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Abstract

Silicon nanocrystals can act as “sensitizers” for the luminescence of rare earth
ions. Our group has shown that amorphous silicon clusters demonstrate a similarly
effective energy transfer mechanism with respect to the rare earths, and have
several other attractive properties as well. In this work, the interactions between
amorphous silicon nanoclusters and Nd ions were investigated. Silicon nanocluster
specimens doped with different concentrations of neodymium were characterized
by continuous wave and pulsed photoluminescence measurements as a function of
specimen temperature and pumping power. A model for the system is developed
and compared to the data in an attempt to describe the nanocluster-Nd interaction.
The results presented here show that amorphous silicon nanoclusters are effective
sensitizers for the main Nd optical transitions, and offer advantages associated
with a lower temperature fabrication. Several limitations were also found which

must be overcome if these materials are to be used in light emitting devices.
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Chapter 1
Motivation

The intra-4f shell transitions of the rare earth (RE) ions have a variety of attrac-
tive luminescence properties [7, 8, 9, 10]. This luminescence can occur throughout
the visible spectrum and into the near infrared, depending on the rare earth and
the specific transition involved. Local electric fields due to the host material in-
duce a mixing of states of opposite parity in the dopant RE ions, weakly allowing
transitions within the 4f shell [11]. However, because these transitions are nor-
mally forbidden by selection rules (Section 2.1), the absorption cross-sections for
the transitions (e.g., for optical excitation) are low, generally on the order of 10~2!
cm? (eg. Er [12, 13], Nd [14]). The parity forbidden transitions result in long
lifetimes of the excited ions (e.g. on the order of a few milliseconds for Er in
glass [11]), an important characteristic for population inversion in rare earth lasers
which require excited state lifetimes greater than several hundred us [15]. Also,
the 4 f-shell electrons [16], are screened by the outer shell electrons [16] such that
the spectral dependence on the surrounding matrix is weak. These characteristics
are further discussed in Section 2.1.

The luminescent transitions of the rare earths have extensive applications in
optical communications, and a very brief description of some of these applications
can serve as illustrations of the value of (and problems associated with) the lu-
minescence of the rare earths. For example the 1980s saw the advent of erbium
doped fiber amplifiers for amplification of optical signals at ~1.5 um, one of the
minimum attenuation bands for silica fibers (eg. [17, 18], Fig. 1.2) . In these
devices the Er doped silica fiber is pumped (typically by a 980 nm laser) which
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CHAPTER 1. MOTIVATION 2
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Figure 1.1: The lower 4f-shell energy levels of an Er ion.

excites an erbium electron to the I/, state (Fig. 1.1). After ~ us an electron
decays non-radiatively from the *I;; /2 state to the first excited state, 4115 /2. The
final radiative transition to the *I;; /2 ground state occurs with the emission of a
~1530 nm photon [11].

The low excitation cross-section and non-radiative transitions of the free car-
riers result in low output power of a typical RE optical amplifier [17, 19]. There
are two main approaches to increase the output power: an increase in pump flux,
and an increase in the number of erbium ions. The Er absorption cross-section is
highest at 980 nm where there is a narrow absorption band [19]. Because of the
narrow absorption band the amplifier typically requires a wavelength-stabilized
pump laser with high pump flux [19], which is generally expensive. The second
approach, to increase the number of rare earth ions available to be excited, may be
achieved by increasing the Er concentration or increasing the interaction volume of

the fiber. The total Er concentration is limited by concentration quenching effects
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CHAPTER 1. MOTIVATION 3

(see Chapter 2.5), whereby the efficiency of the system decreases after a threshold
Er concentration [20, 21]. An increase in volume can be achieved by increasing
the length, however, lengths on the order of tens of meters are typically required
to achieve a significant amplification [18]. The long fiber length, as well as being
potentially bulky, increases the attenuation in the fiber due to scattering and is
unsuitable for erbium doped waveguide amplifiers, which must be short. These
pump laser and size restrictions make Er doped silica impractical for waveguide
amplifiers.

In the mid-1990s, silicon nanocrystals (with radii on the order of several nanome-
ters) embedded in a matrix of SiO, were found to be excellent sensitizers for er-
bium ions [22, 23]. Effectively, the silicon nanocrystals absorb incident radiation
and transfer the resulting carriers to nearby erbium ions through a much-debated,
but as-yet uncertain, mechanism {24]. The two most frequently used models to
explain the transfer are dipole coupling [25], and non-resonant excitation of the
erbium ions [26]. The non-resonant mechanism dominates in Si nanocluster sys-
tems (both amorphous [3] and crystalline [27]), with a coupling efficiency close to
unity [28, 29]. The resulting excitation cross-section is approximately 4-5 orders of
magnitude greater compared to direct pumping of the rare earth ions, and can be
approximately equal to the absorption cross-section for the nanoclusters, ~10¢
cm? [30, 31]. The high excitation cross-section for erbium in silicon nanocrystal
glasses has led several researchers to suggest the possibility of fabricating erbium
doped waveguide amplifiers (EDWA), and signal enhancement has been reported
recently in waveguide geometries [32].

Despite the level of research in erbium doped silicon nanocrystals there has
been only a small number of studies on other technically important rare earths,
such as ytterbium, terbium, and neodymium. Neodymium is of interest because
of its emission band in the second optical fiber transparency window (Fig. 1.2),
and because of its role in doped ceramics as a classic laser medium. Furthermore,
our group recently reported that amorphous silicon nanoclusters can act as the
sensitizers for Er ions [3], leading to the prediction that Nd might show an a similar
effect. The low processing temperature (on the order of a few hundred degrees)
required for the amorphous silicon nanoclusters is compatible with complementary

metal oxide semiconductor (CMOS) devices, in contrast to silicon nanocrystals
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CHAPTER 1. MOTIVATION 4

which require thermal processing temperatures of 1000°C or more. This makes
amorphous nanoclusters attractive for potential applications (eg. [31, 33]).

Two applications of Nd-doped materials in which the addition of Si nanoclusters
may be an advantage are fiber amplifiers and Nd-doped solid state lasers. Am-
plifiers are required to maintain signal strength over long distances (> 100 km)
in fiber optics [34]. Of the three principal windows in previously laid fused silica
optical fiber the transmission window at 1312 nm is not exploited to its full po-
tential due to the absence of an appropriate optical amplification medium at this
wavelength. Currently, amplification of 1300 nm signal relies on electro-optical
conversion, which introduces electrical noise to the signal and restricts the maxi-
mum data transfer rate to 40 Gb/s [35]. An all-optical system, on the other hand,
could have transfer rates of upwards of 100 Gb/s [35]. The *F3/, —* I3/ Nd
PL falls within this transmission window, however the excitation cross-section is
low. Coupled with Si-nanoclusters the efficiency of such an amplifier may be in-
creased specifically due to larger excitation cross-sections and the ability to pump
with white light. At present the photoluminescence (PL) of this transition is too
weak due to the low branching ratio of the *F3/3 —* I13/5 for first generation fiber
amplifier applications.

10

Window 1

Attenuation (dB/kM)

700 800 900 1000 11001200 1300 1400 1500 1600
Wavelength (nm)

Figure 1.2: The variation of attenuation in silica optical fibers with wavelength.

The three principal windows of operation are indicated and ‘OH~’ symbols indicate
increased attenuation due to the presence of hydroxyl radicals in the cable material.

Adapted after [2].

Neodymium is the most common dopant used in a variety of solid state laser
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CHAPTER 1. MOTIVATION 5

host materials [15]. Generally the highest gain of these Nd doped materials is
near 1060 nm [36], but lasing near 900 and 1300 nm has also been reported (see
Section 2.1). The efliciency and output of Nd:crystal lasers arc generally limited
by the low Nd absorption cross-section [15], necessitating large, often difficult-to-
grow crystals with high concentrations of Nd. The concentration of Nd is limited
by concentration quenching which causes a decrease in the upper lifetime of the
system (see Section 2.5), as in the case of Er. Here, again, an increased effective
excitation cross-section would increase the efficiency of a Nd laser. The poten-
tial deleterious effects of silicon nanoclusters for these applications (e.g. confined
carrier absorption) have not been widely investigated.

From the point of view of fundamental physics (interactions of amorphous Si
nanoclusters with RE ions) and potential future devices (amplifiers, silicon-based
lasers) these materials are of current interest. It is clear that Nd has important
optical applications, similar to those of Er but at different key wavelengths. An
increase in the effective excitation cross-section in an easy-to-synthesize medium
with low processing temperatures is technologically relevant, while the energy ex-
change between the Si nanoclusters and Nd-ion is interesting on a fundamental
level. The goals of this study were therefore as follows: a) to determine whether
amorphous silicon clusters can sensitize the optical transition in neodymium, b) to
determine the optimal conditions under which the Nd luminescence is maximized,
c) to investigate the dynamics of the Nd luminescence and compare the results
with traditional Nd laser glass, d) to probe the amorphous Si-nanocluster - Nd in-
teraction mechanism and estimate the relevant cross-sections, and e) to provide a
preliminary evaluation of the possibility for optical gain from Nd in Si-nanocluster

glass.
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Chapter 2

Background

2.1 Nd electronic configuration and transitions

Neodymium is a trivalent rare earth: a group of metals comprised of three mem-
bers of Group IIIB and 14 lanthanides. These are: scandium (21), yttrium (39),
lanthanum (57), cerium (58), praseodymium (59), neodymium (60), promethium
(61), samarium (62), europium (63), gadolinium (64), terbium (65), dysprosium
(66), holmium (67), erbium (68), thulium (69), ytterbium (70) and lutetium (71).
The ground state of the electronic configuration of the rare earths can be written as
[Pd]4f#5s%5p5. Because of their electronic structure, they commonly form stable
compounds where their valance is +3 (e.g. oxides or borides), and only occur as
such compounds in nature (exceptions include Ce, Pr and Tb, which also exhibit
+4, and Sm, Eu, Tm, and Yb which also exhibit +2). As the atomic number
increases, electrons are added to the 4f orbital. These 4f electrons are responsi-
ble for the luminescent properties of the ion and are largely screened from their
environment by the outer orbitals.

As a free ion the RE transitions between 4 f-shell energy levels are parity forbid-
den because of the selection rules. However, when in a solid host the electrostatic
and spin interactions split the electron configuration into multiplets, and the crys-
tal field further splits these into crystal field components [16, 11]. This induces a
weak mixing of states of opposite parity, and results in many energy levels with
parity-forbidden optical transitions weakly allowed between states belonging to

the same 4f ground-state electronic configuration [11]. Many excited states are
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Figure 2.1: Energy levels of Nd®*.

‘meta-stable’ because the transitions are technically forbidden and therefore have
lifetimes on the order of 10-100 ms in the visible range [37], and 0.1-10 ms in the
infrared range [1]. Because these transitions are only weakly allowed the optical
excitation cross-section is very small, on the order of 1072 cm? [21].

The Nd3* energy levels are affected by their local environment, however the 4f
electrons (responsible for the atom’s optical properties [16]) are largely screened
from their environment by the filled 5s25p® outer shells [16]. The weaker crystal
field interaction of the 4f electrons reduces electron-phonon coupling [16] resulting
in narrow luminescence bands (e.g. 1 nm linewidth of Er *I13; —* I15/2 lumi-
nescence at low temperatures in crystalline Si [38]). The outer shell also largely
screens the ligand field of the matrix, making the emission energies largely (but
not entirely) independent of the host material. Variations in the environment do
cause slight changes in the optical characteristics of neodymium (Table 2.1). For
example, the energy gap between *Fy /5 and *Iyy5 is slightly greater in amorphous
Nd:glass (1.176-1.167 eV) than crystalline Nd:YAG (1.165 €V). The disordered en-

vironment in glass increases the PL linewidth by almost a factor of 60 compared
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to that in crystal (i.e. the linewidth of the 4Fj /2 -4 1, ;2 luminescence increases
from 0.45 nm to 18-28 nm [15]). The radiative lifetime also increases, eg. the
4F3/2 —* I1j5 PL decay time increases from 230 ps in crystal to 320 us in glass
[15].

The photo-excitation and subsequent radiative decay of a Nd ion are described
here. The first few energy levels of a neodymium ion in a solid host are shown
in Fig. 2.1. The *I3/, —* Fj/» absorption has an excitation cross-section at 808
nm of ~ 107*cm? [15]. An electron decays non-radiatively from the *Fy, state
to the meta-stable 4F3,, state [15]. From this excited state an electron may decay
radiatively to the 4I;5 /2,4 Iy /5, or 4Ty /2 levels, corresponding to PL intensity peaks
centred around 1338, 1064, and 940 nm respectively [10, 15] (Fig. 2.1). The gap
between the terminal states *I13/2 or *I31/> and the ground state (“Iy/2) is ~ 0.5
eV or 0.25 eV respectively. These levels therefore have negligible populations at
300 K, and the relaxation into the ground state is fast and non-radiative [15]. This
precludes any population buildup, making the 1060 and 1300 nm transitions true
4-level operations. The *F} /2 gain can be reduced by excited state absorption at
1300 nm, whereby an excited ion may be further pumped by an incoming photon to
a 4g level. The electron in this new level may not decay with the same mechanism
if there are other paths available to it, and so the desired fluorescence can be lost.

