In hydrogenated amorphous silicon, however, the optical bandgap is higher, generally lying in the
1.7-1.9 eV range.”
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Fig. 1.12: Reduced zone scheme represen-
tation of the band structure for a 1D linear
lattice of atoms. (After Ref.*1)
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zone (e.g., k = =~ for a 1D chain of atoms with lattice constant a) may be thought of as
the result of destructive interference of Bragg-reflected Bloch waves off the lattice planes.*3
However, no such E(k) band structure representation exists for amorphous materials: not
possessing a periodic lattice, the electrons cannot be described by Bloch waves. As such,
the elegant Bloch construction in conventional crystal theory cannot justify the existence
of an energy gap in amorphous materials. This is refuted rather strongly by the fact that
common silica window glass is transparent throughout the visible range, indicating that
an energy gap of at least ~3 eV must exist.

The existence of a bandgap in amorphous solids was put on a firmer theoretical foot-
ing with a “proof-of-existence” theorem by Weaire and Thorpe, for tetrahedrally-bonded
semiconductors such Si and Ge.*®* In their model, they considered only the short-range
order due to bonding, using a tight-binding Hamiltonian with interactions V; and V4 corre-
sponding to interactions between sp? orbitals on the same atom and on nearest-neighbour
atoms, respectively:

H=WV Z |®35) (@i | + Vo Z |®i5) (Dir; (1.5)
i itd!

T
it 5l
J#3 J

In this equation, the wavefunctions |®;;) are the hybridised sp?® orbitals as sketched in
Fig. 1.11. Such a Hamiltonian is clearly applicable to both the crystalline and amorphous
cases, since it contains no reference to long-range order. It was shown by Weaire and
Thorpe that for |Va| > 2|V;|, there is no overlap between the valence band (constructed
from binding orbitals) and conduction band (constructed from antibonding orbitals), yield-
ing a bandgap of E, > 2|V5 — V;|.®3 As such, although it cannot be represented in an E(k)
diagram as in the crystalline case, a bandgap can exist in an amorphous solid as well.

A concept which is shared by both crystals and amorphous solids is that of the density
of states (DOS) N(E), shown in schematic form for a typical amorphous semiconductor
such as a-Si in Fig. 1.13. The DOS for the familiar parabolic bands in the crystalline case
is indicated by the dotted lines, characterised by abrupt edges. The effect of topological
disorder in the amorphous lattice is to broaden these sharp edges into an exponential dis-
tribution of states trailing off into the gap, the so-called band tails. Empirically, the band-tail
DOS for either band may be written as®

N(E) = NyeP/P  for E <0 (1.6)

where E is understood to be zero at the mobility edge E. (E,), and negative below (above)
this energy, as shown in Fig. 1.13, Ny is the DOS at the mobility edge, and Ey is an empiri-
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cal parameter relating to the breadth of the tail. What exactly is meant by the mobility edges
E. and E, is considered in the next section; we see from Fig. 1.13 that they roughly corre-
spond to the band edges in the crystalline case. In a “perfect” amorphous solid with no de-
fects, the entire DOS would comprise the contributions from the bands and the band tails.
However, any deviation from the ideal CRN structure—such as coordination defects—
introduces a distribution of states deep within the gap. This narrow band of defect states
has the effect of pinning the Fermi level near mid-gap, although this does not therefore
result in metallic behaviour, since such defect states are localised and do not contribute to
conduction.®® Since N(FE) is not zero between the mobility edges (as it is between bands
in a crystal), but merely small, it is customary to refer to this region as a pseudogap.

Electron localisation«—delocalisation transitions

Band theory for crystalline materials treats electrons as independent, assigning them to the
set of Bloch states characterised by a wavevector k and integer band index n according to
Fermi-Dirac statistics. In this theory, a crystal comprising N unit cells can fill each band
with a maximum of 2V electrons (due to spin degeneracy); the filling of the bands—partial
or complete—determines the basic electronic nature of the material, that is, whether it is
an insulator or a metal at zero temperature. We consider the T' = 0 case for simplicity in
this discussion, since it has the benefit of providing a sharp boundary (at the Fermi energy
Er) between occupied and unoccupied states. A metal contains partially-filled bands, Er
lying within a band, whereas an insulator has Er within a gap separating the valence
(full) and conduction (empty) bands. For materials with an even number of electrons per
unit cell, capable of filling an integral number of bands, a slight change in temperature or
pressure can shift the band structure such that a transition from metal to insulator (M«1)
occurs, removing an overlap between the bands which had formerly resulted in conduc-
tion; such a situation occurs for ytterbium.? It is important to note that the electrons are
still characterised by extended Bloch states, irrespective of whether the material is metallic
or insulating. In amorphous semiconductors, however, a M1 transition occurs via an en-
tirely different mechanism: a transition in the nature of the electron wavefunctions from
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(a) (b) Fig. 1.14: A schematic of two degen-

erate electron configurations with re-
spect to band theory, which is un-
able to distinguish energy differences
due to translations of electrons by in-
teger numbers of the lattice vectors,
X X X shown here as a for a square lattice.
Each valence elctron is represented
by a X; core electrons are shown as
the shaded circles around the solid
nuclei. The inter-electron Coulomb
energy #Onj is not accounted for

in one-electron band theory. (After
Ref.#2)
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extended to localised states. Such a phenomenon is called the Anderson transition.'

A rigorous treatment of Anderson localisation is somewhat of a mathematical tour de
force, and beyond the scope of this introduction. We shall therefore make the segue into the
Anderson transition from another M« transition which is conceptually easier to under-
stand, viz. the Mott transition.®! These two phenomena are similar in the sense that they
are both M« transitions which illustrate the breakdown of independent-electron theory
in solids.

We begin by considering a crystal of an alkali metal such as sodium, which has a single
valence electron; the structure of Na is BCC, with a lattice constant of ~4.3 A. Independent-
electron band theory predicts one-electron solutions consisting of Bloch waves, each elec-
tron existing in an extended state throughout the lattice. Since there is only a single electron
per unit cell with which to occupy the highest band, the material is a metal, as this band is
only half-filled (V out of a possible 2NV states are occupied). Altering the lattice constant
slightly would result in a modest adjustment of the band energies, but the overall picture
would remain the same. However, let us now suppose that, maintaining the periodicity
of the crystal, we shift the lattice constant to some large (macroscopic) value, such as 1 m.
From the standpoint of Bloch theory, nothing qualitative has changed: the material would
still be a metal. This is, of course, absurd, as we would merely have a collection of isolated
atoms, each with one filled 3s orbital; the periodicity of their arrangement would be imma-
terial. Transferring an electron from one widely-separated atom to another would increase
the energy of the system by an amount I — A, where [ is the ionisation energy and A the
electron affinity of the atom. For Na, I ~ 5.14 ¢V and A ~ 0.55 €V, yielding ~4.6 €V per
electron transferred.

The reason why band theory fails in this context is because, as a one-electron theory,
it does not consider the possibility of correlations in electron motion which could reduce
the overall energy of the configuration. This is illustrated in Fig. 1.14: the energy of both
configurations would be the same in band theory, since the V(r) is an estimate of the
average potential experienced by a single electron. Although the configuration of Fig. 1.14b
clearly has a higher energy, the extra Coulomb repulsion between the clustered electrons is
not considered. For a given solid, the correlation energy is this overestimation of the ground-
state energy as calculated by band theory due to its disregard of electron interactions. In
certain cases—such as that of NiSs—the correlation energy causes a material, which ought
to be metallic according to band theory, to have an insulating ground state.

The criterion for the formation of such Mott insulators may be sketched as follows.*2

"Incidentally, it was P. W. Anderson who coined the phrase “condensed matter physics,” when he renamed
his research group in 1967.%
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Mott transition

h

Fig. 1.15: Schematic illustrations of the Mott (a) and Anderson (b) M1 transitions due to electron localisation. In
both cases, the bandwidth of the orbital interactions is B, centred about the sharp ground-state energy of the isolated
atoms, which is represented by the horizontal lines. In (a), if the lattice spacing in a metal is increased such that
B becomes less than the correlation energy U, the material becomes a Mott insulator. For the Anderson transition
shown in (b), all electrons become localised if the width of the random potential W greatly exceeds B (if ¥ % 3).

(After Ref.%2.)
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We represent the atoms in the crystal by a 1D linear array of identical potential wells, the
valence electrons of which would reside in identical bound states for isolated wells. In
the solid, however, interactions broaden these ground states into a band of width B, cen-
tred about the energy of the isolated case (Fig. 1.15a, top). The half-filling of the highest
band therefore results in an average valence electron energy of approximately —B/4 with
respect to the free atom ground state; the cohesion in solid metals is due to this delocalisa-
tion-induced lowering in energy. Since such a reduction in kinetic energy by smoothing of
interfering wavefunctions requires overlap between the orbitals of neighbouring atoms to
be effective, B is a function of the lattice constant g, tending to zero as a — co. As men-
tioned before, there exists a correlation cost associated with doubly-occupying an atom,
which we will call U (U =~ 4.6 €V for the atomic limit in Na). This is the result of the
Coulomb repulsion between two electrons located on the same site, which raises the en-
ergy of the “second” electron. By the independent-electron nature of Bloch theory, the
probablhty for an electron to occupy each site is equal, yielding probabilities of %, 1, and

1 for zero, one, and two electrons on a given atom, respectively. As such, the average
potentlal-energy cost due to correlation is U/4 per electron. If this exceeds the reduction in
energy due to delocalisation (~5B/4), the material will be a Mott insulator. Thus, we may
write the condition for correlation-induced localisation simply as

U>B (Mott localisation). (1.7)

To summarise, for a large enough lattice spacing, the potential-energy cost of correlation
wins out over the savings in kinetic energy due to delocalisation.

Bypassing the mathematical details of Anderson localisation, we may first consider it
in analogy to the Mott transition just described. In the Anderson model,® the topological
disorder of the amorphous solid enters in the form of random site energies: the energy E;
of site j is a stochastic variable, distributed according to a probability distribution with a
characteristic width of W. This is shown schematically in Fig. 1.15b as a distribution of
well depths with corresponding ground-state energies. W represents the maximum range
of potential energies an electron could encounter in the solid, as a result of the variability
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of atomic environments. The criterion for localisation, as shown by Anderson, is then
embodied by the ratio W/ B, the so-called disorder parameter: for W/ B greater than a critical
value on the order unity, all the valence band states become localised.

We may provide the barest précis of the model as follows.*22 We consider a lattice
(disordered or periodic) of sites j described by the following Hamiltonian:

H= Z EjC}Cj + ZijC;Ck (1.8)
J J#k

where E; is the energy of an electron occupying site j, Vj; is the interaction matrix element
allowing an electron to “hop” from site & to site j, and c;f. and c; are the electron creation
and annihilation operators for site j. For simplicity, we use a linear combination of atomic
orbitals (LCAO) expansion for the electron wave function in terms of the atomic orbitals
|®;) centred about each site j: ¢ = ) a; |®;). We assume ¢ is an eigenfunction of Eq. (1.8),
satisfying Hiy = E1, to obtain J

Eaj = Eja; + Z Vikak (1.9)
i#k
The probability amplitude a; that an electron is on site j therefore has a time dependence
governed by
da.:
mg“tl = Eja; + Y Vjax (1.10)

ik
Anderson’s procedure was to initially place an electron in |®,), that is, a,(0) = 1, and
investigate a,(t) as t — oco. If, in this limit, a,, remains finite, the wavefunction decay-
ing rapidly with distance away from n, we say that such an electron is localised at site n
(Fig. 1.16¢).

It is usually instructive, when the general solution to a problem is particularly difficult,
to look at some limiting cases; we do so here, using a 1D linear chain of atoms for simplicity.
Noting that the effect of disorder is contained primarily in the stochastic nature of E;, we
lose nothing essential by adapting Eq. (1.9) to the simpler case of a periodic lattice. We
further simplify the situation by only allowing nearest-neighbour hopping, viz. Vj; = Vqn.
for the z possibilities of transfer to an adjacent atom, and zero otherwise:

4
Eay = Egay + Van. Z ak+5 (1.11)
=1

where now, out of forethought, we use & as the site index.
The limiting case of W = 0 (i.e., all E} equal) corresponds to the crystalline phase. For
a 1D linear chain, z = 2; we therefore set all E;, = 0 to obtain

Eap = Van{ak—1 + ag+1) (1.12)

By Bloch theory, we assume a plane-wave solution of the form a; = ag etkd, substituting
into Eq. (1.12) to yield E = 2V, cos¢. As such, E € [—2V4n,2V4n ], and the bandwidth
for the z = 2 case is B = 4V .. It can be shown that for higher dimensions, #?

B =22V, (1.13)

This expression for B therefore corresponds to the bandwidth sketched in the top portion
of Fig. 1.15b, that is, the characteristic kinetic-energy term due to delocalisation.
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Fig. 1.16: Comparison of schematic wavefunction amplitudes for (a) extended states in a crystal, (b) extended states
in an amorphous solid, and (c) localised states in an amorphous solid. The disorder inherent in amorphous materials
causes frequent scattering of electrons between Bloch states, causing the extended state wavefunctions to lose phase
coherence within a few lattice constants (b). A strongly-localised electron has a wavefunction whose envelope decays
rapigl(}y (x e~lz=%ol) with distance from the localisation site at @ (c); « is the inverse localisation length. (After
Ref.”")

The opposite limit, that of complete localisation, results if we turn off the hopping
mechanism, viz. setting Von, = 0. Electrons then remain in the orbital |®;) in which they
are initially placed, yielding E = E; and ay, = 6z, where d,4 is the Kronecker delta.

To estimate the critical value of W/ B resulting in localisation without delving into the
minutiee of Anderson’s involved analysis, we can consider it in a heuristic treatment of
non-degenerate perturbation theory, starting in the limit of complete localisation
(W/B » 1), and considering V. as a small perturbation. By first-order perturbation
theory, the electron orbitals on adjacent atoms j and & are mixed with an amplitude on the
order of Vi.n./(E; — Ey), with higher-order terms corresponding roughly to powers of this
expression.*? For simplicity, we assume that Ej is at the centre of the energy distribution,
of width W, with the energies E}, of the z nearest neighbours spaced uniformly across the
band at intervals of W/z. The dominant contribution to V,n./(E; — Ej) results from the
smallest value of |E; — Ey|, which, in this present case, would be W/2z (for z odd). We
therefore require, for the perturbation series to converge, that

22Van.
w

Since B = 2zVyn, by Eq. (1.13), we return to the approximate condition for Anderson
localisation, namely W > B.

A more detailed analysis reveals that the actual critical value of W/B for complete
localisation is approximately 3.% Since B =~ 5 eV in typical amorphous semiconductors
such as a-Si:H, this criterion is not met. However, it was later recognised by Mott* (among
others) that even if the disorder potential is not sufficient to localise all electrons, localisa-
tion can still occur for states in the low-energy tails of the bands. The energies marking
the boundary between the localised states in the band tails and the extended states in the

<1 (1.14)
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Fig. 1.17: Classical particle percolation in a
2D random potential landscape. The con-
tours represent equipotentials of V(r). A clas-
sical particle of energy E can exist in the
regions for which E sV(r), shown as shaded
regions. Particles are initially spatially isolat-
ed for low E, corresponding to localisation (a).
As E increases {(b-c), the accessible regions
expand, coalescing until, at some critical
energy, an infinite percolation path opens up
across the entire solid, yielding macroscopic
extended states (d—e). (After Ref5%)

valence and conduction bands are therefore called the mobility edges, shown as E, and
E. in Fig. 1.13. An Anderson transition therefore results when the Fermi level is pushed
through a mobility edge, due to changes in such parameters as composition, pressure, or
an external electric field.*?

There exists an intuitive analogy to the classical limit of the Anderson transition within
the context of percolation theory.®> We envision an amorphous solid as a potential
landscape characterised by random (but smooth) fluctuations between V(r) = 0 and
V (r) = Vinax, as illustrated in 2D by the contour maps in Fig. 1.17. The motion of a classical
particle of energy FE is restricted to regions of space where F < V(r) (shaded regions in
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Fig. 1.17). Atlow E, all electrons are localised (Fig. 1.17a). As E increases, the accessible
regions of space expand, gradually linking together until, at a critical value of E, which we
denote E, (E. =~ Vmax/2 in this case), a percolation path opens up across the entire struc-
ture, such that the accessible region is now infinite in extent. The crossing from below this
critical energy to above it corresponds to a localisation—delocalisation transition. It must
be emphasised that this analogy is for the classical limit only: quantum-mechanical parti-
cles such as electrons are capable of tunnelling through thin classically-forbidden barriers.
Also, the coexistence of localised and extended states at the same energy (for £ 2 E.) is
not permitted by quantum mechanics: such degenerate states would mix. Thus, in a real
amorphous semiconductor, the extended and localised states are sharply divided at the
mobility edges. For the a-5i NC films discussed in this thesis, it is Anderson localisation,
rather than Mott localisation, which is responsible for the existence of localised states in
the band tails.

1.2.3 Optical absorption in amorphous semiconductors

We conclude our survey of the key physical concepts of amorphous semiconductors with
a short discussion on their optical properties. Measuring the response of a material to light
as a function of frequency v (or wavelength A or energy hv, equivalently) is one of the most
basic experimental approaches to investigate electronic and vibrational characteristics of
condensed matter. The optical properties embodied in such a response are important both
in providing valuable information as to the basic nature of the material, as well as being
relevant to technological applications of amorphous solids such as waveguiding structures
and photovoltaic devices. In this section, we will restrict our discussion to the energy range
corresponding to electronic excitations, viz. from energies on the order of the bandgap to
some tens of eV higher.

In general, two functions are required to describe the total spectral response, provid-
ing information both about its phase and its amplitude. Typically, the real and imaginary
parts of the complex dielectric constant, e(v) = ¢€;(v) + ie2(v), or of the complex index
of refraction, N(v) = n(v) — ik(v), are used for this purpose; these two quantities are.
related via N%(v) = €(v).*?! These functions are typically probed by absorption and re-
flectivity measurements, although, for a weakly-absorbing thin film on a transparent thick
substrate, the optical constants n(v) and k(v), as well as the film thickness d, can be ob-
tained from a single transmission measurement (see Appendix B.1.2). In principle, N(v)
may be measured experimentally in a reflectivity measurement: for normal incidence, the
complex reflectance coefficient is given by R(v)!/2¢% = %—;%, where R(v) is the reflectivity
(the ratio of reflected vs. incident intensity). In an absorbing medium, the light intensity
I(z) decays exponentially via Beer’s Law: I(z) = I(0)e~**)%, where a(v) is the absorption
coefficient, in units of inverse length (typically specified in cm™!), and z is the optical path
length in the material.} In the vicinity of a material’s absorption edge, a(v) ~ (2mv/nc)ey,
where c is the speed of light in a vacuum. As such, e2(v) is often used as a dimensionless
representation of absorption.4?

TRegarding the names of the optical constants composing N (v), n(v) is referred to, somewhat awkwardly,
as the (real) index of refraction, and k(v) is the extinction coefficient (not to be confused with the wavenumber
kY.

*Adding to the semantic confusion is the fact that a(v) is also sometimes called the extinction coefficient.
We shall not do so here, reserving that name for the quantity k£ which forms the negative imaginary part of the
complex index of refraction. a and k are related via a = 4wk/).
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In crystalline semiconductors, the periodicity of the lattice places severe restrictions on
the nature of absorption processes: only those transitions which conserve the wavevector
k are allowed.” Non-vertical transitions on an E(k) diagram can only occur by second-
order processes: the deficit in momentum must be supplied by the creation or annihilation
of phonons; such processes are much weaker—by orders of magnitude—than direct, first-
order (“vertical”) processes.*? These limitations on k are the cause of the sharp features
characteristic of crystalline reflectivity spectra, as illustrated in Fig. 1.10.

In amorphous semiconductors, however, the strong scattering caused by the structural
disorder effects such a large uncertainty in k that the wavevector is no longer a good quan-
tum number. As such, transitions can occur efficiently if the overlap of states in real space
is sufficient,” causing the fine structure present in the absorption spectra of crystals to be
absent for amorphous semiconductors. This relaxation of momentum-conservation rules
also makes the distinction between direct and indirect bandgaps meaningless, as exempli-
fied by silicon in Fig. 1.18. In both its amorphous and crystalline forms, the bandgap of
Si is on the order of 1 eV. For a-Si, this energy corresponds to the mobility gap, whereas
for ¢-Si, this is the minimum gap between valence and conduction bands (as shown in
Fig. 1.1, these extrema occur at different values of k). Also from Fig. 1.1, it is seen that
the minimum energy for vertical transitions is on the order of 3 eV; the restrictions on k
therefore prevent significant absorption in ¢-Si between ~1 and ~3 €V. From the stand-
point of solar-cell technology, this poses a problem, since the majority of solar radiation
lies in this range. Contrariwise, interband electronic transitions in a-Si are allowed for all
energies exceeding the mobility gap, greatly increasing its absorption in the 1-3-€V range
with respect to the crystalline case. The high absorption coefficient (> 10° cm™!) of a-Si
is such that a thin (~1-pm) film is capable of absorbing the majority of solar radiation; for
this reason, it is the material of choice for conventional large-scale solat-cell applications. %®

Interband transitions in amorphous semiconductors often yield an upper absorption
edge (o 2 10* cm™!) which may be described by a relation proposed by Tauc: %

ahv « (hv — E,)? (1.15)

"To be precise, this is not strictly true: the absorption of a photon with momentum hq does change the
wavevector k of a Bloch electron by q; however, since typical values of |q| are in the 10% cm ™! regime, com-
pared to ~10® cm™" for |k| at the Brillouin zone edge, such transitions are essentially “vertical” on an E(k)
diagram.*!
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Fig. 1.19: Optical absorption edges for amorphous materials exhibiting (a) Tauc and (b) Urbach edges. In (a), the
dashed lines indicate the extrapolation from the linear region used to obtain the optical gap E,. In (b), the slope of the
linear region can be used to extract the Urbach energy Ey . (After Ref. %)

where E, is the optical gap of the material, corresponding to the difference between the
extrapolated extended state edges (the ends of the dotted curves in Fig. 1.13); as such, it
is rather an underestimate of the mobility gap E,. A Tauc plot of (ahv)'/? vs. h yields E,
via an extrapolation of the linear portion of the graph (Fig. 1.19a). Since both band-band
and tail-band transitions can contribute to « in the absorption regime used for Tauc plots,
however, the value of E, obtained using this technique may not represent the true value
of the optical gap, although it is useful for tracking changes in the bandgap due to changes
in parameters such as temperature or pressure.*?

The lower absorption edge of amorphous semiconductors is typically characterised by
an exponential energy dependence:

o o ¢hv/Bu (1.16)

where the Urbach energy Ey describes the slope of the band tails. For most amorphous
semiconductors (excluding a-Ge and a-Si, however), Eyy ~10-25 eV, and is constant at
room temperature.®® It is tempting to attribute this behaviour to the fact that the band
tail DOS functions are exponential with energy (i.e., N(E) x exp|E/2FEy)). However, the
remarkable similarity in values of Ey for a wide variety of amorphous semiconductors
seems to bear against this interpretation (see Fig. 1.19b). Furthermore, many crystalline
materials also exhibit Urbach edges, albeit with a somewhat more pronounced tempera-
ture dependence).**t One possible explanation®” is that variations in local internal electric
fields, due to even the small amount of disorder found in crystals, are sufficient to create
wide, deep potential troughs into which the electrons bound in excitons can tunnel, the
steady-state wavefunction amplitude being exponentially small in the vicinity of the hole.
A Gaussian distribution in these microfield strengths would then yield an Urbach edge
comparable to experimental observations.

The foregoing discussion of amorphous semiconductor physics has brought to light
several important characteristics of the classes of materials discussed in the majority of this
thesis, viz. amorphous silicon and silicon oxide glasses. At this point in the introduction,

tUrbach’s original paper® commented on the near-constancy of Ey for crystalline AgBr, AgCl, Ge, TiO.
and CdS: Ey was within a factor of two of kgT for all of these materials, where T is the temperature and kg
is Boltzmann’s constant.
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however, we now turn to a second topic of relevance: materials doped with rare-earth
elements.

1.3 Rare-earth-doped photonic materials

The lanthanides comprising atomic numbers 58 (Ce) through 70 (Yb) are important ele-
ments in photonic materials,’ finding applications in fibre and waveguide optical ampli-
fiers, %71 solid-state lasers,”*”® novel display technologies,”* and optical data storage,”
among others. Even today, despite the efforts of the International Union of Pure and Ap-
plied Chemistry (IUPAC), these elements are still commonly referred to by their historical
“rare earth” (RE) moniker, originating from the (erroneous) initial perception that they
were much less abundant in the Earth’s crust than more familiar metals such as lead or
gold.%% In this section, we introduce some of the key characteristics of (and notation for)
the electronic structure of trivalent RE ions, illustrating how their unique qualities have
been exploited in a variety of photonic applications.

1.3.1 Electronic configuration

The rare-earth elements mentioned above share a common feature with respect to their
electronic configurations: a partially-filled 4 f shell, relatively well-shielded from external
electric fields by 5s* and 5p° electrons (see Table 1.2). Because of this shielding, the energy
levels of the (usually trivalent) RE ions in solids are largely host-independent. As such,
since the 4f electrons are essentially not involved in chemical bonding, an understand-
ing of optical absorption and emission from RE*" ions due to intra-4f transitions may be
approached principally in terms of the theory of atomic spectroscopy.”” Such intra-4 f tran-
sitions are parity forbidden, but become weakly allowed due to the state-mixing effect of
crystal-field interactions.”® A detailed account of the electronic energy level structure of
the RE3* series was published by G. H. Dieke et al. in 1968;”° these results are summarised
most conveniently in so-called “Dieke diagrams,” as shown in Fig. 1.20, which has since
become an invaluable tool for all researchers of materials doped with rare earths. The
levels of free RE ions are sharp; in a solid, however, each level is split into a manifold of
sublevels (crystal-field splitting), which, due to thermal broadening, forms a band which is
nearly continuous. %

The term symbol notation used to label the RE3>* ion energy levels in Table 1.2 and
Fig. 1.20 warrants some explanation. Such notation is used for atomic states of multi-
electron atoms described by the LS (or Russell-Saunders) coupling scheme, in which spin—
orbit interactions are small relative to Coulomb interactions between electrons.”” In this
scheme, the orbital (L) and spin (S) contributions to the total angular momentum are ob-
tained by summing the relevant momenta of each electron independently. That is, for a free

tFor this discussion, we shall adopt a rather broad definition of photonics, allowing it to refer to any tech-
nology in which the photon plays an analogous role to the electron in electronics. Such a definition includes
light generation and detection, communications, and optical computing applications.

Because they are often present in relative abundance in the same ores containing the lanthanides listed
above and/or possess many chemical properties similar to those elements, lanthanum (La, Z=57), yttrium (Y,
Z=39), and scandium (Sc, Z=21) are sometimes included as rare earths.”
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Fig. 1.20: “Dieke” diagram of energy level structure for trivalent rare earth ions (cerium through ytterbium) in a
crystalline LaCls host. The crystal-field splitting of each level is indicated by the thickness of the line, and a hanging
semicircle denotes a radiative transition (in LaCls) from that level to the ground state. Dashed lines indicate estimates
from less complete data. (After Ref.”)
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Table 1.2: Energy configurations and ground state term symbols for trivalent rare earth ions. (After Ref.””)

Atomic  Chemical RE®* electronic RE3T ground state
g

number  symbol Blement configuration term symbol

57 La Lanthanum 40 150
58 Ce Cerium 4! *Fs/2
59 Pr Praseodymium 4f2 3H,
60 Nd Neodymium 453 *Io/2
61 Pm Promethium 454 514
62 Sm Samarium 45 Hs o
63 Eu Europium 45¢ "Fo
64 Gd Gadolinium 4f7 8872
65 Tb Terbium 48 "Fs
66 Dy Dysprosium 4f° 6 His/2
67 Ho Holmium 4510 5Ts
68 Er Erbium 451 ‘Is)2
69 Tm Thulium 4f12 3Hs
70 Yb Ytterbium 4513 F, 72
71 Lu Lutetium 414 18,

ion with NV electrons, the total orbital and spin angular momentum operators are given by

N
L=> I (1.17)
k=1
and
N
S=> s (1.18)
k=1

where I}, and s, are the orbital and spin operators of the kth electron. The total angular
momentum operator, J, is then given by

J=L+S (1.19)

The electronic state of the ion are frequently summarised by the term symbol of the form
2541, ;, where S and J are labelled with their numerical values, and L is labelled with a
capital letter: L = 0,1,2,3,4,5,... aredenoted by S, P, D, F, G, H, ... (alphabetically
thereafter, with J omitted), respectively.

The ground-state electronic configuration, and associated term symbol, may be deter-
mined by the use of Hund'’s rules, one formulation of which is as follows (paraphrased from
Refs.181);

1. The configuration with the greatest total spin S, consistent with the Pauli exclusion
principle, has the lowest energy.

2. The configuration with the greatest total orbital angular momentum L, consistent
with the Pauli exclusion principle and Rule 1, has the lowest energy.
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Fig. 1.21: Lowest-energy electron configuration for 411, using Hund’s first two rules. T (|) represents an electron
withm, = +1 (—3).

3. The value of the total angular momentum J resulting in the lowest energy will be
|L — S| if the subshell is less than half-filled, and L + S if the subshell is more than
half-filled.

It is illustrative to work out an example; we now do so for the ground state of Erd3t,
which has 65 electrons given by the configuration [Xe]4f!!. We need only consider the
partially-filled 4 f shell, since the filled 5s and 5p shells do not contribute any net angular
momentum. By Hund’s first and second rules, we begin filling the 14 available 4 f states
by assigning seven electrons with maximum spin (i.e., ms; = +%) to the different my states;
by the Pauli exclusion principle, the remaining four electrons must have m; = —%, which
we assign to the highest m; states. This situation is shown in Fig. 1.21, where 1 represents
a spin +3 electron and | represents a spin —3 electron. The total spin of the configuration
is the sum of the m, values for the unpaired electrons: S = 3. Similarly, the total orbital
angular momentumis 3+3+2+2+1+14+0+0—1-2—3 = 6, which is specified by the
letter I. Since the shell is more than half filled, J = L + 5 = 6 + % = 1—25 by Hund’s third
law, yielding a term symbol for the ground state of Er3* of 415 /2, in agreement with Table
1.2. We will now discuss some of the many energy-transfer processes by which intra-4 f
transitions in RE®** ions may be excited.

1.3.2 Energy transfer processes

Direct optical excitation of RE ions in glassy hosts is a relatively weak process (compare
absorption cross-sections of o ~ 1072! cm? for Er®t in SiO; with 0 ~ 4 x 10716 ¢m?
for thodamine 6G in ethanol8?). However, the process of indirect RE excitation, that is, via
energy transfer from another species (such as a Si NC or another RE ion), can be much more
efficient. In such cases, the energy is said to be transferred from a sensitiser (or donor) to an
activator (or acceptor).® For isolated ions, transitions occurring during optical absorption
and luminescence are (to within energies of the order kpT) of the Stokes type, in which
emitted photons have lower energies than those which were absorbed. Interacting RE ions,
however, are capable of anti-Stokes behaviour due to sensitiser—activator coupling effects,
resulting in the upconversion of luminescence from the NIR to the visible or UV regions
of the spectrum. 3

Several such energy transfer processes are known to exist, which may be broadly di-
vided into those in which the activators are initially in their ground states, and those in
which they are initially excited; these are illustrated in Fig. 1.22. Unfortunately, there exists
a great deal of inconsistency in the literature with respect to the naming of these mecha-
nisms. We will therefore discuss the circumstances in which each process in Fig. 1.22 may
occur, indicating the various names by which they have been known, and clarifying, for
the purposes of this thesis, the nomenclature we shall use.
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Fig, 1.22: Energy transfer processes between a sensitiser (S) and an activator (A). Hollow arrows denote a non-
radiative transition due to an interaction (electrostatic, magnetostatic, exchange) between S and A. Resonant radiative
transfer processes are of type (a): radiative recombination of S and subsequent absorption of the photon by A. In
(b), the process is non-radiative (e.g. electric multipole interactions). Situation (c) is the non-resonant case of (b): the
difference in energy ¢ is compensated for by the creation or annihilation of phonons. In (d), two identical ions interact,
both relaxing to excited states. Both S and A are initially excited in (e); the recombination of S pushes A into a higher
exci%id state. In (f), an initially-excited A absorbs a photon resulting from the radiative recombination of S. (After
Ref.5%)

A simple resonant, radiative process between two species is of the type shown in
Fig. 1.22a. The activator A, initially in its ground state, absorbs a real photon (resonant
with one of its transitions) which resulted from the radiative recombination of the sensi-
tiser S. In such a case, the origin of the photon (i.e., whether from S or from some other
source) is incidental; as such, the efficiency of this process is governed simply by the ab-
sorption cross-section of A." The probability of such a transfer between an S and an A
separated by a distance R is therefore given by

psa = —2 1 / g9s(¥)ga(v) dv (1.20)

4w R2 T, S
where o4 is the integrated absorption cross-section of the activator, g is the radiative
lifetime of the sensitiser, gs(v) is the emission spectrum of S, and g4(v) is the absorption
spectrum of A. Note the 1/R? dependence of this probability.

In (b), as in (a), the de-excitation of S results in the excitation of A, but in this case, no
real photon is emitted. Instead, this non-radiative energy transfer is effected by electrosta-
tic, magnetostatic, or exchange interactions between S and A. With respect to electrostatic
interactions, the dipole-dipole case was first examined by Forster; as such, transitions of
this sort are often referred to as Forster transfer.85 The theory of this mechanism was later
extended to multipole and exchange interactions by Dexter.? Experimentally, situation (a)
can be differentiated from (b) in three ways.® First, in (a), since the absorption (by activa-
tors) of photons emitted from sensitisers is dependent on the photon path length within
the medium, the activator emission intensity is a function of the size and shape of the
specimen; in particular, as the specimen volume increases, the luminescence yield does
likewise. In (b), since the probability of transfer is short-range, the emission intensity of
the activators is independent of volume. Second, depending on the spectral overlap be-
tween gs(v) and ga(v), the observed shape of the emission spectrum from the sensitisers

"Here we are considering the probability of radiative transfer from a single sensitiser to a single activator;
for a real specimen containing many sensitisers and activators, the overall efficiency of the process would also
be dependent on the specimen size and shape.
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will change with activator concentration if the excitation transfer is of the radiative type;
for processes of type (b), the spectral shape of S emission remains unchanged. Third, in
(b), the non-radiative transfer from S to A constitutes a competitive de-excitation pathway
with respect to the sensitisers” intrinsic radiative de-excitation, shortening the observed
luminescence lifetime of S increasingly as the concentration of A (n4) is itself increased; in
(a), the radiative recombination occurs as usual, unaffected by the presence of A, yielding
7g independent of n 4.

