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Abstract

The mechanism of the photoluminescence of silicon nanocrystals has been hotly
debated in recent years. Numerous models have been suggested to explain the strong lumi-
nescence, and many authors assume a particle size dependence of the emission spectrum
(i.e., due to quantum confinement). Here, it will be shown that particle proximity effects
can be more important than particle size in the luminescence of silicon nanocrystals. Sev-
eral sets of specimens were synthesized in which the emission spectra were found to be
highly sensitive to the microstructure of the specimens and nearly independent of particle
size in size-selective excitation experiments. Using a multilayering approach where silicon
nanoparticles were separated by "buffer" layers, the present work obtained strong evidence
in favour of particle-to-particle carrier migration in silicon nanocrystal ensembles. The re-
sults show that size and, especially, interactions between nanoparticles must be independ-
ently controlled in order to isolate the different mechanisms responsible for the

luminescence.
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Chapter 1: Introduction

Nanocrystalline silicon (nc-Si) has been widely studied ever since relatively
intense photoluminescence (PL) was observed from porous silicon (PSi) and attributed to
the effects of nanoscale silicon structures within the porous framework (Canham 1990).
The widespread interest in porous silicon is due to the numerous potential applications
associated with luminescent Si. However, PSi is mechanically fragile and susceptible to
aging (Huy ef al. 2003), to the degree that the development of photonic devices is prob-
lematic (Marsh 2002). In comparison, silicon nanocrystals embedded in an insulating host
material are much more durable and may offer better potential for many types of silicon-
based optical devices (e.g., see Lockwood and Pavesi 2004, and references therein).
Nanoscale silicon is currently one of the materials under investigation for applications
éuch as LEDs, optical amplifiers, optical interconnects, and lasers (Klimov et al. 2000).
Optical gain has been claimed in Si nanocrystals (Pavesi et al. 2000) although there has
been debate over the validity of this report (Valenta et al. 2002; Elliman et al. 2003). The
emission wavelengths can be tuned at least to some degree, by modifying the specimen
microstructure (smaller particles, for example, are often claimed to emit at shorter wave-
lengths due to the quantum confinement effect; e.g., Vinciguerra et al. 2000) or by the
addition of impurities such as erbium (e.g., Franzo et al. 1999) or carbon (Meldrum er al.

2004).

1.1  Optical Properties of Silicon Nanocrystals
Photoluminescence (PL) from nc-Si embedded in a matrix of SiO, typically peaks

at wavelengths between 700-900 nm (see Figure 1.1). The emission has a quantum effi-
ciency at least 4 orders of magnitude higher than that of bulk crystalline silicon (Canham

1
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2000). Bulk silicon is a poor emitter because the excited electron-hole pairs have long life-
times and are subject to a large capture cross section (Brus 1995). In nanocrystals, on the
other hand, a non-radiative trap can, in theory, only quench the nanocrystal in which it
resides. As well, the Auger effect is less prominent in Si nanocrystals because electron-
hole pairs from separate nanocrystals should be more isolated from one another and there-
fore less free to interact. The work presented in this thesis will show that this simple pic-
ture is not strictly true in typical Si nanocomposites containing a high volume density of Si

nanocrystals in an SiO, matrix.

Energy (eV) 5 T T T T T T 250
1.24 b 2‘;75 1'?1 1';46 1.18.8 shaded area shows the range
of calculated bandgaps for silicon - 300
- T+ 07 '>" 4t nanocrystals, as a function of E
—_ - article diameter.
208 123 % p ]350 <
2587 s 400
+ 05 © Q
3 2 o 3 Q
& 06 - 04 2
¥ § ¢ 150
204 03 £ R 2} 1600 &
< 0z ® {800
02 + 01
' 1t = 1200
0 T ¥ r 0 1 e L 1 | 1
250 450 650 850 1080 1t 2 3 4 5 6 7 8
Wavelength (nm) Diameter (nm)

Figure 1.1: Absorption and PL spectrum Figure 1.2: Variation in the theory results
from a “typical” specimen containing sili- for the size dependence of the bandgap for
con nanocrystals embedded in SiO,, Si nanocrystals, modiﬁed aﬁer Meldrum
showing the Stokes shift (difference (2004). The bandgap is particle-size depen-
between absorption onset and emission). dent, and becomes larger as the particles

Modified after Hryciw et al. (2004). are made smqller. Note the large variation
in the theoretical bandgap.