The interaction of Nd ions with silicon nanoclusters has been studied studied
very little; therefore, in order to understand the way a rare earth ion can interact
with silicon it is necessary to look at the specific case of erbium, for which there is
an abundance of data. Presented here is a very brief look at the interactions of Er
with bulk silicon, silicon nanocrystals, and amorphous Si nanoclusters. Although
this summary is necessarily short, the reader will be referred to many seminal

references in case more detailed information is required.

2.2 Er in Silicon

Electronic transitions in bulk Si can include inter-band and intra-band transitions,
and energy transfer between impurities and bands. Band-to-band transitions, due
to the absorption of photons at energies above the bandgap, create electron-hole

pairs in the Si [39] (Appendix A). An electron-hole pair in bulk Si has a very
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Glass o of peak 7106 Tau T
(10%cm?®)  (us) (ps) Tios

Kodak Nd11 2.35 950 360 0.26

Schott LG55 1.22 1960 600 0.34

Chance-Pilkington LN6  1.3-2.1 1850 450 0.24

Table 2.1: 1.06 um peak of Nd photoluminescence in various host glasses. ¢ is the
cross-section, 7 g is the lifetime of the Nd 4F3/2 —* I /2 transition centred at
1060 nm, and 7, is the total radiative decay time of the system (measured over
all transitions). Modified after [1].

low probability of recombination due to the indirect bandgap. Recombination
requires a third body to satisfy the conservation of momentum (e.g. a phonon),
which results in a long carrier lifetime (60 ms at low temperature [40]). A defect
(e.g. neutral donor introduced by Er [41]) present in the crystal can introduce a
localized mid-gap state i.e. a lower electronic energy state (~ 3 meV for shallow
donors such as Er [40]). An electron-hole pair trapped at a defect state is localized,
which relaxes the momentum constraint via the uncertainty principal and therefore
increases the probability of recombination. The lifetime of the electron-hole pair
trapped in the defect level is on the order of a few microseconds [40].

Er can be excited to its 41'13/2 or higher state by an Auger process from an
electron-hole pair trapped at a defect level [26] (Fig. 2.2). The Auger effect is
a non-radiative process, whereby an excited electron transfers energy to an Er
electron (Auger electron). The energy transferred corresponds to the difference
between the initial transition energy and the ionization energy of the Auger elec-
tron. Excess energy due to the energy mismatch of Si and Er excited states is
absorbed by free electrons or phonons. Er in silicon exhibits a significant increase
in the excitation cross-section with indirect excitation (cesp ~ 5 x 10712 cm? [41])
compared to direct excitation of Er in an insulating host (oes; ~ 10721 cm? [41])
due to these processes [26].

Er doped silicon is characterized by strong temperature quenching [26, 42] due
to an Auger processes in which energy of the excited Er is transferred back to the
Si, exciting an electron above the bandgap (the reverse of the process in Fig. 2.2,

[42]). Due to phonon emission for energy conservation, the new electron-hole pair
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Figure 2.2: Model of Er doped crystalline Si. Phonon-assisted Si excitation creates
an electron-hole pair which subsequently excites an Er ion through Auger process.

generally has less energy than the electron-hole pair that initially excited the Er.
The pair therefore may not be energetic enough to excite another Er, resulting in
a net loss of Er luminescence [26].

At high concentrations non-radiative effects dominate [20, 21]. The average
distance between Er ions decreases as the concentration increases and therefore
electric dipole-dipole interactions between ions becomes more significant [43]. An
excited Er electron may resonantly transfer its energy to excite another nearby Er
ion [44]. This Er-to-Er excitation migration is not detrimental in itself, however a
number of ions may be coupled to quenching sites (e.g. -OH groups [44]). As the
probability of ion-ion transfers increases, the likelihood of exciting an ion coupled
to a quenching site increases. Once quenched, the excitation is lost [44] so the Er

luminescence is decreased.

2.3 Er in Si-nanocrystal systems

Silicon is the leading semiconductor in microelectronics, however its indirect band
gap and lack of linear electro-optical effects (changes in absorption, refractive in-
dex) make it unsuitable for optoelectronic applications. By reducing Si from bulk
to nano-scale particles the electronic characteristics are altered due to quantum
size effects [45].

In brief [45], when one or more of the crystal dimensions decreases to approx-
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Figure 2.3: Non-radiative processes in Er-doped Si nanocrystals: a) Auger pro-
cesses from nanocrystal to rare earth and from rare earth to nanocrystal, b) Mi-
gration and defect quenching.

imately the size of the exciton Bohr radius (ap, approximately 4-5 nm in bulk
Si) the carriers are in the quantum confinement regime. The carriers are confined
by barriers associated with the crystal-host boundary. A carrier confined in one
dimension is in a quantum well, confined in two dimensions it is in a quantum
wire, and confined in all three dimensions is in a quantum dot. The change in
electronic properties from bulk to nanocluster is continuous [46] (for a more com-
plete description see Appendix B). In the nanoscale range there are two regimes:
the weak confinement regime, where the cluster radius ranges from approximately
two to several times larger than ag; and the strong confinement regime, where
the radius is much less than ag. Both regimes display a decrease in energy of the
ground state of the electron-hole pair with increasing particle size (Appendix B),
therefore, as particle size decreases the emission energy due to pair recombination
increases.

In bulk crystal the density of states increases away from the band gap (o
VE where E is energy, Appendix A). In the 1- and 0-D systems the density
of states is greatest near the sub-band edges (< 1/2F) or entirely confined to the
elementary energy levels (at dg_ g/ ) respectively. This results in a narrower emission
linewidth, as most of the transitions occur at or near the sub-band edges. The

carrier localization due to quantum confinement (localization radius of Aa) reduces
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Figure 2.4: Model of Er Forster excitation of Er by an excited crystalline Si
nanocrystal.
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Figure 2.5: Model of Er Auger excitation Er doped SiO, containing crystalline Si
nanoclusters.

the momentum constraint on transitions (AaAp > h/2, where p is momentum).
This can result in a more direct band gap which no longer requires a phonon during
excitation/de-excitation and therefore increases the rate of recombination.

One method to produce the Si nanocrystals is to deposit several hundred
nanometers of SiO on a SiOs substrate, followed by thermal processing. SiO,
a thermodynamically unstable compound at room temperature, begins to phase
separate into SiO, and Si at temperatures above 300°C [47, 3]. During phase sep-
aration the Si separates out and forms clusters, leaving behind non-stoichiometric
amorphous SiO,. The SiO, approaches a composition of SiO, with increasing

phase separation [47]. At temperatures below 900°C [47] the nanoparticles are
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amorphous clusters [3], above 900°C they are crystalline. Er-doped nanocompos-
ites can be achieved by doping these SiO films with Er or Er oxides and thermally
processing them.

To obtain Er PL a Si nanocluster is initially excited by a pump laser, creating
an electron-hole pair which rapidly decays to a lower energy state [48]. The energy
is transferred non-radiatively to the Er, exciting an *Ij5/ electron to an upper
energy level [30, 46, 41]. An electron in this upper level then quickly decays non-
radiatively to the 41175 or 4113/ level [49], and then finally decays radiatively to the
ground state with the emission of a 980 or 1540 nm photon. Er in Si-nanocrystal-
doped SiO, has a reported lifetime of 1 to 2 ms [41, 30].

Two main energy transfer mechanisms have been proposed for the Er with Si
nanoclusters: Forster and Auger processes. Forster-type energy exchange involves
resonant dipole-dipole interaction between the electron-hole pair and Er. The non-
radiative recombination of an electron-hole pair is accompanied by excitation of the
rare-earth ion (Fig. 2.4). Time constants for this process have been experimentally
determined to be on the order of a few tens of nanoseconds (e.g. [50, 24]). The
Forster process is claimed to occur between nanoclusters and RE ions with a
separation of more than a nanometer [50, 24].

Auger-type energy transfer, the second energy transfer mechanism proposed
for the Er with Si nanoclusters, has been observed in RE doped bulk Si (Section
2.2). Band-to-band absorption in the bulk Si forms an electron-hole pair, which is
then captured by a neutral defect introduced by the Er [26]. The pair recombines
non-radiatively through an Auger process which transfers the energy to the 4f
shell of the Er ion via a Coulomb interaction [26] (Fig. 2.5). Reference [51] has
labeled this a ‘fast’ transition, with a time constant of less than a microsecond.
This type of transfer is also claimed to occur between nanoclusters and ions with

separations of less than a nanometer [51].

2.4 Er in amorphous Si-nanocluster systems

The description of Er with amorphous, as opposed to crystalline, nanoclusters, is
considerably more complex. Calculating the Bohr radius in an amorphous host is

more complicated because the effective mass is affected by the local electron/hole
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environment [45]. The surroundings of a single ion may be approximated as crys-
talline in the near-neighbour range, but will differ from site to site. In amorphous
silicon, carriers rapidly localize in the band tails [52]. These states have an en-
ergy distribution that follows an exponential tail extending from the conduction
and valence bands [52]. Radiative recombination can then occur between trapped
electrons and holes at an energy below the mobility gap of amorphous silicon [52].
Alternatively, deep non-radiative traps (e.g., dangling bonds) can provide an un-
desirable non-radiative recombination pathway [52].

Mott [53] has estimated the band tail localization distance to be on the order
of 1 nm, meaning quantum confinement would not play a role except in the small-
est clusters. However, particle size can affect the emission energy via a statistical
blueshift due to the availability of deep levels in the bandgap [52]. As well, quan-
tization of the extended states should play a role in the thermalization of carriers
from the band tails back into the mobility gap [52]. This effect might be observable
in the temperature dependence of the amorphous nanocluster luminescence since
thermalized carriers can recombine non-radiatively. Of particular relevance to the
present work, our group has recently demonstrated that these amorphous clusters
can be sensitizers for erbium ions, and that the energy transfer process between
an amorphous nanocluster and nearby Er®* is at least qualitatively similar to the
process that occurs in the much more widely-investigated erbium-doped silicon
nanocrystal systems [31, 54].

The amorphous silicon nanoclusters grown for this study were produced by
annealing an SiO film at temperatures below 800°C in an oxygen deficient en-
vironment to induce phase separation of the SiO. Previous studies on similarly-
processed un-doped films [3] have included high resolution transmission electron
microscopy (TEM) using energy filtered TEM to determine the size and structure
of the clusters. The diffraction pattern of the SiO sample annealed at 500°C did
not have periodic patterns or rings, indicating lack of long range atomic period-
icity. Silicon-rich clusters with radii estimated to be 1-1.5 nm (~ 200 — 1000
atoms) were observed in the energy filtered TEM images. In contrast, a distinct
crystalline structure and well-defined rings in the diffraction pattern were observed
for a SiO film annealed at 900°C.

The PL intensity temperature dependence is governed by the same mechanisms
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in the bulk and nanocluster amorphous Si [55]. At higher temperatures the number
of carriers thermally excited from the bandtail states to the conduction band [55] is
increased. From the conduction band they may then be captured by non-radiative
recombination centres (due to dangling bonds and structural disorder [55]). The PL
intensity of both bulk and nanocluster amorphous Si as a function of temperature is
described by Iy/I—1 o e~T/T0 [56], where I is the intensity at T = 0 (extrapolated
from the data), and Ty is proportional to the Urbach energy and describes the ratio
of non-radiative to radiative decay rates. The PL intensity of the nanoclusters is
less temperature sensitive than that of bulk amorphous Si [55].

Recently our group achieved Er PL through pumping of the amorphous nan-
oclusters [33]. Er-doped silicon nanocluster films were grown by co-evaporation of
Er and SiO, and thermally processed in 95% Ny + 5% H; environment. Maximum
PL intensity for 325 and 476 nm pump wavelengths was observed at an annealing
temperature of 500°C and an Er concentration of ~0.20 atomic %. The reduction
of Er PL at annealing temperatures below 500°C was attributed to the presence
of defects [57], which are removed at higher temperatures. The decrease in PL at
temperatures greater than 500°C is speculated to be due to Er clustering or oxygen
out-diffusion [58]. The effective excitation Er cross-section was determined to be

similar to that of crystalline nanoparticles, ~ 2 x 107*¢ ¢cm? [33].