For electric multipole interactions of the type described by Dexter,® the transfer prob-
ability may be written in the form

_ 1 (R’
psa = - (f) (1.21)

where Ry is the characteristic distance for which the probabilities of energy transfer and
radiative de-excitation are equal, and the value of S depends on the nature of the multi-
pole interaction: for dipole-dipole interactions, S = 6; for dipole-quadrupole, S = 8; for
quadrupole—quadrupole, S = 10.

Because it depends on the overlap between the relevant S and A electron wavefunc-
tions, the probability for transfer due to electron exchange effects (sometimes referred to
as Dexter transfer) decays exponentially with S-A separation:

psa o e/ Re (1.22)

where R, is a parameter related to the wavefunctions of S and A. This mechanism is there-
fore very weak unless S and A are extremely closely spaced. 3¢

For all of the non-radiative energy transfer processes (Fig. 1.22b—e), the identity of the
dominant mechanism (i.e., electrostatic, magnetostatic, exchange) depends on the nature
of the transition (forbidden or allowed) and the S-A spacing.

If S and A are identical RE ions, processes of the type sketched in Fig. 1.22b result in
the diffusion of energy throughout the ensemble. In this context, the process is often called
energy migration or pair-induced quenching,® since it becomes increasingly likely that a non-
radiative quenching centre will be encountered as migration becomes more effective. The
name of this process is sometimes also called cross-relaxation, although this term unfortu-
nately is also used to refer to a variety of other energy transfers between identical ions; as
such, we will reserve this term for a specific situation, as explained later.’

The situation shown in Fig. 1.22c is similar to that of Fig. 1.22b, except that there is now
an energy mismatch e between the S and A transitions. For RE ions in host solids, such a
process becomes allowed via interactions with phonons: the discrepancy in energy is com-
pensated for by the creation or annihilation of phonons; the former situation is illustrated
in Fig. 1.22c. Small energy mismatches on the order of 100 meV can be accommodated
by one or two phonons with energies near kO p, where ©p is the Debye temperature of
the solid.? For multiphonon-assisted transfer, the probability has been shown to exhibit
an exponential dependence on the energy mismatch: 8 poa o e7P¢, where 3 is related to
the non-radiative decay parameters and the phonon occupation number.3 As a function
of temperature, the transfer rate may therefore be written in the form

wsA(T) = wsa(0) {1 — exp [~hw/kpT]} (1.23)

TFor a discussion on such semantic difficulties relating to nomenclature, the reader is referred to Chap. 8 of
Ref.¥,
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for a N-phonon process, where Aw is the energy of the dominant phonon contributing to
the transfer and wg4(0) is the zero-temperature transfer rate.%

Interactions within ensembles of the same RE ion (i.e., the sensitiser and acceptor ions
are identical) of the general type shown in Fig. 1.22d are often referred to as cross-relaxation
processes.?® According to some authors,® the defining characteristic of cross-relaxation
is that the final configuration, after the transfer, involves both ions being in an excited state
(i.e., a downconversion process); this is the definition which will be used in this thesis. As
alluded to above, however, “cross-relaxation” is often treated rather more casually: it has
also been used to describe energy transfers of type (b)®* and (e);%°° we will not do so here.

Processes described schematically by Fig. 1.22e have been given different names, de-
pending on the identities of S and A. For S and A identical, it is frequently called coop-
erative upconversion; such a mechanism is responsible for the red/NIR and green emis-
sion commonly observed from Er-doped waveguide structures pumped at 1.48 ym.%%°!
In such cases, if resonant with respect to the spacings between the higher energy lev-
els, two adjacent excited ions may interact, one de-exciting and transferring its energy
to the second to excite it further; the second ion may then de-excite radiatively to its
ground state, yielding a photon of higher energy than the pump photons (an anti-Stokes
process). Referring to Fig. 1.20, it may be seen that the “I;3/9 —*I;5/, transition energy is
very close to that of the 415 gz —41, /2 transition, allowing upconversion from 1.53 um to
~800 nm. Similarly, two Er** ions excited to the *I;;/, state may couple to yield upcon-
verted ~540-nm emission from *Hyy /5 —* 1155 and S35 —* I5/5 transitions. Auzel®
prefers to call this process the APTE effect, from the French addition de photons par trans-
fert d’énergie; not surprisingly, perhaps, it has also been called cross-relaxation. > In this
thesis, cooperative upconversion will be used.

If S and A are not the same species, the non-radiative process shown in in Fig. 1.22e
is sometimes called excited-state absorption (ESA); such is the terminology of Kenyon and
coworkers when describing re-excitation of Er** from 1,35 to 2Hy; /5 and 2S5/, via trans-
fer from Si NCs emitting in their ~800-nm band.?>%3 However, “absorption” tends to recall
the absorption of real photons, rather than a non-radiative electric multipole or exchange
interaction. As such, we will reserve excited-state absorption for processes of type (f), re-
gardless of the origin of the photon incident on A,3* and refer to those of type (e), in which
S and A are different, as excited-state excitation (ESE).%*

The foregoing energy-transfer processes are known to be active in many glass systems
doped with RE ions, though there can be a great deal of difficulty in determining the de-
tails of which mechanism is principally responsible for the observed RE emission.! This
has not, however, prevented the development of several technologically-important appli-
cations exploiting the properties of rare earths, a few examples of which we will use to
conclude this section.

1.3.3 Applications

From the 1940s until quite recently, the primary commercial application employing the
unique electronic characteristics of the rare earths were the production of strong perma-
nent magnets: the partially-filled 4 f shells of the lanthanides cause them to have magnetic

"During Symposium C of the 2005 European Materials Research Society (E-MRS) Spring Meeting, devoted
to rare-earth-doped photonic materials, the discussion regarding the mechanism of energy transfer from Si
NCs to RE ions was once rather colourfully referred to as a “theological debate.”
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moments which are among the highest of all the elements.® However, as increasing band-
width requirements for communications systems have incited intense worldwide research
interest in photonic materials, it is the optical properties of rare-earth ions which have now
come to the forefront.*> We will therefore provide a brief list of some of the more important
applications.

Optical amplifiers

The main wavelength range used in modern long-haul optical communication networks is
centred about ~1.5 um, the so-called third transparency window for minimum signal at-
tenuation in conventional silica optical fibres (see Fig. 1.23). To maintain a detectable signal
intensity, amplification is required for optical fibres exceeding ~80 km in length. In early
fibre networks (1980s), such amplification was achieved using optical-electrical-optical
transducers called repeaters: the incoming (weak) optical signal was detected, converted
to an electrical signal, amplified electronically, and converted back into an optical signal.”*
All-optical amplifier technology made its advent in the late 1980s, permitting the ampli-
fication of several wavelength division multiplexed channels within the same fibre. Most
notable among such optical amplifiers are erbium-doped fibre amplifiers (EDFAs), taking
advantage of the *Iy3/5 —*I;5/, transition in Er3* which peaks in intensity near 1540 nm.
In commercial systems, the population inversion required for amplification is effected by
a laser diode pump at 980 nm (exciting to the *Iy; /, level) and/or 1480 nm (exciting to the
upper region of the *I;3/, manifold). The amplification regions of industrial EDFAs are
quite long (typically ~20-50 m)”! due to the weak coupling of the Er’* ions with light;
much research effort has been spent on developing compact, robust Er-doped waveguide
amplifiers (EDWAS) for integrated photonics,%%79°19697 some using Si NCs as sensitisers.
As yet, however, no commercially-viable Si-NC:Er EDWA devices have been fabricated,
though it has been demonstrated that such devices should in principle be possible.”®
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Table 1.3: Typical intra-4f transitions used in RE-doped solid-state lasers. 2%

RE ion Transition Wavelength
3Po1—Hy 490 nm
Prit 3Po1—2Hs 520 nm
P01 —2Fe, g 630 nm
tQy—2Hy 1.3 um
2Psj0—"Ig )9 381 nm
a3 Ios 870-950 nm
Na** 4F379— 1112 1.05-1.12 ym
*Fyja—*I13/2 1.3-1.4 ym
4F35—*Lis)s 1.74-2.13 pm
*Hi1/9,*S3/2— 1152 550 nm
Er®t 21{11/2,4‘5.‘3/2—’4[13/2 850 nm
*naja—*lis;s  153-1.60 um
'G4—3Hs 460 nm
Tm3+ 'G1—Fy 650 nm
1@,—3Hs 790 nm
SFy—°Hg 1.9 yum
Yb3+ 2F5/2"*2F7/2 980 nm

Solid-state lasers

There are many solid-state laser materials which rely on rare-earth element transitions,
some of which—such as the ubiquitous Nd:YAG system (yttrium aluminum garnet:
Y3Al;012) emitting at 1064 nm—are now well-established technologies.” Fibre lasers
doped with Tm (typical operating wavelength of 1.9 um) or Yb and/or Er (980 nm or
1.5 pm) are also commercially available, with output powers exceeding 100 watts not un-
common.” There is also interest in RE-based lasers emitting in the UV-visible, a more
difficult spectral range in which to achieve efficient lasing.”? Examples of the the more
important RE-doped systems used for such visible lasers are Pr-, Tm-, Er-doped, YLiF,
crystals and fluorozirconate (ZBLAN) glass fibres (with or without Yb codoping); for UV
emission, Nd-doped ZBLAN fibre lasers have been demonstrated at room tempera’cure.98
Table 1.3 summarises some of the laser wavelengths possible due to intra-4 f transitions in
trivalent RE ions.

Probes of material properties

Apart from being useful dopants for the above-mentioned photonic applications, the lan-
thanides—especially erbium—can also serve as sensitive probes of a variety of material
properties.!% Er and Pr can be used to track the point-defect density in a-Si via segre-
gation and trapping experiments; in a similar fashion, Er and Ho can track and modify
the segregation of O in the same host material. The concentration of OH™ (an insidious
quenching centre in silica fibres and waveguides) can be probed by looking at the lifetime
of the 1.5-um PL from Er-doped silica, since the energy of the “I;5/ —*I15/5 transition
is resonant with a vibrational stretching mode of OH™. A similar quenching effect on the
lifetime of this transition can also be used to track radiation damage, the radiation-induced

See, for example, the fibre lasers offered by IPG Photonics (www.ipgphotonics.com).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


http://www.ipgphotonics.com

35

defects constituting a competitive non-radiative de-excitation pathway. Although the rel-
ative spacing of the energy levels in the lanthanides is relatively host independent, the
crystal-field splitting of the levels can vary rather significantly due to changes in the ion’s
local environment. As such, the spectral width and shape of the RE PL can serve as a
probe of the short-range order of the host matrix. For example, the PL from Er3* in single
crystals is characterised by sharp peaks, as opposed to the smoother, broadened emission
typical in amorphous hosts. Furthermore, quantitative structural data for the host can be
obtained from EXAFS measurements on Er. While most RE-based material property char-
acterisation experiments have been performed using Er, the commonality of the filled 5s
and 5p outer shells make similar measurements possible, in principle, for most of the rare
earths.

1.4 Conclusion

The optical properties of silicon nanocomposites doped with RE ions are interesting both
in terms of fundamental physics and technological applications. In this chapter, we have
introduced some basic concepts pertaining to amorphous semiconductors and the rare
earths which are important in the context of the remainder of the thesis. Having done so,
we now bring this exposition to a close, and present to the reader several developmen-
tal episodes on the subject of RE-doped Si nanocomposites. These six ensuing chapters
will explain several semi-independent, yet related, aspects of this versatile nanostructured
material system, with further elaboration and details of calculations being found in the
Appendices.
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CHAPTER 2

Effects of particle size and excitation spectrum on the
photoluminescence of silicon nanocrystals formed by ion
implantation’

2.1 Introduction

This chapter summarises the first project, initiated and completed in 2002, which involved
the optical characterisation of Si nanocrystals in silica fabricated via ion implantation. Up
to this point, nearly all of the work on nanoscale silicon had concentrated on crystalline
nanostructures, since it had not yet been recognised that luminescent amorphous nanoclus-
ters could be produced using the same phase separation technique, but without the high
annealing temperatures required for crystallisation. As well as providing an historical
context for this thesis, describing the behaviour of ¢-5i NCs and the controversy associated
with the PL mechanism, the work presented in this chapter ultimately leads to the projects
discussed in all ensuing chapters, which focus on a-Si NCs.

There are now more than 3900 citations to the discovery of PL caused by quantum
confinement in porous silicon, as reported 16 years ago.? Numerous methods have been
developed to form silicon nanocrystals, and the optical properties of these materials have
attracted considerable research interest. Ion implantation is a widely used and effective
method for forming luminescent Si nanocrystals embedded in an optically transparent ma-
trix such as fused quartz.3 Despite the indirect bandgap and correspondingly slow carrier
recombination, optical gain comparable to that obtained in direct-gap semiconductors has
been reported in ion-implanted specimens,* although the difficulty in reproducing these
results has called the validity of this report into question.® Ion implantation can be used to
dope Si nanocrystal composites with erbium to produce intense emission at 1.5 ym, sug-
gesting possible applications as fibre amplifiers,® as indictated in §1.3.3. Er-implanted
silicon nanocrystal composites have also been embedded within distributed Bragg reflec-
tors to produce highly directional and spectrally-narrow emission,3? and electrolumines-
cent device structures using Si nanocrystals show attractive characteristics in comparison
to porous silicon, including increased carrier injection, robustness, and stability. 10

Silicon nanocrystals formed by implantation and annealing of fused silica emit at peak
wavelengths ranging from 700 to 900 nm. Many authors favour a “pure” quantum con-

T A version of this chapter has been published. !
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finement model in which the emission is due to bandgap recombination.*~'> Accordingly,
the emission energy should depend directly on nanocrystal size, and recent work has pro-
posed a direct relationship between particle size and emission wavelength.6 However,
other work is inconsistent with this model, but instead attributes the luminescence to sur-
face traps (e.g. Ref.'7). The broad red PL band is proposed to arise from carrier trapping
and recombination at surface Si=0 bonds!8'? that produce stable states in the gap.? The
silicon dangling bond appears to be the main non-radiative recombination site, as deter-
mined by electron spin resonance measurements.?!

In addition to the conflicting models, some of the experimental results are also contra-
dictory. For example, some authors have recently reported considerably longer radiative
lifetimes for larger particles,'?2 while others find that the lifetime is shorter for samples
with a higher silicon concentration.?>** Some authors report a linear dependence of the PL
intensity on the excitation power, 42 while others find an approach toward saturation.
Some of these differences may be due to the effects of excitation spectrum (pump power
and wavelength), and some to non-radiative decay channels that can affect the measured
PL lifetimes. Clearly, for modelling the mechanism(s) of emission, it is vital to perform the
experiments with a high degree of care and precision. The objectives of the present work
were, therefore, (1) to determine the effects of particle size on the absorption and emis-
sion spectra and on the PL lifetimes, (2) to investigate the effects of excitation spectrum on
the photoluminescence of silicon nanocrystals formed by ion implantation in a careful and
systematic fashion, (3) to determine which of the physical models is most consistent with
the comprehensive data set, and (4) to examine the implications for device structures.

2.2 Experimental

Two optical-grade fused quartz wafers were implanted at room temperature with silicon
ions. Specimen A was implanted at energies of 35, 70 and 135 keV to fluences of 1.7 x 1018,
3.0 x 10 and 7.5 x 100 ions/cm?, respectively. Specimen B was implanted at the same
energies, but the fluences were increased to 3.2 x 10%%, 5.6 x 10'6 and 1.5 x 107 ions/cm?.
The specimens were annealed at 1100 °C for 1 h in flowing 90% Ar+10% H to induce pre-
cipitation of silicon nanocrystals with good luminescence efficiency.?6 Transmission elec-
tron microscopy (TEM) was done on a 200 kV LaBg instrument, using specimens prepared
by standard cross-sectional methods. Continuous wave (CW) PL experiments were per-
formed using an Ar™ ion laser at wavelengths of either 488 or 514 nm, or a HeCd laser
operated at 325 or 442 nm. The spectra were collected with a fibre-optic charge-coupled
device (CCD) spectrometer whose sensitivity was normalised with respect to a blackbody
light source. Absorption measurements were taken using a deuterium-tungsten lamp
interfaced to the same spectrometer system. A diode-pumped solid-state laser emitting
~10 ns pulses at 349 nm was used for PL lifetime measurements.

2.3 Results

The average diameter of the silicon nanocrystals was smaller in specimen A (~1.5 nm,
o = 0.4 nm) than in specimen B (~2.4 nm, 0 = 1.1 nm). Because the smallest silicon
nanocrystals show poor bright-field contrast and can be difficult to detect when embed-
ded in SiO,, there may be more nanocrystals smaller than 1 nm than appear in the images
or histograms (Fig. 2.1). Despite the fact that the cross-section for specimen B was of higher
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Fig. 2.1: Cross-sectional TEM images of specimens A and B (a) and Si nanocrystal size distribution histograms (b).
The TEM images are defocused in order to highlight contrast between the nanocrystals and the SiO2matrix. The dark
vertical lines mark the specimen surfaces.

quality (the examined area was thinner, as determined visually and by current measure-
ments on the TEM screen), there is a considerable amount of particle overlap through the
specimen thickness. This is consistent with previous work that indicated that higher im-
planted ion fluences produce larger particles as well as a smaller interparticle spacing.?

For both specimens, the absorbance spectrum is nearly featureless between 400 and
1000 nm (Fig. 2.2). Specimen A shows a small increase in absorbance with decreasing
wavelength between 700 and 370 nm, beyond which the absorbance increases more rapidly.
The absorbance spectrum for specimen B shows similar characteristics, except that the re-
gion of rapidly increasing absorbance starts at ~420 nm. For both samples, the peak of
the photoluminescence occurs in the near infrared and is shifted by approximately 2 eV
with respect to the strong absorption. Both the absorption and peak photoluminescence
occur at slightly higher energies in specimen A, which has the smaller particles. The peak
PL emission intensity was greater for specimen A, despite the lower implanted ion flu-
ence. In these experiments, care was taken to ensure that the excitation and measurement
conditions were as similar as possible for both specimens.

The effect of pump power was investigated by varying the incident power on
specimen B between 5 and 16 mW (corresponding to photon fluxes of ~6x10'9 to
2x 10?0 photons/cm?s). As the power increased, the emission peak blueshifted from 827 to
811 nm (Fig. 2.3). Even larger shiftshave been observed when using a higher-power laser
to excite the sample. The effect of pump wavelength on specimen B was investigated
by measuring the PL spectra using 325-, 442-, 488- and 514-nm excitation wavelengths.
All other experimental variables were kept constant and care was taken to use excitation
fluxes for the different wavelengths that were as similar as possible. Although the over-
all PL intensity was higher at shorter pump wavelengths, there was no consistent shift in
the PL spectrum over the range of excitation wavelengths used (Fig. 2.4). Finally, a slightly
shorter luminescence lifetime was observed for specimen B (Fig. 2.5). Measurements taken
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Fig. 2.2: Absorbance and PL spectra for specimens A and B. The PL spectra were taken using 127 mW of 488+514 nm
laser. The reference absorption spectrum marked with the X is for a blank fused quartz wafer. Inset: absorption and
scattering efficiencies, Qqp, and Qscq, respectively, calculated using Mie theory for particles 3 nm in diameter.
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Fig. 2.3: (a) PL spectra for specimen A, taken with different incident laser powers. The 325 nm line of a HeCd laser
was focused through a plano-convex lens onto the specimen and a set of neutral density filters was used to obtain
different pump powers. (b) Variation of the peak wavelength with pump power. (c) Intensity as a function of pump
power at wavelengths of 730 and 910 nm.
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Fig.2.4: Photoluminescence spectra
for specimen B, taken with different
pump wavelengths (325, 442, 488 and
514 nm). For clarity, the data are
normalised in intensity and are ar-
bitrarily shifted on the vertical axis.
All spectra were taken using a pump
power of 20 + 0.5 mW (~9x10'7 to
~1.4x 1018 photons/cm?s) except for
the 442-nm excitation, which was at 18
mW (~1.1x10'8 photons/cm?s). The
slight differences in the spectra are
most likely due to these unavoidable
variations in excitation power.
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of different energy bands (selected using a variable bandpass filter) showed that the
luminescence decay was faster on the short-wavelength side of the overall emission peak
(Fig. 2.5, inset).

2.4 Discussion

In exact terms, the results plotted in Fig. 2.2 are actually extinction spectra, in which the
effects of absorption and scattering (as well as interference due to the modified refractive
index of the implanted layer?) are superimposed. To distinguish between the two main
sources, the absorption and scattering contributions to the extinction efficiency (Q.s and
Qsca, Tespectively) were calculated using Mie theory29 with the recently-measured opti-
cal constants for silicon nanocrystals of comparable size.®’ For the wavelength region of
interest, it was found that Qq,s was significantly greater than Q.. (Fig. 2.2, inset), which
justifies the assumption that the extinction spectra in Fig. 2.2 are effectively absorbance
spectra.

24.1 Effect of pump power

The photoluminescence peak position is sensitive to the pump photon flux. As the flux on
the specimen increases, there is a clear blueshift in the luminescence. The effect is strong
enough to be observable even at pump photon fluxes as low as 10*® photons/cm?s. A
slight (2 nm) shift in the peak position occurs on going from 10 to 20 mW even for an un-
focused beam (beam area of ~4 mm?), and the effect is especially pronounced when using
a lens to focus the incident light (Fig. 2.3). This spectral blueshift is due to the more rapid
decay dynamics on the short wavelength side of the peak (Fig. 2.5, inset). As the power is
increased, the slower decay dynamics on the red side of the peak cause a more rapid ap-
proach to saturation and, as a result, the PL peak shifts toward shorter wavelengths. This
interpretation is in agreement with recent results on porous silicon (e.g. Refs.14162431) and
the effect can explain the spectral blueshift at higher pump power.
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Fig. 2.5: PL decay curves for the two specimens taken over the full emission spectrum. The inset shows decay curves
for specimen B taken using a variable bandpass filter that transmitted light between 700 and 750 nm, or between 870
and 1050 nm (these boundaries indicate approximate 1% transmission level through the filter). The decays were fit to
stretched exponentials and the resulting lifetimes are shown next to the curves.

It is tempting to attribute the power-dependent blueshift of the luminescence to more
rapid dynamics in smaller particles, as has been done in the literature (e.g. see Refs.!431),
However, Fig. 2.5 does not show this relationship between particle size and luminescence
decay dynamics in specimens A and B. On the other hand, models have been proposed
more than 10 years ago®? in which the stretched exponential behaviour of PL decay is due
to tunnelling of electrons into the surrounding matrix, followed by non-radiative recom-
bination. In such models, the lifetime is dominated by non-radiative relaxation such that
T & Tor. Using the WKB approximation, the transparency of the oxide barrier through
which tunnelling can occur increases exponentially with the luminescence energy. Since
the lifetime is inversely proportional to the transparency, higher-energy transitions have
shorter lifetimes. The observed stretched exponential decay may then be explained as the
result of a distribution in the energies and the corresponding lifetimes of the non-radiative
transitions.

2.4.2 Effect of particle size

The effects of nanocrystal size can be investigated by comparing specimens with different-
ly-sized particles, or by tuning the excitation energy on a single sample. Both of these
methods were employed here. In comparing the two specimens, the absorption ener-
gies are at least roughly consistent with models of quantum confinement, which suggest
bandgap energies of approximately 2.5 eV for particles of 2.4 nm diameter and
~3.5 eV for a diameter of 1.5 nm (e.g. Refs.****). However, the extremely large shift
between the absorption and emission energies is not consistent with a pure quantum
confinement model for the photoluminescence. Smaller Stokes shifts (on the order of
100 meV) can be due to Coulomb and exchange interactions, but such a large shift can-
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not be easily explained by these mechanisms. The fact that specimen A, which contains
smaller particles, emits at slightly higher energies could be interpreted as being due to
quantum confinement, but alternate explanations do exist. It has recently been shown
that tunnelling between nanocrystals can be a major contributor to the overall PL be-
haviour for specimens in which the interparticle spacing is small,* as is the case for the
densely-packed c¢-Si-NC ensembles present in the specimens considered in this chapter
(see Table C.1). Also, it has been suggested that such effects can be due to band-bending
when nanocrystals are closely separated by a thin insulating layer.? These models imply
the importance of interparticle proximity in addition to size; the experimental results dis-
cussed above are consistent with this interpretation. The nanoparticles in specimen B are
closer together (see Fig. 2.1); therefore, qualitatively, tunnelling and/or band-bending ef-
fects are more pronounced and can result in lower emission energy.
The decay curves (Fig. 2.5) for both samples fit well to a stretched exponential, given
by the expression
I(t) = Iye~W/""* @.1)

where Ij is the initial intensity, 7 is the characteristic decay lifetime and (3 is a parameter
indicating the “degree of stretching” (3 = 1 for a single exponential); a further discussion
of stretched exponential relaxation is given in §A.4. Nonlinear least-squares regression for
B, T, and Iy yields lifetimes of ~39 and 36 us for specimens A and B, respectively, with
B = 0.7. The quantum confinement model predicts faster dynamics for smaller particles,3¢
due to greater overlap of carrier wave functions and the possible transition to direct-gap
behaviour.?? In the specimens considered in this chapter, however, the sample with the
larger particles (B) has a slightly greater decay rate. The measurement was repeated sev-
eral times and cannot be classified as a “deviation.”'® Samples with larger nanocrystals
generally have smaller interparticle distances,® as observed in Fig. 2.1. Since the tun-
nelling rate increases as the oxide barrier width between neighbouring particles decreases,
the non-radiative rate should be greater for samples with larger mean nanocrystal radii
due to their closer spacing. This results in shorter PL lifetimes for the larger (i.e. more
closely-spaced) particles.*

Particle size effects can be investigated in the same sample by tuning the wavelength
across the absorption band. Longer pump wavelengths only excite the larger particles
and, in the pure quantum confinement model, this would result in a redshifted emission.
For these specimens, there was no consistent shift in the photoluminescence spectrum as
a result of pumping over a range of wavelengths from 325 nm to 514 nm. The most no-
ticeable effect is on the intensity of the emission: it is stronger for shorter wavelength
excitation. In these experiments, the pumping conditions were made as similar as possible
for each wavelength. Since the power of the HeCd laser is controllable only by using ex-
ternal filters, the 442-nm power could not be matched exactly (18.0+0.5 mW, compared to
20.04+0.5 mW for all the other lines); as a result, the 442-nm PL spectrum is slightly red-
shifted with respect to the others. Also, the spot size for the two lasers was not identical.
Nevertheless, the results confirm that there is little (if any) direct dependence of the emis-
sion spectrum on particle size, contrary to frequent assumptions in the literature.

Furthermore, models incorporating the sub-gap state predict that the recombination
energy scales with the bandgap energy.! Instead, since there is no obvious dependence
of the luminescence wavelength on particle size (Fig. 2.4), the results suggest that the
emission energy of a single nanocrystal is homogeneously broadened. This homogeneous
broadening has, in fact, been reported for lithographically-prepared silicon nanopillars. 3
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A single point on a bandgap versus particle size diagram may therefore be only a rough
representation of the emission energy for a single nanoparticle. Finally, it is to be noted that
many investigations use the 488-nm line of an Ar laser to excite the PL, but this can gener-
ally only excite a small fraction of the largest particles, as the absorbance at this wavelength
is low. Fortunately, the results show that this selective excitation has little if any effect on
the resulting PL spectrum.

2.4.3 Device implications

Light-emitting diodes (LEDs), lasers, and other devices based on emission from silicon
nanocrystals have been proposed (e.g. Refs.>*40). Patterned arrays of luminescent nano-
crystals may find applications in field emission displays,4! multicoloured LEDs, or multi-
channel chemical sensors.? These applications will require spatial control over the emit-
ting centres and an ability to tune the emission wavelength. Silicon nanocrystals pro-
duced by ion implantation should be bright and durable enough to be patterned into two-
dimensionally organised light-emitting arrays.

The problem of achieving in-plane patterning of nanoclusters fabricated via ion
implantation has been addressed by Buchanan et al.! Originally used in the context of
magnetic (Fe-Pt) NCs, the technique uses conventional deep-UV lithography to pattern
an array of holes in a 760-nm-thick molybdenum mask on a fused quartz substrate. Sub-
sequent ion implantation and removal of the mask by chemical etching yields a specimen
with the implanted species arranged in a patterned array. This method was used to effect
spatial control over Si NCs to demonstrate their applicability for display technologies.

A Mo-masked fused silica substrate (as explained above) was implanted under identi-
cal conditions to those used for specimen A (see §2.2). After mask removal, the sample was
annealed for 1 h at 1100 °C in flowing Ar+10% Hz. A PL image taken with a laser scanning
confocal microscope (488 nm excitation) is shown in Fig. 2.6; the figure clearly demon-
strates that the nanocrystals have been patterned into an array of ~1-uym spots. These
results are, to the authors” knowledge, the first example of in-plane two-dimensional pat-
terning of luminescent nanocrystals produced by ion implantation.

Fig. 2.6: Fluorescence image showing an array of im-
planted spots (white) containing silicon nanocrystals (right
side of image), and a blanket implant (left side of im-
age). The emission spectrum from the implanted regions
was similar to that for specimen A. Each implanted spot is
slightly less than 1 zm wide and therefore contains many
nanocrystals.

Producing multiple-colour arrays will require more complicated procedures, but the
results show that controlling the size of the particles will not produce useful variations
in the emission spectrum. Instead, doping or chemical modification of the nanocrystals
should lead more readily to multicolour emission. Silicon nanocrystals doped with oxygen
and nitrogen can potentially produce blue or violet light,* helium-irradiated Si quantum
dots have been reported to produce a blue emission,* Si3N, can emit in the green and

tSee Ref.®® and references contained therein.
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blue,*¢ nanocrystalline SiC offers a broad-wavelength white emission?’ and rare-earth-
doped silicon nanocrystal composites emit sharp lines in the near infrared.® All of these
colours may be achievable through multiple-implantation protocols, but the results show
that they cannot be readily achieved by nanocrystal size control alone.

2.5 Conclusion

This chapter presents a systematic investigation of the photoluminescence from ¢-Si NCs
embedded in SiO3 via ion implantation. The measurements show that the PL spectrum
is sensitive to excitation power due to the more rapid recombination dynamics at shorter
wavelengths, but the spectrum is insensitive to pump wavelength. This is consistent with
a sub-gap luminescent centre as the origin of the PL, as opposed to recombination across
the quantum-confined bandgap. The PL decay is a stretched exponential, with a slightly
shorter lifetime for the specimen with the larger particles. There is a Stokes shift of more
than 2 eV between the emitting and absorbing states, and both are blueshifted in the spec-
imen with the smaller particles. The absorption spectra and average particle size are con-
sistent with theoretical estimates of the quantum-confined bandgap energy.**** However,
the slight blueshift in the PL spectrum in samples with smaller particles (as observed in
Fig. 2.2) has led some authors to assume a pure quantum confinement model, with iso-
lated NCs), to explain the photoluminescence. The experimental results presented in this
chapter do not support this explanation, since the PL decay rate is not faster for the smaller
particles, as has been frequently observed in well-passivated semiconductor nanocrystals
(e.g. Ref. 48), and there is no dependence of the emission spectrum on the pump wave-
length. In short, effects related more to the spacing between particles rather than to their
size, such as inter-NC tunnelling within densely-packed ensembles,® or recombination
of a quantum-confined exciton at a sub-gap radiative trap site or luminescent centre that
is not directly dependent on particle size, but may depend on a nanocrystal’s immediate
environment,® best describe these experimental results. This has ramifications when de-
signing a light-emitting device using Si nanocrystals, since effectively tuning the emission
colour will be achieved by means other than controlling the average particle size. It has
been demonstrated that it is possible to realise good spatial control of nanocrystals pro-
duced by ion implantation using conventional photolithography; this technique has been
used to fabricate arrays of nanocrystal-containing pixels.
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CHAPTER 3

Tunable luminescence from a silicon-rich oxide microresonator |

Wavelength tunability is a key aspect for light-emitting materials, and is one of the criti-
cal properties driving research on semiconductor quantum dots? and organic microcavity
devices.? Narrow and well-defined emission spectra are important with respect to the de-
velopment of optical displays, optical amplifiers, light-emitting diodes, and tunable quan-
tum dot lasers.* As discussed in §1.1, silicon-based light emitters in particular represent a
key technology that may challenge the bottlenecks currently facing the microelectronics in-
dustry.’ In the previous chapter, however, it was seen that widely-tunable and spectrally-
narrow “quantum-dot-like” emission from ¢-5i NCs has remained problematic: the details
of the emission process from ensembles of Si NCs cannot be simply explained—as in the
case of direct-gap CdSe quantum dots, for example—by pure quantum confinement argu-
ments for isolated NCs. Instead, NC interactions such as carrier tunnelling may play an
important role in determining the PL behaviour.

In this chapter, it is demonstrated that silicon-rich oxide films containing amorphous Si
NCs can be processed at temperatures compatible with silicon microelectronics, while at
the same time, the emission wavelength can be tuned throughout the entire visible spec-
trum and extended to the fibre-optic transparency windows in the NIR. This approach
covers most of the 0.4 to 1.6 um wavelength range needed for silicon-based photonics,®
produces the widest spectral tunability achieved for any single material, and presents an
attractive silicon-based alternative to quantum dot or microcavity organic light-emitting
materials for photonic applications.

As discussed in previous chapters, silicon nanocrystal composites are currently the fo-
cus of the intense international research efforts that may foreshadow the “optical age of
silicon.”® These efforts are driven by potential photonic applications of silicon-based ma-
terials in light-emitting diodes (see, for example, the work of Valenta et al. 7), nanocrystal
lasers,®® and erbium-doped waveguide amplifiers (see, for example, the work of Franzo et
al.1%9). As such, silicon nanocrystal composites have potential for use as light-emitters and
optical amplifiers in next-generation optical interconnects.’

It was seen in Chap. 2 that ¢-Si NCs in 5iO,, typically exhibit a broad luminescence band
centred in the NIR, with a PL quantum efficiency several orders of magnitude higher than
that of bulk silicon.!! When placed within a distributed Bragg reflector (DBR) structure,
the emission can be intensified and spectrally narrowed, >3 although it is still within the

t A version of this chapter has been published. !
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700-900 nm range characteristic of the natural emission. This type of fine wavelength
control is of recognised importance with respect to luminescent devices.® A simpler mi-
crocavity consisting of a bottom dielectric stack and a top silver mirror was recently used
for a silicon nanocomposite, 4 but wavelength tunability was not demonstrated and the
optical modes were relatively broad.