According to the effective mass approximation, the exciton Bohr radius of Si is
approximately 5 nm. Particles with a radius smaller than this are in the “strong quantum
confinement regime” and their minimum energy gap increases strongly as a function of

decreasing particle size. Numerous theoretical approaches have been taken to calculate the

(88
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bandgap as a function of nanoparticle size (as well as the effects of surface passivation),
with some considerable differences among the different models (see Figure 1.2). Never-
theless, the bandgap of nanoscale silicon is well above that of bulk Si and this is best
reflected in the absorption spectra.

Silicon nanocrystals absorb strongly in the blue region of the visible spectrum but
tend to be quite transparent in the red and near infrared (Figure 1.1). Thus silicon nanoc-
rystals have a large characteristic Stokes shift (the difference between the absorption onset
and the emission edge) of approximately 1.5 eV. Several authors have applied the Tauc
method to obtain the optical gap from absorption data, and a range of values has been
found; for example, White et al. found a value of 2.45 eV for a sample with an average
particle diameter of 5 nm (1998) - slightly on the high side when compared to Figure 1.2.

The absorption cross section for silicon nanocrystals depends strongly on nanocrystal size

and excitation wavelength and ranges from 1077 -107" cm? depending on the particle
size and absorption wavelength (Franzo, Vinciguerra, and Priolo 1999; Kenyon ef al.
2002; Pavesi et al. 2000).

Some models have predicted that the bandgap of Si nanocrystals changes from
indirect to a partially direct gap (Hill and Whaley 1995; Hybertsen 1994). No-phonon
transitions may be “weakly allowed” due to the strong confinement of the electron and
hole wavefunctions and the corresponding spreading in reciprocal space (Delerue et al.
2003). However, other calculations by Delerue er al. (2001) predict dominantly indirect-
gap behavior for particle sizes as small as approximately 2 nm in diameter. Experiments
also have been less than entirely conclusive on this point. For example, resonant PL spec-

troscopy investigations of the phonon structure in porous Si and Si nanocrystals suggested
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a mostly direct-gap no-phonon behavior (Kovalev et al. 1998), but ultrafast transient
absorption spectroscopy suggested an indirect gap in particles as small as 2.5 nm (Klimov
et al. 1998). Hryciw et al. (2004) (as well as many others) observe lifetimes associated
with the luminescence that are on the order of tens of microseconds - slower than direct
gap [I-VI compounds, for example, but considerably faster than bulk silicon. As suggested
by Delerue et al. (2003), the optical gap nc-Si may have properties that reflect an “inter-

mediate” band structure.

1.2 Models of Silicon Nanocrystal Photoluminescence

1.2.1 Overview

There are two major theories regarding the emission mechanisms of Si nanocrys-
tals that I will discuss. One theory states that photoluminescence is due to the recombina-
tion of excitons across the quantum-confined bandgap (Section 1.2.3). The other theory
says that absorption occurs across the confinement-enlarged bandgap but that the emission
is due to a radiative center at the nanocrystal-matrix interface (Section 1.2.4). There are
also various permutations and combinations of these fundamental theories.