2.5 Mechanisms of non-radiative recombination

RE ions in a film with amorphous silicon nanoclusters have excitation cross-sections
five orders of magnitude larger than that of RE in SiOs (10~2' cm? for Er [59] and
Nd [1] in glass compared to 107'® ¢cm? for Er [33] in nanocluster-containing SiOs),
and can be pumped with white light. Efficiency is limited, however, by energy
transfer from nanocluster to excited RE ion, from RE to nanocluster, from RE to
RE ion, or by clustering effects (Fig. 2.6). These effects, which can potentially
reduce RE luminescence intensity and PL decay times, are discussed in this section.

Nd ions arc excited by the transfer of energy from the nanoclusters. If the
transfer occurs from an excited nanocluster to a pre-excited RE ion, the RE ion is
“doubly excited”. This occurs if there is an appropriate energy level above the RE

excited level, where the energy difference between the excited states corresponds
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to the energy of the excited nanocluster. This effect is more pronounced at high
pumping rates (~100 mW for Er [60]).

The same process that transfers energy from the nanocluster to RE ion may
also occur in reverse, exciting a nearby nanocluster through the non-radiative
de-excitation of the RE ion [61]. Phonon interactions are required for energy con-
servation during the ‘back-transfer’ process [50, 61}, therefore this transfer plays a
major role in the temperature quenching of RE PL [50, 61]. An effcct related to
the back-transfer process occurs when energy is transferred from an excited RE to
a pre-excited nanocluster. Because it relies on a large number of RE ions being
pre-excited, this ‘impurity Auger process’ is stronger at high pump power. Back-
transfer and impurity Auger processes may be reduced in RE-doped crystalline
semiconductors by increasing the energy barrier (energy mismatch between the
electron-hole pair and RE ion) [24]. An increased energy-barrier can be achieved
by increasing the band gap through quantum confinement effects (i.e. changing
the semiconductor, or decreasing nanocluster size) [24]. However, according to
Taniguchi et al. [8] the energy mismatch between the *F3,, —* Ig, transition
energy (1.35 eV) and the phosphorous band gap (2.26 eV) was not enough to
prevent back-transfer. They concluded that though the energy barrier is a fac-
tor in the suppression of temperature quenching due to energy transfer from the
excited RE to nanoclusters, it is not the only source. Seo et al. suggested that
nanocluster-to-RE separation is at least as important as the band gap increase
[62]. An increased separation generally leads to a weaker coupling strength which
reduces the probability of transfer both from the RE to a nanocluster, and also
from the nanoclusters to the RE. This effect would apply to both the crystalline
and amorphous nanocluster systems.

At high RE concentrations, where the RE-RE separation decreases, RE-RE
interactions tend to dominate [20, 21, 36]. The strength of the dipole interaction
varies inversely with the distance between RE ions to the sixth power [36]. Along
with the RE-RE separation, the probability of interaction depends on the host
material (dielectric constant, typical phonon energy), the exact energy levels and
cross-sections, concentration, and spatial distribution of the RE ions. Excitation
diffusion, introduced in Section 2.2 (Fig. 2.3 b), is the non-radiative de-excitation

of an excited RE ion by resonant energy transfer to a second, unexcited ion (Fig.
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2.7). This transfer from ion to ion continues until an ion decays radiatively or
the excitation is transferred to an ion coupled to a quenching site [63], the latter
resulting in an increased PL decay rate accompanied by a net loss of PL. This
effect depends on the number of quenching sites, and would therefore be reduced
by reducing the number of impurities or defects with energy levels resonant with
the RE levels.

Co-operative up-conversion, another concentration-dependent quenching pro-
cess [9], is the de-excitation of an excited RE ion through non-radiative energy
transfer to a neighbouring pre-excited RE ion, exciting a carrier of the second ion
to an upper energy level approximately twice the energy of the initially excited
state [9, 20]. Because this effect depends on the number of excited RE ions it is
therefore more effective at high pump rates. In Er doped SiO;:Si-nc samples these
concentration quenching effects are dominate at Er concentrations above 10'° to
10% ecm™3 [60].

Clustering occurs at higher RE concentrations. The clustering of Nd, as well
as all other RE ions, is due in part to the large cationic field strength. The
electric charge of the cation is screened by non-bridging oxygens, e.g. in silica glass
[21]. The SiOs network is too rigid to allow sufficient coordination of oxygens to
sufficiently screen the charge, therefore the Nd ions may cluster to reduce enthalpy
by sharing the non-bridging oxygens [21]. The critical concentration at which this
effect begins to occur for Nd in SiO, glass has been estimated to be 1 x 10*%cm™3
[64]. Introduction of impurities such as aluminium and phosphorous have been
shown to increase the critical concentration by reducing the rigidity of the bonding

configuration [21]. Such dopants are frequently used in laser glasses.
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Figure 2.6: Mechanisms of non-radiative recombination in the RE-doped silicon
nanocluster glass include A) back transfer (left), or impurity auger excitation

(right), B) second excitation of an ion into a higher excited state, C) excitation
diffusion, and D) co-operative up-conversion.
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Figure 2.7: Sketch of excitation diffusion. Black arrows are energy transfers, white
circles are Si nanoclusters, black circles are Nd ions, grey circles are Nd ions coupled
to quenching sites.
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Chapter 3
Specimen Synthesis

Two methods were used to grow the films, both using concurrent evaporation
of SiO and either Nd;O3 or Nd metal in a vacuum chamber. Electron-beam and
thermal methods were used for simultaneous evaporation of the two sources, one for
each source. The electron gun consisted of an electron-emitting filament, magnets
to control the beam, and a water cooled rotating crucible. The copper crucible
fit up to 6 different sources and could be rotated to expose a single source to
the e-beam allowing for multiple layers to be grown without exposing the film to
atmosphere. The source was located ~80 cm from the substrate such that the film
thickness was approximately constant over the entire wafer. The thermal system
was comprised of a pair of water-cooled posts, copper clamps, and a source boat
made of tantalum or tungsten. A current ran through the posts, heating the boat
and causing evaporation or sublimation of the source. The adjustable height of
the posts allowed the thermal boat to be raised or lowered in order to achieve
graduated or uniform thicknesses across the film. The thickness of the film, as well
as the deposition rate, was measured by two crystal monitors at the same height
as the substrate. The chamber was pumped down to a base pressure of ~ 107%
Torr. The substrates were shuttered until rates stabilized, then exposed until the
desired thickness was achieved. The Nd concentration was varied by sample from
0.144 to 1.72 atomic % (set A and B respectively) in different specimens.
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3.1 Set A

In the first set of samples the SiO was evaporated thermally from a tungsten
baffle box while Nd,O3; was deposited by electron beam evaporation. The baffle
box reduced source spitting by obstructing the direct line of sight between the SiO
within the box and the wafer, while permitting the vapour to reach the sample. The
NdzOj3 source was contained in a tantalum liner. Though supposedly an excellent
e-beam source, maintaining the low Nd rates required for the samples ( 0.1 A/sec)
was a continual problem. A tungsten lid with a 3 mm diameter chimney was added
to convert the Nd,Oj3 system to a thermal source, such that the heating element
became the tungsten lid exposed to the electron beam. Nd,Ojs (density of 7.240
g/cm?®) is known to lose oxygen during deposition [65], and therefore, because
the crystal monitor was recording thickness of a Nd-rich (density of 7.010 g/cm?)
Nd oxide, the amount of Nd actually present in the film was underestimated, in
agreement to subsequent characterization. One 100 nm thick film (as determined
by the rate monitor) was grown on a 1 by 1 inch wafer, and later divided into 8

pieces for annealing at separate temperatures.

3.2 SetB

In the second set of samples SiO was evaporated by electron beam from a tantalum
boat with a tungsten lid to quell source spitting, while Nd metal was evaporated
from an open Ta thermal boat. The rates of both sources were more stable and
easier to control with this setup. To increase the photoluminescence intensity and
provide a thicker film for subsequent characterization the films for this series were

200 nm thick, as determined by the rate monitor.

3.3 Graduated concentration sample

The last ~ 200 nm thick SiO:Nd sample grown was a graduated Nd concentration
film, the setup is illustrated in Fig. 3.1. The vapour emission density from a point

source is angle dependent (density ~ sin?), and also decreases with increased
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Figure 3.1: Nd deposition set up of graduated concentration sample. Curves are
density contour lines of vapour emission. The SiO source was much further away
such that the density of vapour emission is considered constant over the film.

distance to the source,

r = /A2 + (z * cosh)?, (3.1)

where r is the distance to source, Ay is the vertical source-substrate separation, and
x is the horizontal source-substrate separation. The maximum variation in vapour
density with angle occurs near 45°. This setup was tested with a copper source
raised to within 15 cm of the substrate. The film thickness of copper determined
by simple resistivity measurements, and found to decrease to 1/6 of the maximum
over the two three inch wafers (total of six inches). The copper source was replaced
by the neodymium source and the graduated neodymium concentration Nd-doped
SiO sample was grown under the same conditions as set B. Though the Nd gradient
will affect the thickness of the film (on the order of hundredths of a percent) it
should not be enough to affect the PL intensity measurably (which, depending
on the noise in the baseline of the photoluminescence measurement, varies over
a few percent). Using this method the lowest Nd concentration was achieved,
extrapolated from the microprobe measurements to be on the order of 0.05 atomic

%, below the accuracy of the microprobe for Nd.
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3.4 Nd doped SiOy and Nd doped Silica laser

glass

A reference sample of Nd in amorphous SiO; was grown under the similar condi-
tions as sample set B, where SiO was replaced with SiO; as the e-beam source. The
concentration of Nd as recorded by electron microprobe analysis was 0.26 atomic
%. In addition, a small Nd doped silica laser glass boule was purchased from Keiger
Incorporated. A laser glass is intended to have strong PL with long luminescence
lifetimes, therefore the sample has a high concentration of un-clustered Nd, which

can be achieved by co-doping with aluminum or phosphorous [21] (Section 2.5).

3.5 Film processing

After deposition the films were annealed in a clean furnace at temperatures ranging
from 300 to 1100°C in intervals of 100°C with an overpressure of approximately
3 psi of ~ 96% Ny and ~ 4% H for one hour. The temperature drove the phase
separation process that formed the nanoclusters, while the hydrogen was present
to passivate Si dangling bonds present in the nanoclusters.

The nucleation and growth of the nanoclusters are diffusion related and have,
therefore, a strong temperature dependence [66]. The size of the nanoclusters
depends on both the annealing temperature and annealing time. In this study the
annealing temperature was varied rather than annealing time to affect both the sizc
and structure (amorphous or crystalline) of the nanoclusters. The microstructure
of the silicon clusters annealed over this range of temperatures has been described

in a recent publication from our group [67].
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Chapter 4

Experimental

4.1 Electron Microprobe Analysis

Determination of sample composition was done by electron microprobe analysis
(EMPA) on the JEOL 8900 microprobe in the Earth and Atmospheric Sciences
department. This was necessary to confirm the concentration of neodymium and
to test for impurities in the film. In EMPA an accelerated electron beam strikes the
film causing an inner shell electrons to be ejected from the atoms in the film. When
one of the outer electrons drops to fill the inner shell radiation characteristic of the
specific element is emitted. The specimen composition is determined by comparing
the specimen x-rays to those emitted by standards of known composition. EMPA
probes only the top few microns of the sample, as the penetration depth depends
on the accelerating voltage applied to the electrons. The thin films, 100 to 200 nm
thick, necessitated the use of low accelerating voltages. The penetration depth of

the electrons is roughly
0.1V}5

p
where V, is accelerating voltage in keV, and p is density in g/cm®. Using Eq. 4.1

d =~ um, (4.1)

for a 0.2 pm SiO sample (p = 2.432 g/cm?) the accelerating voltage should be less
than 3 keV (a Monte Carlo electron-trajectory simulation was done to determine
voltage more accurately). This is less than half of the binding energy of the lowest-
energy L-shell of neodymium, and therefore the M lines were probed with a 3 kV
beam. The x-rays were collected for both energy dispersive spectroscopy (EDS)
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and wavelength dispersive spectroscopy (WDS).

In EDS analysis the x-rays struck a single semiconductor crystal and created
electron-hole pairs, which were accelerated by a bias across the crystal to create a
charge pulse. The number of pairs was determined by the energy of the incident x-
rays, and therefore the energy of the x-rays was determined by analyzing the pulse
energy. EDS analyzes all emitted x-rays simultaneously and therefore completes
a spectrum in several minutes, but because the resolution is only on the order of
~100 eV it was used for initial surveys only.

WDS analysis, on the other hand, takes several hours to complete. The M,
x-rays were collimated and irradiated a thallium acid phosphate (TAP) crystal.
The crystal was part of a monochrometer and diffracted the photons according
to Bragg’s law. The x-ray spectrum was scanned by a proportional counter in
small increments for a fixed integration time. The low intensity of the M, line
necessitated the use of longer integration times and decreased the signal-to-noise
ratio for the Nd signal. Though WDS takes much longer than EDS the detection
limit is lower and the resolution is on the order of ~ eV, therefore WDS was used
in detailed measurements.