One of the main drawbacks with respect to device integration is the high process-
ing temperature (generally on the order of 1000 °C) required to form luminescent silicon
nanoparticles via phase separation of a material with excess atomic silicon. Such high
temperatures are incompatible with CMOS technology > and, from the point of view of
DBRs, make the fabrication of devices based on these materials more difficult, since at
least one set of dielectric layers must be exposed to high temperatures during the crys-
tallisation of the nanoparticles. Alternative lower-temperature routes are being explored:
for example, recent work demonstrated the fabrication of DBR microcavities in which the
nanocrystals were prepared by laser pyrolysis, rather than phase separation.'® Neverthe-
less, these devices did not exhibit wide wavelength tunability. Additionally, there is cur-
rently widespread interest in microcavity organic light-emitting devices (OLEDs) that do
not require high synthesis temperatures.>”-1 However, there exist difficulties associated
with the lifetimes and reliability of these devices.?® Furthermore, for red-green-blue (RGB)
pixels, several different chemically-compatible materials must be used, thereby complicat-
ing the fabrication process.

Although not investigated as widely as silicon nanocrystals formed at high tempera-
tures in S5iOs, a-Si NCs formed from silicon-rich oxide (SRO) films can exhibit spectrally-
broad luminescence at considerably lower processing temperatures.?! This broad visible-
to-NIR PL has been variously attributed to band-tail recombination,?>? structural de-
fects?*2% and the presence of ring- or chain-like bonding arrangements.?”?8 However,
direct TEM evidence of the existence of nanoscale amorphous Si particles in SRO films
annealed at low temperatures, as will be discussed in Chaps. 4 and 5, lends weight to the
a-Si-NC theory for the origin of the PL; modelling the luminescence from ensembles of a-Si
NCs is the focus of Chap. 6. With respect to light-emitting devices, the broad and intense
luminescence spectrum suggests a method of forming tunable, luminescent, SRO-based
microcavities using an extremely simple fabrication process that can, in principle, permit
colour control throughout the entire visible spectrum and into the near infrared. The ma-
terial is durable, compatible with microelectronics architectures, and can be synthesised
by a variety of straightforward thin-film techniques.

Fabry-Pérot microcavity resonators were grown by sequential electron-beam evapora-
tion of Ag and SiO. A thick (200-nm) silver mirror was first deposited by electron-beam
evaporation onto a clean fused-quartz wafer. A layer of SRO was deposited on top of the
silver film via thermal evaporation of silicon monoxide. A thin silver mirror was then
deposited to form the output coupler, followed by a 20-nm-thick SiO2 oxidation barrier;
silver was selected as the mirror material because of its high reflectivity throughout the
visible and NIR spectrum, and its good transmittance at 325 nm (this is the wavelength
of the pump laser used for photoluminescence measurements). The specimen was sub-
sequently removed from the evaporation system and was annealed at a temperature of
500 °C in an atmosphere of 95% Na+5% Hj. The SRO synthesis procedure is similar to
that used for preparing silicon nanocrystals,?® except that thermal processing was done at
500 °C instead of at 1000 °C or higher. A gradient specimen, M, was prepared by hold-
ing the substrate off-axis with respect to the source. The Er-doped samples, E1-E4, were
prepared by simultaneous thermal evaporation of SiO and electron-beam evaporation of
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Fig. 3.1: (a) Cross-sectional TEM image of a representative microcavity structure. This sample consists of the SiQ»
substrate, a thick silver mirror, an SRO active layer, an output coupler (OC), and a protective coating (PC). The glue
layer is due to the TEM specimen preparation. (b) Luminescence spectrum from the specimen shown in (a).

Ery0j3 in an approximately 25:1 ratio. Reflection and PL experiments were conducted us-
ing a fibre-optic CCD spectrometer system. For the PL experiments, the excitation source
was the 325-nm line of a HeCd laser (incident power ~15 mW), and for all measurements,
the CCD response was normalised with respect to a standard blackbody radiator. A TEM
image of one of the resulting microcavities is shown in Fig. 3.1a. The active SRO layer was
featureless at this resolution and fully amorphous; the silver mirrors were polycrystalline.
Also visible is the 20-nm-thick protective oxidation barrier that was deposited on the top
surface of the specimen.

The resonant optical modes were apparent in the reflection and photoluminescence
spectra (Fig. 3.2). The modes depend on the refractive index and thickness of each of the
layers and on the optical phase change upon reflection at the SRO-Ag interfaces. Charac-
teristic matrix calculations for an assembly of thin films were used to model the resonant
modes and determine the active layer thickness required for the desired wavelengths (see
8C.1 for details of these calculations). With increasing mirror thickness, the calculated
modes became sharper and shifted to slightly shorter wavelengths, consistent with the
experimental results for these structures (Fig. 3.2b). The reflectance modes were slightly
broader in the model than in the experiment, suggesting that the output couplers are some-
what thicker than determined by the crystal monitor during deposition.! The cavity qual-
ity factor () is a measure of the sharpness of the resonance, and depends on the lossiness
of the resonator. It is defined as*®

= 3.1)

where ) is the peak wavelength and A\ 1 is the full width at half-maximum (FWHM)
for the resonance peak. Since it quantifies loss from the cavity, Q@ depends on the total
reflectivity and therefore on the thickness of the output-coupling mirror; it ranged from 17
for the thinnest output coupler to a value of 68 for the thickest ones.

The SRO emitted a broad PL spectrum that extended throughout the visible spectrum

TThis was in fact confirmed by TEM, except that the micrographs showed that the output couplers were even thicker
than suggested by the model. One possible explanation is the significant variation in the optical constants of silver as
obtained from different sources. See, for example, Handbook of Chemistry and Physics, 76 ed. (Ed: D.R. Lide), CRC Press,
Boca Raton, 1995 and Handbook of Optical Constants of Solids (Ed: E. Palik), Academic Press, Inc., New York, 1991. Error in
the refractive indices could potentially account for the observed discrepancy in the measured and calculated thickness of
the output-coupling mirrors.
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Fig. 3.2: (a) Relative reflection spectra from 120-nm-thick SRO cavities with 20, 35, 50, and 65-nm-thick Ag output
couplers. (b) A comparison between the experimental and theoretical reflectance for the cavity with the 35-nm output
coupler. (c) Luminescence spectra from the same four microcavities (solid lines) and a bare 120-nm layer of SRO
(dotted line).

and tails off in the blue region (Fig. 3.2c). The most intense PL was obtained after process-
ing at 500 °C, a temperature compatible with standard CMOS fabrication. ® Temperatures
as low as 400 °C also produced visible luminescence, and could in principle be used, al-
though the intensity was lower. This type of broadband emission makes the realisation of
microcavity emitters especially easy and tunable across a remarkably wide spectral range.

In the presence of the microcavities, the PL spectrum was strongly narrowed (Fig. 3.2¢).
The intensity at the peak wavelength depends on the quality factor and on the transmission
of the output-coupling mirror. With metal mirrors, there is a trade-off between the mirror
reflectivity and transmission. The spectra in Fig. 3.2c were collected normal to the surface;
at higher angles, however, the intensity decreased and shifted to shorter wavelengths,
consistent with models for Fabry-Pérot resonators.3

By varying the thickness of the active layer, the hght emission may be tuned from 475
to 875 nm. To the author’s knowledge, this is currently a record spread for the cavity
modes of any single luminescent material. To demonstrate this point, a graded speci-
men was fabricated in which the thickness of the SRO layer varied uniformly across a
single two-inch Si wafer. In this way, any desired first-order resonant wavelength be-
tween 475 and 875 nm was obtained simply by moving the pump beam across the speci-
men (Fig. 3.3). Additional (non-graded) specimens were prepared in which the resonant
emission wavelength ranged up to 1 um, although for such thick active layers, higher-
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(a) (b)

Ny
[

Fig. 3.3: (a) Schematic representation
of a variable-thickness microcavity
structure. The active layer thickness
is smoothly graded in one direction
and stepped in another in order to
achieve the full colour range. (b) and
(c) show luminescence spectra repre-
senting the range achievable in the
SRO graded samples. The data were
obtained from different spectrometers
and are normalised for direct spec-
tral comparison, but the blue emitters
were the weakest. Any desired peak
wavelength between 475 and 875 nm
can be selected depending on the lo-
cation on this specimen, which effec-
tively emits a “rainbow” of fluorescent
colours. In (b), the sideband extend-
ing toward longer wavelengths is due
to the greater luminescence intensity
in that spectral region and illustrates
the practical short-wavelength limit of
these undoped SRO microcavities.

460 480 500 520 540
Wavelength (nm)

500 600 700 800 900
Wavelength (nm)

order interference became an issue. The luminescence was readily visible to the unaided
eye, and although the intensity was greatest between ~600 and 750 nm, even the weaker
480-nm wavelength blue luminescence is easily observable and was readily captured by
an inexpensive digital camera (Fig. 3.4). Therefore, this approach permits the fabrication
of wavelength-selectable emitters based on a single material whose processing is straight-
forward and simple. In comparison to these results, a relatively broadband OLED ma-
terial such as tris(8-hydroxyquinoline)aluminum can be tuned to emit between 500 and
625 nm.3? The spectral range exhibited by the SRO microcavities (475 to 875 nm), there-
fore, represents the current record tunability for any single material.

In addition, this microcavity enhancement can easily be extended to the third fibre-
optic transparency window at 1.5 um by lightly doping the SRO with erbium. Fig. 3.5
shows the PL spectra from Er-doped SRO. The resonant wavelength was tuned from 1480

Fig. 3.4: Luminescence images from a variety of SRO microcavities,
obtained with an inexpensive digital camera. The resonant wave-
lengths (in nanometres) are listed above each image. Each spot is
approximately 1 mm in diameter. The blue emission corresponded
to a second-order mode. The bottom right image shows a graded
“rainbow” silicon oxide microcavity, in which the SRO thickness was
smallest on the left (green), intermediate in the centre (yellow), and
greatest on the right (red). These images illustrate that the fluores-
cence is readily observed under ambient conditions and exhibits ex-
cellent wavelength control.

480 945 596
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O x ble 3.1). By varying the thickness of
‘E 0.0 the active material, the emission peak
: 1400 1500 1600 1700 was tuned between 1490 and 1610 nm.
Relative reflection data for the four
o 04- Wavelength (nm) cavities are shown on an expanded
scale in the inset.
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Table 3.1: Active SRO layer thickness and calculated reflectance resonance wavelengths for the samples whose spectra
are shown in Fig. 3.3 (M) and Fig. 3.5 (E1-4). The most intense resonant mode for each sample is shown in the last
column. The effective “optical thickness” for the SRO layer was calculated using the optical constants of bulk SiO.

High reflector ~ Optical thickness Output coupler ~ 1¥-order

Sample thickness (Ag) (SRO) thickness (Ag)  resonance
[nm] [nm] [nm] [nm]
Mm' 200 67-182 50 variable
E1l 200 333 20 1487
E2 200 348 20 1538
E3 200 353 20 1556
E4 200 372 20 1626

IThe active layer in this sample was prepared using a deposition process that produces
a thickness gradient, so that the desired resonant wavelength can be obtained simply
by moving the pump beam laterally across the specimen (See Fig. 3.3).

to 1630 nm, although the strongest emission was obtained at 1535 nm. In comparison to
Er-doped SiO,* or Er-doped Si nanocrystals* within DBR structures, the synthesis proce-
dure presented here is experimentally much simpler and can readily lend itself to electrical
pumping techniques. The properties of such Er-doped a-Si-NC microcavity structures will
be discussed in more detail in the following chapter.

There are several advantages and limitations associated with these metal microcavity
resonators. An important limitation in the development of, for example, SRO-based lasing
devices is the relatively low finesse of the metallic microcavities. Dielectric stacks can
have a reflectivity over 99.5%, whereas in the case of metals, the reflectivity is limited by
a non-zero extinction coefficient. As an example, the maximum reflectivity of a SiO-Ag
interface is ~96% at 800 nm. These factors present an inherent limitation on the @ of the
optical modes. In addition, the emission intensity depends on the resonant wavelength
and is weakest in the blue, due to the low intrinsic luminescence intensity in that spectral
region. Therefore, additional procedures may be necessary to obtain blue luminescence of
comparable intensity with the red, orange, and yellow emission.

On the other hand, for devices such as LEDs and optical displays, metal mirrors can
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naturally double as electrodes, and, in fact, SRO has been demonstrated to show attrac-
tive electroluminescent properties.* The low annealing temperatures are compatible with
conventional microelectronics fabrication processes, suggesting the possibility of light-
emitting resonators built directly on a silicon chip.'® In addition, the synthesis method
requires only three or four separate layers as compared to 20 or more for high-quality
DBRs. Despite the experimental simplicity, these SRO-based microcavities demonstrate a
remarkable emission wavelength spread from 475 to 875 nm (extended to 1630 nm when
doped with Er), as compared to any previous material. Therefore, this approach covers
most of the wavelength range between 0.4 and 1.6 um as required for photonic applica-
tions.> OLED structures developed for colour display applications routinely incorporate
metal mirrors, although without the range of wavelength tunability demonstrated here. To
conclude, silicon-rich oxide microcavities can emit almost any colour in the visible spec-
trum, suggesting that the “optical age of silicon”® may indeed be a colourful one.
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CHAPTER 4

Photoluminescence from Er-doped silicon oxide microcavities'

4.1 Introduction

In the previous chapter, it was demonstrated that the broad intrinsic emission from a-Si
nanocomposites can be narrowed and tuned when incorporated into simple planar micro-
cavity structures with metal mirrors. This was also shown to be the case when the NC films
have been doped with erbium, in which the 1.54 um emission band from the *1;5/5 —*I;5 5
intra-4 f transition can be similarly controlled. As mentioned in §1.1, while Er-doped SiO;
suffers from ion clustering effects and a low excitation cross-section, co-doping with Si
nanoparticles can increase the effective 1.54 um excitation efficiency by as much as two or-
ders of magnitude.? Thus, Er-doped Si nanocomposites comprise a potentially attractive
class of materials for application in optical waveguide amplifiers.

Most recent studies of Er-doped Si nanocomposites have relied on thermal processing
on the order of 1000 °C or more to induce phase separation in silicon-rich oxides to pro-
duce nanocrystals surrounded by a SiO; matrix (e.g., Refs.>). As discussed in previous
chapters, while high-quality, well-passivated nanocrystals may thus be produced,® such
high annealing temperatures pose a significant barrier to the monolithic integration of
¢-Si-NC:Er-based photonic components with CMOS driving circuitry for opto-electronic
applications.” Low-temperature methods of producing Er-doped Si nanocomposites with
comparable luminescent properties are therefore of practical interest. For example, erbium-
doped semi-insulating crystalline and amorphous Si (SIPOS),%° and silicon monoxide '
can exhibit intense 1.54 pym emission after annealing at temperatures on the order of
400-600 °C. Relatively recently, the optical properties of such Er-doped silicon-rich oxides
have received renewed interest (e.g., Refs.11713).

In this chapter, an investigation of the PL from Er-doped SiO produced via standard
thin-film deposition techniques is presented. The dependence of the 1.54-um emission
mechanism on the microstructure of the SiO:Er, the specimen annealing temperature, and
the Er concentration is also examined. To further illustrate the value of this low-tempera-
ture anneal, the a-Si-NC:Er films have been incorporated into planar Fabry-Pérot micro-
cavities with metal mirrors, as in the previous chapter. The resonant wavelength of these
cavities is tunable across the entire 1.54 um Er®" emission band simply by varying the
SiO:Er layer thickness.

t A version of this chapter has been published. !
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4.2 Experimental

Five 150-nm-thick films of silicon oxide with varying Er doping concentrations were de-
posited under high vacuum on high-purity SiO, substrates via co-evaporation of SiO and
EryO; at a base pressure of ~1.5x107* Pa. The silicon monoxide was thermally evaporated
using a baffled-box source, whereas electron-beam evaporation was used for the erbium
oxide. The samples were subsequently annealed for 1 h in flowing N», Ar, or forming gas
(95% N2 + 5% Hb), at temperatures ranging from 300 to 1000 °C.

Electron microprobe analysis (EMPA) was employed to obtain compositional analyses
of the films, using SiO2 and ErPOy as standards (Smithsonian), and a beam energy of
3 kV. The structural composition of the films was determined using TEM and energy-
filtered imaging.

Steady-state PL spectra were collected with a fibre-optic system and analysed with
InGaAs and Si CCD spectrometers, using the 325-nm line of a HeCd laser or the
476-nm line of an argon ion laser for continuous wave excitation. The spectral response of
the spectroscopy system was corrected by normalising to a standard blackbody radiator.
PL lifetime measurements were obtained using a thermoelectrically-cooled amplified In-
GaAs photodiode connected to a digital storage oscilloscope. The 476 nm laser beam was
chopped using an acousto-optic modulator at a frequency of 10 Hz, with 20 mW of power
incident on the specimen during excitation over a circular spot ~0.6 mm in radius. PL
collected by optical fibres was passed through a 1550-nm band-pass filter before detection
by the InGaAs photodiode; the system response time was ~20 us.

The planar Fabry-Pérot microcavities were fabricated on Si or SiO, substrates using
the thin film deposition system mentioned above. A 200-nm-thick layer of Ag was de-
posited via electron-beam evaporation to form a high-reflectivity bottom mirror, followed
by a SiO:Er layer. On one sample, a variation in thickness in the SiO:Er layer was achieved
by off-axis thermal evaporation of the SiO. A thin layer of Ag was then deposited to form
the output coupler. Finally, a ~20 nm layer of SiO, was deposited as an oxidation bar-
rier. The general structure of these microcavities is the same as that presented in the TEM
micrograph of Fig. 3.1a.

4.3 Results and discussion

4.3.1 Compositional analysis of SiO:Er films

The microstructure of the SiO films was investigated using TEM techniques, including
high-resolution electron microscopy (HREM), selected area electron diffraction, and ener-
gy-filtered TEM (EFTEM). The results illustrated in Fig. 4.1 are for an undoped SiO film
annealed at 500 °C in forming gas for 1 h. The HREM image and diffraction pattern shown
in Fig. 4.1a and b, respectively, confirm that the SiO (when annealed at such low temper-
atures) is fully amorphous with a cluster/matrix combination. As a comparison, TEM
analyses of films annealed at 900 °C or higher indicate the presence of crystalline nanopar-
ticles. The presence of amorphous Si clusters is further confirmed by Fig. 4.1c, obtained
by superposing the silicon (red) and oxygen (blue) EFTEM images of the SiO film. The
mean diameter of these Si-rich clusters is 2-3 nm.

The chemical composition of the Er-doped SiO films (determined by EMPA) is sum-
marised in Table 4.1. The films are nearly stoichiometric SiO, but are slightly oxygen-
rich, most likely due to the decomposition of ErsO3 and/or the SiO during evaporation.
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Fig. 4.1: TEM analysis of an SiO film annealed for 1 h at 500 °C in forming gas: (a) HREM image, (b) diffraction
pattern of Si cluster, (c) EELS elemental map (red: Si, blue: O)

The abundance of oxygen in the films is important from the perspective of the 1.54 ym
PL intensity, as the formation of Er-O complexes produces a defect level in the Si band
wherein trapped excitons may efficiently couple their recombination energy to Er®* ions
via dipole-dipole coupling (Forster transfer) or an Auger process.'? Such complexes also
reduce the mobility and thus the segregation of Er, which can lessen concentration quench-
ing effects.13

4.3.2 The effect of annealing

To determine the effect of the annealing process gas on the Er®* PL, three ~0.20-at.%-Er
films were annealed for 1 h at 500 °C in flowing No, Ar, and forming gas (Fig. 4.2). A
factor of ~10 increase in peak intensity for 325-nm excitation is observed after annealing
in either Ar or N2, which has been attributed to a relaxation from Oy, to Cy, in the sym-
metry of the sixfold coordination of O around Er, required to optically activate the Er®+.15
The crystal-field splitting resulting from Cy4, symmetry is sufficient to allow the parity-
forbidden 41,4 /2 ) /2 transition which produces the 1.54-ym PL. Annealing in forming
gas (95% N2+5% Hz), however, provides an increase in intensity of ~20 times with respect
to the as-deposited film. The ability of hydrogen to reduce alternative non-radiative re-
combination channels on Si nanoparticle surfaces is well documented.® This increase in
PL intensity with hydrogenation is consistent with results for Er-doped SiO; films with
high excess silicon content.® Forming gas was therefore used for all subsequent anneals
to maximise the Er®+ PL.

The inset of Fig. 4.2 shows the dependence of the Er*+ PL peak intensity on annealing
temperature for Sample C. The increase in intensity up to a maximum after 500 °C anneal-
ing has been attributed to a reduction of defects such as dangling bonds, which could act

Table 4.1: Compositional analysis of S5iO:Er films obtained using EMPA. All data are normalised to 100%.

Sample Si(at.%) O(at.%) Er(at.%)

49.6+0.1 50.4+0.3 0.0410.02
49.44+0.2 50.5+03 0.09£0.02
494403 50.3£05 0.2040.02
483104 50.3+05 1.374+0.02
474404 502403 2.46+0.02

mgn o>
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as Er®* non-radiative recombination centres.'%!” Upon further increasing the annealing
temperature, the intensity decreases; oxygen out-diffusion and Er precipitation or recrys-
tallisation are possible reasons for this behaviour.!”

4.3.3 The effect of Er concentration

Fig. 4.3 illustrates the PL dependence on the Er concentration for SiO:Er films annealed
in forming gas at 500 °C for 1 h. Three PL bands were emitted by the films: the intense
Er3*-related band centred at 1535 nm (Fig. 4.3a), a much weaker band at 980 nm (due to
the 4I;;/ —*I;5/7 Er** transition), and a broad band extending from ~450 to 950 nm,
centred at ~675 nm (Fig. 4.3b). We attribute the visible/near-infrared emission to the pres-
ence of the amorphous Si nanoparticles, as confirmed by TEM; this emission is typical of
silicon-rich oxide films, and consistent with the studies of films containing crystalline>!6
or amorphous '8 nanoclusters.

Upon increasing the Er concentration by a factor of ~4.3 (from 0.04 to 0.20 at.%), the
integrated intensity of the 1535 nm PL peak increases by a factor of ~3.7; concurrently,
the integrated visible peak decreases by a factor of ~3. As the PL was excited at a wave-
length which was not resonant with an Er®* transition (325 nm), this behaviour is consis-
tent with the transfer of energy from excitons created in the amorphous Si nanoparticles
to the Er®* ions. Auger excitation of Er®* to the 45 /2 level by exciton recombination in
the nanoclusters is often cited >'? as the excitation mechanism in Er-doped Si nanocrystals;
defect-mediated Auger excitation?*?! as well as resonant tail-to-tail Férster transfer?’ has
also been proposed for Er3* excitation in a-Si. In the so-called “strong coupling” model,?
a nanoparticle becomes “dark” (i.e., unable to emit its characteristic visible/NIR PL) once
coupled to a neighbouring Er3* ion, given a sufficiently fast energy transfer process.

Further evidence of an efficient coupling mechanism is presented by the nearly com-
plete quenching of the visible PL upon increasing the Er concentration from 0.20 to
2.46 at.%. Concurrently, the 1.54 um PL peak decreases only by a factor of ~2.5. This
decrease in 1.54 ym PL for large Er concentrations may be attributed to clustering or con-
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Fig. 4.3: Photoluminescence spectra of Samples A-E with integrated intensities vs. Er concentration shown in insets
(~40 mW of 325 nm excitation): {a) 1.54 um Er®+ emission, (b) visible Si nanocluster emission. The small peak centred
at 980 nm is due to the 4111/ —*I}5 5 transition in Er®+, and was not included in the integrated intensity plot.
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Fig. 4.4: PL dynamics curves for Samples A-E, using 476-nm excitation. For clarity, the curves are normalised to their
peak values and vertically offset: (a) PL rise curves, (b) PL decay curves.

centration quenching effects. Further evidence of the coupling between amorphous nan-
oclusters and Er®* ions is obtained from the excitation cross-sections.

434 PL dynamics

Values for an effective excitation cross-section for the Er3t jons may be determined by
considering the 1.54-ym PL dynamics. For a simple two-level system, the 1/e rise time (7;.)
and decay time (7y) are related to the excitation rate by the expression R = 7,71 — ;1.2
1.54-pm PL rise and decay measurements for specimens A-E are shown in Fig. 4.4, with
rise and decay times ranging from ~0.2 to ~1.1 ms and ~0.3 to ~2.5 ms, respectively.
The reduction in 74 by approximately 30% upon increasing the Er concentration from 0.04
to 0.20 at.% is evidence of concentration quenching, which may partly account for the
increase in the integrated 1.54-um band intensity by only a factor of 3.7 for a concomitant
increase in Er concentration of 4.3 (inset of Fig. 4.3a).

From the excitation rate, we may obtain an effective Er3* excitation cross-section, in-
corporating the energy transfer from the Si nanoclusters as well as non-radiative transi-
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Table 4.2: Effective Fr3+ PL dynamics and excitation cross-section results for Samples A—E

Decay time  Rise time  Excitation Effective excitation

Sample T4 T rate, R cross-section, aeEf}s+
+0.04 (ms)  +0.02 (ms) (1/s) (x10718 ecm?)
A 2.33 1.10 479 1.1+0.3
B 243 0.99 594 1.44+0.3
C 1.70 0.84 596 1.4+0.3
D 043 0.25 1666 39+09
E 0.25 0.17 1669 3.9+09
tions, using R = erf]E3+ X ®ppot- The excitation photon flux of ~4x10'® cm~2s7! yields

Er3+

~ 10—16 2
Ot ~ 10 cm

, similar to reported values for Er-doped nanocrystalline Si (e.g. Ref.?4),
and several orders of magnitude larger than the direct Er3* optical absorption cross-section

on the order of 1072 cm2. The calculated values for agff)r are summarised in Table 4.2.

. o s 3+
Due to the non-zero system response time, these values represent a lower limit for 0555

These large cross-sections indicate that, as sensitisers of Er3*t, the amorphous Si nanoclus-
ters are as effective as silicon nanocrystals. Since the amorphous clusters are formed by
low-temperature annealing of SiO, they offer much greater compatibility with CMOS fab-
rication processes. A more detailed investigation of the NC-Er** system PL dynamics is
the subject of Chap. 7.

4.3.5 Characterisation of microcavities

To demonstrate the use of SiO:Er for photonics applications, we constructed simple trial
devices consisting of Fabry-Pérot planar microcavities with Ag mirrors. The Er concentra-
tion in the active layer is ~0.20 at.%, and the specimens were annealed at 500 °C in flowing
N2/Ha for 1 h. Cavity A has a 50-nm-thick output coupler and a graded-thickness SiO:Er
layer, resulting in a smooth tuning of the resonant wavelength across the ~7.5-cm length of
the substrate; Cavity B has a ~50-nm-thick output coupler mirror, and is tuned to the peak
Er3* emission at 1535 nm. Reflectance and transmission spectra for these structures were
modelled using a characteristic matrix method for an ensemble of thin films (see §C.1).

As illustrated in Fig. 4.5, the emission from Cavity A may be tuned across the entire
Er®* band (~1480-1610 nm) by exciting different positions along the substrate; only fifteen
representative emission peaks are shown in the figure for clarity. For the cavity thickness
resonant with the peak emission at 1535 nm, the full-width at half-maximum (FWHM) is
~17 nm.

For PL collected normal to the surface of Cavity B, the FWHM of the emission is
19.3 nm. The cavity quality factor may be calculated from Eq. (3.1); however, one must
take into account the spectral shape of the underlying Er** PL band when determining
the linewidth. For a planar cavity, the intensity transmission coefficient is given by

(1-R1)(1 - Ry)
(1 — \/R1R2)2 + 4/ R R sin2 9

where R; and R; are the intensity reflection coefficients of the top and bottom mirrors,
respectively, and ¥ is the optical length of the cavity. For metal mirrors, a phase shift is

T(9) = (4.1)
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introduced upon each reflection, yielding ¥ = 2ndn/X + (¢1 + ¢2)/2, where d is the phys-
ical thickness of the cavity and ¢; are the phase shifts at the mirrors. For Cavity B, Ry
may be taken as the maximum value for reflection at a SiO-Ag interface, as the bottom
mirror is several times thicker than the skin depth at 1535 nm (Ry = 0.962); the value of
R1, however, is subject to greater uncertainty due to the 5iO, coating of the top mirror.
Fitting the product of Eq. (4.1) and the no-cavity PL to the cavity emission (inset Fig. 4.5)
returns values of d = 362 nm and R; = 0.940. The resulting transmission coefficient func-
tion has a FWHM of 26.2 nm, yielding a cavity quality factor of Q ~ 59. Although this is
lower than the quality factors of microcavities using distributed Bragg reflectors (DBRs) as
mirrors, the fabrication technique using metal mirrors is much simpler; also, a wide range
of tunability is possible simply by adjusting the SiO:Er layer thickness, without adjusting
any mirror parameters. These strongly-emitting microcavity structures, fabricated using
straightforward, low-temperature processing techniques, are made possible by the large
effective excitation cross-section and broadband sensitisation of Er3* in the material de-
scribed. As such, these results illustrate some important practical advantages associated
with the use of amorphous silicon nanoclusters as erbium sensitisers.

4.4 Conclusions

Er-doped silicon nanocomposite thin films fabricated by co-evaporation of SiO and ErsOs;
have been optimised for 1.54-um emission with respect to Er concentration, annealing tem-
perature, and process gas. A 0.20-at.%-Er film annealed at 500 °C for 1 h in forming gas
exhibited the most intense Er®* emission, compatible with standard CMOS fabrication.
This makes SiO:Er a candidate for monolithically-integrated opto-electronic applications.
TEM analysis indicated the presence of amorphous Si nanoclusters 2-3 nm in diameter
surrounded by a SiO, matrix. From PL lifetime measurements, the effective excitation
cross-section of the Er®* was found to be ~2x1071% ¢m?, similar to that of crystalline Si
nanoparticles. To demonstrate the use of SiO:Er in photonics applications, planar Fabry-
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Pérot microcavities with metal mirrors were constructed. The resonant wavelength is tun-
able across the entire 1.54-um emission band by varying the SiO:Er layer thickness. A
cavity resonant at the Er’* peak of 1535 nm was found to exhibit a quality factor of ~59.
The control over the directionality and spectral shape of the emission afforded by such
simple device structures suggests the potential of using SiO:Er as a material for integrated
photonics.
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CHAPTER B

Interaction between rare-earth ions and amorphous silicon
nanoclusters produced at low processing temperatures'

5.1 Introduction

The ability of Si NCs—amorphous as well as crystalline—to sensitise the emission from
Er3* has led to widespread investigation of this class of materials for potential photonic
applications, as discussed in the previous chapter. There have also been a few reports
on silicon nanocomposites doped with neodymium?* and ytterbium,® and at least two
similar papers on silicon nanocrystals doped with Er, Nd, Yb, and Tb, although the work
focused on erbium.®’ Investigations of the properties of silicon nanocomposites doped
with rare earths other than erbium are few; however, they can be important for several
reasons. First, the silicon-nanocrystal-to-rare-earth transfer mechanism in erbium-doped
silicon nanocomposites is still much debated. Since the individual rare-earth ions have
different 4 f-shell energy levels that overlap to varying degrees with the silicon nanoclus-
ter absorption and PL spectra, it may be possible to provide evidence on the interaction
mechanism. Second, many of the infrared emission wavelengths are of technical impor-
tance (see, for example, §1.3 and Ref.5).

As mentioned previously, one of the outstanding difficulties with using silicon nano-
crystalline composites for optical applications is the high thermal processing temperature
required to optimise the luminescence, where temperatures in excess of 1000 °C are com-
mon. With respect to LED-like electroluminescent devices, such high temperatures can
make electrical contacts and back-reflector layers particularly difficult to fabricate. In
Chap. 4, it was shown that efficient Er®" emission at 1.5 um was possible from a-Si-NC
films processed at temperatures compatible with standard CMOS processing;® the exten-
sion of this sensitisation effect to other RE elements will now be considered.

Using high-resolution energy-filtered TEM, it was recently shown that SiO films an-
nealed between temperatures of 400 and 800 °C contain a three-phase mixture of Si, SiO,
and SiO5.1° The silicon is present in the form of amorphous clusters ranging in mean ra-
dius from ~1.0 to 1.5 nm, depending on the processing conditions. The objective of the
work presented in this chapter was to dope these amorphous silicon nanocomposites with
the rare-earth elements Nd, Tb, Dy, Er, Tm, and Yb to investigate the possible energy

T A version of this chapter has been accepted for publication. !

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



72

transfer mechanisms, and evaluate the ability of these amorphous nanoclusters to sensi-
tise luminescent transitions in the rare-earth elements in general. In order to demonstrate
low-temperature fabrication at temperatures compatible with CMOS processing, the dis-
cussion will focus on materials for which the annealing temperature is 500 °C or lower.

5.2 Experimental

Specimens were prepared by co-evaporation of SiO and either the rare-earth metal or rare-
earth oxide. The 200-nm-thick films were deposited onto fused quartz wafers, and the
composition of the films was tracked in situ by two separate rate monitors. In all cases the
molar concentration of the rare earth was less than 1%, as estimated from the rate mon-
itors. In the case of Er and Nd, the compositional data was checked by EMPA using a
3-kV beam and standard correction techniques. For Nd, Er, and Yb, the rare-earth concen-
trations were varied to determine the composition producing the most intense emission.
Specimens were annealed in 95% N3+5% Hj; (forming gas) at 400 or 500 °C for 1 h, as
hydrogen is known to increase the PL intensity due to the passivation of non-radiative
traps on nanocluster surfaces.!? PL spectroscopy was conducted using the 325-nm line
of a HeCd laser as the excitation source (spot size ~4 mm?, ~15 mW power), and a CCD
spectrometer whose spectral response was normalised with a standard blackbody radia-
tion source. Electron microscopy was performed on undoped samples using an FEI ST20
field emission TEM equipped with a Gatan Image Filter (GIF).

5.3 Results and Discussion

The microstructure of the SiO films annealed at 400 °C is shown in Fig. 5.1a-c. These im-
ages, taken with the silicon L edge (a) or oxygen K edge (b) centred on the GIF entrance
slit clearly show the inhomogeneous nature of the films. The Si is segregated into clusters
having a mean diameter of 2.4 nm (¢ = 0.3 nm) and 2.8 nm (¢ = 0.5 nm) for the speci-
mens annealed at 400 and 500 °C, respectively. There is a broad PL peak centred at 640 nm
(700 nm) for specimens annealed at 400 °C (500 °C) that shares many characteristics with
amorphous silicon band-tail emission. First, for both samples, this PL peak was charac-
terised by non-exponential dynamics: in time-resolved spectroscopy, a fast decay is ob-
served over a few microseconds, as well as a much longer one with a characteristic time
of several hundred microseconds (Fig. 5.2). This is similar to the case for amorphous sil-
icon, which is generally reported to have two or three lifetime components ranging from
~1 s to as much as 1 ms.'>'* As reported recently,!® the temperature dependence of the
integrated intensity of this peak increased by a factor of 5 to 6 on going from 300 to 77 K
(inset to Fig. 5.2); this behaviour is also consistent with investigations of amorphous silicon
films ' and amorphous porous silicon.!” A more detailed investigation of the PL dynamics
and quenching behaviour is given in Chap. 7.