In both theories, incident light of sufficient energy excites an electron across the
gap, creating an electron-hole pair. These carriers typically have long radiative lifetimes in

Si nanocrystals (as will be discussed in more detail later), although not as long as for crys-

talline silicon, where the lifetime is on the order of 104 - 1073 s. At this point, both radia-
tive and non-radiative recombination mechanisms can occur, and previous work on porous
silicon has suggested that the photoluminescence lifetime is, in fact, controlled by non-

radiative processes (Vial ef al. 1992).
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1.2.2  Non-radiative Traps - The Effects of Surface Passivation

One critical non-radiative trap in Si nanocrystals is Si dangling bonds (these go by

the name of “P}, centers” in the arcane nomenclature used in the “defect” literature), as
shown in Figure 1.3. According to calculations by Delerue er al. (1993), one Py, center on

a nanocrystal has a large enough capture cross section to trap all excitons in that nanocrys-
tal and thus prevent emission from (i.e, completely darken) the nanocrystal. The PL inten-
sity has been shown to correlate inversely with the concentration of Py centers in a silicon

nanocrystal composite, according to electron spin resonance measurements (Lopez et al.

2002).

q\ ~~\M,.'\ . ______ - o o
L Si . Si (:) S

radiative trap

no-r:radiafive trap passivated
non-radiative trap
() (b) (c)

Figure 1.3: Bonding possibilities for silicon atoms on the surface of a nanocrystal. (a) a
dangling Si bond acts as a non-radiative trap; (b) a hydrogen atom passivates the non-
radiative trap; (c) a silicon-oxygen double bond acts as a radiative center, according to
one theory of silicon nanocrystal photoluminescence.

A silicon Py center can be passivated by a hydrogen atom (see Figure 1.3), which

is often achieved by annealing in a gas containing hydrogen. According to Min er al.

(1996), implanting deuterium into samples of Si nanocrystals in SiO, increases the nanoc-

rystal luminescence by a factor of ten, after the samples have been annealed at 500°C to

allow for D migration and the recovery of radiation damage. The authors attributed the
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increased luminescence to the mobility of the deuterium, and the subsequent bonding at Py,
centers on the Si/SiO; interface. Neufeld et al. (1997) observed that ion-implanted Si
nanocrystals in SiO,, when annealed in an atmosphere of H,/N,, show increased lumines-

cence by a factor of three over vacuum-annealed samples. The PL increase was observed
to be reversible, and was attributed to the hydrogen-passivation of non-radiative defects.

Withrow ef al. (1999) annealed Si nanocrystals embedded in SiO, in atmospheres contain-

ing either hydrogen or deuterium. From depth and concentration profiles of the H and D
within the samples, they observed that upon the formation of Si nanocrystals at an anneal-
ing temperature of 1100°C, the H and D are no longer found in the bulk of the sample but
only in the region where nanocrystals reside. The presence of hydrogen also dramatically
increased the PL intensity while having almost no effect on the PL spectral distribution.
The authors concluded that the results were consistent with a model of H passivating sur-

face states at the Si/SiO, interface, leading to enhanced PL intensity.

1.2.3  Quantum Confinement Theory of Nanocrystal Photoluminescence

According to the quantum confinement theory of PL, the Si nanocrystals not only
absorb across the quantum-confined bandgap, they also emit across it (with small Stokes
shifts that can be due to a variety of processes such as exchange coupling and Coulomb
interactions). Thus, in this model the observed light emission should be strongly particle
size dependent (see Figure 1.2). Researchers have frequently observed that samples with
smaller Si nanocrystals emit at shorter wavelengths, which they concluded to be consistent
with emission across the bandgap (e.g., Kenyon et al. 1998; Min et al. 1996). A PL blue-
shift with decreasing nanocrystal size is to be expected for emission across a bandgap that
is changing with size, as illustrated in Figure 1.2. By etching away bigger or smaller parti-

6
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cles, differently sized nanocrystals have been isolated in a single sample by Brongersma et
al. (1999) and they also found a shift in the luminescence that was explained by recombi-

nation across the bandgap in differently-sized particles.

1.2.4 Photoluminescence From Surface States

The large Stoke’s shift (~1-2 eV) observed in Si nanocrystals; however, is not con-
sistent with a pure quantum confinement model. It seems clear (at least to this author) that
there must be at least one other major process that occurs prior to photo-emission that con-
siderably decreases the emission energy. Although there is still much debate in the litera-
ture, several workers have suggested that radiative centers (associated with oxygen) exist
at the nanocrystal-matrix interface.