The minimum detectable Nd atomic concentration by WDS analysis was ~0.1
atomic %. The standards used were SiO; and NdPO, from the Smithsonian In-
stitute. Since the X-ray intensity also depends on the specimen composition some
systematic error is expected in the ZAF correction (corrections for atomic number,
absorption and fluorescence) technique from comparing a phosphate (NdPOy) to
a silicate (Nd doped SiO).

4.2 Optical studies

The optical properties of the sample were characterized by both wavelength and
time resolved photoluminescence. All measurements were taken in a closed room

with the lights off. The samples were probed by a HeCd or Ar-ion laser, or exposed

to a mini deuterium tungsten light source (mini-D2T) with a wavclength range
from UV to near IR, and the resulting signal collected by an optical fiber. The
signal was measured using a variety of charge coupled device detectors (Table 4.1),

or a photomultiplier, and the data analyzed using one of two computer programs.
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Range Resolution
Detector (nm) (nm)
USB2000 USB2G3929 350 - 1000 0.27
USB2000 USB2E2877 550 - 1100 0.27
NIRADC NIRD118 900 - 1700 1.74

Table 4.1: Spectrometers used in wavelength resolved photoluminescence measure-
ments.

4.2.1 Absorption and transmission

To probe the film transmission (and indirectly its absorption) measurements were
taken using a mini-D2T light source with a ~ 200 to 1100 nm emission spec-
trum to illuminate the sample and USB detectors to record the transmitted light.
The films were deposited on quartz microscope slides, therefore the measurements
were normalized with an identical blank quartz slide. To set up and normalize
the detector the mini-D2T was connected to an optical fiber which directed the
light to the slide, with the fiber end approximately 1 mm from the slide surface
(Fig. 4.1). A second collection fiber was located opposite the source fiber, the
collecting end ~ 1 mm from the surface. The collected light was directed to the
USB2E2877 spectrometer via the optical fiber, and the position of the fibers ad-
justed for maximum signal according to the spectral recording of the Ocean Optics
Incorporated (OOI) spectrometer operating software. This signal was recorded as
having 100 % transmission, and the blank quartz slide replaced with a sample film
with the film side towards the source fiber. The results were displayed by the

absorption/transmission functions in the OOI spectrometer operating software.

Fused quartz substrate

Black body light sou ;

Figure 4.1: Absorption and transmission setup.
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4.2.2 Wavelength-resolved PL

The spectrometers were normalized with a black body light source, and the spec-
trometer noise level was established (by subtracting the spectra recorded with the
laser shuttered from the spectral data) before each set of measurements. An Ar-ion
and HeCd continuous wave (CW) laser were used to pump the samples over a total
of ten different wavelengths (Table 4.2) in the wavelength-resolved PL measure-
ments. The HeCd laser output contained both the 325 and the 442 nm lines with a
fixed power output of ~ 18 mW at 325 nm, and ~60 mW at 442 nm as measured by
a power meter just before the sample holder. The wavelengths of the Ar-ion laser
were selected within the laser cavity by adjusting an internal mirror and prism,
and the optical power used ranged from a few mW to 2 W as determined by an
internal power meter. A constant power was automatically maintained by current
adjustments. The beam spot on the specimen was a few millimeters in diameter,
as estimated by eye at the sample site. The majority of steady state measurements
were taken with the strong 476 nm Ar-ion line.

Ar ion Laser

interference Filters

sample
N
/

LPF
BPF

(Optional)
hutter
To

Spectrometer

Figure 4.2: Wavelength resolved PL setup.

All the steady state PL measurements were taken with the same setup, as
illustrated in Fig. 4.2. The HeCd or Ar-ion laser beam impinged at approximately
45° from the face of the sample, and the PL was collected from a fiber a few
millimeters away normal to the sample surface. The collected PL passed through
a long-pass filter to prevent laser light from entering the spectrometer, and through

a band pass filter to select PL bands (Table 4.3 and Fig. 4.3). The PL data were
analyzed using the irradiance function of the OOI software, which displayed the
normalized data in bins of about 0.3 or 1.7 nm (Table 4.1).
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Figure 4.3: PL of a low Nd concentration sample with interference filters. PL bands
recorded during time-resolved PL measurements are shown by the blue (Nd) and
red (Si-nc) lines, along with the PL spectra recorded with only the 550 nm BPF
in black.

4.2.3 Time resolved PL measurements

The dynamics of the Nd and Si nanocluster PL were probed using time resolved
spectroscopy. The 476 nm line was used to excite the nanoclusters, as it is not
resonant with any neodymium transitions (see Fig. 2.1). A low pump power (flux
~ 108 jons cm™?) was used to ensure the PL remained in the linear response regime
(co-operative up conversion of the Nd, excited state absorption of the nanoclusters,
and other pump-related non-radiative effects are reduced, see Section 2.5). Power
was adjusted at the Ar laser and read off of the laser internal power meter. The
actual power reaching the sample is less in AOM measurements than that recorded
at the laser aperture by the internal power meter due to the collimating optics.
The CW Ar-ion laser was passed through a series of focusing and collimating
optics before reaching the acousto-optic modulator (AOM), which was driven by a
tunable function generator (Fig. 4.5). The AOM produced a square pulse with 50%
duty cycles to record the PL rise/decay signal (Appendix C). A single mode from
the AOM (the first or second mode) was selected by a 1 mm diameter collimator
to pump the sample. The pump signal had a rise and fall time on the order of 50
ns (Fig. 4.4). The PL was passed through two interference filters: a 550 nm long
pass filter (LPF) to prevent laser light from entering the fibers, and either the 678
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Figure 4.4: Time resolved pump signal rise and fall (488 nm line of the Ar laser)
as recorded by a Si diode. Taken by fellow grad student, A. Hryciw.

or 900 nm interference band-pass filter (BPF) to record the Si nanocluster or Nd
iFy /2 —* Iy/2 PL respectively. The transitions that could be measured were limited
by the sensitivity of the photomultiplier tube (PMT), which ranged from 400 nm
to 1000 nm and had a maximum sensitivity near 900 nm. Because the PMT was
less sensitive at 1060 nm, and the PL of the Nd *F3j, —* I11o transition is much
weaker than the Nd *Fy/5 —* Iy PL, only the SiO PL and Nd *F3/; —* Iy, PL
were measured. The time-resolved PL data were analyzed and binned by a photon
counter /multiscalar (Becker-Hickel model PMS-400), which consists of a series of
discriminators, gates, and counters (Appendix D) with a time resolution of 250 ns.

To align the fibers the collection fiber was initially connected to the USB2877
spectrometer, and the optics were adjusted to maximize the spectrometer signal.
The spectrometer was then removed, and the fiber connected to the PMT to record
the PL intensity dynamics.

4.2.4 Low temperature measurements

Measurements were taken to record dynamics as a function of temperature. The

sample, held by a brass clamp attached to a cold finger, was placed in a chamber
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Figure 4.5: Time resolved measurement setup with AOM.

pumped to 1.8 x 1075 Torr by a turbo pump. The reservoir was filled with liquid
nitrogen (77 K) and allowed to equilibrate for half an hour while the temperature
was monitored via a thermocouple at the clamp site. If the cryostat was being
brought down to 4 K the nitrogen was blown out after equilibration and liquid
helium was added. Wavelength and time resolved PL measurements were taken
once the cryostat stabilized at the desired temperature.

To obtain PL data the laser beam was directed through a series of focusing
and collimating optics to produce a small beam spot (< 1 mm) on the sample
within the cryostat at an angle of incidence slightly less than normal. The PL was
collected via a set of lenses and focused into an optical fiber. One or more LPFs
were used to prevent laser light from entering the fibers (Fig. 4.6), and a BPF was

used to isolate a PL band during time resolved measurements.
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Figure 4.6: Low temperature time resolved setup.

Wavelength Energy

Laser (nm) (eV)
HeCd 325 3.815
442 2.805

Ar-ion 454 2.731
457 2.713

465 2.666

472 2.627

476 2.605

488 2541

496 2.500

501.7 2.471

014 2.412

Table 4.2: Laser lines of the HeCd and Ar-ion lasers.

filter midpoint  range

type (nm) (nm)
long pass 550 > 550
band pass 900 850-950

variable band pass 680 650- 715

Table 4.3: Filters used in wavelength- and time-resolved photoluminescence mea-
surements.
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Chapter 5

Results

5.1 Film composition

The initial samples (set A) were made using a Nd,Oj3 source and a shielded SiO
thermal source to produce a film approximately 100 nm thick. The composition
was determined on microprobe by testing 5 points on each sample and averaging
the results. The Nd concentration was found by WDS analysis to range from 0.14
to 0.30 atomic % over the six samples, in a matrix of SiO;, (Table 5.1). The
higher ratio of oxygen to silicon could be due to penetration of the microprobe
beam through the thin film and into the silicon dioxide substrate. The oxygen
introduced into the film by co-evaporation of Nd;O3 would only increase the oxygen
content by ~ 0.3 atomic % based on the ratio of oxygen to Nd atoms, less than
the ~ 5% difference seen here. EDS also indicated the presence of gadolinium in
the samples. The Nd film source was therefore also tested and found to contain
gadolinium at approximately half the concentration of neodymium, identical to the
ratio found to be present in the films (Table 5.1). This was unexpected, since the
purchased Nd,Oj3 source was nominally 99% pure. Some literature research into the
providence of the rare earth elements indicated that Nd and Gd can be difficult
to chemically separate. Neodymium is naturally found only as a component of
minerals (e.g. xenotime) which contains other RE elements. For the purpose of
this study gadolinium is inert as its first excited state is approximately 4 eV above
the ground state, which is well above the pump energy used in the PL experiments.

In the second set of samples (set B) a Nd metal source was used to produce
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a film ~200 nm thick. No Gd was found by EDS in either the metal source or
the thin film, however there was a low concentration of aluminum observed (Table
5.1). Aluminium impurities were monitored with the microprobe and found on
average to be less than 0.02 atomic %. In this set the Nd concentration ranged
from 0.44 to 1.72 atomic % in a matrix of SiO;, again averaged over 5 points
per sample. The difference in the surrounding matrix could have been due to the
thicker film, which reduced the penetration of the beam into the SiO, substrate.
Microprobe analysis was also done on the Nd doped SiO; reference sample grown
under the same conditions as set B; the Nd concentration was 0.26 atomic % in a
matrix of SiOq .

Set B

Si o) Nd Al
49.81 49.71 044 0.04
49.79 49.72 0.47 0.01
49.82 49.69 0.49 0.01
49.25 50.15 0.60 0.01
49.51 49.57 0.92 0.00
4893 4934 1.72 0.02

Table 5.1: Electron microprobe results of 5 different samples (atomic %). Results
are averaged over five points per sample.

The crystal size and structure (amorphous/crystalline) was expected to be the
same in the undoped samples as in the doped samples. No effect on the microstruc-
ture of the Si clusters was reported in numerous previous studies of Er doped Si
nanoclusters for concentrations as low as those used here. At these concentrations,
3.43x10* to 1.00x10% ions cm™3, Nd separation is on the order of a few nm.
Nd is likely present as isolated ions or possibly small clusters of a few atoms (See
Section 2.5) and, therefore, cannot be imaged by TEM.

5.2 Si nanocluster PL

Steady-state wavelength-resolved PL of the graduated sample doped with the 0.15
atomic % Nd and annealed at 400°C (Fig. 5.1) was compared to PL from the
undoped sample annealed at 400°C studied in Ref. [3]. Three PL intensity peaks
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Figure 5.1: PL from specimen set A (0.14 atomic % Nd) (black) and an undoped
SiO film (grey), both annealed at 400°C. A) PL spectra from samples used in
lifetime measurements. Oscillations in the 600 to 700 nm range are due interference
effects of the thin films. (B) Time resolved data for the broad Si nanocluster band.

In PL Intensity {(a.u)

from the doped sample can be observed in Fig. 5.1: two peaks associated with
Nd transitions (the *Fys —* Iy, Nd transition centred at ~800 nm and the
4F3/2 —4 1 /2 Nd transition centred at ~900 nm), and a broad peak centred at 650
nm. The broad PL intensity peak at 650 nm had a full width at half maximum
of 200 nm, as did the broad intensity peak at 650 nm from the undoped sample
annealed at 400°C [3] associated with luminescent Si nanoclusters. The broad
PL intensity peak in the doped samples will be referred to as the amorphous Si

nanocluster PL for the rest of the thesis.
The Si nanocluster PL was also clearly visible in sample set A (with 0.14
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atomic % Nd) for annealing temperatures of 400 to 600°C, and 900 to 1100°C
(PL was not discernable at 700 or 800°C). Previous work has determined the
crystallization temperature of the SiO nanoclusters to lie between 800 and 900°C;
at 800°C or lower the clusters are completely amorphous [3]. The change in the PL
intensity peak centre and shape with annealing temperature (Fig. 5.3) of the doped
samples is similar to that recorded from undoped samples in Ref. [3]. The PL
intensity maxima from sample set A and the undoped SiO film [3] were compared
for annealing temperatures from 400 to 600°C in Table 5.2. Both Si nanocluster

PL maxima. shift to longer wavelengths with increasing annealing temperature.