Having established that the PL has many characteristics similar to amorphous silicon,
a preliminary attempt was made to model the spectrum, assuming that the PL originates
from amorphous silicon nanoparticles. The technique used was that of Estes and Mod-
del,*® who extended work done by Dunstan and Boulitrop ' by considering the density of
states for both localised and extended states in bulk a-Si. In the derivation of this model,
quantum confinement effects are ignored, as they are unlikely to be observed in a-5i unless
the particle diameter is smaller than ~1 nm, which is the approximate spatial extent of the
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Fig. 5.1: Energy-filtered TEM images of SiO annealed at 400 °C, with the slit centred on the silicon L line (a) and the
oxygen K line (b). Image (c) is a high-resolution micrograph in which the silicon clusters appear dark on a lighter
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carrier wave functions in localised band tail states.?’T Instead, the effect of particle size to
limit the availability of non-radiative traps and deep tail states for radiative recombination
by purely geometrical means. The photoluminescence spectrum I(hv) can be obtained

from
_ 4hv

=7
where P(hv,r) is the probability distribution function for conduction and valence band
tail states in a given nanocluster corresponding to an emitted photon of energy hv, 7; is the
radiative quantum efficiency as a function of the non-radiative capture volume and the
surface capture area, R; is the cluster radius, and the integration variable r represents the
position of the capture sphere within the cluster (details on the derivation of this model
are provided in Chap. 6 and Ref.8).

Ry
I(hv) /0 r2m(r)P(hu, r) dr (5.1)

"This is indeed an oversimplification of the density of states for nanoscale a-Si—the density of states above
the mobility gap should be affected by quantum confinement for NCs of comparable size to the extended
carrier wavefunctions—but it should only have a small effect on the resultant PL spectrum if carriers excited
into extended states rapidly thermalise down into energy states lying deep in the band tails.
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Using Eq. (5.1) with a mobility gap of E; = 1.7 eV and the characteristic Urbach en-
ergies of the valence and conduction band tails of 46 and 23 meV, respectively, for bulk
a-5i,'® the calculated PL spectrum overlaps with the experimentally observed one, al-
though it is considerably narrower (Fig. 5.3). The emission peak shifts to shorter wave-
lengths for smaller particles—not due to quantum confinement, but because of the spatial
isolation of deep states. For the specific mean size observed in the energy-filtered TEM, the
model results peak at slightly longer wavelength than the experimental results. By adjust-
ing some of the parameters in the model such as the band tail and mobility gap energies,
one can obtain a close fit to experiment, as will be shown in Chap. 6. Other researchers
have previously suggested that the PL from SiO, films annealed at temperatures below
700 °C arises from amorphous silicon clusters (e.g., Refs.?'"23), although without mod-
elling the emission spectrum or directly observing the clusters.

The effects of incorporating rare-earth ions into this amorphous silicon nanocomposite
are similar to the effects in erbium-doped silicon nanocrystals. For example, for amor-
phous Si nanoclusters annealed at 400 °C and doped with increasing concentrations of
neodymium, it was found that the PL intensity from the a-Si nanoclusters decreased mono-
tonically while the Nd bands first grew in intensity and subsequently decreased, presum-
ably due to Nd-Nd interactions. As discussed in the previous chapter (see the inset to
Fig. 4.3a), identical behaviour is observed in the case of erbium ions interacting with these
a-Si clusters.?® These observations show that the transfer mechanism from the amorphous
clusters to the rare-earth ions is analogous to the much-debated silicon-nanocrystal-to-
erbium transfer mechanism. Preliminary results of investigations with respect to the dy-
namics of the transfer process in Er- and Nd-doped films imply that the transfer occurs
after the carriers are trapped in the band tails.? For a composition of SiO, the optimum
annealing temperature for rare-earth luminescence is between 400 and 500 °C (tempera-
tures between 300 and 1100 °C were tested).

In all cases, the addition of the rare earth either decreased or entirely quenched the
nanocluster PL (Fig. 5.4). The standard *Iy/5 —*I15, and *Iy3/, —*I15/5 bands at 980

"This is not simply an ad hoc variation of free parameters: an increase in Urbach energies due to a widening
of the mobility gap has been cited for nanostructured a-5i.”” One may ask whether such an adjustment of the
Urbach energies is necessary to simulate a PL spectrum of comparable width to that obtained experimentally,
since only the mean particle size was used in the simulation. However, incorporating the (approximately
lognormal) size distribution of the nanocluster ensemble into the simulation only produces an increase in
peak width of ~40%.
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Fig. 5.4: Luminescence from the rare-earth 4 f-shell transitions in amorphous Si nanocomposite films doped with
~0.4 at.% Nd, ~0.2 at.% Er, ~0.1 at.% Tm, or ~0.5 at.% Yb. The latter two concentrations were estimated from the rate
monitors and were not independently checked by electron microprobe. The PL was pumped at 325 nm in each case.
The Yb, Tm and Er samples were annealed at 500 °C and the Nd-doped sample was annealed at 400 °C. The minor
peaks in the Yb spectrum near 700 nm are artifacts due to the collection system. The term notation for the various

optical transitions is given in each figure.

and 1535 nm were observed for Er-doped nanoclusters, and for the case of Nd-doping, the
complete set of emission bands centred at ~800, 900, 1100, and 1350 nm were observed. 324
In the case of Yb, the 2Fy /2 —21, /2 transition occurs in the PL spectrum at a wavelength
of 980 nm, on the long-wavelength side of the broad nanocluster luminescence band. For
Tm, only one sample was prepared; the nanocluster emission was quenched and the short-
wavelength edge of the >Hy —3Hg emission from Tm at 1600-1700 nm was observed. Fi-
nally, in the case of Dy and Tb, the nanocluster PL was quenched but no PL was found from
the rare-earth ions. Dy*" and Tb®*" have many closely-spaced levels in the 4f shell (see
Fig. 1.20); therefore, decay can occur entirely via phonons in high-phonon-energy glass
such as silica. The absence of nanocluster PL shows that the energy transfer process occurs
for Dy and Tb, but relaxation takes place via phonons and not through luminescence.
Tb3+ has an energy gap between the ® D4 and " Fy levels of approximately 1.8 eV; this is
too large for pure phonon decay, even in silicate glasses. This transition would correspond
to an emitted wavelength of ~700 nm. The fact that no luminescence is seen in the present
specimens implies that, although energy transfer is occurring, the upper Tb%* levels (i.e.,
5Dy, and higher) are not populated by the energy transfer mechanism from the silicon
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nanoclusters. The mobility gap of bulk amorphous silicon is typically expected to be at
~1.7-1.8 €V, although it can be shifted to higher energies due to surface effects in very
small particles,'® and quantisation of the gap should also result in higher energies. Since
the nanoclusters are absorbing high-energy pump photons (3.8 eV), relaxation into the
band tails must be fast compared to direct transfer to the rare-earth ions, consistent with a
report that localisation in the band tails takes place over a sub-nanosecond timescale.?% If
the cluster-to-rare-earth transfer mechanism is on the order of a microsecond, as suggested
for silicon nanocrystals interacting with erbium?’ (i.e., much longer than the nanocluster
relaxation time), this would be consistent with the lack of upper level population of the
Tb3* ions.

Similar types of arguments can be made for the case of Yb: here, although PL from the
4 f-shell transition can be observed, it was found to always be weak. This implies that the
transfer mechanism is less effective in Yb3+ than for the other rare-earth ions investigated.
Nd, Dy, Er, Tb, and Tm all have 4 f-shell levels at energies that are within the emission
band of the intrinsic nanocluster PL, but Yb has only a single (broad) excited energy level
~1.2 eV above the ground state. This is relatively far from the a-Si PL band, which is cen-
tred around 1.8 V. Therefore, the PL from the Yb3* ions is limited by an inefficient trans-
fer mechanism that requires a coordinated many-phonon process for energy conservation.
Finally, the fact that Yb3* has no levels directly within the main nanocluster PL band ap-
pears difficult to reconcile with a resonant process such as dipole-dipole coupling (the
Forster transfer), being more consistent with a non-resonant phonon-mediated process as
often invoked for erbium-doped silicon nanocrystal composites.

5.4 Conclusions

Photoluminescence from rare-earth ions can be obtained via an energy transfer from the
band tail states of amorphous silicon nanoclusters. The specimens can be prepared without
the high-temperature thermal treatment that is generally necessary for silicon nanocrystal
films—a fabrication process which is CMOS-compatible. Low-temperature processing and
compatibility is an endorsement of the use of amorphous silicon clusters as sensitisers for
Er, Nd, and other rare-earth ions. Steady-state PL evidence supports a non-resonant Auger
excitation mechanism of the rare earths from states in the «-5i band tails.
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CHAPTER 6

Luminescence and tunnelling simulations for ensembles of a-Si
nanoclusters

6.1 Introduction

The ease in which the electronic and optical properties of nanoscale crystalline semicon-
ductor structures can be modified via quantum confinement effects has led to the prodi-
gious growth of this field of research since its nascency in the early 1980s.! In particular, the
tunability of the emission energy from direct-gap quantum dots by widening the bandgap
(AE o« % for nanocrystals of radius a in the strong confinement limit') has arguably al-
ready passed from novelty to commodity.! For indirect-gap semiconductors such as Si, the
influence of quantum confinement on nanocrystal emission is still somewhat controversial,
with competing theories as regards the relative importance of interfacial trap sites as lu-
minescent centres versus radiative recombination of electron-hole pairs across a bandgap
which has been widened by quantum size effects (see Chap. 2 and references therein). In
both cases, however, the general trends of a blueshift in emission and an increase in quan-
tum efficiency with decreasing nanostructure size are observed. !

Similar effects have been observed in nanoscale a-5i, notably from a-Si:H/a-SiN,:H
multilayers? and porous a-Si,> which has sometimes been attributed to quantum confine-
ment of electrons in the nanometre-sized structures.? However, while extended electron
states in a-Si could be expected to display confinement effects, the wavefunctions of car-
riers in band-tail states, which result from the large degree of topological disorder in the
material (see §1.2.2), are localised to within a few atomic distances (~6-7 A).# Since tail-
to-tail transitions represent the dominant contribution to photoluminescence, due to the
rapid (~ps) thermalisation of carriers into the tails,” it is doubtful that quantum confine-
ment plays the dominant role in determining the emission energy.*® The need to reconcile
carrier localisation, which should be insensitive to changes in the relatively large nanos-
tructures, with an apparent size effect as regards the emission peak and intensity, can be
satisfied with arguments concerning spatial—rather than quantum-—confinement.

While spatial confinement has previously been cited to explain the PL behaviour of

*One need only refer to the diverse commercial applications of CdSe quantum dots—white-light LEDs,
photovoltaic devices, and anti-counterfeiting inks, to name a few—manufactured by companies such as Evi-
dent Technologies (www.evidenttech.com). The emission from such CdSe nanocrystals is tunable across the
visible spectrum.
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Fig. 6.1: The effect of spatial confinement on emis-
sion from a-Si. The localised band-tail states corre-
sponding to the density of states function shown
on the right are represented by the short hori-
zontal lines in the left-hand region of the figure.
Non-radiative quenching centres are denoted by a
cross on such a state. A photogenerated e-h pair
thermalises down to the deepest accessible states
within a capture radius R.. If no quenching cen-
tre is encountered, radiative recombination occurs
from these deepest states. Restricting the volume

® Spatially- accessible to the carriers decreases the probability
— ~  te— confined of finding a quenching centre, and increases the
volume mean energy separation between the lowest-lying
X . accessible states. (After Ref.5)
Distance

low-dimensional a-Si structures,®%” such treatments typically consider the effect of emis-
sion averaged geometrically over a single nanostructure. In particular, the possibility of
carrier tunnelling between nanoclusters in a densely-packed ensemble of a-Si NCs is not
considered. It has recently been shown? that such tunnelling effects in Si nanocrystals are
capable of explaining many of the features of the spectral shape and luminescence lifetime
in such nanocomposites; as such, this phenomenon should be investigated for the a-Si-NC
system.

This chapter presents luminescence simulations incorporating spatial confinement ef-
fects for a-Si NCs, using both the one-particle treatment used by Estes and Moddel® and a
Monte Carlo approach, for ensembles of NCs with size distributions corresponding to thin-
film nanocomposite specimens. The versatility of the latter method allows an investigation
of the effect of tunnelling between NCs on the luminescence. The simulation results will
be compared with experimental PL spectra, with a discussion of the effect of non-radiative
defect density on the emission.

6.2 Luminescence simulations

6.2.1 Model

The basic principles of the spatial-confinement model are shown schematically in Fig. 6.1.
In bulk a-Si, an electron—-hole (e-h) pair, initially excited to extended band states by the
absorption of a photon, rapidly thermalises to the lowest-energy states accessible within a
capture sphere of radius R.. Thermalisation, the process by which excitation energy is lost
to phonons, generally takes place in two steps: 1) emission of single phonons as the carri-
ers scatter downward from extended state to extended state within the band, followed by
2) transitions between tail states via either tunnelling or multiple trapping (re-excitation
to the mobility edge and subsequent capture at a different localised state).> Upon reach-
ing the deepest accessible states within R,, the carriers recombine radiatively. If, however,
a carrier diffuses to a quenching centre (denoted by a cross in the figure), non-radiative
recombination will occur. In this description, it has been implicitly assumed that the dif-
fusion of electrons and holes is uncorrelated; this should be reasonable for a first-order
approximation, particularly at low temperatures, where diffusion is limited.

The effect of spatial confinement is illustrated by the vertical dashed lines in Fig. 6.1:
the capture sphere is truncated by the surfaces of the spatially-confined volume, prevent-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



81

Fig. 6.2: Capture volume and surface area for an e-h pair
generated a distance r from the centre of a spherical a-Si
NC, shown for the case R. < R:. V¢ is the volume formed
by the intersection of the capture sphere (of radius R.) and
the NC (of radius Rt). A, is the surface area of the NC
lying inside the capture sphere. For R, < Ry, V. and A,
are functions of r.

ing the carriers from accessing deeper tail states, and yielding a blueshift in emission. This
“statistical blueshift”® occurs even if the density of states is independent of the nanostruc-
ture size; since the DOS is largely determined by nearest-neighbour bonding, as mentioned
in §1.2.2, this assumption should be valid for NCs larger than ~1 nm in diameter.® Also
illustrated in Fig. 6.1 is the expectation that the quantum efficiency for spatially-confined
e-h pairs will be statistically higher than in bulk: by restricting the volume accessible to
the carriers, the probability of encountering a quenching centre decreases. In this model,
non-radiative defects existing both within the volume and on the surface of the a-Si NCs
will be considered.

The quantum efficiency 7; of a given a-5i NC is therefore the probability that no quench-
ing centres are accessible to the carriers. The capture volume V, and capture surface area
A, resulting from the intersection of the capture sphere, of radius R., and the nanocluster,
of radius R;. The relationship between these quantities for an e-h pair created at a dis-
tance r from the centre of the NC is illustrated in Fig. 6.2, where V.. and A, are the volume
and surface area of the NC within the capture sphere, respectively. As such, the quantum
efficiency may be written as®

() = e=VelNoc= Ac() N 6.1)

where Ny, (in cm™3) is the non-radiative defect volume density and Ngp, (in cm™2) is the
non-radiative defect surface density. The functional forms of V,(r) and A.(r) are given in
§D.2. Averaging 7; over the entire nanocluster gives the mean quantum efficiency for a
given NC:®
— 1 4/Rt2'()d_3/‘Rt2 )d (62
nNC—§WR37ro ren(r T_Rt30 rn;(r) dr 2)
Clearly, 7ne = ; if 7; is independent of 7; such is the case when R, > 2R;.

As the temperature increases, the additional thermal energy available to the carriers
allows them to diffuse farther before being trapped, increasing the probability of encoun-
tering a non-radiative quenching centre; this mechanism has been used to explain the PL
temperature quenching of bulk a-Si, which was empirically found to follow the expres-

sion”
1

17 =
1+ (;]13 - 1) exp (%)
The temperature dependence of R, may therefore be found® by equating Egs. (6.3) and
(6.1), using expressions for V. and A, appropriate to the bulk case, viz. A. = 0 and

V.= %ﬂ'RE’:
3 1 T\1) 7
— 1+ (= — il .
Be(T) {4erm in [ * (770 1) P <T0)]} 4

(6.3)
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From the work of Collins and coworkers,® the maximum quantum yield and characteristic
quenching temperature for bulk a-Si are given by 7y ~ 0.998 and Ty ~ 23 K. In a simple
model, the temperature quenching may be explained by assuming that any carrier which
escapes a trap recombines non-radiatively, such that all carriers for which the thermal re-
emission rate exceeds the radiative recombination rate do not contribute to the PL.3 As
such, Ty can be shown to be related to the radiative lifetime 7. and the band tail Urbach
energy Ey via

Ey

To=—Y
0 kg In(woty)

(6.5)
where kp is Boltzmann's constant and wo &~ 10'% s™1 is a characteristic attempt frequency
for escape from localised band-tail states.

To calculate the PL spectra, the method put forward by Dunstan and Boulitrop will
be used,? as extended by Estes and Moddel® to include the DOS for band as well as tail
states. The DOS function for the conduction band of an amorphous semiconductor, as a
function of E relative to the mobility conduction band mobility edge E., may be written

6
as
N, P/ Eve for E<E.=0

N.(E) = 1
‘ No, (7;%—) *(E—E)* forE>E,

(6.6)

where Ey, is the conduction band-tail Urbach energy, Ny, is the effective density of states
at the mobility edge (in cm~3eV1), and E/ =FE.— %EUC ensures smoothness at £ = E,. = (.
A sketch of a general DOS function of this type is given in Fig. 6.3. The expression for the
valence band, N,(F), may be written as Eq. (6.6) with ¢ — v; in such forms, E is not a
global variable,® but instead must be considered with respect to E, or E,, as appropriate
to the equation. The following two equations for the conduction band will have valence-
band equivalents in an identical manner.

For an e-h pair photogenerated by a photon of energy hvex in an amorphous semicon-
ductor with a mobility gap of E4 = E. — E,, the electron (hole) is excited beyond the mo-
bility edge by an energy AE, (AE,). These are related via E;,+ AE;+ AE, = hvey; for sim-
plicity, we will assume symmetric carrier injection, such that AE; = AE, = §(hvex — Ey).
The total number of states available to such an electron in a volume V; is therefore given
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by
AFE.

ne =V, N (E)dE (6.7)
If we assume that these states may be considered independently, the probability that the
lowest-energy state in the conduction band (accessible to an electron confined to a volume
Ve) lies between F and E + dFE is given by the product of the probability that a state exists
between E and E + dE and the probability that the n, — 1 remaining states lie above it. The
corresponding probability density function we denote by p.(E); it may be written as®

AE. el
N.(E') dE'

pc(E) = Vch(E) EAEC (68)

N,(E') dE'

—00

Writing out an equivalent expression for the valence band, the normalised? probability
P(hv) that the lowest-lying energy states differ by an energy hv in absolute terms is given
by the convolution of p.(E) and p,(E). Here we must take into account the differing en-
ergy reference frames of the conduction- and valence-band expressions. P(hv) is there-

fore®
P(w) = pe(E) * polE) (6.12)
AE,;
_ / pe(E)po(hv — By — E) dE (6.13)
hv—OEy—E,

"It is not immediately obvious that Eq. (6.8) is in fact normalised, that is, that . 2% pe(E) dE = 1. We

therefore present the following proof. First, we write an equivalent condition for the normahsatlon of p.(E):
we wish to prove that, for a function f(z) which is integrable on [a, b],

fE @) da’—1

/ p(z) do = / f(x) ;z ;(xl & dz=1 (6.9)

We define m = fab f(z) da’, rewriting the integral in Eq. (6.9) as

[ [ r| [ s ] a 610

Defining F(z) such that -2 F(z) = f(z), we have

[ @ o= — [ @) (F0) - F@I™ " a0

1 [3

= o {2 PO~ F@I"}

mm—l

= {[F ()~ FOI™ ~ [F() ~ F(a)]™}
_ Lm [F(b) — F(a)]™ (6.11)

b
Since F(b) — F(a) = m, by definition of m, we have / p(z) dz = 1. Q.E.D.
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Finally, to obtain the emission intensity spectrum, we multiply P(hv) by the photon energy
hv, noting that P(hv) = P(hv,r) through the r-dependence of V,, and take the spatial
average over the NC with a weight given by the quantum efficiency 7;(r):®

3w (B
Inc(hv) = 7__{?/0 r“n;(r)P(hv,r) dr (6.14)
t

Note that Eq. (6.14) gives an energy-dispersive PL spectrum; that is, the intensity of photons
with energies lying between E and E + dFE (equivalently, between hv and hv + hdv).
To correctly compare a simulated spectrum calculated in this way to an experimentally-
measured spectrum using a wavelength-dispersive technique, such as a monochromator or
CCD array using a prism or diffraction grating, the intensity values must be multiplied
by C/A%, where C is a constant. ThlS is due to the change in variables from energy to
wavelength:

dE

p(E) dE = p<h;> |

he\ he
=p (—)\—) 2 dA. (6.15)

For narrow spectra, the error resulting from a neglect of this conversion is small; broad
spectra, however, can significantly shift their shape (the classic example is the wavelength-
and energy-dependent forms of Planck’s blackbody radiation density equation, with two
corresponding versions of Wein's displacement law 1).

6.2.2 Comparison of model with experiment

A selection of experimental PL spectra from a-Si-NC specimens with different size dis-
tributions is shown in Fig. 6.4. These samples were ~200 nm thick, grown by thermal
evaporation of SiO under high vacuum and subsequently annealed for one hour in a flow-
ing forming gas atmosphere (95% N2+5% Hy) at the temperatures indicated. For annealing
temperatures less than 800 °C, the films were found to be fully amorphous, as determined
by TEM-related techniques (see, e.g., Chap. 5 and Refs.1?!?). These specimens are charac-
terised by a-Si NCs with a lognormal size distribution (see §C.3 for details). On going from
400 to 800 °C, the mean particle radii increase from ~13.4 A to ~16.9 A; complete values

are listed in Table C.2.
14 O[.”,,_,____.,.‘,
Fig. 6.4: Room-temperature photolumines-
cence spectra from a-5i-NC thin films. The
measurements were taken with a fibre-optic
1 CCD spectrometer, corrected for spectral
o 1 response with a standard blackbody light

o eosing t:,?i,e,;z(,}e( & source. Excitation was at 325 nm (~20 mW,

’ ~4 mm? spot size). The specimens were
nominally 200 nm thick, and were annealed
in forming gas for one hour at the tempera-
tures indicated. Inset: Integrated intensities
for the five specimens as a function of an-
nealing temperature. The PL spectra were
integrated from 450 nm to 950 nm, and nor-
malised to the 400-°C value.
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1 upper axis of the inset. The experimental PL spectrum from
400 °C the 400-°C-annealed specimen is shown as a solid line.
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The simulated spectra shown in Fig. 5.3 for comparison with experimental 400-°C
and 500-°C spectra were calculated using the same values for the various model para-
meters used by Estes and Moddel, which are ostensibly for bulk a-Si.® These values are:
E;=1.7¢V, Ey, =26 meV, Ey, = 43meV, Npr = 1 x 1016 cm™3, Ngpr = 1 x 10" cm™2,
and N, = N,, = 1 x 100 cm—3eV~!. Excitation was ~20 mW from the 325-nm line of a
HeCd laser, yielding AE, = AE, = 1.06 eV.

The peak centre wavelength and full-width at half-maximum (FWHM) of the experi-
mental PL spectra, which we denote by Aycax and A\ 1, are 640 nm (699 nm) and 186 nm

(190 nm), respectively, for the film annealed at 400 °C (500 °C). It is clear that while the
simulated spectra lie within the correct general spectral range, the agreement with the ex-
perimental spectra is not particularly good: not only are the simulated peaks too narrow
(by ~60% for the 400-°C specimen), but the size dependence of the peak wavelength shift
is too weak. This last deficiency is apparent because a change in NC radius from 2.0 nm
(which is smaller than the mean 400-°C NC size) to 3.0 nm (which is larger than the mean
500-°C NC size) only yields a peak shift of ~50 nm, whereas the experimentally-observed
shift is ~60 nm. We will first consider the discrepancy in AA:.

With respect to the model calculations, spectral broadergling can have both homoge-
neous and inhomogeneous contributions. Since the model effectively returns the average
emission from a monodisperse ensemble of a-S5i NCs, inhomogeneous broadening can be
introduced by incorporating a size distribution p(R;) similar to that which has been deter-
mined experimentally (see §C.3). That is, the inhomogeneously-broadened PL spectra can
be calculated via

INCinh(hV) = /Ooo p(Rt)INc(hl/, Rt) th (6.16)

An example of such a procedure are shown in Fig. 6.5 for size parameters corresponding
to a 400-°C film. While a broadening effect is observed, the peak width only increases from
~70 nm to ~95 nm, still almost a factor of two narrower than the experimental spectrum.
The simulated spectrum also acquires a negative skewness (resulting from the greater
average quantum efficiency of the smaller NCs) which disagrees with the experimental
spectrum. This suggests that the broadening cannot be strictly inhomogeneous: an ad hoc
size distribution constructed to return a simulated spectrum of the correct size and width
would likely bear little resemblance to the experimentally-observed p(R;).

Considering homogeneous broadening, the simulation parameters most intimately con-
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Fig. 6.6: Behaviour of (a) the peak wavelength (Ac.k) and (b) the FWHM (A 1) of Inc(hv) as functions of NC

radius (R:) and valence-band Urbach energy (Ey,). Ey, was varied with EU., to maintain the same ratio as in
bulk (Ey,/Ey, = 26/43).6 The results from the simulation are shown as open circles, with the shaded surfaces
corresponding to fits to these data using third-degree bivariate polynomials (in R; and Ey, ). The solutions to these
polynomial fits which yield the correct peak wavelength and FWHM for the experimental spectra from the 400-°C
and 500-°C specimens are marked with bold lines.

nected with the width of the resulting spectra are the Urbach energies, Ey;, and Ey,: larger
values of these parameters result in DOS functions with broader band tails; since P(hv) is
determined by convolving two functions whose widths are essentially determined by the
extent of the tail-state density below the mobility gap, viz., p.(E) and p,(E), an increase
in the Ey values will broaden Inc(hv). Since the behaviour of the numerical model as
a function of its many input parameters is not immediately quantitatively obvious, Apeax
and A\ 1 cannot be directly varied independently. As such, the behaviour of Inc(hv) was
1nvest1gated numerically, as a function of the nanocluster radius and the Urbach energies.
The rationale for focusing on these two parameters is, first, that there exists some exper-
imental error in determining the size distribution of the NCs, and second, adjusting the
band-tail slopes is the most obvious method of increasing the FWHM of the simulated
spectra.

Fig. 6.6 illustrates the dependence of Apeak and A)\1 on R; and Ey,, where the open
circles denote the results of the simulations, and the shaded surface represent third-degree
bivariate polynomial fits to the simulation data, that is, polynomial functions for
Apeak (B¢, Ey,) and AA 1 (R:, Ey, ). In the simulations, Ey;, was varied to maintain the same

Ey,/Ey, ratio as in bulk a-Si, viz., 26/43.° Equating these functions to the experimental
values for peak wavelength and FWHM for the 400-°C and 500-°C specimens and solving
yields values for R; and Ey, of R{%°C = 9.0 A, E‘*OOOC 156.3 meV, R20°C = 10.9 A,
and EISJ?JOQC = 154.1 meV. The normalised spectra calculated using these values, and the
corresponding normalised experimental spectra, are shown in Fig. 6.7. The simulated and
experimental spectra match remarkably well overall; the steeper relative decay of the blue
side of the simulated spectra could be due to inhomogeneous broadening resulting from a
distribution in R;, which was not included here.

From the relevant NC size distribution functions shown in Fig. C.2, it is seen that
RIO°C and RY®°C are about 30% smaller than the actual mean values; in particular, for
the 400-°C specimen, the probability density at this value is only ~0.03. Similarly, the
values for the valence-band Urbach energies are somewhat smaller than—though still of
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Ey, (dotted lines). All other model para-
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as given in the paragraph following Fig. 6.4.
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the same order of magnitude as—the ~200-meV values found for the films via transmis-
sion measurements (see §B.1.4); since the absolute error in the experimentally—determined
Urbach energies is not well known, however, the values of Ef°"C and E}®°C may still
be reasonably taken to suggest that a broadening of the band tails is in fact responsible
for the (homogeneous) broadening of the PL spectra.!* An increase in Ey for nanoscale
a-Si with respect to bulk has been attributed to a widening of the mobility gap, with the
lowest-lying states remaining essentially unaffected.® It is important to realise that the
simulated spectra shown in Fig. 6.7 do not necessarily represent the global best-fit in the
complete parameter space of the model. For instance, the mobility gap E, was left fixed at
1.7 eV; an increase in E; would have the general effect of blueshifting the spectrum, and
could therefore possibly result in best-fit values for RX%°C which correspond better to the
experimental NC sizes. In any event, since the large number of input parameters makes
the existence of a unique best-fit solution unlikely, we will not explore the parameter space
further in this manner.

It has been shown that, by varying only the (single) particle size and Urbach energies,
the model presented is able to return simulated spectra which correspond very well to ex-
perimental results from a-5i-NC films. Note, however, that so far the primary concern has
been the shape of the spectra (i.e., their centre wavelength and FWHM); normalised spectra
have therefore been used to perform the fits. A look at Fig. 6.4, however, shows that an-
other obvious characteristic of the photoluminescence from the experimental specimens is
a strong quenching effect with an increase in average particle size (with increasing anneal-
ing temperature). Before investigating the quenching behaviour, however, the model will
be reformulated in a manner which more realistically describes an ensemble of nanoclus-
ters. This reworked model will also allow one to consider the effect of tunnelling between
nanoclusters on the emission.

6.2.3 Monte Carlo approach to model

As stated in §6.2.1, for situations in which R. > 2R;, the spatial averaging of the lumines-
cence given in Eq. (6.14) is redundant: V., = $7R}, irrespective of the value of 7. Using
the “typical” values of 7o and T as in Estes and Moddel,® the room-temperature capture
radius corresponding to a volume defect density of Ny, = 1 x 101® em=3 is R, ~ 550 A—
over an order of magnitude larger than R; for our largest experimental a-Si NCs. As such,
since the probability density functions for the lowest-lying carrier states, p.(F) and p,(E),
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are determined only by the nanocluster sizes, an equivalent approach to the one-particle
model as given in §6.2.1 would be to consider the radiative recombination from a large
ensemble of NCs whose lowest-energy e-h pair states are determined stochastically. Be-
fore explaining the operation of such a Monte Carlo procedure, we will briefly review the
method of generating random numbers obeying an arbitrary probability density function.

Transforming a set of uniformly-distributed random numbers into a set of random
numbers distributed according to some other probability density function may be accom-
plished by the following technique. Given a continuous probability density distribution
P(z) normalised on [a, b], we define the corresponding cumulative density function D(z)
as the probability that a random variate X obeying P(zx) is equal to or less than x:

D(z) = /tv P(z') dz’ (6.17)

Since P(x) is normalised, the range of D(x) is [0,1]. As such, if Y}, are uniformly-distributed
variates on [0,1], then mapping each y-value to its corresponding z-value via D(z) gener-
ates a set of variates X obeying P(x). If Y, = D(X}) cannot be inverted analytically, it
may be done numerically instead. An illustration of this procedure is shown in Fig. 6.8.

The Monte Carlo (MC) formulation of the model is executed as follows. To simulate an
a-5i-NC specimen, a large number of nanocluster radii are generated as in the foregoing
explanation, using the lognormal probability density functions p(a) as fit to the experi-
mental histograms shown in §C.3. Each NC is then assigned lowest-lying electron and
hole energies (E. and Ej, respectively) based on its size, using the energy probability
density functions p.(E) and p,(F) given by Eq. (6.8) and its corresponding valence-band
form. For the emission process, nanocluster j is then assumed to emit a photon of en-
ergy Eyum; = Ey + E,; + Ep; with probability n;(R;;). The luminescence spectrum is then
given by the weighted energy (or wavelength) histogram of Ey,p,;, where the weights are
given by 7;. That is, the intensity for a narrow wavelength band between A and A + 6 is
proportional to the sum of the 5; of all NCs emitting photons within this range.

That this approach and the original statement of the model yield equivalent results can
be seen by the good agreement of the spectra in Fig. 6.9; the parameters used are the same
as those in the paragraph following Fig. 6.4, with R; = 15.1 A. The MC spectrum shown
used an ensemble of 10* NCs.

The model may now be used to investigate the quenching effect exhibited by the speci-

Fig. 6.8: Generating random numbers
obeying an arbitrary probability distribu-
tion from uniformly-distributed random
numbers. P(z) is a probability density
function normalised on {a, b] and D(x)
is its corresponding cumulative density
function.  Uniformly-distributed num-
bers on [0,1] are mapped onto [a,b] via
D(z).

Uniformly-
distributed
variates on

01}

P(x)-distributed
variates on [s,b}]
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mens whose PL spectra are shown in Fig. 6.4. To quantify this quenching, we will consider
the integrated PL intensity from 450 nm to 950 nm, as plotted in the inset. In particular,
we will focus on the behaviour of the 400-, 500-, and 700-°C specimen PL with respect to
the MC simulation. The TEM image for the specimen annealed at 600 °C exhibited poor
contrast, such that only 60 NCs were able to be counted, as opposed to 100 for the other
specimens; we therefore regard the 600-°C size distribution histogram and associated log-
normal fit with some suspicion and will not use it in our simulations. As for the 800-°C
specimen, its PL peak is very weak, broad, and ill-defined; it too will not be considered.

Fig. 6.10 portrays the effect of varying Ny, on the MC simulation spectra: the integrated
intensities are shown in the insets, with the spectra themselves in the main axes. The size
distributions used in the simulations are lognormal distributions with S and M values as
given in Table C.2 for the specimens annealed at 400, 500, and 700 °C . 10% NC radii were
generated using these size distributions, and assigned lowest electron and hole energies
as explained previously. Ey, was set to 200 meV in all simulations, corresponding to the
values obtained from an analysis of the absorption coefficient o (see §B.1.4). As well, to
provide a better qualitative agreement with the experimental spectra for the lower values
of Nnr, we use E,; = 2.0 eV (this adjustment compensates for the larger mean NC size with
respect to the best-fit values of R; determined in the previous section; the principal effect
of altering F,, is to blueshift the spectrum, with little change in spectral shape).