Undoped SiO

Annealing  integrated Liem, Peak
Temperature integratedlysy Wavelength
(<) (nm)
400 1.00 650
500 0.79 700
600 0.39 730

Nd doped SiO

Annealing  integrated Liemp Peak
Temperature integratedlyyy Wavelength
(OC) Itemp/I400 (nm)
400 1.00 653
500 0.54 690
600 0.19 705

Table 5.2: Comparison of the integrated Si nanocluster PL from the undoped [22]
and doped (sample set A) SiO films, normalized to the 400°C anneal.

The decay process of the Si nanocluster PL from the doped samples was com-
pared to the undoped samples (Fig. 5.1). The nanocluster PL was selected by a
bandpass filter with a passband from 650 to 715 nm (Table 4.3). The Si nanoclus-
ter PL intensity from the 0.14 atomic % Nd doped sample decayed with a fast and
a slow component that approximately fit by the bi-exponential

l. = e—t/Tl + e—t/TZ, (51)
Iy
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where ¢ is time, and 73 and 7, are the fast and slow time constants respectively.
Only a few points were recorded from the fast decay (Fig. 5.1 B). The fast PL
decay has a time constant on the order of a microsecond (the temporal binning of
the system was 0.250 us, therefore only a few points along the decay curve were
recorded), while the slower PL decay occurred over a few hundred microseconds.
The amorphous nanocluster PL decay curve from the 0.14 atomic % Nd doped
sample was fit by a decay lifetimes of 7 ~5 and 7 ~175 us (Fig. 5.1 B, black
line).

Strongly multi-exponential PL decays, which include bi-exponential and stretched
exponential decays, are characteristic of amorphous silicon nanoclusters [68] and
amorphous silicon in general [69]. The Si nanocluster PL dynamics observed from
the doped SiO film were similar to those observed in identically processed undoped
SiO sample (Fig. 5.1 B). Though the Si nanocluster dynamics were not the focus
of this work, the fast decay has been attributed to geminate pair recombination
[70], and the slow decay to distant pair recombination [70].

5.3 Absorption measurements

Two broad structures were observed in the absorption measurements, one centred
at ~500 nm, and centred one at ~850 nm. These peaks, however, shift with changes
in thickness (due to the Nd concentration) in the graduated Nd concentration
sample. The nearly 200 nm wide structure centred at 850 nm was much wider
and taller than expected for the *Iy, —* Fyjp or *Ig;y —* F3j5 Nd transitions
centred at ~ 808 nm and ~ 900 nm respectively. Neither of these structures were
therefore attributed to the amorphous Si nanoclusters or the Nd transitions. They
are therefore attributed to film thickness effects.

Interference caused by the substrate-film and film-air interfaces created a sub-
stantial oscillation over the entire transmission spectrum. The frequency of the
oscillations decreases with increasing thickness. Due to the low Nd concentrations
in the thin film and the very low excitation cross-sections, it was impossible to

distinguish features due to absorption from the interference.
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Figure 5.2: Absorption spectra of various concentrations of Nd across the
graduated-Nd-concentration sample. The detector limit is 350 nm, according to
Ocean Optics specifications.
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5.4 Nd PL of specimens annealed from 300 to
1100 °C

PL spectra were recorded to determine the effect of annealing temperature on
the Nd luminescence (Fig. 5.3). For the rest of this thesis the term “Nd PL”
will refer to the luminescence arising from the 4F3/2 —4 Iy, transition unless
otherwise specified. The Nd PL was composed of 3 sub-peaks centred at 890, 900,
and 925 nm, the ratios of which did not change with annealing temperature. Set
A (0.14 atomic % Nd) was annealed from 400°C to 1100°C in 100°C intervals,
and both the Nd and Si nanocluster luminescence were detected (Fig. 5.3). The
Nd luminescence was most intense when annealed at 500°C, and then decreased
with increasing annealing temperature. At annealing temperatures greater than
800°C the Nd luminescence was no longer distinguishable from the Si nanocluster

luminescence.

400°C
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Figure 5.3: Photoluminescence data for Specimen Set A (0.14 atomic % Nd) for
various annealing temperatures. The Nd PL at ~900 nm decreases with increasing
annealing temperatures.
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To integrate the Nd luminescence the Si nanocluster luminescence was first
subtracted from the data. This was achieved by fitting the nanocluster lumines-
cence to a Gaussian (Fig. 5.4), and then subtracting the calculated fit from the
data (Fig. 5.5). The data were then summed from 840 nm to 985 nm.

o 280K
Multi-peak fit
e (SAUSSIAN

PL intensity (a.u.)

800 " 1000
Wavelength (nm)

600

Figure 5.4: Photoluminescence data from a doped (0.14 atomic % Nd) SiO film
annealed at 300°C (grey circles) and the fit (black line) to the sum of multiple
Gaussian curves (red lines).

The integrated Nd luminescence increased by ~ 15% from 400 to 500°C, then
decreased by ~ 86% from 500 to 800°C. The Nd integrated PL intensity was
approximately proportional to the integrated undoped Si nanocluster PL intensity
from Ref. [3] for annealing temperatures from 500 to 800°C (Fig. 5.5 B). At
annealing temperatures above 800°C the Nd PL was indistinguishable from the
Si nanocrystal [3] PL (Fig. 5.3). A similar result for annealing temperatures
greater than 800°C (crystallization temperature of the nanoclusters) was previously
reported for Nd doped Si nanocrystal films with an overall composition of SiO;
in Ref. [62].
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Figure 5.5: A) Nd PL data from set A, with the Gaussian fit to the nanocluster
PL subtracted from the data. B) Integrated luminescence intensity of the Nd PL
(set A), and the undoped SiO Si nanocluster PL (undoped SiO plot modified after

8]) -
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The effect of annealing temperature Nd** luminescence on higher concentra-
tions of Nd was also studied with set B, doped to 0.44 atomic % Nd. Specimens
were annealed at temperatures of 300, 400, and 500°C, to test annealing tempera-
tures near that which produced the maximum observed PL intensity in specimen
set A. Three principal Nd luminescence bands were observed from the sample, re-
quiring the use of two spectrometers to cover the full wavelength range. The long-
wavelength limit of the visible-to-IR spectrometer detector was 1000 nm, while
the short wavelength limit of the IR spectrometer was 900 nm (according to OOI
manufacture’s specifications). To obtain the PL peak height ratios the data from
the two spectrometers were normalized such that the PL intensity in the 900 - 1000
nm range overlapped. The PL peak centred at ~900 nm was greater than the peak
centred at ~1060 nm for all specimens, consistent with previous reports of SiO,
samples doped with ~ 10* Nd ions/cm? [21, 71]. The ratio of the integrated lumi-
nescence intensity in the three principle Nd luminescence bands remained constant
for all three annealing temperatures, but the overall PL intensity was greatest for
an annealing temperature of 400°C (the difference in annealing temperatures to
produce maximum PL intensity based on Nd concentrations is discussed in Section
6.3). In the work that follows all data were obtained from specimens annealed at
400 C, unless otherwise specified.
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Figure 5.6: Photoluminescence data for Specimen Set B (0.44 atomic % Nd) an-
nealed at 300, 400 and 500°C. Data from two spectrometers are stitched together
at approximately 950 nm to display a greater spectral range.
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5.5 Nd PL of the graduated-Nd-concentration
sample

PL data were taken at regular intervals across the graduated Nd composition
specimen (see Section 3.3) to investigate the effect of Nd concentration on the
luminescence spectrum. The Nd concentration at each point was estimated by

electron microprobe analysis. At the lowest Nd concentration the Si nanocluster
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Figure 5.7: A) PL taken at intervals across the graduated sample. B) PL intensity
from the Si nanoclusters and Nd ions, integrated from 550 to 800 nm and from

860 to 1000 nm, respectively.
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PL intensity was greater than the Nd integrated peak intensity (Fig. 5.7 A and
B). The amorphous-Si nanocluster PL intensity decreased as the Nd PL intensity
increased to a maximum Nd PL intensity at 0.23 atomic % Nd. For concentrations
above 0.23 atomic % Nd the integrated Nd luminescence decreased, while the
Si nanocluster luminescence continued to decrease until it was quenched at 0.41
atomic % Nd (Fig. 5.7 B). The decrease in PL with concentration is characteristic
of concentration quenching effects (Section 2.5). A similar PL intensity decrease

was observed in the samples from set B.
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Figure 5.8: Time resolved Nd PL from the graduated Nd concentration sample.
A) rise data, B) decay data.
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Concentration quenching in the graduated sample was probed further by time
resolved measurements of the Nd PL taken at six points (six different concentra-
tions) across the graduated-concentration-sample (Fig. 5.8, Fig. 5.11). The Nd
PL decay was plotted on a logarithmic scale (Fig. 5.9, B). The resulting curve
resembled a power law, indicative of a stretched exponential decay:

L eop(—(Ly), (5.2)

Iy Td

where I; is the PL intensity at time ¢, I is the initial intensity, 74 is the 1/e decay
time, and G, is between 0 and 1 (=1 is a single exponential). Eq. 6.4 was fitted
to the data by varying 7 and §, and was plotted as log(—In(I4/1p)) vs. log(t) to
obtain the time constant, 74, from a linear fit (Fig. 5.10 B). The resultant linear
fits (slope = 3, intercept = -flogr) produced an average R? of greater than 0.999,
indicating a better fit than to a single exponential (R? < 0.9), or a bi-exponential
(R? < 0.99). Tt is noted that a bi-exponential can be fit by a stretched exponential
if the bi-exponential is noisy.

The time constant 7; was constant within error at ~ 25 us for concentrations
less than 0.3 atomic % (Fig. 5.11). At concentrations of 0.3 atomic % and greater 74
decreased monotonically to = Tus at 0.5 atomic %. An increasing PL decay rate
with increasing Nd concentration is generally indicative of concentration effects
dominating the decay dynamics of the Nd ions [20, 21]. Quenching effects dominate
after a threshold concentration [20, 21, 9], here at approximately 0.3 atomic % Nd,
similar to the 0.2 atomic % Er concentration with amorphous nanoclusters from
reference [33].

The rise of the Nd PL intensity was also fit by a stretched exponential,

I t

=1 ep—(2)"), (53)
where I, is the PL intensity, 7, is the 1/e rise time, and [, varies from 0 to 1 (as
for 8;). When plotted as log(—In(1 — I,/ Iy)) versus log(t) (slope = (3, intercept =
-BlogT as in the previous case) the Nd PL data could be fit by a straight line. The
rise times were constant within error at approximately 20 us for concentrations

above 0.3 atomic % Nd, and decreased to approximately 10 us at 0.5 atomic %
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Nd. Results for the stretched exponential fits of the time resolved Nd PL are shown
in Figs. 5.11 and 5.12.

Concentration | 7, Br R? T4 B R?
(atomic %) | (us) (us)
0.15 19.0 0.605 0.9996 | 24.1 0.605 0.9996
0.16 20.1 0.696 0.9998 { 25.9 0.648 0.9995
0.20 21.3 0.711 0.9990 | 22.9 0.641 0.9975
0.3 14.9 0.760 0.9962 | 15.9 0.716 0.9993
0.4 9.7 0.725 0.9970 | 10.4 0.715 0.9978
0.5 7.1 07753 0.9966 | 6.7 0.664 0.9992

Table 5.3: 7 and 3 from fits to linearized data over various concentrations.
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Figure 5.9: Time resolved Nd PL from the graduated Nd concentration sample.
A) rise, B) decay.
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Figure 5.10: Time resolved Nd PL (normalized) of the graduated-Nd-concentration

sample. A) rise, B) decay.
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5.6 Nd PL for various pump energies and powers

PL data were taken from the 0.44 atomic % Nd sample (set B) to determine
the effect of pump photon energy on the Nd PL intensity and line-shape, and
to determine if the available laser lines were resonant with any of the electronic
transitions of Nd. The Ar-ion laser lines (Table 4.2) at 100 mW (as measured by
an internal power meter calibrated for each wavelength) excited the sample (Fig.
5.13). The integrated Nd PL intensity increased monotonically with pump energy
by a factor of three from 514 to 454 nm. A similar gradual increase in integrated
PL intensity as a function of excitation energy was reported in Ref. [62] in a study

of Nd doped nanocrystals.