We see that the “typical” value of Ny, = 101 cm=3 used by Estes and Moddel® can-
not adequately account for the experimental strong quenching (Fig. 6.10b). That is, for
this value of Ny, the average increase in volume due to the difference in size distribution
between the 400 -°C and 700-°C specimens is insufficient to cause 7;(V.) to display the
experimentally-observed behaviour. Indeed, for such a small defect density, the quan-
tum efficiency of each nanocluster is very nearly unity, as can be seen by comparing
Fig. 6.10a and b. However, by increasing Nnr to 102 cm™3, the quenching begins more
closely to approach that of the experimental spectra. A nonlinear least-squares fit yields
Npr = 2.18 x 10%° cm™3, the spectra for which are shown in Fig. 6.10e. Note that a blueshift
occurs with increasing Ny, due to the greater quantum yield of the smaller particles, which
possess (on average) higher lowest-lying electron and hole energies than the larger NCs;
as such, the resulting simulated spectra become blueshifted by approximately 100 nm with
respect to the experimental spectra. By adjusting E, to 1.67 eV, the qualitative agreement
of the spectra is reestablished, without sacrificing the quenching behaviour, as seen in
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Fig. 6.10: Quenching of Monte Carlo simulation spectra as a function of Nyr. 108 NC radii were generated using the
appropriate lognormal size distributions given in Table C.2. The values used for Ny, Ey, and Eyy, are indicated for
each plot. The experimental spectra are shown as solid lines, with the simulations as dotted lines, normlalised to the
400-°C spectra. Insets: Comparison of integrated PL for experimental specimens (open circles) and simulated spectra
(open triangles), normalised to the 400-°C values.
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the inset to Fig. 6.10f. The value of 1.67 eV for E; was chosen “by eye” purely to provide a
better qualitative visual fit; it is significantly smaller than the optical gaps extracted from
Tauc plots of the specimen absorption (E,; ~ 2.4 eV). It is known that the non-radiative
defect density of a-Si:H fabricated via glow discharge deposition can vary widely (from
~10% to ~10'® cm™3) depending on the processing parameters (RF power, pressure, pre-
cursor gas concentrations and flow rates, etc.).” Although the best-fit value of N, lies
outside this typical range, it is conceivable that particulars of the fabrication technique of
these specimens—thermal evaporation onto a cool substrate and a much lower hydrogen
content (since it is introduced into the material only by diffusion during annealing), for
instance—could result in such a high defect density.

One potential complication to this analysis is the fact that R. assumes a value of
~20 A for Npr = 2.18 x 10*° em ™. For NCs with R; > § R,, the assumption that V, = 27 R}
breaks down, yielding larger values for 7;. This would have the general effect of requir-
ing a greater defect density than the best-fit value given above, since the larger nanoclus-
ters would have a greater quantum yield than suggested by the simulations shown in
Fig. 6.10. A such, an obvious—although more computationally-intensive—future refine-
ment to this simulation would be to calculate nnc using Eq. (6.2) for each of the 10° nan-
oclusters, recalculating F, and E}, for each tested value of Ny,; for this thesis, however, this
procedure has not been considered.

The exponential dependence of 7;(R;) on V; and A, indicates that, for large values of
Nur, the quantum efficiency is very sensitive to changes in R;; as much is suggested by
Fig. 6.10. One means by which the effective capture volume and surface area can be
increased for carriers in an ensemble of NCs with edge-to-edge space on the order of
nanometres is by tunnelling from NC to NC. It has recently been shown that many as-
pects of the spectral behaviour of PL from densely-packed ensembles of crystalline Si NCs
can be accounted for in the context of inter-NC tunnelling.® In light of the success of this
tunnelling model for ¢-Si NCs, this possibility will now be considered for a-Si NC speci-
mens.

6.3 Tunnelling: simulation

Tunnelling of carriers between closely-spaced low-dimensional structures is a well-known
effect. For non-resonant tunnelling between GaAs quantum wells of slightly different
widths through ~nm-thick Al,Ga;_,As barriers, the theory for the textbook case of res-
onant tunnelling through a potential barrier (see §D.1) has been shown to provide an ad-
equate description,'>'6 despite the fact that the plane-wave solutions for the incident, re-
flected, and transmitted wavefunctions is clearly a significant oversimplification for car-
riers confined in a quantum well, wire, or dot. The tunnelling transmission coefficient
through a rectangular barrier of height V' and width d for a carrier with energy F is given
by'

4 (%ﬁ) E(V - E)

(6.18)

4(ﬂ) E(V —E)+ [(%’ —1)E+V}2sinh2§

mp

fSee §D.1 and references therein for a derivation of this expression and corrections to the corresponding
relations used in Refs. >,
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where m, and m; are the effective carrier masses outside and inside the barrier, respec-

tively, and A = —;—’Zn; is the wavefunction penetration depth in the barrier.
my(V —

One might doubt even further the applicability of such a model to the case of a col-
lection of amorphous semiconductor quantum dots, since the wavefunctions of localised
carriers resemble the plane waves assumed in Eq. (6.18) even less than do the extended
Bloch waves of carriers in a crystalline semiconductor. It is therefore instructive to consider
the nature of the lowest-lying states (i.e., whether localised or extended) in the simulated
ensembles of nanoclusters considered in this chapter. Fig. 6.11 illustrates the probabil-
ity density of the lowest-lying electron and hole energies for the simulation of the 400-°C
specimen, relative to the valence-band mobility edge E,. The shaded portions of the plot
correspond to extended states, that is, states with energies outside the mobility gap: for
this simulation, ~15% of holes and ~31% of electrons exist in extended states. Since the
size distribution for this specimen yields smaller particles, on average, than found in the
other specimens, it should represent an upper bound with respect to the proportion of
extended carriers.

Although the majority of the states are localised, it is useful to investigate a simplified
tunnelling process for heuristic purposes. As such, we will treat all carriers equally, mak-
ing no distinction between localised or extended states. In this limit, we are effectively
allowing a greater possibility for tunnelling of carriers residing deep in the mobility gap
than is present in reality. The tunnelling rate is then given by wwnn = 10T, where T is the
barrier transparency given in Eq. (6.18), and vy is the tunnelling attempt frequency; for a
carrier initially confined in a 1D well of width L, 1y may be approximated classically as

v 1 /2F %
vo =57 = T (;n—p> (6.19)

To evaluate this expression, a shift is made in the carrier energies, separately, defining the
zero of energy as that of the lowest-lying electron or hole, as appropriate. While this re-
sults in a zero probability of tunnelling from the two NCs in the ensemble with the (global)
lowest-energy carrier states, this effect should be small overall; this is also suggested from
the WKB limit of Eq. (6.18), which, for a rectangular barrier, is a function only of the dif-
ference V — E.17 It is a further approximation to use Eq. (6.19) for a carrier confined in a
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spherical quantum dot. However, since the tunnelling probability is expected to be dom-
inated by T rather than 1y, this should be acceptable within the heuristic context of this
example.

The tunnelling simulation is implemented as follows. First, simulated ensembles of
a-Si NCs corresponding to the 400-, 500-, and 700-°C specimens are constructed which
mirror the size distribution and packing fraction resulting from each annealing tempera-
ture. 10* NC radii are generated as before, and randomly placed in a spherical box with
a radius chosen to provide the correct NC packing fraction for the specimen to be consid-
ered. This packing fraction is defined as the fraction of material existing in an Si phase,
Zsi phase, Which may be determined experimentally by EELS measurements (see Table C.1).
An electron and a hole are then placed in a NC and allowed to tunnel independently to
NCs with lower energy states until such time as they “recombine” or become “stuck.” Dur-
ing each timestep of At =100 fs, 101 possible events are considered for each carrier: the
carrier can “recombine” with probability 1 — eAt/Tr where 7, = 0.5 us is the characteristic
lifetime of the PL from the a-Si specimens, or tunnel to one of the 100-closest particles,
with probability 1 — e¥umA%; the order of checking for each of these possibilities was ran-
dom, different for each timestep. If no tunnelling events occur for 10 timesteps, the carrier
is considered to be “stuck,” having found a local minimum in the energy landscape. The
effective accessible volume V. for this electron-hole pair is then taken to be the maximum
of the sum of the NC volumes visited by each carrier. To avoid edge effects, only the 8000
centremost NCs were used as starting points. The values of the parameters used in this
simulation are summarised in Table 6.1.

Table 6.1: Values for the parameters used in the tunnelling simulation.

Parameter name Symbol Value  Note

Electron effective mass in a-5i My, 040mo  From Ref.%, pg. 144

Hole effective mass in a-Si Mp, 0.17mo  Inferred from Refs.>!3
Electron effective mass in SiO» M, 042mp  From Ref.®

Hole effective mass in S5iOz My, 0.33mo  From Ref.®

Bandgap of a-Si Eq s 20eV  From simulations in §6.2.3
Bandgap of SiO; Ego, 89eV  From Ref.”

CB mobility edge-Fermi level separationin a-Si (E. — Er)esi 1.0eV  Assume Er lies mid-gap
CB edge~Fermi level separation in SiO- (E. — Er)sio, 4.21eV Inferred from Ref.?
Electron barrier height Ve 3.21eV  Inferred from above values
Hole barrier height Va 3.69 eV Inferred from above values

The results of the tunnelling simulations for the 400-, 500-, and 700-°C specimens are
shown in Fig. 6.12. The average accessible NC volume, V ace, is indicated by an arrow in
each plot. For comparison, the average average nanocluster volume V is also displayed.
For convenience, we may therefore define the average number of NCs visited by carriers
as Mlacc = Vace/V; Mace 18 2.4, 3.2, and 3.1, for the 400-, 500-, and 700-°C specimens, respec-
tively. To examine the effect this tunnelling has on the quenching behaviour of the MC
luminescence model in a first-order approximation, we may simply adjust the values of
n:(Ve, Ac) for each NC to reflect the increase in effective capture volume. That is to say,
we assume that the emission energy for a given NC remains the same, but with a reduced
probability of radiative recombination:

gt = oM Vahy ~Nene AR (6.20)
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Fig. 6.12: Histograms of the accessible NC volume, Vjc, for 400-, 500-, and 700-°C specimen tunnelling simulations.
The positions of the mean accessible volumes are indicated by arrows.

where A
Vaecfcfi = gﬂ'Rz + (Tlace = 1)V ace (6.21)
and
2
off 2 | (= 3= \3
Aacci = 47TRti + (Pace ~ 1) |47 Evacc (6.22)

for nanocluster <.

Incorporating the tunnelling results thus into the Monte Carlo luminescence simula-
tion, the quenching of the PL is modified to the situation shown in Fig. 6.13. In this figure,
we see that the ability of the model to reproduce the experimentally-observed quenching
behaviour has been lost: no value of Ny, can produce the good qualitative fits shown in
Fig. 6.10e and f. The shift in the ratios of the effective accessible volumes for the three
specimens, that is, the change in Vace,goc : Vaceggoe © Vacopgoe from ~1.0:1.5:1.9 (no tun-
nelling) to ~1.0:2.0:2.5 (tunnelling), is responsible for the results in Fig. 6.13. Although it is
imprudent to draw many firm conclusions from the results of such a simplified tunnelling
model, they suggest, as expected from the much larger proportion of localised states and
lower overall extended-state energies relative to carriers in Si nanocrystals,® that inter-

Fig. 6.13: Comparison of experiment
and Monte Carlo luminescence simula-
N =1x107 o3 tions for integrated intensity PL quench-
e ing, including the effect of tunnelling,
©. | for 400-, 500-, and 700-°C specimens.
" Experiment The experimental quenching is denoted
by open circles, with the MC simulation
results including the effect of V¥ indi-
cated by closed circles; the values of Ny
are indicated for each simulation. The
lines are a guide to the eye. Note the lack
of qualitative agreement for the quench-
ing behaviour.
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nanocluster tunnelling plays a limited role in the luminescence from a-Si-NC-containing
nanocomposite thin films.

6.4 Conclusions

The photoluminescence from ensembles of a-Si NCs has been simulated using a model de-
veloped for bulk a-Si:H,%!° in which radiative recombination occurs between the lowest-
lying electron and hole states for a given nanocluster size; the probability density functions
for these e-h pair energies are calculated using density of states functions including both
the quadratic (extended) bands and the exponential (localised) band tails. This model
was implemented using numerically-averaged single-NC simulations, as well as a Monte
Carlo approach for an ensemble of NCs. The width of the experimentally-observed PL
spectra from a-Si-NC-containing thin films is mostly likely dominated by homogeneous
broadening, characterised by an increase in the valence- and conduction-band Urbach en-
ergies, although inhomogeneous broadening due to a distribution in NC radii may also
contribute. The strong quenching behaviour of the PL can be well-described by consid-
ering an ensemble of isolated NCs with a non-radiative volume defect density on the or-
der of 10%% ecm™3. Increasing the effective volume accessible to carriers using a simplified
inter-NC tunnelling model did not yield luminescence quenching behaviour which could
be fit to the experimental data; the increase in V¢ found by this tunnelling model, how-
ever, likely constitutes an upper limit, since by its simplified construction, the simulated
tunnelling probabilities of localised states are likely much higher than in reality. Future
refinements to these simulations include a detailed treatment of the quantum efficiency of
each nanocluster for defect density concentration regimes yielding capture radii smaller
than the nanocluster diameters, and considering the tunnelling process between a-5i NCs
with more rigour.
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CHAPTER 7

Energy transfer modelling in the a-Si-Er** system

The Si-NC-Er system is impossible to model.
A. Polman, E-MRS 2006 Spring Meeting

7.1 Introduction

Rare-earth-doped silicon nanocomposites have been the focus of widespread research in-
terest, driven largely by their suitability for integrated photonics and opto-electronics.
Strong emission from trivalent rare earth ions at technologically-significant wavelengths
in the near infrared has been demonstrated from films containing crystalline'? or amor-
phous3 Si nanoclusters, due to the now well-established—at least in terms of observations,
since the details of the mechanism are still not fully understood—sensitisation effect exhib-
ited by NCs. In particular, Si nanocomposite films doped with erbium can emit strongly at
1.54 pm, corresponding to the third transparency window for minimum attenuation in
conventional silica optical fibres, and therefore comprise an attractive class of materials for
potential use in Er-doped waveguide amplifiers (EDWAs) (see, e.g., Refs.4).

A thorough understanding of the population dynamics in the Si-NC-Er system is es-
sential for the development of viable EDWAs; in particular, the maximum output power
is limited by the energy transfer rate between the Si-NC and the Er®* ions. To this end,
numerous phenomenological models have been proposed, of varying complexity, to in-
vestigate the relative importance of cooperative upconversion, excited-state excitation,
confined carrier absorption, energy migration, and other gain-limiting processes.”® In
general, these models consist of several coupled nonlinear differential equations which
must be solved numerically. While the model of Pacifici et al.” is thorough in terms of
the processes considered, the large number of free parameters—ten in total—involved in
fitting to experimental time-resolved PL data calls into question the uniqueness of the fit,
as demonstrated by a discrepancy in the 47,5 /2 —45, /2,2]-[ 11/2 Si-NC-Er excited-state exci-
tation energy transfer coefficient, Cpy: the values obtained by Pacifici” and Loh?® differ by
over four orders of magnitude.

Also of dubious validity is the common practice of modelling Si NCs as effective two-
level systems: whether due to a distribution in sizes in the ensemble, interactions between
NCs, variation in the local density of states due to a distribution in proximity to a high-
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index substrate,” or some other phenomenon, investigations of PL dynamics from un-
doped Si-NC films often exhibit markedly non-exponential behaviour; 1! this underly-
ing distribution in NC lifetimes should be considered for an accurate description of the
Si-NC-Er interaction.

In this chapter, a simple model is proposed which comprises the most important levels
in the Si-NC-Er system, valid for optical pumping conditions in which the ground-state
levels of the nanoclusters and Er3* ions can be treated as approximately constant; in such
an excitation regime, analytical solutions to the system of rate equations exist (see Ap-
pendix A). In addition to providing simple functions to fit to time-resolved PL data, the
lucidity afforded by an analytical description of the population dynamics can provide a
useful starting-point in the interpretation of more complex models.

7.2 Experimental

200-nm-thick Si-NC:Er films were deposited on fused quartz wafers by co-evaporation of
SiO (electron-beam) and metallic Er (thermal), the deposition rates being measured by two
independent quartz crystal monitors; the nominal SiO:Er rates varied from ~1000:1 to 25:1.
A compositional analysis of the films was carried out via EMPA using a 3-kV beam energy;
results are shown in Table 7.1. The films were annealed in 96% N3+4% Hj at 500 °C for one
hour to precipitate amorphous nanoclusters, the presence of hydrogen increasing the PL
intensity due to the passivation of non-radiative traps on nanocrystal surfaces.?!3 The mi-
crostructure of the Si NCs produced by this method have been previously investigated by
our group.*1> For visible PL, time- and frequency-resolved photoluminescence dynamics
were measured using a photomultiplier tube with a ~300 ps response time interfaced to
a multichannel analyser with 250 ns time bins; near-infrared PL. dynamics were measured
using a thermoelectrically-cooled InGaAs photodiode interfaced to a digital storage oscil-
loscope. The 514- or 476-nm lines of an Ar* ion laser were used as the excitation source
(spot size ~4 mm?), the amplitude of which was controlled via an acousto-optic modulator
(AOM).

Table 7.1: Compositional analysis of SiO:Er films obtained using EMPA. All data are normalised to 100%. Specimen
ST5 had a very low Er concentration, nearing the detection limit of the EMPA system, and yielded aberrant Si and O
results (note that the values correspond very closely to pure silica), since the film should be nearly stoichiometric SiO;
as such, we take the measured Er concentration as an upper limit in this specimen. The calculation for Er concentration
in cm~3 is shown in §C.4.

Specimen Nominal SiO:Er ratio  Si(at.%) O (at.%) Er (at.%) Er(cm—%)

ST1 25:1 478404 501403 2134004 1.2 x 10%

ST2 50:1 49.240.7 49.84+07  0.95+0.02 5.5 x 10%°

ST3 100:1 48.1+0.2 51.3+0.2 0.59+0.01 3.4 x 10*°

ST4 200:1 47940.1 51.9+0.1 022240008 1.3 x 10%

ST5 ~1000:1 32.1+0.2 67.9+0.2 ~0.03 1.9 x 10'°
7.3 Model

In a rate equation analysis of two coupled systems (Si NCs and Er®* ions, for instance),
the interaction is introduced via coupling coefficients, C;;, resulting in a transfer of energy
from level i in one system to level j in the other. If there are a total of n, levels in the system,
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this results in a set of ny, nonlinear rate equations involving C;; N; N; terms, where N; is the
population of level i, which in general must be solved numerically. However, if the optical
excitation of the nanoclusters is small, such that the fraction of excited NCs and Er®* ions
is small, we may make the approximation that N,(t) and N,(t), the respective populations
of the NC and Er3* ground states, remain constant. In this small excitation regime, the
coupling coefficient Cy;, governing the energy transfer between the NC and the Er3* may
be replaced by a simple transfer rate wy; = Cp1 N7, where N; is the concentration of Er3*
ions, and the total system may be described by (n; — 2) linear differential equations. This
is in contrast to the pumping regime described by Loh and Kenyon,8 in which the Er3+ are
driven into saturation and N; ~ 0.

For simplicity, an effective two-level nanocluster is assumed, with a recombination rate
of wy,; a distribution in NC lifetimes can be incorporated later by approximating the real
NC system by several two-level systems in the model with appropriate weights. For the
energy transfer pathway between NC and Er3*, a transfer from the ~700 nm broad NC PL
band to the I, /2 level in the ion is assumed, as in Pacifici et al.” As such, backtransfer to
the NC should be negligible, as the “Iy/; level is quickly depopulated to *Iy;; via a very
fast non-radiative relaxation (ws3).” In the small excitation regime, excited-state excitation
should be also relatively unimportant, as the fraction of excited ions is small, and the
effect of cooperative upconversion and energy migration may be neglected for a suitably
low Er concentration. In this way, the set of differential equations describing the system
(diagrammed in Fig. 7.1) is:

dn,
Eﬁ = 0N, — (wpa + wp1) Ny (7.1a)
d.N:
—(EZ - w32N3 - 'LU21N2 (7.1b)
d.V:
—&t—3 = wy3 Ny — (w31 + waz) N3 (7.1¢c)
dn.
——dt4 = wp1 Np — wag Ny (7.1d)

where @ is the excitation photon flux, o is the NC absorption cross-section, and N/, is the
concentration of the NCs. We will consider the response of this system subject to initial
conditions of zero for all excited states, under square-wave excitation (i.e. for ¢ > togf, We
set ® = 0in Eq. (7.1a) ).
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The evolution of levels b, 2, and 3 are directly accessible experimentally via time-
resolved measurements of the nanocluster, 1535-nm, and 980-nm PL, respectively, in that
I;(t) oc wyj,,, Ni(t), where w;;, is the radiative part of the transition rate from level i to level
4. Thus, for these levels, we have, for 0 < ¢t < tof:

Ny(t) = _(_7%_ [1 _ e_(wba"‘wbl)t] (7.2a)
Whe + Wh
Ny(t) = o® N, [ !
2 = 0PWp1 W32
* L way (w31 + w3a) (whe + wer)
W43 e—wzlt
wo1 (w31 + w3z — war)(Wea + w1 — war ) (w21 — wa3)
wWq3 e—(w31+w32)t
(w31 + ws2) (was — w31 — w32)(Wee + We1 — w31 — w3z) (W31 + waz — wai)
1 e—U)43t
(wo1 — waz)(waz — w31 — w3z) (Whe + W1 — w43)
W43 e—(wba-l-wbl)t:I
(Wha + Wr1 ) (Wha + We1 — W21 ) (Wha + W1 — waz)(Wee + Wp1 — w31 — W32)
(7.2b)
Na(t) = cBup A, [ !
3(t) = oy
¢ (w1 + ws2) (e + we)
W43 o~ (wa1+wsz2)t
(w31 + w32) (waz — w31 — wszz)(ws1 + W3z — Weg — Wh1)
+ 1 e——’w43t
(w43 — w31 — w32)(Whe + W1 — Wa3)
(Wha + wa1) (Waa + w1 — waz) (w31 + W32 — Weg — We1)
and fort > t,5:
Ny(t) = nbe—(wm+wm)(t—toﬁ) (7.3a)
W43W32WH1 M
No(t) =
2(?) [(wBl + w32 — wa1)(Whe + Wer — wo1) (w43 — war)
W43W327)4 w3273 n 172] e~ w21 (t—tog)
(w31 + wag — w1 )(was —wa1) w31 + wsg — w1
[ W43W3I2WH1Mh
(Wha + wp1 — w31 — w32)(waz — wa1 — w32) (w1 — W31 — Wa2)
n W43W3274 w3273 o~ (wsrtws2)(t—tog )
(w4 — w31 — w32)(war — w31 — w32) W21 — W31 — W32
[ W43W32M4
+
(waz — w31 — wsz)(waz — wa)
n W43 W32WhH1 Mp ] W3 (t—tog)
(Wha + wpy — waz)(wa3 — w31 — w32)(wWaz — war)
W43W32Wh1TJb o~ (Whatwy) (t~tog ) (7.3b)

(Whg + wp1 — w31 — w32) (Weg + Wpr — Wa3) (W21 — Whe — Wp1)
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Na(t) = [ W43Wp1Tp
(w43 — w31 — w32) (Wpe + w1 — w31 — W32)
Wa3n4 + 773J e*(w31+w32)(t—toﬁ‘)
W43 — W31 — W32
[ W4374 W43Wp1 b } o—was(t—tog)
w3y +wsz —waz (w31 + w3z — waz)(Wh + Wpr — Wa3)

W43 Wp17b

e~ (Woa+wn1) (t—tog ) (7.3c)
(Wpa + wr1 — Wa3) (Whe + Wp1 — W31 — W32)

where n; = N; (toff)fr Note that, in the small excitation regime, the steady-state values of all
level populations are linear with .

Applying a fit to equations (7.3b) and (7.3¢c) to time-resolved PL decay data for the
41}y —*I;5/; emission at 980 nm or the *I;3/, —*I;5,, at 1.54 um to extract values for the
various lifetimes, however, can be problematic. Even in this simple model, both N3(¢) and
Ny4(t) are multi-exponential, with lifetimes for the component single exponentials which
may be comparable (cf. w31 + w32 ~ 4.2 x 10° s7! and wy; ~ 10° s~ in Pacifici et al.,”
since 7 &~ 1 ps) and thus difficult to obtain uniquely. Furthermore, any fit to experimental
data must include a multiplicative factor to account for the collection efficiency of the PL,
adding yet another parameter to the fit.

Recourse to an ad hoc fit of time-resolved Er®" PL data to a bi-exponential for the
I3 /2 —4s /2 transition at 1.54 m has been employed by some authors, several of whom
have gone so far as to postulate two different optically-active sites in Er3*, obtaining two
lifetimes and their relative contributions to the total PL from such a fit. 117 However, not
only is there no reputable method, in general, of discriminating between goodness of bi-,
tri-, or stretched exponential fits of data with experimental noise, but even a biexponential
in which all four parameters (the lifetimes and the amplitudes) are to be fitted is very ill-
conditioned, viz. it may not yield a unique fit.'® As such, the number of free parameters
must be reduced to have confidence in the uniqueness of a fit.

7.3.1 Determining wo;: 1535 nm PL

By considering the decay of the “I;3/, state in Er**, we may both fix the value of wq; as
well as determine the upper limit of the small excitation regime with respect to the pump
photon flux ®. Selecting the 1535-nm PL with a band-pass filter, the decay of the PL was
measured with a cooled InGaAs photodiode for square-wave 476-nm excitation chopped
at 9.5 Hz. The incident power during illumination was varied between 0.10 and 6.30 mW
(corresponding to photon fluxes of ~1.3x10% and ~4.0x10'” cm~2s~!), and 10 000 sweeps
were averaged for each incident power. The data shown in Fig. 7.2a is from specimen ST5
(0.03 at.% Er).

From the plot of steady-state PL values as a function of ® (inset of Fig. 7.2a), a clear
saturation effect is visible for the higher incident powers. For ® < 1017 cm~2s~1, however,
the steady-state value is, to a good approximation, linear with ®. This provides a working
definition of the small excitation regime for the specimens considered in this chapter.

Examining Eq. (7.3b), we see that the 1535-nm PL should be described by a sum of four
exponentials, with rates of wa1, w31 +ws2, W +ws1, and wys. For Er-doped nanocrystalline

Please refer to §A.3.3 for the solutions to Ny(t).
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Fig. 7.2: Analysis of 1535-nm PL. In (a), 1535-nm PL decays from specimen ST5 (0.03 at.% Er.) is plotted for
several different excitation fluxes, with the steady-state values plotted vs. & in the inset (note the linear trend for
@ < 1017 em~?s~1). A means of estimating the 1,5/5 —41I;5 - radiative recombination lifetime T2535,,, is shown
in (b) for ST3, ST4, and ST5 (the decays have been arbitrarily displaced vertically for clarity). Using sequentially later
starting points for single-exponential fits, the lifetime for the lowest-concentration sample, ST5, appears to saturate to
a value of ~3.8 ms. The solid lines give the fit of these data to Eq. (7.4).

Si samples, Pacifici et al.” give values of w3y + w31 ~ 4.2 x 10° 571, wy3 =~ 1 x 107 s, and
p g

wpr = 1/7 & 1 x 10° s7L. Since the ~700-nm a-Si-NC PL from the specimens considered
here has a fast component on the order of 0.2 us (see §7.3.2), woy, the 41,5 /2 —41s /2 Ta-
diative recombination rate, is expected to be the smallest of the four rates in Eq. (7.3b); the
lifetime 71535, = 1/w9; can be as large as ~15 ms in SiO; and other silicate glass hosts.®

This provides a means of estimating the intrinsic (radiative) value of wy; , for these
specimens: if single-exponential fits are applied from progressively later and later start-
ing points in the 1535-nm PL data after the excitation has been switched off, the faster
components of the decay will contribute progressively less and less to the overall signal,
and the single-exponential lifetime obtained from the fit (71535) should become larger and
tend to saturation. The inset to Fig. 7.2b shows the results of such a procedure, for spec-
imens ST3, ST4, and ST5, with ® ~ 10'7 cm?s~!. Since the signal-to-noise ratio (SNR) of
an exponentially-decaying signal becomes smaller as time advances, we cannot continue
this fitting procedure indefinitely, and therefore cannot directly measure the value toward
which 7535 is saturating. As such, to estimate 7i535,,, 71535 may be fit to a function of the
form:

‘M) (7.4)

T1535 = T1535, (1 —e &
where ¢, is the starting time (i.e., the temporal origin used for each fit), and ¢, t,, and
T1535,, are free parameters. The results of fitting the 7535 data for the three specimens
are shown as solid lines in the inset to Fig. 7.2b. For the lowest-concentration specimen
(ST5, 0.03 at.% Er), the value of 7535 , obtained from a fit to Eq. (7.4) is ~3.8 ms. This a
factor of ~3 smaller than the PL lifetime from Er-doped silicate glasses with a similar Er
concentration,? but much larger than the values reported from bulk amorphous silicon
(~200-400 s for LPCVD a-Si:O,H).%!

In the concentration quenching effect,?? an excited Er®" ion transfers its energy res-
onantly to unexcited Er*" ions, the energy migration being favoured for smaller Er-Er

This function is purely phenomenological, chosen simply because it provides a means of quantifying the
value to which 7535 is saturating.
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distances (higher concentrations), until a quenching centre such as a hydroxyl group? is
encountered. This energy migration increases the total decay rate as the Er concentration is
increased. We can see evidence for concentration quenching in the smaller saturation val-
ues for 7535, as the Er concentration is increased (refer to the 0.22 and 0.59 at.% Er curves
in the inset to Fig. 7.2). Therefore, in this model, since concentration quenching processes
have been neglected, specimen ST5 will be used for the remainder of the analysis, since its
low level of Er doping should result in a fairly accurate description by Egs. (7.3).

7.3.2 Determining w;,: undoped a-Si-NC PL

If the “strong coupling” model? for the Si-NC-Er3* energy transfer is strictly valid, the
only measurable Si-NC PL would originate from nanoclusters which are isolated from the
erbium ions; as such, one could use the dynamics of the ~700 nm PL band from a lightly-
doped Si-NC:Er film to extract values for wy,, the intrinsic a-Si-NC recombination rate.
However, the transfer rate is much more likely to be a strong function of nanocluster-Er
distance, of which there is necessarily a distribution. For instance, as explained in §1.3.2,
wp1 X rl._js for electric multipole interactions, in which S = 2 for dipole—dipole (Forster)
interactions,”® S = 8 for dipole—quadrupole interactions and S = 10 for quadrupole—
quadrupole interactions,?® and wy; o e~/ for exchange (Dexter) transfer.?® To avoid
such complications, an undoped a-Si-NC film will be used in the investigation of the dis-
tribution in wy,.

If the two-level assumption is valid to describe the PL from a thin-film specimen typi-
cally containing ~10'3 NCs in the excitation volume, the decay should be single exponen-
tial, with intensity varying as I(t) = Ipe ! from the time when the excitation is switched
off (see Appendix A.2.1). This assumption may be tested using time- and frequency-
resolved measurements.

Fig. 7.3 compares the dynamics of PL from films containing a- and ¢-Si NCs via stan-
dard time-resolved PL decays from steady state as well as frequency-resolved spectra (in-
set). From the time-resolved data, it is clear that the PL from the a-S5i-NC films is strongly
non-exponential; while less obvious to the eye, the emission from the ¢-Si NCs is also not

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



104

well-described by a single exponential. Given the aforementioned difficulty in discrimi-
nating between the validity of bi- tri- or stretched-exponential fits from time-resolved data,
however, it is useful to compare the response of the films in the frequency domain.

Quadrature frequency-resolved spectroscopy (QFRS) is a method which can be used
to extract information about the distribution of PL lifetime components in a material, and
is described in detail in Appendix B.2. Briefly, in QFRS, the excitation consists of both
DC and sinusoidally-modulated components, the frequency of which, w, is scanned over
several decades. The resultant PL is recorded in terms of its amplitude and phase with
respect to the excitation signal, and may then be fit by a number of single-exponential
QFRS peaks, S(w;7), given by Eq. (B.21).

The inset to Fig. 7.3 shows QFRS spectra for undoped crystalline and amorphous
Si-NC films, corresponding to excitation rates of ¢® ~ 50 and 30 s, respectively. The
¢-Si-NC spectrum fits well to a sum of three S(w; 7) peaks (lifetimes of 42.2 us, 242.8 i1s, and
763.1 us, with relative weights of 0.127, 0.505, and 0.367, respectively); applying these life-
times to the associated time-resolved PL decay data results in a fit with R? = 0.997. As the
same fit parameter values (7; and weights) are returned for a wide range of initial guesses
in the nonlinear least-squares fit, it is reasonable to have confidence in their uniqueness.
The QFRS spectrum of the a-5i-NC specimen, however, is very broad, tending toward a
high-frequency peak beyond the ~1-MHz detection limit of our system, as expected from
the associated time-resolved behaviour shown in Fig. 7.3. For the frequency range given, a
successful fit of the QFRS data well to three or four S(w; 7) peaks was not achieved, though
this is most likely because we only have data for the low-frequency side of the main peak.
Thus, although a quantitative analysis of the lifetime distribution of a-Si-NC samples is
not possible from these data, it is evident that a wide distribution of lifetimes exists in both
the crystalline and amorphous NC emission, suggesting that an accurate description of the
Si-NC-Er system should include several lifetime components.

For the purposes of the a-5i-Nc—Er®* rate equation model, however, if one is primarily
interested in obtaining the energy transfer rate ws;, so long as the population of the un-
doped nanocluster level N, may be phenomenologically described by some weighted sum
of exponentials with weights ¢; and recombination rates wy,,, the response of the Er®* may
be modelled by appropriately-weighted sums of Eqgs. (7.3b) and (7.3b) for the 1535- and
980-nm PL, respectively.

As such, if one does not wish to draw any conclusions with respect to the underlying
physical processes governing the a-5i-NC PL, one is free to choose the number of recom-
bination rates wy,,; to include in the description. Since a tri-exponential fit provides three
widely-spaced values for wp,, and fits the experimental data reasonably well (R? ~ 0.92;
cf. R? ~ 0.75 for a bi-exponential), while the addition of a fourth exponential function
only provides a marginal improvement in the goodness of fit (R? = 0.98), a tri-exponential
function will be used here.

Time-resolved PL from a thick (>1 pm) SiO film annealed at 500 °C in forming gas was
collected for 476-nm square-wave excitation in the small excitation regime (as determined
in §7.3.1). Given the low repetition rate of 9.5 Hz, decay is essentially from steady-state
values. Four such decays were fit to tri-exponentials; the results are summarised in Table
7.2. For comparison, values for 7 and 3 for stretched exponential fits of the data are also
given. Note that if one is only interested in providing a description of the dynamics of the a-
Si-NC PL in terms of sums of exponentials, for use in the NC-Er coupled system model, it
is of no consequence that the “best-fit” parameters for the tri-exponential are not unique: 8
as far as the Er®" ions are concerned, their excitation source will be described accurately.
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Table 7.2: Tri- and stretched-exponential fitting parameters for a-Si-NC PL. The measurements yielded steady-state
PL values which are linear with ®, confirming that pumping is still in the small excitation regime. The RZ values are
used as the weights for the averaging shown in the last column.

| @(x10%em2Y) | 13 32 62 9.7 || Weighted average |
c1 0.846 0.849 0.848 0.851 0.848
c2 0.103 0.101 0.848 0.103 0.102
c3 0.052 0.050 0.049 0.046 0.049
Tri-exponential | 71 0.190 us 0.183 us 0.218 us 0.197 us 0.197 us
T2 0.132 ms 0.133 ms 0.135 ms 0.131 ms 0.133 ms
T3 8.30 ms 8.39 ms 8.17 ms 7.95 ms 8.20 ms
R? 0.853 0919 0.943 0.950
Stretched 7 | 3l.1ns 26.0 ns 29.5ns 27.6 ns 28.5ns
. B8 0.108 0.107 0.109 0.110 0.109
exponential e 57 0.989 0.994 0.99

7.3.3 The futility of fitting: properties of Eqs. (7.3)

It may seem that, having determined values for wjy, and w1, it will now be possible to
begin fitting experimental *I;3/9 —*I15/5 and *Iy1 /5 —*I;55 decay data using Eqns. (7.3b)
and (7.3c). As a first approximation, one might choose only the fast component of the
a-Si NC decay (viz., 71 in Table 7.2), and let wy3 — o0, as it is expected that the non-
radiative transition from 4 — 3 is very fast.” The equations to be fit would be of the form
I;(t) = ajyw;1N;(t), where j is 2 or 3 and a; is a constant describing the collection effi-
ciency of the PL from the j — 1 transition. Since a7; is unknown, and must be left as a
free parameter during the fit, there is nothing to be gained by having w;; as part of the
proportionality constant; thus, we may simply fit to I;(t) = a;1N;(t), where a;1 = ajwj1.
As such, for a given fit, no information is lost by normalising the decay to unity at ¢ = 0.

However, there now enters a subtlety with respect to the form of Eqns. (7.3b) and
(7.3c) which essentially precludes the extraction of a meaningful value of w;; from a fit
to these equations. Let us consider typical values for the various rates in the system:
wo1 & 263571 (§7.3.1), wpe ~ 5x 108571 (§7.3.2), and wyz ~ 107 s71, w3e ~ 4.2x 10551, and
w31 ~ 1400 s~ (from Ref.”). In the event that a fit does not yield a unique value for wy;,
one might hope at least to establish lower and upper limits for this rate. To this end,
Egs. (7.3b) and (7.3c) will now be considered, decaying from steady state, and normalised
to unity at ¢ = 0 (i.e., dividing by 7; for t,¢ — o0), for the extreme cases of wy; — 0 and
wp1 — 0o. The following expressions are obtained:

_ waz(w31 + W32)Whe
w1 —0 (w31 + w32 — wa1 ) (Wpe — wa1)(waz — w1)
W1 W43 Wha
(w31 + w3z — wa1)(Wpe — w31 — waz) (w1 + wzg — was)
. (w31 + w32) w1 Wha o—wast
(wa3 — war)(waz — w31 — w3z)(Whe — Wa3)
wazway (W31 + w32)

(wpg — w31 — w32)(Whe — Waz) (W21 — Why)

—wa1t

No(t)

e~ (w3i+ws2)t

— Wyt

e (7.5a)
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Fig. 7.4: Decay curves for Nz(t) and N3(t) in the limits of wp; — 0 and wp; — oo are shown in the insets of (a) and
(b), respectively, using typical values for the other rates as indicated in the text. The difference between the wy; — 0
and wp; — oo cases are shown in the main figures.

Na(t) _ wy3(w31 + ws3z) J——
wp oo (W31 W2 — wa1 ) (w3 — wa1)
W21W43 —(w31+wsa2)t (w31 + wsz)wa1 —wast
4 € + e
(w31 + w3 — wa1) (w31 + w3z — wa3) (was — war)(waz — w31 — w32)
(7.5b)
and
Ns(t) = W43Wha e~ (wa1+wsz)t
wp1—0 (w43 — w31 — w32)(wba — w31 — w32)
Whg (W31 + W wyz(w w
+ ba (W31 + W32) ——— 13(w31 + wsz) et (7.6a)
(wha — wa3) (w31 + W32 — wy3) (Wha — Ww43)(Whe — W31 — W32)
Na(®) _ W8 -(wsrwa) AW cugt (7
wp—oo W43 T W31 — W32 W31 + W32 — W43

These four equations should therefore comprise the most widely-differing behaviour of
Egs. (7.3b) and (7.3c) with respect to ws;; they are plotted in the insets to Fig. 7.4. Also
shown are the difference between Eqs. (7.5a) and (7.5b) (Fig. 7.4a), and between Egs. (7.6a)
and (7.6b) (Fig. 7.4b), which indicate the magnitude and position in time in which the
largest difference in decays occurs due to the largest possible variation in w;;. For the
typical values for the rates used in this analysis, the maximum difference is less than 1074
for the 1535-nm PL and less than 0.07 for the 980-nm PL. Given that the noise level for
the normalised experimental 47,5 /2 —4145 /2 and I /2 —4 15 /2 decay curves is ~0.01 and
~0.04, respectively, it is a practical impossibility even to bracket wp; within any reasonable
limits using this technique, let alone obtain a meaningful value in which one may have
confidence.

The situation is not improved significantly even if time-resolved PL data from both the
1535-nm and 980-nm bands are fit simultaneously, since both Egs. (7.3b) and (7.3¢) suffer
from the same weak dependence on wy;. To determine a value for w;; from an analysis of
the Er®* PL, one is therefore obliged to consider the system’s response to another experi-
mental parameter: the temperature.
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7.3.4 Temperature dependence of ¢-Si-NC and Er®** PL

Thus far in this chapter, we have considered the recombination of electron-hole pairs in
the a-5i NCs to be characterised by a single rate wy,. However, there are in fact two con-
tributions to the recombination rate: a radiative component, wp,,, and a non-radiative
component, we,,,, such that wy, = wpq, + W, In bulk amorphous hydrogenated Si
(a-Si:H), the weak band tail recombination probability yields an average radiative rate of
Wpa, =~ 10 s71, which is much smaller than the phonon-assisted non-radiative recombina-
tion rate at a defect, Wy, ~ 1013 s71.27 In the a-Si-NC specimens considered here, however,
the fast component of the PL decay is on the order of 106 s71.28 Thermal quenching of lu-
minescence in a-Si is generally explained by the competition between these radiative and
non-radiative recombination rates, such that as the temperature increases, increased car-
rier mobility allows more defects to become accessible, increasing wy,,,, and decreasing the
luminescence quantum efficiency, yr..? In terms of the recombination rates, the quantum
efficiency, which is proportional to the PL intensity, is defined as
Wha,,

yL Wha,. + Whay, (77)

The emission from films containing a-Si NCs is strikingly different than that from bulk
a-Si:H, as illustrated in Fig. 7.5. In bulk a-Si:H, the luminescence nominally has a dis-
tribution in lifetimes extending from ~1077 to ~1072 s, decaying quickly to 90% of its
initial value in a few us, and somewhat more slowly thereafter, decreasing by a factor
of 10° less than its initial value by ~140 us (values taken from Ref.?, for a specimen at
81 K). In contrast, a-Si-NC emission, while still exhibiting a fast initial decay, only drops
by a factor of ~2—4 before decaying much more slowly, such that a significant fraction of
the PL exists even after 10 ms (specimen at 77 K). The slow component is non-exponential,
and may be fit by stretched exponential®® or Becquerel®! decay functions, characteristic
of systems possessing a wide distribution in recombination rates; in the case of a-Si, this
distribution may be explained by a distribution in the distance separating the sites where
electrons and holes are localised (see Eq. (8.34) in Ref.?”). However, it is difficult to rec-
oncile the behaviour of the a-S5i NC emission as seen in Fig. 7.5 by this single mechanism,
given the sharpness of the divide between fast and slow (stretched) components. As ex-
plained below, it is suggested that this behaviour may be explained by a twofold origin of
the luminescence: from NCs containing non-radiative defects, and from defect-free NCs.

Consider an ensemble of a-Si NCs, of total number A. Of these A/ NCs, assume that
Ndf of them to not contain any accessible non-radiative defects, and that the remainder,
Nj = N — Ny, do. It should be noted that Nz and NV; may be functions of temperature: the
increase in number of accessible defects with temperature could increase N; and decrease
Njf. Neglecting tunnelling between NCs, at steady state, the PL intensity will therefore be
comprised of a component from the defect-free NCs (weighted by Ndf), with near-unity
quantum efficiency and a distribution in wy,,., yielding stretched decay, and a component
from NCs containing accessible defects (weighted by A;), with quantum efficiency given
by Eq. (7.7) and a recombination rate of weq,, + Wea, = Wha,,-

It is vital to note that the proportion of the steady-state PL originating from the fast
process is not necessarily many times greater than that of the slow process, as may be
intuitively thought by analogy to the explanation of blueshift with increasing PL intensity
for ensembles of Si nanocrystals (see §2.4.1). We may see this by considering the solution
to the two-level NC model, described in detail in §A.2.1. For square-wave excitation, the
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solution to level b is

- BN [1 — e‘(wbanr+wbar+R)ti| forO0<t<t
Nb(t) _ J Whap, TWha, +R = off

- o~ Woan+Wha, ) (t—tofr ) fort > tog (7.8)
where R = 0@ is the pumping rate, AV is the total concentration of particles described by
the two-level model and 7, = Ny(t,5). From Eq. (7.8), t < tog, we see that the steady state
intensity is proportional to Rwpq,. /(Wea,, + Wea, + R). The usual explanation for explaining
the blueshift with increased pumping power notes that the luminescence at shorter wave-
lengths have higher recombination rates than those at longer wavelengths (cf. §2.4.1). As
such, for a given R, the contribution to the steady-state intensity from a blue-emitting NC
will be greater than that from a red-emitting NC, and as R increases, the fractional increase
in the denominator will be less for the blue-emitting NC, blueshifting the PL. However, this
argument hinges on the fact that the two processes have different radiative rates. If we now
consider the combined emission from a NC containing a defect and one containing none,
since wyq, is the same for both clusters and wy,,, > weq,, we see that the contribution from
the NC with the defect is ~ wpq,, /Whq,. times smaller than that from the defect-free NC.

For a PL decay at a given temperature T, we denote the contribution to the steady-
state intensity Is; from the N defect-free NCs as cg, and that of the /; NCs containing
defects as c;, as shown in Fig. 7.5. In general, ¢; = ¢;(T), as illustrated by Fig. 7.6. The total
steady-state intensity is therefore

N, N
I Whq,. d + y
Whe, + Whay, Wha,.
N dWha.
AT 4N 79
Wha, + Whay, af ( )
X ¢ + Caf

Thus, we have
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Caf Wharp
1
Na=- o N (7.12)
€4 Wha, +wbany
(7.13)
Since wpq, < Wha,,, ONE may see that A ~ N and Ny ~ Z—fﬁ—j\/ . Using the value
ar anr

for NC density of ~10' cm™3 obtained via TEM and EELS measurements and typical
values for wpy,, and we,,, of 103 and 108 s~!, respectively, Ny is plotted as a function of
temperature in Fig. 7.7a.

Given a non-radiative defect density of Ny, the probability that there are no accessible
defects in a volume V is given by the expression®? P = ¢~ VeMu—A4cNewr | Thys, the number
of particles in the ensemble which are defect-free is given by Ny = PN. If it is assumed,

as in §6.2.3, that Ny, varies as N2, then, using the previous approximation for Ny, the
result is

2

Npr 3 Wha, Cd

VelNpe + Achnro (ﬁ) ~ In [ﬁ;—— C_dfjl (714)
0 Ay Anr

Using the 77-K value of %:Z ~ 1, the typical values for wy, and wy,, of 10® and

10% s~1, respectively, an average nanocluster volume for a 500-°C-annealed a-Si NC spec-
imen of ~ 1.6x1072° cm?, for V., and the corresponding surface area for such an NC
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Fig. 7.7: (a) Defect-free NC density, Afdf, as a function of temperature, using A = 10!% cm™3, wy,, = 103 s~ and

Whay, 108 s~ 1. (b) Behaviour of the ratio of non-radiative to radiative recombination rates, as a function of temperature.
Since wyq,, /Wpa, = 103, ¢’ N was set to this value.

(ie., Ac = 4m (£ V) %), we obtain Ny, ~ 3.1 x 101% cm™3. This is somewhat larger than
the characteristic defect densities in bulk a-Si:H prepared by glow discharge of silane, typ-
ically in the 10'°-10'® cm~? range,? although it is conceivable that since the specimens
considered in this chapter were prepared via thermal evaporation of SiO onto a room-
temperature substrate, a higher defect concentration may be possible. It is also suggestive
to note that this value of Ny, agrees reasonably well (within a factor of ~7) with the non-
radiative defect density yielded by the simulated fit to the PL quenching behaviour shown

in §6.2.3.
Using the expressions (7.11) and (7.12) for Ny and Aj; and Eq. (7.9), I;s may be rewritten
as
1 Wha, 1
Is = dN r
* L e o, + Wha, 14 S ey
_ dN _ qN
58— Woay, ~ Whauy
+ Cdidef wiar + ;_i wl;ar
w T
Is(T) = ¢N — Cd(T)#m((T—)z (7.15)
Ay
Thus,

wbanr(T) qN — I(T) —~ qN

W, (T) ca(T) " caT)
Although the exact behaviour of ws,, (1) and wy,, (T') is not known, the ratio should be
on the order of 10? for the specimens considered here; setting ¢’V to this value therefore
allows the variation of w"""’ with T' to be seen qualitatively (Fig. 7.7b).

Turning now to the case of the Er-doped films, Fig. 7.8 compares the temperature de-
pendence of the 1535-nm Er®* emission from specimen ST5 and an a-Si-NC specimen (as
in Fig. 7.6), both annealed at 500 °C; the Er®* PL was collected through a 1550-nm BPF
via optical fibre, and measured with a cooled InGaAs photodiode. Note the surprising
increase in the Er3™ PL with temperature; this result was reproduced several times with

(7.16)
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different measurement techniques and using specimens with different [Er]. This behav-
iour is, however, unusual: Er** luminescence from a-Si NCs in silicon nitride films has
been previously reported as exhibiting weak (factor of ~2) quenching with temperature.3
The repeatability of the measurement, however, suggests that the results shown in Fig. 7.8
are not simply experimental artifacts.

The steady-state *I;3,5 —*Iy5/5 intensity (proportional to N3) could be written by anal-
ogy to Eq. (7.9) in the form

Ny N

+
Wha, + Wha,, + Wp1 ~ Whq, + Wh1

Iss, o< wpy (7.17)
If it is assumed that the behaviour of %’Z‘iﬂl is primarily determined by changes in wy,,,, as
one would expect from the aforementioned interpretation of increased diffusion of carriers
for higher temperatures, and furthermore, that wy,, is fairly constant in this temperature
range, then an increase in I, (T') with increasing T' would have to be the result of a tem-
perature dependence of wy;. In particular, it is required that wy; (T) increases sufficiently
quickly with increasing T' to overcome the increase in wy,,,. A process whose probability
increases with temperatures is phonon-assisted energy transfer (see §1.3.2). The phonon-
assisted transfer rate for a N-photon process can be written in the form 34

wyn (T) = w1 (0) [1 ~ exp (;B—miﬁ)] - (7.18)

where Aiw is the energy of the dominant phonon contributing to the transfer. Since there is
good overlap between the a-Si PL spectrum and the I35/ —*Iy > absorption transition, it
is reasonable to assume that a IV = 1 process dominates. Unfortunately, a simple substi-
tution of Eq. (7.18) into Eq. (7.17) was unable to yield results which matched the observed
Er3t PL temperature dependence for reasonable values of wp; (0) and Aw. A more so-
phisticated treatment of phonon-assisted energy transfer, perhaps including higher-order
multiphonon processes to several different Er®* levels, would almost certainly be a fruitful
future line of inquiry.

7.4 Conclusions

In this chapter, the luminescence from Er-doped a-Si-NC films via a phenomenological rate
equation model was investigated. In particular, to avoid complications due to cooperative
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effects, the situation was considered in which optical pumping is such that it is a good ap-
proximation to treat the ground-state populations of the NCs and Er®* as constant (small
excitation regime); this model assumes an effective two-level NC and a four-level Er3* ion.
In this regime, the rate equations may be solved analytically, providing a particularly lucid
portrayal of the behaviour of the PL dynamics on the various system parameters. How-
ever, experimental time-resolved PL measurements of undoped a-5i-NC films show clear
non-exponential behaviour, challenging the “two-level nanocluster” assumption widely
used in rate modelling for this system. The temperature dependence of the ratio of fast
and slow (stretched exponential) components of the undoped a-5i NC PL suggests that
the origin of the slow component is from NCs which do not contain any non-radiative de-
fects; the estimated volume defect density agrees reasonably well with the estimate in the
previous chapter from luminescence quenching simulations. For Er-doped films, however,
a measurement of the temperature dependence of the steady-state 413 /2 —4s /2 transition
yielded the surprising behaviour of increasing with increasing temperature. While a qual-
itative fit to this data was not achieved, a possible mechanism for this phenomenon could
be phonon-assisted energy transfer from the NCs to the Er** ions, the transfer probability
for which, as required, increases concomitantly with temperature. Although the possibil-
ity of modelling a-Si-NC-Er films is perhaps not so bleak as stated by Albert Polman, it
must be conceded that the complexity of the system does present a considerable obstacle
to achieving a confident, quantitative interpretation of experimental photoluminescence
results.
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CHAPTER 8

Afterword: summary and future directions

The characterisation of new light-emitting materials is important for the continued devel-
opment of the still-nascent field of integrated photonics. A silicon-based light emitter in
particular would allow novel optoelectronic devices to take advantage of the mature state
of IC processing technology, facilitating monolithic integration of photonic components
with existing CMOS electrical architectures. Although bulk Si is a poor light emitter, being
an indirect-gap semiconductor, nanoscale silicon can exhibit intense emission in the visible
and near infrared. Comparable increases in the quantum efficiency of both amorphous and
crystalline NCs have been observed, with several extant competing theories to explain the
details of the emission mechanism. By doping such nanocomposite films with rare-earth
elements, a non-radiative energy transfer can take place between the NCs and the RE ions.
Of particular technological interest for communications is Er®¥, since its first-excited-state
to ground-state transition corresponds to 1.5 um, a wavelength within the so-called “third
transparency window” for minimum attenuation in conventional silica optical fibres. This
well-known sensitisation process can yield effective excitation cross-sections for the RE lu-
minescence in the NIR which can exceed those of RE-doped silica by some five orders of
magnitude. Furthermore, by taking advantage of the broad NC absorption spectrum, the
REs can be indirectly excited by photons that are not resonant with any of their character-
istic intra-4f transitions. This property makes Er-doped Si nanocomposites an attractive
class of materials for cost-effective optical amplifiers, since they could be pumped with
inexpensive, efficient LEDs instead of the costly solid-state lasers required in the operation
of conventional erbium-doped fibre amplifiers. Keeping such device applications in mind,
this thesis has investigated silicon nanocomposite thin films, both in intrinsic form and
doped with rare earths.

Si-NC-containing films were fabricated via physical vapour deposition of Si-based sub-
oxides (Si, SiO, and SiO, used as source materials). Subsequent thermal processing induces
phase separation of the thermodynamically-metastable SiO,, films, causing nucleation of
Si-rich regions within a more oxygen-rich matrix. Energy-filtered TEM and EELS mea-
surements have revealed that SiO thin films annealed for one hour at temperatures less
than 800 °C are fully amorphous; annealing at temperatures exceeding 900 °C results in
¢-Si NCs. The characteristic photoluminescence of such films fabricated via thermal evap-
oration of SiO is a broad PL band centred at ~600-800 nm, the peak position of which is
dependent on the annealing temperature. To incorporate RE elements into the nanocom-
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posite films, electron-beam or thermal evaporation of REs in oxide or metallic form, re-
spectively, was used. Evidence of efficient energy transfer from the NCs to trivalent Nd,
Tb, Dy, Er, Tm, and Yb ions was inferred by the strong quenching of the NC luminescence
with increasing RE concentration. For Tb- and Dy-doped films, however, no RE emission
was observed, as these ions have closely-spaced energy levels for which non-radiative
phonon-based de-excitation is dominant.

As a demonstration of the potential for a-Si nanocomposites to be used in photon-
ics applications, they were incorporated into simple trial devices consisting of optical
microcavities. By varying the thicknesses of the active layer at metal mirrors, control
over the width and centre wavelength of the luminescence can be achieved. The 475-
nm-to-875-nm range of tunability for undoped a-5i films is remarkable for a single ma-
terial; Er-doped microcavities are capable of extending tunable, sharpened emission to
1630 nm. The thin-film metal mirrors used in these optical resonator structures could nat-
urally serve as electrodes in electroluminescence experiments; such a prospect is currently
under investigation in our research group. Another obvious photonic device application
using RE-doped Si nanocomposites is that of waveguide amplifiers; in a collaborative ef-
fort,! our research group is currently investigating the use of Er-doped a-Si-NC films into
waveguide structures, evaluating them for the prospect of achieving gain.

In addition to the more device-based experiments, we have also modelled the lumi-
nescence from a-Si NCs (undoped and RE-doped), comparing results of the simulations
with experimental PL data. For undoped a-Si-NC films, a strong quenching of the lu-
minescence with increased annealing temperature was observed. Using experimentally-
determined size distributions for these specimens, good agreement with this quenching
behaviour was found for the simulations in which the non-radiative defect density was
~10% cm~3. An increase in effective NC volume calculated using a simplified treatment of
inter-NC tunnelling, however, could not reproduce the observed quenching qualitatively.
Since the majority of lowest-energy carriers in nanoclusters of these sizes were calculated
to be localised, rather than extended, the tunnelling probabilities used likely represent an
overestimate of the true situation.

The photoluminescence dynamics of the coupled NC-Er®" system were investigated
using a coupled rate equation model. Many such models exist in the literature, but the
uniqueness of the values obtained for the transition rates is in certain cases rather doubt-
ful. This is especially the case for numerical models including many parameters. The
analysis was simplified by considering the system in the small excitation regime, in which
optical pumping is of low enough intensity that the approximation of constant ground-
state populations is valid for both the NCs and the Er3* ions. In such a situation, ana-
lytical solutions to the set of rate equations exist. However, we have shown that, even in
this simplified situation in which cooperative effects resulting from an appreciable excited
Er3* population do not have to be considered, obtaining a unique value for the NC-Er3+
transfer rate by fitting experimental time-resolved PL data to the rate-equation solutions
is extremely improbable. From the temperature dependence of the a-Si-NC and Er®* PL, a
phonon-assisted energy transfer process seems likely; a more detailed study of this process
is another suggested direction for future work.

TOur collaborators for this project are the members of Dr. Ray DeCorby’s research group in the University
of Alberta Department of Electrical and Computer Engineering and TRLabs.
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APPENDIX A

Analytical photoluminescence dynamics modelling of Si
nanocluster-rare-earth interactions

A.1 Introduction

Rare-earth-doped silicon nanocomposite thin films are very interesting from an integrated
photonics perspective due to the so-called sensitisation effect of rare-earth ions by neigh-
bouring silicon nanoclusters. In particular, the increase in excitation cross-section of Er3+
in Si nanocomposites by several orders of magnitude! over that of Er-doped SiO; via non-
resonant nanocluster-mediated pumping suggests the fabrication of efficient broadband-
pumped optical amplifiers.

To gain a better understanding of the interaction between amorphous or crystalline Si
NCs and RE ions, we may consider the photoluminescence dynamics of the material, mod-
elling the level populations phenomenologically via a system of coupled rate equations. In
the literature, although such coupled rate-equation models abound, analytically-soluble
results are infrequently derived, and the leap is generally made directly to numerical so-
lutions to nonlinear sets of differential equations (DEs). This is unfortunate, as the lucidity
offered by analytical solutions often provides an intuitive starting-point before considering
more complex models. Also, for low-power pumping regimes or short excitation times, the
effect of nonlinear terms in the DEs can be negligible; in such circumstances, the analytical
solutions can accurately describe the evolution of the system directly. It is the purpose
of this Appendix to derive analytical solutions to several sets of rate equations are often
encountered when considering the transfer of energy between two coupled systems.

A.2 General simplified systems

We may begin by considering a general two- or three-level system, without assigning a
particular physical identity to any of the levels. In this way, the model could represent
a single Si NC or a single RE ion. By concatenating several levels into one, such a model
could also represent a coupled Si-NC:RE system; such an approach is widely used to obtain
initial estimates of effective excitation cross-sections for a particular transition in the RE
(e.g., Refs.”™). :

Once we solve for a given level population N;(t), the PL intensity corresponding to a
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radiative transition from the ith to the jth level will be given by:
Ii (t) X wijmdNi(t) (Al)

where w;;,_, is the radiative component of the decay rate from level i to j.

A.2.1 Two-level system

We begin by examining a simple two-level system (Fig. A.1). For excitation via a rectangu-
lar pulse, the pumping rate is R for 0 < ¢ < tog and zero for ¢t > ¢ . Clearly, as to5 — 0,
we will obtain the result for §-function excitation.

Fig. A.1: Schematic of a
two-level system

The time evolution of this system is described by the following set of first-order rate

equations:
dN
—dtl = —RN; + w1 Na (A.2a)
dN.
—dt2 = RN; — w21 No (A.2b)

where we substitute R = 0 for t > ¢,5. For initial conditions of N;(0) = N, and N2(0) =0,
the solutions to equations (A.2) are:

Ni(t) = Tt [+ R for0 <t <tog (A3a)
1{L) = M+ 7 [1 . e—w21(t—toﬁ)] fort > toff >
Bty 1~ o] o0z
No(t) = § P (A.30)
o e F fort > t.g

where N, is the total concentration of particles described by the two-level model and
n; = Ni(tog)-

Since the pumping rate is related to the excitation photon flux ® via R = 0329, the
excitation cross-section 012 may be obtained by measuring the rise- and decay-times of the
PL. From (A.3b), the (1 — e~!) rise-time may therefore be written as:

i = i + 0’12‘1’ (A4)

Tr Td
where 7y = 1/wo; is the 1/e PL decay-time. If the excitation transition from 1 — 2 de-
scribes the true physical situation, viz. 1 — 2 does not represent a concatenation of several
transitions leading from 1 to 2, then o3 is the absorption cross-section of the transition.
Otherwise, 012 would represent an effective excitation cross-section; this is the approach
used to quote effective excitation cross-sections for the 1.54 um PL from the 413 /2 —4Is /2
transition in Er3* (see, e.g., Ref.?).
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If R and/or t,g are sufficiently small (the so-called small excitation regime), then we
may approximate that N, (¢) does not appreciably change during the excitation. We may
therefore replace N1(t) by the constant ;, and simplify (A.2) to a single rate equation:

N}
dt

= RJ\/l - w21N£ (A5)
where the primes refer to the ground state being held constant. Solving (A.5) yields:

RN — t
Nj(t) = o [L—e72f] for0 <t < top (A.6)
7 o~ w21 (t—tog) fort >tz

As R — Oand/or t,p — 0, 72 — 15, and Na(t) — Nj(t), showing the equivalence of
the two methods for the small excitation regime. From equations (A.3), it is clear that N,
reaches its maximum at ¢ = ¢,5 and exhibits single exponential decay thereafter.

A.2.2 Three-level system

Although the two-level model has the benefit of simplicity, justifying its use for initial
investigations and estimates of effective excitation cross-sections, a much more realistic
model for most physical situations is the three-level system (Fig. A.2). For example, in the
luminescent centre model for the mechanism of PL from Si NC,%8 a quantum-confined
exciton is created in the nanocluster, becomes trapped at a luminescent trap site (often
a defect on the NC surface), then radiatively recombines. Thus, even in this simplified
model, three rates are required: a pump rate R, a trapping rate w;,, and a radiative recom-
bination rate w,qq. As we shall see, for the case of very fast trapping, this situation reduces
to the two-level system mentioned in §A.2.1.

7 32
2 Fig. A.2: Schematic of a three-

R level system
W 4

1 47

This three-level system evolves according to:

dN
—dtl = —RNl + w21N2 (A~7a)
d.N-
Eg = ’LU32N3 — ’U)21N2 (A7b)
d.V;
——dt3 = RN; — w32 N3 (A.7c)

As before, we substitute R = 0 for t > t,5. The initial conditions are N3(0) = N2(0) = 0
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and N1(0) = Ny,. For 0 <t < t,g, the solutions are:

R<__§L_ R wy | wap L.{_L}A)
1 —wyt

Nu(t) = N1, w3awa _ wol  wsz | wsz | w2l w3z | wal
ww= Rw9y1 + Rwss + wowss 2A
R R w! W, 1 1
R R ikt Gy ut| (asa)
2A ’
No(t)= RN w32 1+R+w21+’w32—A6_w+t_R—|—w21+w32+A6_w_t
Rwoy, + Rwsa + woiwss 2A 2A
(A.8b)
N3(t) = [, wan 1+ 2Ry R wmtun m 4 et
Rwoy + Rwss + worwss 2A

where A = \/1{2 — 2R(w32 + ’wgl) + (w32 — ’11)21)2 and wq = % [R + wso + we1 £ A] Defin-
ing n; = N;(to5) as before, the solutions for ¢ > top are:

1 — wa 1 — Waz
w32 w21

Ni(t) = (m +n2+m3) — {772 + } e wn(i=tog) _ B —war(t—tuy) (A.9a)

1
NQ(t) = oL ,:{772 (1 _ Z_z;_) + 773} e—’w21(t—t0ﬁ) — 13 e—w32(t—-toﬁ) (Agb)

w32

1—

N3 (t) = ng e~wse(t—tos) (A.9¢)

Before examining the physical significance of these solutions, it is worth considering
the simpler case of the small excitation regime, viz. N;(t) = N being held constant. Simi-
larly to §A.2.1, the rate equations simplify to:

dNg
dt2 = w32 N3 — w21 Ny (A.10a)
dNj
dt3 = RN} — w3 Ny (A.10b)
yielding
= et = oy 6‘“’32t} for0 <t <t.p
Né(t) = ° a2 T w2l
ﬁ [{né (1 _ %) + né} e—war(t—tog) _ née—U’S?(t*toﬂ)] fort > toﬁ
w32
(Alla)
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RNy [1 - e_“’32t} for0 <t <toy

Ny() = { sz

A.lllb
77:’; e—wz(t—tog) fort > tog ( )

To show that the solutions (A.8) and (A.9) reduce to equations (A.11) for the small
excitation regime, we must consider both situations in which the approximation that N, (¢)
remains constant: first, when R is small compared to w32 and ws1, and second, when t 4 is
sufficiently small such that, regardless of the magnitude of R, few particles in level 1 have
time to be excited to level 3.

For the first case, consider the situation where R — 0 and w32 > wy;, which is jus-
tified under low-power pumping of nanoclusters with fast trapping sites. In this case,
A — (w32 —wa1), wy — wsz, and w_ — wer. Thus, 2 — 75 and 73 — 75, so (A.8) and (A.9)
become equivalent to (A.11).

For short excitation pulses, since equations (A.9b) and (A.9c) have the same form as
equations (A.11a) and (A.11b) for ¢t > t,g, it suffices to show that they demonstrate the
same behaviour for 0 < ¢t < t,5 when ¢t,5 — 0. Expanding equations (A.8a) and (A.9a) to
first order and (A.8b) and (A.9b) to second order about ¢ = 0, we obtain:

__ Rwsza Ny,

Ny(t) = N(t) = —2—{" (A.12a)

Na(t) = Nj(t) ~ RNyt (A.12b)

Since both N;(¢) and N/(t) have the same functional form for short times, (A.9) and (A.11)
are equivalent.

For qualitative comparisons with experimental PL data, it is worth noting a few char-
acteristics with respect to the behaviour of the solutions to the three-level system, (A.8),
(A9) and (A.11). For to5 > 0, Q% = 0 att = 0, and is concave up until an inflection point

at a time given by: ,
1 R+ wy +wze — A wi
binfr = — 1 — R
A=A n[<R+w21+w32+A> w? (Aa13)

Physically, this result is due to N being filled via decay from N3, and not directly by
the pump rate R, which has been assumed to turn on instantaneously (cf. §A.2.1, where
d% > 0 at ¢ = 0). Thus, the presence of an inflection point in the rising portion of the
PL signal precludes the possibility of describing the nanocluster by an effective two-level
system. However, for any short pulsed excitation for which ¢;,5 is significantly smaller
than the time resolution of the PL collection system, the change in concavity will be lost
due to an insufficient data sampling rate.

The condition for the change of concavity to be lost from a discrete-time-sampled func-
tion f(t) is that the slope between the first two data points is greater than or equal to that
of the slope between the second and third data points. Assuming a constant data sampling
time of ¢/, this corresponds to the condition

2f(t') = f(2t'). (A.14)

For long values of t,; with respect to t’, we may Taylor-series-expand (A.1la) for
0 <t < top aboutt — O to third order to obtain an approximate solution to condition
(A.14), yielding

1 1
Nz(t) ~ §Rw32N10t2 - 6(1021 + w32)w32RN10t3. (A.15)
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Using this approximation, the condition 2N2(t') > No(2f') yields ¢ > (w91 + w3g)~!. As
this result was derived using only the lowest-order expansion of N»(t) yielding non-trivial
solutions to (A.14), only if ¢/ > ¥ is it certain that the loss of inflection will be observed.
Fort,; < t/,itis possible to have effective §-function excitation with respect to the time
response of the PL detection system. This situation can be described by the rate equations
(A.10) with R = 0 and initial conditions N2(0) = 0 and N3(0) = N3_, with solutions:

N3 w39 _ t _ +
No(t) = ) wait _ ,—ws2 .
2(t) m—— le e vs2t] (A.16a)
N3(t) = Ngoe_w32t (A16b)

where N3, = RNit.p. For Q-switched and mode-locked excitation lasers with photodiode
PL detection, this is the usual experimental situation. Note that these solutions may also
be obtained by Taylor-expanding equations (A.11) for ¢ > t,5 about t,5 = 0.