Pump wavelength

454 nm
151 " e 457 AT
. 3 465 nm
=5 3 & o e 472 nM
5 B2 476 nm
31 0l 2 o' s 496 AN
.'? TE % ] 501 nm
2 o ! i s 514 1M
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0.0

750 800 80 900 950 1000
Wavelength (nm)

Figure 5.13: Nd PL (0.44 atomic % Nd). Inset shows the integrated PL intensity
as a function of excitation energy.

The PL intensity as a function of pump power (i.e., photon flux) was also
studied from this sample to determine the power above which pump-rate depen-
dent non-radiative effects dominate (e.g. ‘double excitation’ and co-operative up-
conversion - see Section 2.5) The 476 nm line of the Ar-ion laser was used at powers
from 60 mW to 2 W. The integrated Nd PL intensity increase was approximately
linear up to approximately 250 mW (~ 5x10% c¢m™?), after which the PL inten-
sity began to saturate as the number of excited nanocluster (and, therefore, excited

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



CHAPTER 5. RESULTS 51

;150- ge"saannnm
8 at
= ." .
[}
:.:3 100 . ™
-_g =
]

% 50{ o
o
Q2 [
IS ]

0.0 05 1.0 15 2.0

Pump Power (W)

Figure 5.14: Integrated Nd PL intensity as a function of pump power at 476 nm
(0.44 atomic % Nd).

Nd ions) reaches a maximum. The sample temperature was allowed to stabilize by
taking PL measurements after the sample was allowed to equilibrate for 2 minutes

under continuous pumping.
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5.7 Nd PL at low temperature

An approximately 1.5x 1.5 cm? section of the graduated sample was used in low
temperature measurements. The integrated Nd PL intensity data of the gradu-
ated concentration sample were fit by an arbitrary polynomial as a function of
concentration to estimate the Nd concentration at locations between known points
measured by electron microprobe. The Nd concentration of the sample used in the

low-temperature experiment was estimated to be ~0.2 atomic %.

0.2+
—~1a " NdPL — 77K
—_ % K . % a-Sinc 130 K
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Figure 5.15: PL temperature dependence of the 0.2 atomic % Nd sample. Inset
shows integrated PL intensities of Si and Nd PL as a function temperatures.

As the temperature decreased both the Nd PL intensity and Si nanocluster
PL intensity increased (Fig. 5.15). When cooled to 77 K, the integrated Nd PL
intensity increased to 1.4 times that at 295 K and the integrated Si nanocluster
PL intensity increased to 2.8 times that observed at 295 K (Fig. 5.15, inset). To
further investigate the change in peak ratios the PL was fit by multiple Gaussian
curves as in Section 5.4 (Fig. 5.4), and the heights and peak centres were reported
from the fits. Three sub-peaks were resolved in the Nd PL at 890, 900, and 925
nm (Fig. 5.16 A). The intensity peak height of the sub-peak centred at 925 nm (as

determined by a Gaussian fit) was the most temperature sensitive (40% increase
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from room temperature to 77 K) while the sub-peaks centred at 890 and 900 nm
had approximately constant heights (Fig. 5.16 B).
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Figure 5.16: Temperature dependence of the Nd PL sub-peaks, fit by Gaussians.
A) peak centre, B) peak intensity.
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The time resolved Nd PL rise and decay were fit (R? greater than 0.999) by
a stretched exponential (Eq. 6.3 and 6.4) (Fig. 5.17). The lifetime increased
slightly (from 26 to 28 us) on cooling from 295 to ~4 K suggesting a possible weak
temperature dependence (Table 5.4). A similarly weak temperature dependence
of the Nd PL was reported in Ref. [62] for a Nd Si nanocrystal film (overall
composition of SiO; 7). Although there was little temperature dependence of the
lifetime, the PL intensity was reported in [62] to decrease by 80 % and the lifetime

to decrease by 20 % on heating from 25 K to room temperature.
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Figure 5.17: Time resolved Nd PL (~ 0.2 atomic % Nd) at 4, 77, 293 K. A) rise,
B) decay.
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Temperature T4 Jé; R? T, Jé; R?

K ps (£0.5)  (£0.1) ps (£0.5)  (£0.1)

4 27.5 0.65 0.9983 28.9 0.75  0.9998
31 28.8 0.67 0.9998 29.0 0.75  0.9996
49 29.6 0.68  0.9998 28.7 0.74 0.9997
65 27.5 0.64 0.9999 28.8 0.74 0.9997
77 26.5 0.64 0.9998 27.6 0.74  0.9989
293 25.8 0.66  0.9998 28.0 0.76  0.9989

Table 5.4: Nd PL time constants (7) for rise and decay, 3, and goodness of fit (R?
is the coefficient of determination of a linear regression).
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5.8 Nd PL from Nd-doped SiO; thin film

Measurements were taken from a Nd-doped SiO, sample prepared under identical
conditions as the other samples (using a SiO, source instead of SiO). Nd PL was
observed in the Nd-doped SiO film when illuminated with the 476 nm laser line,
however none was observed from the Nd-doped SiOs film though the pump power
was increased by two orders of magnitude and the collection time increased by
three orders of magnitude.

5.9 Nd PL from Nd-doped silica laser glass

PL measurements were taken from a Nd doped silica laser glass produced by Keiger
Incorporated to compare the results to those from the nanocluster specimens.
Typical for laser glasses, aluminum and other impurities are incorporated in the
glass to reduce Nd clustering so that higher Nd concentrations may be used. The
Nd absorption spectra is non-zero over the range of Ar-ion laser wavelengths due
to the inhomogeneous broadening caused by the Nd environment [72], therefore
the laser glass could be excited with 476 nm Ar-ion laser line.

PL intensity peaks centred at 808, 8380, 1062, and 1330 nm (Fig. 5.19) were
identified from the laser glass, necessitating the use of two spectrometers which
were normalized as discussed in Section 5.4. The peaks in both the SiO and
silica samples were fit by multiple Gaussians (structure within a single PL band
is referred to as sub-peaks) (Fig. 5.18). The Nd PL intensity peaks observed
from the silica laser glass were at similar wavelengths as those seen amorphous-
Si-nanocluster host (Fig. 5.19, Table 5.5). All PL bands are much narrower than
those found in the Nd-doped SiO films, and ratios of the sub-peaks were also
different (Table 5.5).

Time resolved Nd PL from the laser glass sample was compared to the Nd PL
of the nanocomposite sample. The Nd PL intensity rise and decay data were fit
by stretched exponentials (Eq. 6.3, 6.4), as in the Nd doped Si nanocomposite
case. The stretching parameter, 3, was found to be approximately unity (0.90 and
0.97 for the rise and decay respectively), indicating the PL rise and decay were

effectively single exponentials. A single exponential with noise can, in fact, be
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Figure 5.18: Nd PL data and Gaussian fits to A) Nd in the nanocluster films
(denoted as Nd in a-Si nc), and B) Nd in silica laser glass.

better fit with a stretched exponential with a high 8. The Nd PL rise and decay
time, 7 and 74, of the laser glass were 366 and 335 us respectively (Fig. 5.20),

more than an order of magnitude longer than those of the nanocluster sample (~

28 and 25 ps respectively).
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Figure 5.19: Nd PL spectra from doped silica laser glass (black line) and Nd doped
(0.44 atomic % Nd) amorphous Si nanocluster glass (grey circles). The stitch line
indicates where data from two spectrometers were joined.

Nd Nd sub-peaks from specimen B | Nd sub-peaks from
Transition (0.44 atomic % Nd) Nd laser glass
Wavelength Height Wavelength Height
nm a.u. nm a.u.
1F50 - Iy 822 0.0388 812 0.0382
891 0.912 879 0.497
905 0.770 886 0.6722
927 1.083 898 0.379
912 0.3207
tFy0 —* L1jo 1075 0.246 1061 0.136
1121 0.238 1072 0.120
1F30 —* Lz 1374 0.023 1335 0.0163

Table 5.5: Peak wavelengths and heights from Gaussian fits.
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Figure 5.20: Time resolved Nd PL of the Nd laser glass. Lines are fits to the data.
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Chapter 6

Discussion

6.1 Comparison of nanocluster PL in doped and

undoped specimens

The presence of Nd was not expected to affect nanocluster nucleation and growth
at the low concentrations used in this study (~ 9 x 10! cm™3). There are several
indirect lines of evidence to suggest that the microstructure of the clusters was
indeed similar to the undoped SiO samples. The broad PL peak observed from the
specimen doped with 0.14 atomic % Nd and from the undoped SiO specimen had
the same peak wavelength and full-width at half-maximum when annealed at 400°.
As the annealing temperature increased the broad peaks of both samples shifted to
longer wavelengths in roughly the same increments (Fig. 5.3, Table 5.2). Based on
this identical spectra shift with increasing annealing temperature, the nucleation
and growth of nanoclusters were apparently unaffected by the presence of Nd. The
PL decay from both specimens displayed bi-exponential behaviour with a fast (on
the order of a us) and slow (on the order of a few hundred us) component (Fig.
5.1 B). The source of the broad PL peak was therefore attributed to amorphous

Si nanoclusters with radii on the order of a few nm, similar to those discussed in
Ref. [3].
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6.2 Estimate of Nd environment based on PL

The Nd PL from the nanocluster specimens was compared to PL from Nd in a
Si nanocrystel film [62], in hydrogenated bulk amorphous silicon [4], in porous
silicon [5], and in silicon-based gels [6]. The Nd PL intensity from each of the
hosts displayed peaks from the major transitions (*F3jp —* Iy, *F30 —* I11)e,
and *F3/; —* I130) at slightly different peak wavelengths (Fig. 6.1). The ratio
of the intensity sub-peaks making up the PL intensity peaks (as fit by multiple
Gaussian curves) was also host dependent. These differences in PL intensity peak
wavelengths were due to the Nd environment; for example, in the laser glass the
dopants used to maximize the lifetime have been reported to blue shift the PL by
20 nm [73]. Comparing the spectra of the Nd PL from the nanocluster specimen
to the Nd PL reported by [4], [5], and [6] suggested that the PL of the nanocluster

sample was due to a combination of Nd in SiO, and Nd in amorphous Si.
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Figure 6.1: Nd PL from SiO doped with 0.44 atomic % Nd (Nd:SiO). Plots of
normalized Nd PL from Nd doped silica (Nd:Silica), amorphous bulk silicon con-
taining carbon (Nd:aSiC), bulk amorphous hydrogenated silicon (Nd:aSi<H>),
and amorphous porous silicon (Nd:apSi), modified after [4], [5], and [6] are shown
on the same axis.

The Nd PL intensity from the laser glass had a decay time more than an or-

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



CHAPTER 6. DISCUSSION 62

der of magnitude longer than that of the Nd PL from the nanocluster sample.
Laser glass is designed to have an extended lifetime (for example, through doping
to reducing RE clustering). The Nd concentrations used in the nanocluster films
(~ 9 x 10" em™ Nd) are above threshold concentration for clustering in silica
glass (~10" e¢cm™3 [21]). Though it has been reported that Nd is slightly more
soluble in sub-stoichiometric silicon oxide than in pure silica [6], Nd clustering is a
possible explanation for the shorter lifetimes observed in the amorphous nanoclus-
ter specimens compared to the laser glass (discussed in Section 6.4). These may
not be metallic Nd clusters (nearest-neighbours are Nd), but simply local high-Nd
environments (nearest-neighbours are Si or O, but the separation between Nd**
ions is only several atoms) in which the cross-relaxation and excitation migration

processes discussed in Section 2.5 can dominate.

6.3 Effect of annealing temperature on Nd PL

The integrated Nd PL intensity of the 0.14 atomic % Nd sample initially increased
from 400 to 500°C, then decreased as the annealing temperature increased from
500 to 800°C similar to the decrease observed from undoped Si-nc integrated PL
intensity (Fig. 5.5). The average size of the nanoclusters changed with thermal
processing, affecting the nanocluster energy levels and bandtails [39, 55]. Highcr
temperatures also activate ion migration, increasing the chance of Nd clustering
(discussed in Section 6.5). The overall decrease in Nd PL intensity with increasing
annealing temperature could be due to changes in the nanocluster size (back-
transfer effects and non-radiative transitions on the nanoclusters), Nd concentra-
tion effects (clustering), or a combination of the two.

As previously discussed (Section 2.5), the probability of a PL-reducing transfer
from the excited ion back to a nanocluster is greater for small energy differences
between the ion and nanocluster excited states. The nanocluster PL shifted to
longer wavelengths as the annealing temperature increased, approaching the Nd
PL peak resulting from the *F3 ,2-to-ground state transition. Back-transfer effects
may have become more dominant, thus reducing the Nd PL, because the energy
levels were more closely matched at higher annealing temperature.