For é-function excitation, the restriction on #’ required to satisfy condition (A.14) may
be found, as in the previous example, by expanding (A.16a) about ¢ = 0 to third order.
Substitution into condition (A.14) yields ¢ > ——%s2+%___ Ag before, only for t' > '

Wiyt w2 Wiz T Wy,
will the inflection point certainly fail to be resolved.

A.3 Two coupled systems

We may now turn to the more complex situation where two of the systems described in
§A.2 interact via a coupling coefficient C;;, resulting in a transfer of energy from level ;
in system A to level j in system B. For systems with ny levels, this results in ng + ng
nonlinear rate equations involving C;; N;N; terms, which in general must be solved nu-
merically. However, if we make the small excitation regime approximation, keeping the
ground states of systems A and B constant, the coupling coefficients C;; may be replaced
by a transfer rate w;; = C;;N;, where N are the ground state concentrations, and we may
describe the total system with n4 + np — 2 linear differential equations. We will therefore
use this approach to investigate the interaction between Si-NC and rare-earth elements.

The validity of approximating a RE ion by a three-level system will depend on the
energy levels of the particular RE being considered. For the Si-NC-Er interaction, if we
are only interested in the *Iy/s, *I11 /9, and *Iy5/5 levels, we may treat the Er®* ions as
three-level systems provided that there is negligible concentration quenching, cooperative
upconversion, and backtransfer. These conditions should be satisfied given a sufficiently
low Er concentration in the film, small excitation rates, and low temperature.

A.3.1 Two-level nanocluster coupled to a three-level rare earth

The first coupling situation we will consider is the two-level nanocluster, with energy lev-
els a and b, interacting with a three-level rare earth ion, with energy levels 1, 2, and 3
(Fig. A.3). An effective two-level NC is an approximation which has been frequently used
in the literature (e.g., Refs.>?), even if the modelling of the rare-earth energy levels is con-
siderably more complex.

Identifying each level in the three-level system depends on the choice of RE being mod-
elled, as well as which transition is being measured experimentally. The RE is being ex-
cited via a transfer of energy from the nanocluster, but the details of the transition affect
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G,
b A ""‘!: Wiy 3
R w —2 Fig. A.3: Schematic of the interaction between
ba W, a two- and a three-level system
a 1
SiNC RE

the physical identity of level 3. Assuming that the exciton migrates first to a luminescent
trap site, from which it may either radiatively recombine or non-radiatively transfer its
energy to the RE, level 3 should be associated with the level(s) most closely match the
peak energy of 5i-NC PL emission (~600-900 nm, depending on composition and anneal-
ing conditions).'® For Er®*, this corresponds to the *Iy 5 level; for Nd**, the 4F 5, 453/,
and *F /2 levels all lie within this range (see Fig. A.4). Level 2 in this model is then the
first level which can be filled by level 3 after the energy transfer from the Si-NC. Whereas
this corresponds unambiguously to the *I;; /5, level in Er®*, for Nd®*, the applicability of
this model becomes somewhat more suspect. It has been assumed!! that after pumping
to one of the three levels mentioned above, the Nd** drops to the 2Hy /5 or *Fj, levels,
whereupon it may decay radiatively to the *Iy , ground state, or nonradiavely to the *F; /2
state. However, as the rate for the latter process is much larger than for the former, for the
purposes of this model one could effectively treat a concatenation of levels *Fy /20 48, 2/
4Fy/9,2Hy/o and *Fy 5 as level 3, and “F; 5 as level 2. Level 1, being the ground state of the
ion, is unambiguous for both rare earths: *I;5, and *I/, for Er3* and Nd3", respectively.
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In the small excitation regime, we hold N,(t) = N, and Ni(t) = N constant, yielding
rate equations:

dN;

d—tb = RN, — (wha + wp1) N (A.17a)
d.AV:
~——dt3 = wp1 Np — w32 N3 (A.17Db)
d.NV:
—d—t2 - w32N3 — w21N2 (A17C)

where wy; = CypN1. The usual initial conditions of Ny(0) = N3(0) = N2(0) = 0 produce
the following solutions for 0 < t < ¢,g:

Ma
Ny(t) = —2e {1 - —<wm+’wb1)t] A18
b(t) ——— e (A.18a)
Ng(t) = IUblR/\/a l: ! 6_w32t
(w32 — w21 )(Wpg + w1 — w32)
w32 6—w21t
wa1 (w3g — wa1) (w1 — Wpg — W1 )
W32 e—(wba+wb1)t + 1 ]
(Wha + wer ) (w21 — Wee — Wh1) (Whe + W1 — W32) wa1(Wea + wp1)
(A.18b)
1 —wsot
N3(t) = wblRAfa e W32
w32 (w32 — W — Wh1 )
1 1
- —(wpo+wsp1 )t
e A.18¢
(Wea + we1) (W32 — Wha — Wp1) w32 (Wpg + wbl)] ( )
and, for t > t,5, where R = 0:
Ny(t) = np e~ (Wretwn)(t=tog) (A.19a)

w32 Wp1 _ _

Na(t) = I+ | ettt

W1 — W32 Whq + Wp1 + Wa2

+ [,)72 + wblw32 ,rlb —_ w32 e_w21 (t—toﬂ)

(w21 — Wpe — wp1) (w21 — w32) wa1 — W32
W32Wh1 mp e~ (Woatwe)(t—tog) (A 19p)
(w32 — Wee — Wp1) (W21 — Weg — Wp1)
N3(t) = [ W1 m + M3 e~ wa2(t—tog) _ Wol p e (Weatwsn)(t—tog)
Whg + Wp1 — W32 Whg + Wp1 — W32

(A.19¢)
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The form of (A.19a) suggests that the transfer rate 71 = 1/wp; may be obtained by
measuring the difference in 5i-NC PL decay lifetime between doped and undoped spec-
imens; in practice, however, this cannot be easily accomplished exactly, as such a proce-
dure implicitly assumes that in the RE-doped film, all nanoclusters from which Si-NC PL
is measured are equally coupled to surrounding RE ions. Indeed, according to the “strong
coupling” model for the interaction between nanoclusters and RE ions (see, e.g., Ref.13),
it is assumed that all measurable Si-nc PL from RE-doped specimens originates from nan-
oclusters which are not coupled to a RE, as any nanoclusters that are have their intrinsic PL
quenched. One might expect a distribution in wy; to exist, due to varying proximity of RE
ions to the nanoclusters. For such a relaxation of the strong coupling condition, viz. that
wp1 /wpg Varies from cluster to cluster such that some excitons may radiatively recombine
before transferring their energy to the RE, fitting the above equations to data would yield,
at best, a “mean” 7.

A.3.2 Three-level nanocluster coupled to a three-level rare earth

By means of improving the model with respect to the Si-NC, we assume a three-level nan-
ocluster, as in §A.2.2 (Fig. A.5). As a straightforward elaboration of the system described
in §A.3.1, we again use the small excitation regime, holding N,(t) = N, and N(t) = M;

constant.
C % o Wy
b %ch /\ 3
R We 2 Fig. A.5: Schematic of the interaction between
Wya - two three-level systems in the small excitation
21 regime
a 1
SiNC RE
The system of rate equations is:
dNy .
5 = WerlVe = (Wha + wp1) Np (A.20a)
dN,
—dtc = RN, — webNe (A.20b)
d.N-
—d_t2 = ’LU32N3 - ’w21N2 (AZOC)
d.N:
d_t?) = w32N3 — w21N2 (A20d)

which, given the initial conditions N(0) = N.(0) = N2(0) = N3(0) = 0, has the following
solutions. For 0 <t < t,g:

1 1
Nb(t) = RN, - g~ Webt

Wha + Wp1  Whe + Wp1 — Weh

— Web e~ (Whatwp1)t (A.21a)
(Wpa + we1) (Web — Whg — Wh1)
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RN, _
No(t) = 2208 (1 — ¢~wat) (A.21b)
Wep
1 WepW32
N2 t) = R/\fwb1 [ —_ ¢ 6—'w21t
®) “ wat (Wpg + wp1)  war(wse — war ) (Wep — wa1 ) (Whe + Wer — Wa1)
o wcb e—w32t
(Wep — w32) (wa1 — ws2) (Whe + Wp1 — w32)
— w32 e_wcbt
(Wep — w32) (w21 — Wep) (Wep — Whg — Wh1)
W32Wep —(wpa+wp1)t
- e a A2lc
(Wha, + wp1 ) (Whe + W1 — w32) (Wea + We1 — W21) (Wep — Wha — Wh1 ) ( )
Na(t) = RAom | et 1 gt
waz(Weg + wp1) (Wb — w32)(Web — Whg — Wh1)
_ Web o~ Wwa2t
w3z (Wep — w3a2)(Whe + Wp1 — W32)
Web —(we +wb1)t]
— e a A.21d
(whg + Wp1 ) (Web — Wha, — Wp1 ) (W32 — Whe — Wp1) ( )
Setting R = 0 for ¢t > t,5, we obtain:
Ny(t) = Deblle 4| emmetwn)i—tog) _ _ Teblle  —we(t—top) (A D2a)
Wep — Whg — Whl Wep — Whg — Wh1
N(t) = 1, everlt=tor) (A.22b)
Ng(t) _ Wp1W32WebTe e—’wcb(t—taﬁ)
(Web — Wha ~ Wo1 ) (Wep — w32) (W21 — Wep)
B [ w32m3 W1 W32
wag —wa1 (w32 — wa1 ) (W + Wp1 — W32)
WH1W32WehTe j| —w32(t~top)
e o,
(w32 — wo1)(wWep — w32) (Wpg + W1 — W32)
_ [ WpH1W32WebT]e
(w21 — Whe, — Wa1 ) (Whe + W1 — W32)(Web — Whe — Wh1)
Wp1W327Mp ] e~ (Woatwp1 ) (t—tog)
(w21 — Wq — Wp1)(Wha + Wp1 — W32)
w
N [772 4 Wwa2ns Wy W37
wag — war  (Wpg + wp1 — wa1)(waz — way)
Wp1W32WebTe —’wm_(t—t ﬁr)
e ° A.22¢
(Weg + wp1 — woi ) (waz2 — war ) (Wep — w21):} ( )
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N3(t) _ Wp1WebT]c e_wcb(t'_tojf)
(Web — Whg — Wa1) (Wep — W3z)
Wp1 T Wp1WebT]c —wao(t—tog)
+ s+ ] e~ws2(t=tog
[77 Whg + Wyt — w32 (Wee + Wp1 — w32)(Wep — W32)

[ Wp1 WepT)e Wp1 Ty :| e_(wba+wb1)(t_toﬂ) (A22d)
(Wha + Wh1 — W32)(Web — Wha — Wp1)  Wha + Wp1 — W32

The pumping conditions for which these analytical solutions are valid, that is, those
for which the assumption of keeping N, (t) = N} and N,(t) = N, constant is justified, may
be checked via a comparison with numerical solutions to the (nonlinear) model with no
restrictions on Vi (t) and N,(t) (see introduction to §A.3). For Er®*, since the three-level RE
model used in §A.3.1 and §A.3.2 subsumes all depopulation pathways from 41, /2 and the
ground state (predominantly the radiative 41, /2 —41 /2 and non-radiative 41 /2 —41 /2
transitions) into one effective rate, w1, a potential concern with the small excitation regime
approximation could arise if one considers that the lifetime of the 44 /2 —41 /2 transition
is on the order of several ms, whereas the nanocluster recombination time is ~100 pus.
As such, the ions can easily be pushed into saturation, with nearly all Er** excited to
the 4I;3/5 level and Ni(t) = 0, even at low pump powers;'* relaxation to this metastable
configuration is clearly not included in the small excitation regime. With the more accurate
description afforded by a four-level RE model, the small excitation pumping condition
may be determined with more certainty.

A.3.3 Two-level nanocluster coupled to a four-level rare earth

We may proceed as in §A.3.1 and §A.3.2, the only difference being that, with respect to
identifying the four RE levels with an actual state in Er*, level 2 is now *I;5 /2, level 3 is
%1115, and level 4 is *Iy 5. Thus, the model may be given in schematic form as shown in
Fig. A.6, with two depopulation pathways from level 3 (*I;; ).

A
b W 4 (419/2)
» W3
L 3 (411 " . . .
Ewsz Fig. A.6: Schematic of the interaction between
R w,, v 4 a two-level NC and a four-level RE in the small
2 (13
excitation regime
Wy Wy
4
a ' 1 (15,
SiNC RE (Er3*)

Again adopting the small excitation regime approximation, we describe this model via:

dn;
d—t" = RN — (wpa + wp1)Np (A.23a)
9(%@ = ’LU32N3 — ’u}21N2 (A23b)
dN:
—df = wasNy — (w31 + ws2) N3 (A.23c)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



128

dNy

dt

We use the usual initial conditions of zero for all excited states to obtain the following
solutions for 0 <t < top:

= wp Np — wa3Ny (A.23d)

RN
Nb 1) = a (1 — e_(wba+wb1)t> A.24a
®) Wha + Wh ( )
No(t) = Rwprwsa N, { =
2(t) = Rwpiwsa
! N wy (w31 + w32)(Wpe + Wh1)
W43 e—wzlt
wa1 (w1 + waz — w1 ) (Whe + We1 — war) (w1 — wys)
w43 e—(w31+w32)t
(w31 + waz)(waz — w31 — wa2)(Wee + We1 — W31 — W32) (w1 + w32 — Wa1)
1 —wa3t
+ e W43
(w21 — waz) (wag — w31 — w3az)(Whe + We1 — Wa3)
W43 e~ (Weatwe1)t
(Wha + wp1 ) (Whe, + we1 — w21) (Wha + We1 — Wa3) (Whe + Wp1 — W31 — W32)
(A.24b)
N3(t) = Rwpn N, !
3(t) = Rwp1
* | (w31 + w32) (Whe + we1)
w43 e—(w31+w32)t
(w31 + ws2) (wag — w31 — waz) (w31 + W32 — Weg — Wh1)
1 e——’LU43t
(w43 — w31 — w32)(Wha + W1 — W4a3)
W43 —(ws +’wb1)t:|
e a A24c¢
(Wha + Wp1 ) (Whe + W1 — Was) (w31 + W32 — Whg — Wp1) ( )
1 1 1
N4(t) = RumN, [——— {— + ew(wb“+wb1)t}
Whg + Wp1 | W43 Whe + Wp1 — W43
1
+ e‘“"‘?’t} (A.24d)
waz(w43 — Wpg — We1
and fort > t,4:
Np(t) = nbe—(wba+wb1)(t—taﬁ) (A.25a)
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Ny(t) = [ W43W32Wp1 T
(w31 + w3z — w21 )(Wha + wp1 — way)(waz — wat)
W43W32M4 w32M3 + 712] e~ w21 (t=tog)
(w31 + w32 — w21 ) (w43 — w21) w31 + waz — wa
[ W43W32Wp1 b
(Wea + wp1 — w31 — w32) (w43 — w31 — waz) (w21 — w31 — w32)
W43W327)4 w373 ] o~ (wsrhws)(t=tog)
(w43 — w31 — waz)(wo1 — w31 —ws2) W1 — W31 — W32
4 [ W43W327M4
(w43 — ws1 — w32)(w43 - w21)
W43W32Wp17h } o~ was(t—tog)
(Wpa + wp1 — waz)(waz — w31 — w3z)(waz — w21)
W43W32Wp1 TN e—(wba+wb1)(t—toﬁ) (A.25b)

(Wpg + w1 — w31 — w32)(Whe + Wp1 — waz) (W21 — W — We1)

No(t) = [ W43Wh1h
(wag — w31 — w32)(Wee + W1 — W31 — W32)
w43M4 + 773] e—«(w31+w32)(t—toﬁ)
W43 — W31 — W32
[ W34 W43Wh1 Mp o~ w3 (t—tof)
war + w32 —waz (w31 + w3z — wa3)(Whe + Wp — Wa3)
W43 Wh1 M e_(wba+wbl)(t_toﬁ) (A.25¢)
(Wha + Wr1 — wa3) (Whe + Wp1 — W31 — W32)
N4(t) _ l: Wp1Th + 7]4jl e—’w43(t—toﬁr)+ Wp1 T e—(wba+wb1)(t—t0ﬁ) (A25d)
Whg + Wp1 — W43 W43 — Wpg — Why

In practice, however, obtaining values for the various rate constants by fitting exper-
imental time-resolved PL data to the solutions of any of these models may be difficult,
especially if any of the rates w; are comparable.

It should be noted that for the analysis thus far in this Appendix, there is an implicit
assumption that the nanoclusters to not interact with each other, leading to dynamics con-
sisting of sums of simple exponentials for all levels. Given the size distribution of the
nanoclusters, and the possibility of energy transfer between nanoclusters before excitation
of the RE, it is to be expected that the radiative transition in the Si-NC (i.e., from b — a)
may be better described by stretched exponential relaxation.

A.4 Stretched exponential relaxation

A system in which the experimental PL dynamics are characterised by a continuous distri-
bution of lifetimes may be described in terms of a stretched exponential (StrExp) function.
For stretched exponential decay, this is given by:

t

N() = Noe=(2) (A26)
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where 0 < § < 1 is a parameter determining the “degree of stretching” and 7 is the char-
acteristic lifetime of the decay process. Such a system may arise when the recombination
rate depends on the size, local environment, or some other parameter of the nanocluster,
such that the cluster size distribution intrinsic to most nanocomposite fabrication meth-
ods will in turn yield a distribution in lifetimes, or when migration of excitons between
nanoclusters result in quenching by progressively-depleted, randomly-distributed non-
radiative trap sites.'®> Due to the continuous nature of the lifetime distribution, (A.26) may
equivalently be written as: .
N(t) = / e(=4) p(r)dr (A27)
0
where p(7) is the distribution function of the recombination lifetimes. '6
The differential equation giving rise to the StrExp solution shown in (A.26) is:

dN B

= ~hap N (A.28)
Given the form of (A.28), one may interpret such a decay process as having a decay rate
which decreases with time rather than remaining constant.

Unfortunately, the effect of introducing a NC recombination as shown in (A.28) to a
model such as A.23 is to prevent the solutions from being expressed in a closed form for
arbitrary 3. If one is primarily interested in the dynamics of the RE, however, one could
in principle proceed by approximating the stretched exponential decay of the NC by a bi-
or tri-exponential and use the results of A.24 and A.25 with appropriate weights. Clearly,
much caution must be given when attempting to fit experimental data to such a model.
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APPENDIX B

Miscellaneous optical characterisation techniques

B.1 Determining the optical constants from a-Si nanocomposite
films: Swanepoel’s method

B.1.1 Introduction

Silicon nanocomposite films, both intrinsic and doped with rare earths, comprise an attrac-
tive class of materials for advanced photonics applications, including waveguide struc-
tures, 1" microcavities,”? and electroluminescent devices. %13 It is therefore crucial to de-
termine the optical constants (the index of refraction n and extinction coefficient k) as a
function of wavelength, to allow for accurate modelling of the optical properties of de-
vices incorporating Si NCs.

Possessing values for the optical constants in turn allows the calculation of important
parameters required for rate equation modelling and gain calculations, such as the NC
absorption cross-section, o: if the NC number density (nnc)' and the film absorption coef-
ficient («) are known, o may be calculated by

a

o= — B.1

— (B.1)
For amorphous nanoclusters, it is also of interest to determine the Urbach energy, Ey,
of the band tails: a plot of the natural logarithm of the absorption coefficient vs. photon
energy (below the mobility gap) will have a slope of Ey. An estimate of the optical gap

may also be extracted from absorption coefficient data via a Tauc plot ( (ahzz)l/2 vs. hv), as
mentioned in §1.2.3.

One method of determining the optical constants and thickness of the material is spec-
troscopic ellipsometry; 14716 other methods, such as cavity ringdown spectro-
scopy7'17'18 and photothermal deflection,?? only measure the absorption, albeit to great
precision. All of these techniques require relatively elaborate apparatus. However, there
exists another approach, pioneered by Swanepoel,?’ building on ideas proposed by Man-
ifacier,?! which allows the optical constants and the thickness of a thin film to be deter-
mined though an analysis of one simple measurement: the transmission spectrum, 7. In

TSee §C.2
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Fig. B.1: Simulated normal-incidence transmission spectra for a 1.5-um-thick SiO film on a SiOy substrate:? full
transmission spectrum (7'), maxima and minima envelope functions (T and Tr,, respectively), interference-free
transmission (75,), and substrate-only transmission (7). These spectra were calculated using Egs. (A1), (6), (7), and
(17) from Ref.?, respectively. Inset: Schematic of film—substrate system considered in this analysis.

this section of this Appendix, we briefly explain the technique and apply it to Si-NC films
annealed at temperatures between 400 and 1000 °C.

B.1.2 Theory

The specimen considered by this technique is a thin film with complex refractive index
N = n — ik and thickness d on a thick' transparent substrate of refractive index s, as
shown in the inset to Fig. B.1. If the film thickness is uniform, interference effects involving
multiple reflections at the air—film, film-substrate, and substrate—air interfaces will give
rise to a fringed transmission spectrum as shown in Fig. B.1. For this entire analysis, we
will assume that all transmission spectra are taken at normal incidence.

Determining n and &

From a transmission measurement of the substrate alone, without a film (7}), the substrate
index of refraction s may be determined from the expression for transmittance through a

THere, “thick” is defined as thick enough that interference effects between waves reflected off the front and back surfaces
of the substrate are not observed, due to the small coherence length of the light, variations in parallelism of the substrate
faces, lack of collimation of the incident light, etc. In such a scenario, the waves will add incoherently rather than coher-
ently. 22 1t should be noted, however, that Swanepoel’s technique does not assume an infinite substrate, as does Manifacier’s,
and thus yields more accurate results for n, k, and d.

IOptical constants for SiO and SiO2 were taken from the SOPRA database (http://www.sopra-sa.com/more/
database.asp).
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thick slab:
_(1-R)?
L= m
2s
S ®-2
where R = [(s — 1)/(s + 1)]? is the reflectance at an air-substrate interface, yielding
Y
1 1 2

In the presence of a film of sufficient thickness, numerous interference fringes appear
in T, their position governed by
2nd = mA (B.4)

where m is either an integer (maxima) or half-integer (minima). A rigorous analysis of the
film-plus-substrate system yields a transmission spectrum T of the form

Az

T= B' — C'z + D'z? (B:5)
where
A =16s(n? + k?) (B.6a)
B =[(n+1)2+k[(n+1)(n+ ) + k7 (B.6b)
C' =[(n* — 14+ k?)(n? — s* + k2) — 2k%(s> +1)]2cos p

— k[2(n? — 2+ k) + (52 + 1)(n? — 1 + k?)]2sin (B.6¢)
D' =[(n—1)? +k[(n - 1)(n — s%) + k?] (B.6d)

and Armd
Q= W; (B.7a)
r=e°¢ (B.7b)
o= # (B.7¢)

For regions in which absorption is not so strong that the interference fringes disappear
(e.g., A & 675 nm in Fig. B.1), we may make the approximation that k¥ = 0. Eq. (B.5) is

then simplified to 4
T= B-Czx coch + Dax? (B8)
where
A = 16n’s (B.9a)
B=(n+1)>3n+s?% (B.9b)
C = 2(n? —1)(n? — s%) (B.9¢)
D= (n-1)3(n-s? (B.9d)
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From Eqg. (B.8), we see that the extrema of the interference fringes are given by

Az
Ty=———¥—— B.
M= B _Cr+ Da? (B.10)
Az
T = ——————— J1
B+ Cx + D2 (B.11)

As we are interested in calculating n()) and k() throughout some continuous wavelength
range, we now consider Ty, and T, to be continuous functions of 2! such that they
correspond to the envelopes of the extrema, as shown in Fig. B.1.

Combining Egs. (B.10), (B.11), (B.9a), and (B.9¢), we may solve for n, yielding
Y

Y

n=|N+ (N?-s%) (B.12)

where - )
— 1T, s“+1
N=292s"M_"m B.
s T, + 5 (B.13)

Knowing n(\), we may now solve for x via Eq. (B.10):

B2 — (n2 — 1)3(n2 — s8] 7%
T = = [Ejgl _(1)3(n1_) 3(2) ) (B.14)

where 9
By =08 L (02— 1)(n? - &) (B.15)
Ty
If the film thickness d is known, k() can then be obtained from z using Egs. (B.7b) and
(B.7¢).

Determining d

Once n(A) has been calculated, the film thickness d may be obtained from Eq. (B.4). If n;
and ng are the refractive indices at two adjacent extrema (found at A; and XA2), we may
solve for d to yield

A1A2

d =
2()\1’/12 — )\znl)

(B.16)

This equation is sensitive to errors in n; 20 however, Swanepoel uses the following method
to increase the accuracy of both » and d.

Values for d are calculated using Eq. (B.16) for all pairs of extrema visible in the spec-
trum of T, and obvious outliers are discarded; the average of these values is denoted d;.
Next, Eq. (B.4) is used to determine the order numbers m corresponding to each extremum.
Rounding these order numbers to the nearest integer or half-integer, values for d are recal-
culated using Eq. (B.4), the average of which we denote do. Finally, again using Eq. (B.4)
and dy, values for n are recalculated. These corrected values for n can then be used to
recalculate x via Eq. (B.14), yielding corrected values for k. We now apply this approach
to experimental transmission spectra obtained for our SiO films.
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Fig. B.2: Swanepoel analysis of SiO films annealed at 400, 500, 600, and 1000 °C. In (a), the transmission spectra for
the four specimens and a blank SiO; substrate (T) are shown. Following the Swanepoel analysis explained in §B.1.2,
the refractive index n and extinction coefficient & were extracted, shown in (b) and (c), respectively. The solid lines in
(b) indicate Wemple-DiDomenico fits for n.

B.1.3 Swanepoel analysis of 4-Si-NC and ¢-Si-NC films

Transmission spectra were obtained from ~ 1.5-um-thick SiO films annealed for 1 h at 400,
500, 600 and 1000 °C in 95% N3+5% H, (forming gas), using a Perkin-Elmer
NIR-UV spectrophotometer, for the wavelength range A € [200,2000] nm; a reference
transmission spectrum from a blank SiO; substrate was also measured (Fig. B.2a). In per-
forming the Swanepoel analysis on these data, the values of the fringe extrema, T, and
T,, were corrected for the finite spectral bandwidth of the spectrophotometer (2 nm for
A < 800 nm and 4 nm for A > 800 nm), as explained in §5 of Swanepoel’s paper;? the
effect was minimal (< 0.4% difference for all extrema).

The index of diffraction n and extinction coefficient k£ obtained from the analysis are
shown in Fig. B.2b and B.2c, respectively. The index of refraction data has been fit using
the Wemple-DiDomenico dispersion equation for a single oscillator:3

EqEq

") 1= B (e

(B.17)
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Fig. B.3: Analysis of the absorption coefficient « for the four SiO films studied in §B.1.3: (a) Urbach plot (In o vs.
hv), to determine Ey;, and (b) Tauc plot ((ahv)1/2 vs. hv), to determine E,. The a data from 600-°C-annealed film
did not exhibit good linearity in the same energy range used for the three other films, so no fit was calculated for that
specimen.

where Ej is the effective oscillator energy for band-to-band transitions,! and Ej is the dis-
persion energy. This simple expression is remarkably accurate for a wide range of solids,
crystalline and amorphous alike.?® The E; and E,; values determined from the fitting is
summarised in Table B.1. Substituting the calculated values for n, k£, and d back into
Eq. (B.5) yields transmission spectra which match the experimental T’ curves extremely
well throughout the entire wavelength range.

B.1.4 Analysis of a: determining Ey, E,, and o

We may now use the values for the absorption coefficient « obtained from the Swanepoel
analysis to calculate several other useful parameters characterising the Si-NC films, namely
the Urbach energy for the band tails (Ey), the optical band gap (£;), and the absorption
cross-section (o). o is particularly useful in rate modelling, where it is required to calculate
the excitation rate (see Appendix A).

Due to the exponential band tail density of states, transitions between band tails yield
an absorption edge proportional to e~"/Ev, where Ey;, the Urbach energy, is an empirical
parameter describing the distribution of states.?* As such, a semilogarithmic plot of a vs.
hv will yield a value for Ey from the slope. In Fig. B.3a, we plot a linear fit of In « for
the energy range hv € [1.9,2.9] eV, to avoid the deviation from linearity near the mobility
gap; values for Ey are summarised in Table B.1. For the three a-Si-NC films, we obtain
Ey ~ 200 meV, significantly higher than the ~30-50 meV quoted for bulk a-Si.?® Such a
broadening of the band tails for nanoscale a-Si structures has been attributed to a widen-
ing of the mobility gap with respect to bulk, the lowest-lying band tail states remaining
essentially unaltered.?%?’

Determining the optical Tauc band gap via a plot of (ozhz/)l/2 vs. hv is a well-known
optical characterisation technique.?® For amorphous materials, absorption can take place
via gap-to-tail, tail-to-band, and band-to-band state transitions. As this last process oc-
curs at higher energies and with greater probability, Tauc plots considering energies for
which a 2 10* cm™! are often used;?’ as mentioned in §1.2.3, however, generating an op-

"Empirically, Eo =~ 2E,, where E, is the optical band gap.
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tical gap from a Tauc plot may not be a true representation of the mobility gap. Fig. B.3b
shows Tauc plots for the four SiO films. The best-fit lines were calculated using the energy
range hv € [2.8,3.4] €V, corresponding to & 2 1.2 x 10* em™1. For the 600-°C-annealed
film, the data was insufficiently linear to provide a meaningful fit, so the linear regression
was not performed. Values for the Tauc optical band gap are given in Table B.1. Being
approximately 2.2 times larger than the corresponding effective oscillator energies Ej ob-
tained from the Wemple-DiDomenico fits of n, the Tauc gaps are in fair agreement with
the empirical Ey ~ 2E, law. Note that the a-5i-NC nanocomposite films are significantly
larger than the mobility gaps for bulk or even continuous thin film a-Si, typically in the
1.7-1.9 eV range.?*! This is attributed to quantum confinement effects: a shift in optical
gap by ~0.5 eV has been reported for ~1-nm-thick a-Si:H superlattices (periodic quantum
wells).32

Finally, from the « spectra for the four films, along with the nanocluster number den-
sity nnc values calculated in §C.2, we use Eq. (B.4) to determine the NC absorption cross-
section, o, shown in Fig. B.4.

Table B.1: Summary of parameters obtained via the Swanepoel analysis of SiO films annealed at 400, 500, 600, and
1000 °C. d is the thickness of the film, E; and Eg are the Wemple-DiDomenico fitting parameters for the index of
refraction, Ey is the band tail Urbach energy, and Ey is the Tauc optical gap.

,-nmneul d_:t 6J Ed EO EU Eg
6 (nm) (eV) (eV) (meV) (eV)

400 137843 1418 b5.64 197 250
500 134643 1392 536 194 249
600 1350120 13.67 5.07 194 —

1000 1330+30 14.09 5.26 346 231
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B.2 Quadrature frequency-resolved spectroscopy (QFRS)

B.2.1 Introduction

In quadrature frequency-resolved spectroscopy, the excitation consists of continuous-wave
(CW) and sinusoidal components, with detection set in quadrature (i.e., the resultant PL
signal is multiplied by a sinusoid phase-shifted by 7/2 to the excitation modulation and
averaged over one period). As a method of determining the distribution of luminescence
lifetimes, QFRS possesses several advantages over time-resolved spectroscopy (TRS). TRS
suffers if the system includes lifetime components which are longer than the pulse repeti-
tion time: in this case TRS probes the relaxation of the system to a metastable excited state
rather than its ground state, and the resultant lifetimes appear proportional to the excita-
tion pulse widths.3 Also, QFRS is not limited by the signal-to-noise ratio for long lifetime
components,3 and is insensitive to DC offsets in the detector.3?

B.2.2 Theory

The photoluminescence from a typical experimental system consisting of a large number
of emitting species is in general characterised by a distribution in lifetimes, P(7). We first
consider the component of the PL with a single lifetime 7. Such a component will have a
normalised impulse response function (i.e., response to J-function excitation) of the form

1
h(t;T) = ;e‘f (B.18)
The excitation used for QFRS, modulated at an angular frequency of w, may be written as

G(t) = Gp + gsin(wt) g < Gy (B.19)

For times much longer than 7 after the excitation is switched on, the resultant PL is given
by the convolution of h(t; 7) and G(t):

I(t;7) = h(t;7) * G(t)
= /t 1 exp [_—_(tT——u)] [Go + gsin(wu)] du

—oo T

=Gp+ [sin(wt) — wT cos(wt)]

1+ w272
= Gy + g cos ¢sin(wt — @) (B.20)
where we have made the substitution tan ¢ = wr.

For detection in quadrature, we multiply I(¢; 7) by —cos(wt) and average over one
period, yielding a QFRS signal of the form

27

S(w;T) = % /0 - [Go + g cos ¢sin(wt — ¢)] cos(wt)
_ g
T 2[(wT) ! 4 wr] (B.21)

Setting ¢ = 4 in this expression normalises the peak value of S(w; ), found at wr = 1,
to unity. From Fig. B.5a, we see that a semilogarithmic plot of S(w; 7) is a symmetric line
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with a full-width at half-maximum of ~1.15 decades. For a system with a distribution of
lifetimes, the resultant QFRS signal is given by

o>
S(w) = / P(T)S(w;T) dr (B.22)
0
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Fig. B.5: (a) Normalised single lifetime QFRS peak, S(w; 7). (b) Time-domain realisation of QFRS signal from a ~200-
nm-thick SiO film annealed at 500 °C (f=10 kHz, 514 nm excitation, c® ~ 16 cm~ 25~ 1), as measured with a PMT.

Although QFRS is usually executed using a lock-in amplifier (LIA), which measures
the in-phase and out-of-phase (quadrature) components of a signal with respect to a refer-
ence sinusoid, it is also possible to perform the measurement by fitting time-domain data to
sinusoids, circumventing the need for a LIA. For each frequency f, the scattered laser light
and PL signals are fit to the form I;(t) = G; + g; sin(27 ft + ¢;). Dividing the PL signal by
its DC component, Gpy, effectively removes errors due to small fluctuations in averaged
laser intensity between measurements; dividing further by the normalised excitation mod-
ulation amplitude, g, /Ge., corrects the PL signal for any changes in AOM performance as
a function of frequency. Multiplying the normalised PL signal by a sinusoid phase-shifted
by 7 /2 to the excitation and averaging over one period yields a QFRS signal of the form

S(w) — gPLGez

7aCrr sin(@ez — ppPL) (B.23)

where all variables are potentially functions of w. An example of such a fit is shown
in Fig. B.5b, for 514-nm excitation (c® ~ 16 cm~2s™!) with a modulation frequency of
f = 10 kHz. By scanning over a range of frequencies, the resultant QFRS spectrum S(w)
may be obtained; such a process was used for the inset to Fig. 7.3.