Non-radiative transitions occurring on the nanoclusters produced at higher
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temperatures would reduce the Nd PL if the non-radiative decay rate intrinsic
to the nanoclusters was greater than the nanocluster-to-Nd transfer rate. These
transitions would also cause a reduction in nanocluster PL, which was observed
in these specimens. The band tail energy spread decreases with annealing tem-
perature as the nanoclusters grow and quantum confinement effects are reduced
[55]. This may increase the number of carriers from the bandtail states thermally
excited to the conduction band [55]. From the conduction band they may then
be captured by non-radiative recombination centres (due to dangling bonds and
structural disorder [55, 39)), resulting in a net loss of PL from both the clusters
and the Nd ions. This established effect could compete with the energy transfer
to the Nd** ion, thereby lowering the Nd PL intensity for larger amorphous Si
clusters [55]).

Increased Nd clustering would lead to a decrease in Nd PL (see Section 2.5),
an effect that would be more pronounced at higher Nd concentrations. The Nd PL
intensity from the 0.14 atomic % Nd specimen peaked at 500°C (Fig. 5.5), while
that from the 0.44 atomic % Nd specimen peaked at 400°C (Fig. 5.6), supporting
the postulate that the Nd PL reduction with increasing annealing temperature
was linked to Nd concentration effects. The difference in the optimum annealing
temperature for sets A and B may have been due to the combined effects of diffusion
and Nd concentration. Nd is more soluble in SiO, than in Si [21, 6], and the
volume of SiO,, (where x is between 1 and 2) that the Nd ions occupied diminished
as the nanoclusters accrued Si. Therefore, though the Nd concentration in the
total film was 9x 10 cm™3, the concentration of Nd in SiO, approached 2x10%°
3

cm™ as more Si precipitated and x approached 2. The concentration threshold

for concentration quenching in SiO, is ~ 10* cm™3

in silica glass [6], therefore it
is possible that the phase separation of SiO forced Nd into a smaller volume where

the effective concentration was such that they would cluster, reducing Nd PL.

6.4 Effect of Nd concentration on Nd PL

The PL intensity in the graduated-Nd-concentration sample increased with in-
creasing concentration up to a threshold concentration (=~ 1.5 x 10% ions cm™2),

then decreased monotonically with concentration (Fig. 5.7). If the PL intensity
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was limited only by the nanoclusters available to excite the Nd ions, the intensity
would be expected to plateau once the Si nanocluster PL was undetectable. The Nd
PL decay was constant, within noise, for concentrations from 0.15 to 0.20 atomic
%. Above 0.3 atomic % the shape of the decay changed (3 increased) while the
lifetime decreased rapidly (Fig. 5.8). The decrease in PL intensity and decay time
with increasing Nd concentrations suggested that after the concentration increased
to 0.3 atomic % Nd new channels opened for the ions to decay non-radiatively. As
the separation between ions decreased with increasing concentration, more non-
radiative decay channels become available through Nd-Nd interactions (evident as
an increased decay rate). The commonly discussed mechanisms are ion clustering
[64], excitation migration [21], and co-operative up-conversion [9, 20] (see Section
2.5). Introducing these competing *F3/, level depopulating processes will result in
a net increase in the PL decay rate when the Nd-Nd interaction rates are greater
than, or comparable to, the radiative decay rates. This was reflected in the increase
of the Nd PL rise and decay rates at higher Nd concentrations (Fig. 5.11).

6.5 Nd-to-nanocluster transfer processes

The probability of energy transfer from an excited Nd ion back to a nanocluster
(e.g. back transfer and impurity Auger effects) depends on the number of phonons
available with enough energy to overcome the energy mismatch between the ion
and cluster [50, 61] (see Section 2.5), and therefore will be suppressed at low tem-
peratures. The integrated Nd PL intensity from the =0.2 atomic % Nd specimen
decreased by less than 30 % from 4 to 293 K (Fig. 5.15). The PL dynamics also
varied only slightly with temperature:  for the rise (~ 0.75) and decay (~ 0.65)
were constant, while the rise and decay times decreased from 4 to 293 K by ap-
proximately 3 and 11 % respectively. The nearly constant lifetimes as a function of
temperature suggested that back-transfer effects were relatively minor. The over-
all Nd PL temperature dependence of the sample was weak, suggesting that back
transfer and impurity Auger effects were weak compared to other non-radiative

processes that were occurring (such as concentration quenching effects).
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6.6 Functional form of Nd radiative decay

Nd PL decays from all the specimens were fit by stretched exponentials, which are
often observed in disordered systems [68, 74, 75, 76]. The stretched exponential
behaviour was likely due to a combination of Nd energy migration [77, 76], and
a distribution of intrinsic Nd PL decay rates [74]. Excitation migration from Nd
to Nd ion (see Section 2.5), which is known to occur in Nd doped glasses, has
been documented to cause stretched exponential behaviour [77, 76]. The dipolar
energy transfer rate varies inversely with Nd separation to the sixth power, and is,
therefore, a distribution of rates due to the random arrangement of Nd ions. This
results in a distribution of PL decay rates due to migration alone (i.e. assuming
identical intrinsic PL lifetimes for all Nd) and produces a stretched exponential PL
decay [78], where  would be an indication of the number of intermediate transport
Nd ions during migration [76].

The stretched exponential behaviour may also be the result of variations in
intrinsic Nd PL decay times induced by structural disorder in the specimen [76]
(e.g. varying composition of SiO,, proximity to a Si nanocluster and other Nd ions).
Each Nd would decay at a slightly different rate, and this distribution of the rates
would result in a stretched exponential decay function [74]. In these specimens
the decay was observed to approach a single exponential decay (§ — 1) with
increasing concentration. This may be due to an increased number of quenching
sites introduced by concentration effects, which would potentially limit the number

intermediate Nd ions (transport sites) and limit the distribution of relaxation times.

6.7 Nd excitation cross-section

The Nd ion can be approximated as a two-level system of *Ig/; (model level 1) and
4F3/2 (model level 2) for low Nd concentrations. Non-radiative decay processes are
assumed to be minimal because Nd-Nd interactions are weak in the low concen-
tration samples, and the weak temperature dependence of the PL lifetime suggests
back-transfer and Auger-related interactions are minimal. The closely spaced Nd
energy levels populated by energy transfer should phonon-decay quickly into the

4Fy); level. The transition to the Iy, ground state was stronger than transi-
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tions to the 4I; /2 OF 4113/2 levels (based on PL peak intensity ratios), therefore
transitions other than to the ground state are ignored.

In a simple two-level system the rate equation at low pump rates is

dN:
—E;- = RN; + wyNa, (6.1)

where N, is the population of the excited state, R is the excitation rate, and wy is
the decay rate of the excited state. At low pump flux, where the PL intensity was

proportional to flux, the excitation rate is
3
R=al%" X Dy, (6.2)

where @1, is the excitation photon flux (pump power + (hc/)) + area ~ 108
cm~2s7!). The population of the excited state after the pump is turned on at
t = 0 rises exponentially, Ny(t) = 1 — e~(F+wa)t while the population after the
pump is turned off (R = 0) att = 0 decays exponentially, Ny(t) = e~ (wa)t,

The intensity is proportional to Ny, and is written as

I.:
rise __ 1— —wpt 6.3

and I
decay — —wgt 6.4
IO € ? ( )

where [ is the maximum PL intensity, and w, is the measured PL intensity rise
rate. The PL measurements always necessarily include the radiative decay, there-
fore w, is a combination of the pump rate to the upper level and the decay rate
to the lower one. The PL intensity rise rate is w, = R + wgy: as the pump rate
increases w, must increase, and as B — 0 w, — wy. The effective cross-section
can, therefore, be estimated with Eq. 6.2 by fitting Eq. 6.4 and Eq. 6.3 to the
decay and rise data respectively, and solving for R.

The cross-section was estimated without considering the stretching parameter,
3, as has been frequently been done in the literature. To the best of my knowledge
(3 has not been incorporated into these calculations previously. Therefore 05}‘}“ is

an effective cross-section.
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Concentration Temperature R gé\J’f}“
(atomic %) K (")) (10715 cm?)
0.15 293 10965 2.8
0.16 203 11171 2.8
0.20 293 3094 0.8
0.3 293 4158 1.0
0.4 293 6995 1.7
0.4 4 4493 1.1
0.4 77 6660 1.7
0.4 293 5332 1.3

Table 6.1: Effective excitation cross-sections for low concentrations of Nd in SiO.

The direct Nd3*+ excitation cross-section for the Nd-doped silica laser glass
which was calculated using the same method, and found to be 1.3x1072° cm? at
476 nm (a typical cross-section for Nd in glass [79]). The Nd excitation cross-
sections estimated for the 476 nm pump laser were ~ 107!% c¢cm? (Table 6.1),
five orders of magnitude larger than Nd in the laser glass, and approximately an
order of magnitude larger than Er excitation cross-sections reported for Er-doped
amorphous nanocluster (~ 1071 ¢m? with 476 nm pump wavelength [33]) . This
implied a more efficient energy transfer from the amorphous nanoclusters to the
Nd ions that could be due in part to the large number of closely spaced energy
levels above the Nd *Fj ), level that allows for a wider range of excited nanoclusters
to be coupled to the Nd ions compared to Er.

6.8 Model

As simplified model of the Si nanocluster and Nd interaction model has been
developed formally in an accepted publication. Simple rate equations were used
from the model and the effective nanocluster-to-Nd transfer time was estimated
to give a measure of the interaction strength. The model is discussed in the
manuscript is also discussed here.

It has been established that the amorphous Si nanocluster PL is characteristic
of band tail emission in the nanostructures [33, 3]. The nanocluster was therefore

approximated as an effective three level system (Fig. 6.2) in which A is the ground

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



CHAPTER 6. DISCUSSION 68

state, B is a distribution of band-tail states, and C is a state above the mobility
gap. A carrier is initially excited above the mobility gap, with excitation rate R,
by absorbing a photon. The nanocluster quickly decays to level B when a carrier
is trapped in a band-tail state with a rate, wcp, greater than 10% s=! [80]. Carrier
trapping into a band tail state corresponds to sub-nanosecond timescales (com-
pared to the microsecond time scales of the other rates in the model) therefore
wep was approximated as infinite. It has been shown that carriers can be trans-
ferred from both crystalline and amorphous silicon nanoclusters to Er 4f levels
[26, 27, 33], therefore from the band tail state the carrier may decay radiatively,
non-radiatively, or transfer the energy to a nearby Nd ion with rates wg,, Wpayx,
or wps respectively (Fig. 6.2).

Upper
Nd levels

4
B
4

312
St

4

I‘I §/2
4

I] 32
4

1

= N
4
912

LAl

=TI

A \ 4 v
Si-ne Na3+

Figure 6.2: Model of amorphous Si nanocluster to Nd ion energy transfer.

The Nd** levels above the *F3/, level are closely spaced, therefore carriers
will rapidly decay via phonons from the upper levels to the *Fy/, level. The rate
wpe therefore represented transfers to all possible Nd levels. Based on the Nd
PL intensity (Chapter 5.5) the 4F3/, —* Iy, transition was dominant, therefore
transitions to the *I1y/o and *I 3/, levels were ignored. Non-radiative Nd decay
processes were assumed to be negligible, which is approximately valid as long
as Auger transitions from the *Fys level are negligible in the low concentration
samples (Section 6.5, and in agreement with Er [23] and Nd doped nanocrystals
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[62]). Therefore only the radiative decay of the *F3 /5 level was considered, and the
rate is denoted wy;.

In the low excitation regime the number of nanoclusters and ions in the ground
state is approximately constant, and for a pump signal starting at t=0 the popu-

lation time dependence of the bandtail, Ng(t), can be written as

dNp(t)
dt

= RNy — (Wpayr + WBap + wp2) NB(1), (6.5)

where N, is population of unexcited clusters, Np(t) is the population of clusters

with carriers in the band tails, and R is the excitation rate. The excitation rate

was kept as low as possible (Section 5.6), but high enough to produce a usable

signal (R ~ 2000 Hz). Integrating Eq. 6.5 gives an expression for the rise time,
RN4

Na(t) = % 1_e(wBANR+WBAR+UIB2)t ) 6.6
5(t) WBANyg + WBAR + WhH2 ( ) (6.6)

Similarly, the time dependence of the 4F3/2 level can be written as

dNy(t)
dt

= wB2NB(t) - ’wglNQ(t), (67)

where N(t) is the population of the *F3/; level. Inserting Eq. 6.6 into Eq. 6.7
and solving for N,(t) results in Eq. 6.8

NQ(t) -

Naiwps R ( e~ (WBANpTwBA twB2)E
1- Wa1

*
Wor(Wpayg + Wha, + Wp2) Wo1 — (Wpayg + WBA, + sz)( )
6.8

The radiative rate, wpa,, was observed to be approximately 1 x 10% s~1, indepen-
dent of temperature within the resolution of the experiment from 77 to 295 K (in
agreement with [81]), and the non-radiative rate, wga,,, was obtained from the
radiative transition probability,

WBAR

WBANR = ISZ—(Z—‘) — WRAR- (69)

The amorphous silicon nanocluster temperature dependent PL intensity, Is;(T),
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has been demonstrated [56, 55, 82] to be fit by the functional form

A
ISi(T) = 1+ BBT/TO, (610)

where A and B are fitting parameters, and T, is the characteristic temperature
proportional to the Urbach energy Fy (see Section 2.4). A, B, and Tp were ob-
tained by fitting Eq. 6.10 to the normalized Ig; temperature dependent data, which
was normalized by assuming a zero non-radiative rate (wpay,=0) and maximum
nanocluster PL intensity (Is;=1) at T = 0.

The Nd PL intensity with CW excitation can be written as Iy = bwg No(t),
where b is the constant of proportionality and ¢ — co. Using Eq. 6.8 at ¢t = oo the

temperature-dependent Nd intensity under CW excitation can be written as

quwps
INd(T) = 1+ BeT/T0 ] (6.11)
WBAR= 1 — T+ WB2

The fitting parameters are ¢ = bRN,4 and wpg,, where ¢ normalized the inten-
sity and wgs determined the shape of the In4(T) curve. Fitting Eq. 6.11 to the
data gave a transfer rate wyy = 7.1 x 108 s7 (Fig. 6.3), which corresponded to a
characteristic nanocluster-to-Nd transfer time of approximately 0.15 us. This rate
agreed with suggested transfer times for Er-doped silicon nanocrystal composites,
which were slightly less than 1 us [28, 48]. The transfer time was shorter than the
nanocluster PL rate (wpa, ~ 10°s7!), consistent with the nanocluster preference
to transfer excitation to the Nd ions rather than for carriers to recombine on the
clusters. The transfer time depends on the non-radiative decay of the nanoclus-
ters, which was estimated using Is;(7"), and therefore depends on how Ig,(T) was
calculated.

The non-radiative rate wga, , increased with increasing temperature (Eq. 6.9):
according to the model the estimated wga, , was lower than wg, at low temper-
atures, but comparable to it at higher temperatures. This explained the weak
temperature dependence observed in the Nd intensity. The Nd PL lifetime, how-
ever, did not depend on temperature because after the transfer wpa,, had no
influence. Furthermore, wgs was much faster than ws;, therefore the assumption

of a two level system used in the Nd cross-section estimate was approximately
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Figure 6.3: Nd and amorphous Si nanocluster PL as a function of temperatures,
along with a fit to the Nd PL data from Eq. 6.11 and the fit to the Si PL data
from equation 6.10.

valid.

Several assumptions made in the model could lead to errors in the transfer time
calculation, some of which could be evaluated. These included constant popula-
tions of the ground states, the experimentally determined value of wg4,,, transition
to a single Nd level, negligible non-radiative processes from Nd**, and the absence
of the stretching parameter, . The steady-state populations of N4 and N; were
assumed constant in the model. Fellow grad student A. Hryciw numerically recal-
culated the population of the Ny(t) population with Na(t) and N;(t), and found
the difference in the Ny(t) population to be less than 1%. The nanocluster radiative
decay rate was assumed to be the nanocluster PL rate at low temperature (wga,
= 108 s7') which was somewhat difficult to accurately determine (see Section 5.2)
and therefore could be a source of error. The rate used, however, was consistent
with the data and previous work [70]. Two assumptions were made about the
dynamics of the Nd excitation: that only a single Nd level was excited by the
transfer from the nanocluster, and that state decayed radiatively. Six Nd levels
overlap the nanocluster PL band, which can then decay non-radiatively to the *Fy
level. Since the dynamics of the individual transfers to the Nd levels cannot be
resolved, the calculated transfer time can only represent the effective transfer time
for the population of the *Fy/s level. The Nd non-radiative processes from that
level were assumed to be negligible, as suggested by the pump flux characteristics

of the data, however the weak lifetime dependance of 7y4 suggested at least one
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additional non-radiative process from the *F3/, was affecting the PL. Finally, the
effect of the stretching parameter, 3, has been ignored. To my knowledge no pub-
lication to date has incorporated ( into the silicon nanocluster-RE rate equation
modelling.

Despite the simplification of the model and the errors introduced by the as-
sumptions, a good fit was obtained to the Is;(T") and Ing(T") data, and the esti-
mated transfer time agreed with previous estimates for Er in Si nanocrystal com-
posites. The transfer rate (wp2 = 7.1 MHz) was faster than the measured PL rate,
which implied that population inversion may be achieved in Nd at low tempera-
tures by rapidly pumping the nanoclusters. Though wgs was fast in relation to
all other rates in the system, it was several orders of magnitude slower than the
excitation rate for Er in bulk Si [83], or Nd in direct bandgap semiconductors [61].
Therefore the transfer process only appeared to be efficient because all other rates

in the system are comparable or slower.
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Chapter 7
Conclusion

Amorphous silicon clusters have been shown to sensitize the luminescent transi-
tions in Nd**. The neodymium *Fj, level was pumped via a strong non-resonant
transfer mechanism from amorphous silicon nanoclusters, and all of the principal
Nd3+ emission bands were observed for specimens annealed at temperatures as
low as 300°C. The low processing temperature (compatible with CMOS fabrica-
tion), and the use of an SiO; host make this material compatible with integrated
optoelectronic applications. The Nd PL decay lifetime was well described by a
stretched exponential with a lifetime of 10 to 30 us, and 8 ~0.7 (Fig. 5.11),
where G less than 1 indicated excitation diffusion among the Nd ions or a distri-
bution of lifetimes. Concentration quenching was a significant factor in the Nd
PL dynamics at Nd concentrations above 0.3 atomic %, causing the PL intensity
to decrease and the decay rate to increase as a result of non-radiative processes.
Excited state lifetimes of several hundred us are required for population inversion
of Nd in traditional laser glasses, therefore to achieve effective population inver-
sion in this medium the excited state lifetime should be increased. This may be
achieved with the introduction of network modifiers such as Al or P, and their
effects should be explored in future studies. Only a weak temperature dependence
of the Nd PL intensity was observed, indicating back-transfer effects were min-
imal. The dominating non-radiative effect was, therefore, primarily a result of
concentration quenching.

The Nd excitation cross-section was calculated to be ~ 107! cm? (pump wave-

length = 476 nm) by assuming a two-level system at low pump flux. This cross-
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section is four orders of magnitude greater than that of Nd in insulating hosts,
therefore Nd in the amorphous nanocluster host requires a lower pump flux to
achieve high PL intensities. A simple rate equation model of the nanoclusters and
Nd ions was developed from which an effective transfer time of ~ 0.15 us was esti-
mated. This result is comparable to estimates for the more widely studied energy
transfer from silicon nanocrystals to Er®* ions. The transfer rate (~7x10° s7!)
was two orders of magnitude faster than the room temperature Nd PL decay rate
for a specimen doped with 0.4 atomic % Nd, implying that population inversion of
the 4F, /2 level might be achievable in this material. The estimated transfer time,
though fast compared to other rates in the system, was several orders of magnitude
longer than for the case of Er in bulk Si [84] or Nd in bulk GaAs or GaP [61].
The specimens made in this study feature low processing temperatures, non-
resonant optical pumping of the Nd®* ions via the nanoclusters, relatively weak
back-transfer effects, and an increased effective Nd excitation cross-section com-
pared to Nd-doped silica. These features, along with the relatively fast excitation
transfer from the nanoclusters to Nd, make this material promising for further
studies. Future investigations may include co-doping with Al or P in an attempt
to minimize the deleterious effects of Nd clustering. If the radiative lifetime can be
extended by these glass network modifiers, the possibility of population inversion
in waveguide or microcavity geometries may be explored. On a fundamental level,
future work should incorporate § into the rate equation modelling to give a better
description of the nanocluster-RE interactions. This thesis has therefore laid the
basic groundwork for future investigations involving non-resonant sensitization of

Nd using amorphous Si nanoclusters.
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Appendix A

Exciton energy levels

Electron-hole pairs interacting only via the Coulomb potential form a hydrogen-
like bound state known as an exciton. This imaginary particle can be described by
the same Hamiltonian as the hydrogen atom, and similarly by its Bohr radius and
Rydberg energy. These can be calculated for an electron-hole pair in a medium by
replacing the mass of the proton and the electron with the effective masses of the

hole and electron in the medium, mj; and m;:

E p

= —— Al
Gp eo 11" Gp (A.1)
and
1 é? pe
Ry = — = A2
V= 2eal 2e2h2’ (A-2)

where 117! is the inverse of the reduced mass, m?*~! +m2‘1, and ¢ is the permittivity
of Si. In Si the Bohr radius, ag, is estimated to be 4.3 nm, and the Rydberg energy
(ground state of the model), Ry*, to be 15 meV [45].
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Appendix B
Quantum confinement

The density of states of a system confined in one or more dimensions can be
described as
p(E) x B>, (B.1)

where d is the dimensionality of the system (d = 1, 2, 3), and energy, E, is measured
for electrons from the bottom of the conduction band. Discrete sub-bands due to
quantum confinement appear as in the “particle in a box” problem; the density of
states obeys Eq. B.1 within the sub-bands (constant for d=2, « 1/VE for d=1).
In the case of d=0 there is a finite number of atoms in the system, and finite
numbers of elementary excitations. The energy levels in the quantum dot may be
described as a particle in a cubic (or spherical) potential,

h*n?
Nz Ny, Nz = 2/14.[/2

(n2 + nz +n?), (B.2)

where L is the length of the box side, pu is the effective mass of the electron and hole
in the nanocluster, and nis 1, 2, 3,(...). This effective mass approximation assumes
the effective mass in the nanocluster is identical to that in the bulk crystal. Here
the density of states is a set of discrete delta-like functions whose energy difference

increases as the particle size decreases.
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In the weak confinement regime the energy of the electron hole pair is
m2h2 e? 1 1 72 h?
Bioim=ty=o=E;— R+ &———— = E; — 0.5—— ,
Lm=11=0 g vt 2(mz +m;)a? g £ ap (m: +m;}) 2a?

(B.3)
where Ry, m;, and mj are the Rydberg energy and electron/hole masses in the

nanocluster, a is the radius of the nanocluster, ¢ is the permittivity in the nan-
ocluster, and a; is the Bohr radius of the electron-hole pair in the nanocluster.

In the strong confinement regime the energy of the pair is

el a T h?
n=1,m=1l=0 = — 1. —— - . B.4
E 1,m=1,l=0 Eg 786 € a + u 2q2 ( )
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Appendix C
Accousto-optic modulator

The modulator consists of a piezoelectric speaker transmitting radio-frequency
sound waves through a piece of glass. The compression and expansion plane waves
change the glass density, resulting in a periodically varying index of refraction.
Light Brillouin scatters off the index pattern, Bragg diffracting into a number of

resolvable spots, where
mA

sinf = BT (C.1)
and 6 is the angle of scattered light from zeroth order mode, m is the mode order
(an integer), A is the wavelength of modulated light, and A is the wavelength of
modulating sound. The intensity of light diffracted depends on the sound intensity,
the zeroth mode can typically be modulated from 15% to 99% of its intensity, and

the first mode from 0% to 88%.
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Appendix D

Photomultiplier tube
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Figure D.1: photon counter block diagram. The discriminator selects the minimum
signal voltage of one count, counted after the trigger voltage is applied.

The PMT sends the photon counter input a pulse, passed through a voltage
discriminator to select the minimum voltage that qualifies as a count. The res-
olution of the scan depends on the gate pulse sent to the gate discriminator. If
the leading edge of the signal discriminator output occurs within the gate pulse an
output pulse is sent to the counter. The maximum resolution was 250 ns.

The PMTs cooling, gain, and on/off switch were controlled by the detector
control card on the desktop computer, and the photon counter triggered off the
modulator. A pre-amplifier was used in conjunction with the PMT. Most PMTs
have 20-50 mV pulses at maximum gain [85]; though still within the photon counter
detection range the pre-amplifier protects the detector by avoiding the use of a high
current required for low voltages. The use of the pre-amplifier also improves the
signal to noise ratio and increases threshold accuracy. The trigger threshold of
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the photon counter was set to 0.136V, approximately 1/2 the signal generators
voltage, and triggered on the rise. The channel rates were monitored to find the
initial signal incident on the PMT, integrating over 25 usec (repeated every 0.2
seconds). Once a signal was found and amplified accordingly, the lifetime data
were collected in the multi-scalar mode over up to 1 million time sweeps with a
minimum time step of 0.25 usec. In this setting the counter results for sequential

time steps are stored; resulting in a pulse density vs. time (wave form) plot.
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