For a given S(w) spectrum, the inverse problem of determining P(7) is in general ill-
posed, as it is with time-resolved PL data. When fitting an experimentally-observed QFRS
spectrum to a number of single-exponential S(w; 7) peaks, it can be easier to discriminate
between bi-, tri-, or higher-order exponentials than in TRS, since each S(w;7) has a set
width which is independent of its amplitude; in some cases, unfortunately, difficulties
of this sort do still remain. Ultimately, however, the advantages of QFRS, as stated in
§B.2.1, make it a valuable, complementary technique to investigate a material system’s PL
dynamics.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



141

Bibliography

[1] P. G. Kik, M. L. Brongersma, and A. Polman, “Strong exciton-erbium coupling in Si nanocrystal-doped
SiO2", Appl. Phys. Lett., vol. 76, no. 17, pp. 2325-2327, 2000.

[2] H. S. Han, S. Y. Seo, J. H. Shin, and D. S. Kim, “1.54 uym Er** photoluminescent and waveguiding
properties of erbium-doped silicon-rich silicon oxide”, J. Appl. Phys., vol. 88, no. 4, pp. 2160-2162, 2000.

[3] H.S. Han, S. Y. Seo, and J. H. Shin, “Optical gain at 1.54 um in erbium-doped silicon nanocluster sensi-
tized waveguide”, Appl. Phys. Lett., vol. 79, no. 27, pp. 4568-4570, 2001.

[4] H.S.Han,S. Y. Seo, J. H. Shin, and N. Park, “Coefficient determination related to optical gain in erbium-
doped silicon-rich silicon oxide waveguide amplifier”, Appl. Phys. Lett., vol. 81, no. 20, pp. 3720-3722,
2002.

[5] N. Daldosso, D. Navarro-Urrios, M. Melchiorri, L. Pavesi, F. Gourbilleau, M. Carrada, R. Rizk, C. Garcia,
P. Pellegrino, B. Garrido, and L. Cognolato, “Absorption cross section and signal enhancement in Er-
doped Si nanocluster rib-loaded waveguides”, Appl. Phys. Lett., vol. 86, no. 26, Art. no. 261103, 2005.

[6] P.G.Kikand A. Polman, “Towards an Er-doped Si nanocrystal sensitized waveguide laser — the thin line
between gain and loss”, in Towards the first silicon laser, L. Pavesi, S. Gaponenko, and L. Dal Negro, Eds.,
vol. 93 of NATO Science Series II, pp. 383—-400. Kluwer Academic Publishers, Norwell, Massachusetts,
2003, ISBN: 1-402-01193-8.

[7]1 D. Amans, S. Callard, A. Gagnaire, J. Joseph, F. Huisken, and G. Ledoux, “Spectral and spatial narrowing
of the emission of silicon nanocrystals in a microcavity”, J. Appl. Phys., vol. 95, no. 9, pp. 5010-5013, 2004.

[8] F lacona, G. Franzo, E. C. Moreira, and F. Priolo, “Silicon nanocrystals and Er®** ions in an optical
microcavity”, J. Appl. Phys., vol. 89, no. 12, pp. 8354-8356, 2001.

[9] E lacona, G. Franzo, E. C. Moreira, D. Pacifici, A. Irrera, and F. Priolo, “Luminescence properties of Si
nanocrystals embedded in optical microcavities”, Mater. Sci. Eng. C, vol. 19, no. 1-2, pp. 377-381, 2002.

[10] S.Chan and P. M. Fauchet, “Silicon microcavity light emitting devices”, Opt. Mater., vol. 17, no. 1-2, pp.
31-34, 2001.

[11] A. Irrera, M. Miritello, D. Pacifici, G. Franzo, F. Priolo, E Tacona, D. Sanfilippo, G. Di Stefano, and P. G.
Fallica, “Electroluminescence properties of SiO,, layers implanted with rare earth ions”, Nucl. Instr. Meth.
B, vol. 216, pp. 222-227, 2004.

[12] D. Pacifici, A. Irrera, G. Franzo, M. Miritello, F. Iacona, and F. Priolo, “Erbium-doped Si nanocrystals:
optical properties and electroluminescent devices”, Physica E, vol. 16, no. 3—4, pp. 331-340, 2003.

[13] M. Sopinskyy and V. Khomchenko, “Electroluminescence in SiO; films and SiO.-film-based systems”,
Curr. Opin. Sol. State Mater. Sci., vol. 7, no. 2, pp. 97-109, 2003.

[14] ]. A. Woollam, B. Johs, C. M. Herzinger, J. Hilkiker, R. Synowicki, and C. L. Bungay, “Overview of
variable angle spectroscopic ellipsometer (VASE), Part I: Basic theory and typical applications”, in Optical
Metrology, G. A. Al-Jumaily, Ed. Proc. SPIE, July 1999, vol. CR72 of Critical reviews of optical science and
technology.

[15] B. Johs, ]J. A. Woollam, C. M. Herzinger, J. Hilkiker, R. Synowicki, and C. L. Bungay, “Overview of
variable angle spectroscopic ellipsometer (VASE), Part II: Advanced applications”, in Optical Metrology,
G. A. Al-Jumaily, Ed. Proc. SPIE, July 1999, vol. CR72 of Critical reviews of optical science and technology.

[16] D. Amans, S. Callard, A. Gagnaire, J. Joseph, G. Ledoux, and F. Huisken, “Ellipsometric study of silicon
nanocrystal optical constants”, J. Appl. Phys., vol. 93, no. 7, pp. 41734179, 2003.

[17] H. Mertens, A. Polman, I. M. P. Aarts, W. M. M. Kessels, and M. C. M. van de Sanden, “Absence of the
enhanced intra-4 f transition cross section at 1.5 ym of Er®* in Si-rich SiO2”, Appl. Phys. Lett., vol. 86, no.
24, Art. no. 241109, 2005.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



142

[18] I M.P. Aarts, B. Hoex, A. H. M. Smets, R. Engeln, W. M. M. Kessels, and M. C. M. van de Sanden, “Direct
and highly sensitive measurement of defect-related absorption in amorphous silicon thin films by cavity
ringdown spectroscopy”, Appl. Phys. Lett., vol. 84, no. 16, pp. 3079-3081, 2004.

[19] A. C.Boccara, D. Fournier, W. Jackson, and N. M. Amer, “Sensitive photothermal deflection technique
for measuring absorption in optically thin media”, Opt. Lett., vol. 5, no. 9, pp. 377-379, 1980.

[20] R. Swanepoel, “Determination of the thickness and optical constants of amorphous silicon”, . Phys. E,
vol. 16, no. 12, pp. 1214-1222, 1983.

[21] J. C. Manifacier, J. Gasiot, and J. P. Fillard, “Simple method for determination of optical constants n, k
and thickness of a weakly absorbing thin film”, |. Phys. E, vol. 9, no. 11, pp. 1002-1004, 1976.

[22] H. A. Macleod, Thin-film optical filters, Institute of Physics Publishing, Bristol, third edition, 2001, ISBN:
0-750-30688-2, p. 67.

[23] S. H. Wemple and M. DiDomenico, “Behavior of the electronic dielectric constant in covalent and ionic
materials”, Phys. Rev. B, vol. 3, no. 4, pp. 1338-1351, 1971.

[24] ]. 1. Pankove, Optical processes in semiconductors, Dover, Mineola, 1971, ISBN: 0-486-60275-3.

[25] M. ]. Estes and G. Moddel, “Luminescence from amorphous silicon nanostructures”, Phys. Rev. B, vol.
54, no. 20, pp. 14633-14642, 1996.

[26] S. Miyazaki, K. Yamada, and M. Hirose, “Optical and electrical properties of a-signgs:h/a-si:h superlat-
tices prepared by plasma-enhanced nitridation technique”, J. Non-Cryst. Sol., vol. 137-138, pp. 1119-1122,
1992.

[27] E Yonezawa and E Satoh, “Optical absorption spectra of bulk and multilayer amorphous semiconduc-
tors”, Philos. Mag. B, vol. 60, no. 1, pp. 109-117, 1989.

[28] J. Tauc, “Optical properties of amorphous semiconductors”, in Amorphous and liquid semiconductors,
J. Tauc, Ed., pp. 159-220. Plenum Publishing Company Ltd, New York, 1974, ISBN: 0-306-30777-4.

[29] G.Tamizhmani, M. Cocivera, R. T. Oakley, C. Fischer, and M. Fujimoto, “Physical characterization of a-Si
thin films deposited by thermal decomposition of iodosilanes”, J. Phys. D, vol. 24, no. 6, pp. 1015-1021,
1991.

[30] R. A. Street, Hydrogenated amorphous silicon, Cambridge University Press, Cambridge, 1991, ISBN: 0-521~
37156-2.

[31] J. Bullot, P. Cordier, and M. Gauthier, “Photoconductivity in hydrogenated amorphous silicon: I. Thermal
emission and hopping of trapped charges”, Philos. Mag. B, vol. 67, no. 6, pp. 751-762, 1993.

[32] B. Abeles and T. Tiedje, “Amorphous semiconductor supetlattices”, Phys. Rev. Lett., vol. 51, no. 21, pp.
2003-2006, 1983.

[33] S.P.Depinna and D. J. Dunstan, “Frequency-resolved spectroscopy and its application to the analysis of
recombination in semiconductors”, Philos. Mag. B, vol. 50, no. 5, pp. 579-597, 1984.

[34] L. R. Tessler and D. Biggemann, “Temperature independent Er** photoluminescence lifetime in a-
Si:H(Er) and a-SiO,:H(Er)”, Mater. Sci. Eng. B, vol. 105, no. 1-3, pp. 165-168, 2003.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



143

APPENDIX C

Miscellaneous calculations

C.1 Reflectance, transmittance, and absorptance
of a thin-film stack

The reflectance modelling of the microcavities discussed in Chap. 3 (Fig. 3.2b) was per-
formed using a MATLAB implementation of the characteristic matrix approach to cal-
culating the reflectance of an assembly of thin films. By this technique, the reflectance,
transmittance, and absorptance of an arbitrary number of thin films deposited on a thick
substrate can be calculated so long as the complex index of refraction (N = n — ik) and
thickness of each layer, and IV of the substrate, are known. We summarise the main results
of this analysis here.!

Consider an assembly of ¢ thin films, each with thickness d, and with complex index
of refraction N, (Fig. C.1). The ratio of the magnetic and electric fields of a light wave
travelling through vacuum is the free-space optical admittance, ) = 2.6544 x 1073 S.In a
medium, the optical admittance is y = NY, which is in general complex.

Ny |Nj|[N,|Ns N,| N,

o e o Fig. C.1: Notation for an assembly of ¢ thin
films on a thick substrate. In general, we al-
low N of the incident medium and the sub-
strate to be complex, as well as that of the

d2 d3 d films. 9 is the angle of incidence.
q
. 7
~
Incident Thin films Substrate

medium

We introduce a tilted optical admittance, 7, which is different for p-polarised (TM) and
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s-polarised (TE) waves.

NY
e = o5 €D
ns = NYcos (C2)

where 6 is the angle from the normal within the layer. For normal incidence, these two
polarisation states are not well-defined, and 7, = n,.
We now consider the thin-film assembly as a single layer, defining a total admittance

Y = C/B, where
B g cosd,  -Lsind, 1
= r
{ C ] {1:11 { iny sind,  cosd, } } { e } 7

where 4, = E]ﬂj\c"—seh 6, may be found by Snell’s law:

Ny sinfg = N, sin 6, (C4)

For reflectance and transmittance to be well-defined, 79 must be real. Once B and C
are known, the reflectance, transmittance, and absorptance at a given wavelength A may
be calculated via

;  (mB—-C WOB—C>*

= (noB+C) (7703+C' (€5a)
4ng §R(WM)
T = C.5b
(noB + C)(meB + C)* (C.5b)
dng R(BC* — np)
A = =1-R-T C.5

(0B + C)(mB + C)* (C.30)

Eqns. (C.5) give results for the so-called infinite substrate approximation, as the effect
of incoherent addition of multiple reflections between the surfaces of the substrate has
not been considered.! For the reflectance of a typical microcavity structure with a thick,
essentially opaque bottom mirror, this effect is negligible. However, when considering
transparent films on a transparent substrate, as is often the case when performing Swaen-
poel’s analysis (see §B.1), the infinite substrate approximation can yield unphysical results,
such as transmittance maxima which exceed the maximum transmission through an air—
substrate boundary.? The correct expressions for reflectance and transmittance are then*

_ R+ R,—2RR,

R= T_ R, (C.6)
1 1 -1
=[—4+—-_1 .
re (Lol ) =
2
where R, = (%=1} and T, = —25; are the reflectance and transmittance at the substrate—
s+1 (s+1)

air boundary, respectively.

"This was the situation considered by Manifacier? in his algorithm to determine the optical constants from
a single transmittance measurement (see B.1).
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C.2 Nanocluster number density

The number density of nanoclusters in a Si nanocomposite film (ny¢g, in cm=3) is an im-
portant parameter characterising the material, as it is used in the determination of the NC
absorption cross-section o (see §B.1), and is useful for comparison to ensembles of ¢- or a-Si
NCs used in simulations (see Chap. 6). From electron energy-loss spectroscopy (EELS) and
TEM measurements on our SiO films annealed at different temperatures, we may estimate
an average value for nyc.

By fitting EEL spectra from our films to linear combinations of spectra obtained from
pure SiOs, Si, and bulk SiO, the fraction of the Si atoms in the film existing in an Si phase,
Tsi phases MAY be extracted.’> Assuming a monodisperse ensemble of NCs, the number den-
sity of the NCs in the film may therefore be expressed as

<# Si atoms per NC) (# Si atoms) -
NNC =

cm3 NC
_ (PSioNAxsiphase) (ﬁﬂ (@) pSiNA>—1
Mg + Mo 3 Ms;
_psio_ Msi 3

psi Msi + Mo 4n <a3> TS phase (C8)
where N, is Avogadro’s number (6.02 x 1022 mol™!), p5i0=2.13 g/cm?, p5;=2.32 g/cm3, M;
is the molar mass of element %, and (a®) is the cube of the radius of a nanocluster with the
mean NC volume.

Using the EELS data and values for (a®) as determined from TEM for SiO films
annealed for 1 hr in 95% Nj + 5% Hj forming gas at temperatures ranging from 400 to
1100 °C, the calculation for ny¢ yields results summarised in Table C.1.

Table C.1: Calculation of the Si-NC number density nyc for SiO films.

Toreat (°C)  Tsiphase!  (a®)° (om) e (cm™3)

400 0.16 1.23 1.20 x 10%°
500 0.26 1.49 1.09 x 10*°
600 0.26 1.46 1.16 x 10*°
700 0.28 1.54 1.08 x 10*°
800 0.29 1.59 1.00 x 10*°
900 0.31 1.73 8.37 x 10'8
1000 0.35 2.22 4.49 x 108
1100 0.43 3.19 1.85 x 10*8

"The values of ; phase fOT Tynnear = 700, 800, and 900 °C
are unpublished (Quan Li, 2006); all other values are taken
from Ref.5

C.3 Nanocluster size distributions

Preparing a practically-monodisperse ensemble of particles is extremely difficult. Instead,
many fabrication processes result in particle size distributions with significant widths.
In particular, particles formed via nucleation and growth—such as a phase-separation
process in a supersaturated solid solution—typically follow a lognormal distribution.®8
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TEM images of NC-containing thin films' can yield rough histograms of the NC sizes after
careful scrutiny, which may then be fit to lognormal distribution functions. Such a fit (with
two free parameters) can be useful for describing the specimen sizes in a systematic man-
ner, since the properties of the lognormal distribution are well-known; also, it may help to
suggest the existence of smaller particles which are not well-resolved by TEM techniques.

The lognormal distribution is a continuous distribution with the property, as befits
its name, that the logarithm of its variable is described by a normal (Gaussian) distribu-
tion. 1% The probability density of the lognormal distribution may be written in the follow-

. .10
ing form: ) e
plx) = ——e 252 (C.9)

S\ 2z

Where S and M are real parameters. This distribution has the following properties:
2
e First raw moment (population mean): u} = p = (z) = eM +F
e Second raw moment: 1y = (z?) = ¢2M+5%)

. 952
¢ Third raw moment: p} = (z°) = e*M+72

e Variance: 0 = ((z — p)?) = ¢S +2M (632 — 1)

Skewness: y1 = V e5% — 1 (2 + eSz) [N.B.71 >0V S]

. . 2
* Position of maximum: Tpes = e~* M
Maxi lue: p(Tpens) = —m e =M
L4 axXimum value: p xpeak = f‘e 2
28

Histograms of NC population sizes were determined by counting ~100 particles on
plan-view TEM micrographs!! and fit to Eq. (C.9), as shown in Fig. C.2; the numerical
results of this fitting is summarised in Table C.2.

Table C.2: Summary of fitting parameters and useful properties of lognormal Si-NC size distribution fits to the
histograms shown in Fig. C.2. The S and M parameters yield lognormal distributions for the NC diameter d. The
mean radius {a) in A as well as the mean diameter (d) in nm is both given for easy comparison with values discussed
in Chap. 6.

Tonneat (°C) S M {d) (nm) {a) (A) o? (nm?)

400 0.136 0.974 2.67 13.4 2.68
500 0.171 1.092 3.02 15.1 3.46
600 0.128 1.137 3.14 15.7 3.69
700 0.149 1.193 3.33 16.7 4.18
800 0.123 1.211 3.38 16.9 4.27
900 0132 1.300 3.70 185 513
1000 0.196 1.490 4.52 22.6 7.82
1100 0.158 1.874 6.60 33.0 16.41

'See, for example, Fig. 4.1 and Refs.>’.
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Fig. C.2: Normalised histograms and lognormal distibution fits of NC diameters, for specimens annealed between
400 and 1100 °C. The histograms were determined experimentally from TEM images of the specimens.!! 60 particles
were counted for the 600-°C specimen and 70 for the 1100-°C specimen; for all other specimens, 100 particles were
considered.

C.4 Erbium concentration in SiO:Er and SiO:Er,O; films

The electron microprobe analysis (EMPA) of the Er-doped SiO films yields the composi-
tion in weight percent or weight fraction (z;,,), which may easily be converted to atomic
percent or atomic fraction (z;,) via the following expression:

(C.10)

where M; is the molar mass of element i. However, it is often of interest to know the
concentration of the erbium, [Er], in atoms/cm?. There are a number of ways to calculate
this value from EMPA results.

The simplest approach is to assume that the presence of Er does not change the atomic
number density of the film appreciably from that of bulk SiO,! which should be valid for
low Er concentrations. In this case, [Er] may be found by:

[Er] — NAPSOZEry (C.11)
Msio

where N4 is Avogadro’s number (6.02 x 10?3 mol™!), psio is the density of SiO
(2.13 g/cm?), and Msio = 3 (Ms; + M) is the average molar mass of the atoms in the
SiO film (22.04 g/mol).

For films grown via electron-beam evaporation of SiO and thermal evaporation of
metallic Er, we may use Eq. (C.11), since the Er vapour flux should be in the form of sin-
gle Er atoms. Using the EMPA data for the STX series of specimens (considered in Chap.
7), we may calculate [Er] in this way, the results of which are shown in Table C.3. Note
that the weight fractions of Si and O for ST5 deviate significantly from what one would
expect from a film with a very low Er concentration, and should therefore be the closest to

"We assume that the film density is similar to that of bulk SiO (i.e., zero porosity), as TEM of the films did
not indicate the presence of any appreciable voids.
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stoichiometric SiO; we therefore regard the EMPA results for specimen ST5 with some sus-
picion. For comparison, the last row in Table C.3 uses zg;,, and zo,, values for undoped
Si0, and the zg:,, from the EMPA, yielding a value for [Er] which is nearly identical to
that obtained previously. The last column of Table C.3 is reproduced in the last column of
Table 7.1.

Table C.3: Calculation of [Er] for STX series (electron-beam SiO and thermal metallic Er) SiO:Er films, using EMPA
data and Eq. (C.11). The calculation marked ST5* uses xg;,, and zg,, values for undoped Si0, and wg;,, from the
EMPA.

. -3
Specimen s, ZTOu TEryt TS L0y TEry [Er] (cm™")

ST1 0546 0326 0.1451 0478 0501 00213 1.2 x 10%
ST?2 0627 0361 0.0722 0492 0498 00095 5.5 x 10%°
ST3 0572 0347 0.0415 0481 0513 00059 3.4 x 10%°
ST4 0.554 0342 0.0153 0479 0519 0.0022 1.3 x 10%°
ST5 0418 0504 0.0026 0321 0679 0.0003 1.9 x 10"
ST5* 0.637 0363 0.0026 0500 0500 0.00003 2.0 x 10'°

For the SiO:Er films grown via thermal evaporation of SiO and electron-beam evapora-
tion of Er,O3 (specimens A-E in Chap. 4), we may test a further refinement with respect to
our calculation of [Er] by assuming that the atomic number density of the film is affected
by the presence of Er, such that the mass density of film, pg;0.g,, is the weighted average
(by composition) of the densities of SiO and Er,Os:

PSiO:Er = TEryOgy; PEra0z T (1 - xEr203wt)PSiO (C.12)
where M
Er20O
LErpOsyt — TErwt 2]\22Er3 (C.13)

is the weight fraction of Er;Oj in the film. We must consider the weight fraction of Er in
Eq. (C.13) because we are considering the film’s mass density. Defining the average molar
mass of atoms in the film as Moy = x5, Msi + zo, Mo + ©Er,, MEr, the revised expression

for [Er] is
NADc:orrX
[Er] = ~APSOETErm (C.14)
M SiO:Er
Using the EMPA data for specimens A-E, the calculation for [Er] using this method is given
in Table C 4.
Table C.4: Calculation of [Er] for A-E series (thermal SiO and electron-beam Er;O3) SiO:Er films, using EMPA data
and Eq. (C.14).
. Do Msio: E
SpeCImen TSit ZOy LEryy LSiat L0y TEra ( gp/sf:)nli%) (g /S:g;:{) ( CE’IIIL]S )
A 0.631 0366 0.0029 0495 0504 0.0004 2.15 22.042 2.3 x 10*?
B 0.627 0367 0.0068 0.493 0506 0.0009 2.18 22.093 5.3 x 10'?
C 0.623 0.362 0.0153 0.494 0504 0.0020 2.24 22.274 1.2 x 10%°
D 0567 0.337 0.0961 0483 0504 0.0137 2.85 22.909 9.8 x 10%°
E 0522 0316 0.1618 0473 0502 0.0246 3.33 25.441 1.9 x 10*!

For comparison, [Er] calculated using Eq. (C.11) yield values of 2.2 x 109, 5.2 x 1019,
1.2 x 10%, 8.0 x 10%°, and 1.4 x 10%! cm™3 for specimens A-E, respectively; these results
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are very similar to the values produced from Eq. (C.14), deviating slightly for the larger
Er concentrations. Given the error in the EMPA results and the assumptions with respect
to density of the SiO:Er film used for Eq. (C.12), it is unlikely that Eq. (C.14) comprises a
significant advantage over Eq. (C.11) in the calculation of [Er]. As such, we may use the
latter, which has a slight benefit in simplicity.
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APPENDIX D

Corrections to papers in the literature

During a review of the literature concerning emission from nanoscale a-Si and tunnelling
rates in ensembles of quantum structures, three papers were found to possess a number of
errata. In this Appendix, we present corrections to these papers.

D.1 Tunnelling through a square potential barrier:
Errata in Tada et al. (1988) and Nido et al. (1990)

The papers by Tada et al.! and Nido et al.? concern “nonresonant” tunnelling between
asymmetric quantum well structures. Tada cites the exact equation (Tada Eq. (4)), whereas
Nido rewrites it in a form valid when the carrier wavefunction penetration depth is much
less than the barrier width.

We will begin by briefly deriving the exact relation and comparing it to Tada Eq. (4).
We examine 1D resonant tunnelling of carriers of energy E from one particle to another
through a square potential barrier of width d (Fig. D.1):

0 z>d (region I)
Ux)=qUp(>0) 0<z<d (region II) (D.1)
0 z <0 (region III)

where U(z) = %V (x). Defining ¢ = %4E, the time-independent Schrédinger equation
may be rewritten as:

_ 52
2—:;—1/)" +V(z)y = Ev (D.2)
¢" +mle~U(2)]y =0 (D.3)

We consider the situation where the carrier has different effective masses in the particle
(m = my) and in the barrier (m = my), and € < Up (equivalent to £ < Vp). We define

T Although the tunnelling is referred to as “nonresonant,” since the quantum wells are asymmetric and
therefore have different ground-state energies, the formula used by both authors does not actually take any
non-resonant condition into account: it is simply the semiclassical tunnelling transparency relation for plane
waves through a square potential barrier.
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Ulx)

Fig. D.1: 1D tunnelling through a square
potential barrier (I=incident, R=reflected,
<+ |

T— T=transmitted).
— R

k1 = \/mpe and Ky = v mp(Up — €), yielding boundary conditions

e tkiz 4 Qeikzla: r>d
W(x) = Ae ™2 4 be2® (O<z<d (D.4)
Se "z z <0

Continuity of ¢’ and ¢ at z = 0 yields
KQ(B - A) = —ile’ (DS)
A+B=S (D.6)
Continuity of ¢’ and ¢ at z = d yields
iz (Bera! — Ae™) = iy (e ikl 4 Qeitid) (D.7)
Ae—/{gd + Beﬁqd — e—ikld + Qeikld (D8)
Solving Egs. (D.5) and (D.5) for S, we obtain

_ 2&2
S_KTHMA (D.9)

Substituting Egs. (D.8) and (D.6) into Eq. (D.7), and solving for A, we have

K9 (Be"‘zd Aer2d ( 2¢~h1d 4 pe—r2d 4 Be“2d>

A (_ﬂ2e-n2d - ikle HQd) —I€2B6'§2d 2ik1 e_ikld + ileelﬁd
A (—f-:g e ™24 _ ke ) (S — A)(iky — Ko)e™2% — 2iky e~ h1d

A [—Kz (e“md + enzd) + ikl(enzd _ e—nzd)] — Se"“zd(zkl N l€2) _ 2ikle_ik1d
Sex24(iky — ry) — 2ikye~hd
ikl (enzd _ e—kagd) — Ko (e.‘igd + 6_”2‘1)

A substitution of Eq. (D.10) into Eq. (D.9) yields

A= (D.10)

. 269 Semd(ikl — Rz) — Zikle_ikld
ko + ik ik (er2d — emr2d) — gy (er2d 4 g—rad)
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which may be solved for S to yield

g —4iki1ko g~ thid
(K3 — k) (em2d — e—r2d) — k) kg (en2d 4 e—r2d)
_ —4iky ke th1d (D11)
 2(k2 — k?) sinh kod — 4ik; k2 cosh kod ‘
Thus, the transmission coefficient is
4(k2 — k2)2 sinh? kod + 16k?k2 cosh? kad
2 1 1K2
_ 4k2 K2
(k2 — k)2 sinh? kod + 4k3k3(1 + sinh? kad)
_ 4kir3
(K3 + k)2 sinh? kod + 4k2K2
B dmpmpe(Up — €)
dAmpympe(Ug — €) + [my(Ug — €) + m 62sinh2/£2d
p P
4 (ﬂ) E(V - E)
= o (D.12)

4(2@) E(V - E)+ [(% —1)E+V]2sinh2§

mp

_-1_ _ B . . . .
where A = k5" = N ) is the 1/e wavefunction penetration depth in the barrier.
Eq. (D.12) is identical to the transmission coefficient in Tada Eq. (4),

- 4kE(V — E)
" 4kE(V — BE) +[(k— 1)E + V]2sinh? ¢

(D.13)

if k is defined as m;,/my, as opposed to m;/my, as indicated in the manuscript.
Unfortunately, this error is propagated in the manuscript of Nido ef al., where it is
evaluated for the regime d >> X. For # >> 1, sinhz ~ 1¢?, so

4 (%’) E(V - E)

(- 1) E+V]2;}e2“2d

mp

~

16 (;’;—I;) E(V — E)
(EmPE)

7
For a quantum well of width L, the classical attempt frequency is v = (5 ) (2E > 2, so the

mp

~

g~ 2mad (D.14)

tunnelling time 77 is given by the expression

1. (%) (@)% 168 - B) () exp | —2d <72—(v - E))l/2 (D.15)

7T ™y [V+(%—1)E]2

where m,, is the mass in the well and m, is the mass in the barrier. This is the corrected
version of Nido Eq. (1).
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It is encouraging to note that, although the change is small, the corrected theoretical
electron tunnelling times for barrier widths of 4, 6, and 8 nm, as shown in Fig. 3 of Nido et
al., match the experimental values better than those calculated with the incorrect formula

used in the paper (Fig. D.2).

104
O  Electron tunnelling time (expt)

—~ 3l Corrected calculation (o2
8_ 10° ¢ —— Nido et al. calculation ) E
S’
- Fig.D.2: Comparison of val-
(o4 2 © ues for experimental electron
o 10 tunnelling times and theoret-
e ical values calculated using
= Eq. (D.15) and the incorrect
D 407} o Eq. (1) in Nido et al, using
£ L = 5nm E = 80 meV,
o) V = 289 meV, my = 0.067myg,
[ and myp = 0.096mg.
c
S 1001 E
-~

107 v . . .

0 2 4 6 8 10-

Barrier Thickness (nm)

D.2 Emission from a-Si nanostructures:
Errata in Estes and Moddel (1996)

As explained in Chap. 6, the paper by Estes and Moddel® indicates a method of calculating
the emission spectra from nanoscale a-Si (quantum wells, wires, and dots) based on a
geometrical limitation of the accessible capture volume and area (V, and A., respectively)
due to the size and shape of the a-Si nanostructures. The precise form of V.(r) and A.(r) as
functions of position within the quantum structures is integral to a correct calculation for
the luminescence spectrum, especially for a-Si structures of comparable size to the capture
radius; it is therefore unfortunate that the expressions given in the Appendix of the paper
do not produce the correct result. Corrected expressions for V.(r) and A.(r) for 2D slabs
and 0D spheres are given here (with derivation) for a capture radius of R., a nanocluster
radius (or 2D slab half width) of R;, and a centre-to-centre separation (or distance from left
edge of 2D slab) of r.

First, however, we note an error in Eq. (3), an expression for the empirical quantum
efficiency of bulk a-Si (from Ref.%). Eq. (3) should read

1
77:
1 T
1+(?73_1)9XP(T0)

Fortuitously, this error is not propagated in ensuing equations. One other small error is
that the effective density of states for the conduction band, N, is given as having dimen-
sions of [cm ™3], when from the form of Eq. (6), it clearly must be in [cm~3eV~1].

(D.16)
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For both sides of sphere protruding,

Ac=m{(R. %) + (R} - 2R, — ")}
= 27(R% — r? — 2R? + 2Ryr)

In general, for V,

Vc:7r/ (Rz—m2) de == Rz(xg—z1)+§(x£{’—ac?)
X

1

For only the left side protruding, ; = —r and zp = R.:
V.= g(zRi +3R%r — %)

For both sides protruding, z1 = —r and z2 = 2R; — :

2
V,= %Rt(3R§ — 4R? 4+ 6Ryr — 3r%)

There are three cases with respect to R; and R.:

Casel: R. < R;

Case 2: R; < R. < 2R;

Capture sphere is completely en- Second side of capture sphere pro-

closed if r > R,.

e 0<r<R
Ac:ﬂ(Rg_T2)

Ve = 5(2R% + 3R2r —1°)

. RC<TSR,5
Ac.=0
_ A4r

Ve =R}
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e 0<r<2R;— R,
A. = w(R? —r?)
V. = Z(2R% + 3R%r — r3)
e 2R —R.<r <R,
A; = 2m(R2 —r? — 2R? + 2Ryr)

V.= 2 R,(3R2 — 4R} + 6Ryr
— 3r?)
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Case 3: 2R; < R,

Both sides of capture sphere protrude
for all r.

o 0 <r< Rt
A, =2m(R? —r2 — 2R? + 2Ryr)
Ve = ZRy(3R% — 4R? + 6Ryr
—3r?)
D.2.2 0D spheres

For spherical (0D) quantum dots, there are four cases with respect to R; and R.:

Casel: R. > 2R;

The dot is completely enclosed by the capture sphere
for all r.

47
Ve = ?Rf’
A, = 4nR?
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Case2: R; < R. < 2R;

For r < R, — Ry, the dot is completely enclosed (A, and V,
as in Case 1).

Forr > R. — R;, we have:

R:+r% - R? R.cosf —r

SR cosf = R,

cosf =

R.cos@® —r

Vi=m / (RP—z®)dr =7 {th (Rt + m)

¢ 2r
_Rt
L (R-r-mY R
24 2r 3
Re 2 2 2
VC”=7F / (Rg—xZ)dm:W[Rz(Rc—Ec-*_;—_Rt)
T
R cos @’

L1 (R4 R\ R
24 2r 3

S Ve=VI4V = Ig? [ — 6r2(R? + R?) + 8r(R} + R) — 3(R: + RY) + 6R?R?]

4 2 _ .2 _ p2
AC=27TR§/ sin df — 2n R¥oosf+ 1] = 2rR2 | =T —Fr 4y
0 2Rr

Case3: R; = R,

For 7 = 0, the capture sphere surface overlaps exactly with that of the dot, so V., = 4 R}
and A, = 4w R?.

For r > 0, use results from Case 2, yielding V. = Z%(r® — 12R?r + 16R}) and
A, = 271'}?,? (1 — —27%>
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Case 4: R, < R;

For r < R; — R, the capture sphere is completely enclosed
by the dot:

4
Vo= 3R
A, = 4w R?
Forr > R; — R., we have:
2 2 _ p2 /
COS@I:&# COSQZ-‘RtC—O‘SRf——I
R;cos® —r R
V=mrm / (R?2 — 2?)dz and ‘/CIIZW/(R?—:L‘2)(1£L'
—R. R cos 6’

V. is the same as for r > R. — R; in Case 3:

Vo=V + V) = o= [r* = 6r (R} + R2) + 8r(B} + R2) — 3(R{ + R{) + 6R}R2]
1_Rt2+r2—R3}

ol
Ao = 2nR? /O sin ¢ df = 27 R;[1 - cos ] = 2Ry [ 2R;r
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