Theory has suggested that the bonding arrangement at this interface can produce
radiative sub-gap (lower energy) states. Allan et al. (1996) performed calculations that
showed that the Si bond at the Si-nanocrystal/oxide interface traps excitons when the sili-

con atom is bonded to a hydrogen atom, or bonded to another silicon atom in a SiO, mol-

ecule. According to this model, an Si-atom bonded to a hydrogen or another silicon atom
creates a state at the nanocrystal-host interface that is slightly lower in energy than the
optical absorption gap. However, in our specimens the Stokes shift is much larger than
that predicted for Si-H or Si-Si interface bonds (see, for example, Delerue ef al. 2003).
In an extension of the investigation of this role of surface states, Delerue ez al.

(1999) found that the Si=O double bond was a promising radiative center, as it formed a
deep trap below the conduction band minimum. Wolkin e al. (1999) showed theoretically
that in nanocrystals terminated only by hydrogen atoms (i.e., no silicon-oxygen double

bond), the recombination was from free exciton states (across the bandgap) for all nano-
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particle sizes. However, for nanocrystals with one Si=O double bond, electrons can trap
on the Si atom and holes can trap on the O atom. The recombination mechanism was pro-
posed to be dependent on the nanocrystal size, since the radiative center can only be “sta-
bilized” when the bandgap increases to a certain energy. According to the model, fora
nanocrystal diameter greater than 2.9 nm, the recombination is via free excitons as the
bandgap is not wide enough to stabilize the Si=O emission state; for a diameter less than
2.9 nm and greater than 1.6 nm the hole is free and the electron is trapped; and for a diam-
eter less than 1.6 nm both the electron and hole are trapped. The predicted result is that
oxidized samples exhibit a decrease in the emission energy when compared to hydrogen-
passivated non-oxidized samples, especially for the smallest nanocrystals.

Interestingly, the Si=O radiative center has been purely theoretical, and there is, to
my knowledge, only one example where there is any direct experimental evidence for it
(the large Stokes shift is consistent with the theoretical picture of Si=0O surface bonds, but
this evidence is indirect at best). Polar phonon scattering and photoluminescence measure-
ments (Garrido et al. 2000) showed that the Stokes shift is almost exactly twice the energy
of a Si=0 vibration mode that is 0.134 eV. The authors contend the dominant emission is
therefore assisted by the local Si=O vibration, spatially located at the Si-SiO, interface.
These observations supported the idea of a silicon-oxygen interface-related radiative sub-
gap state.

There are also indications that trapped carriers may not be as localized if there is
more than one oxygen atom bonded to a nanocrystal’s surface (this is very likely the com-

mon case for nanocrystals embedded in a matrix of SiO,). Vasiliev et al. (2000) found,

theoretically, that with more oxygen on the surface of a nanocrystal, the calculated optical
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gap decreases as a result of interactions among oxygen-induced electronic states. The oxy-
gen atoms create trapped electron and hole states that reduce the effective size of the band-
gap. The PL redshift often observed for larger Si nanocrystals may be then due to more
surface silicon atoms available for bonding in larger nanocrystals, rather than owing to the
smaller bandgap of larger nanoparticles.

1.2.5 Reactive Nanocluster Model

A “reactive nano- Thin SiO2 layer

cluster” model (see Figure

1
{
Si Nanocluster | Surrounding
1.4) of Si nanocrystal . e ! Si Nanocluster
. & , . k
luminescence involving = | K -
. g N [Buks
- r ! b I
surface trapping of exci g . :_" | | SiNonoduster
tons and nanocrystal prox- ° h : ‘
Interaction Interfacial Energy State
imity effects has been l Region 1 ] lRegion ﬂ !
——
recently developed by
Figure 1.4: The reactive nanocluster model, after Iwayama
Iwayama ef al. (1998; et al. (1998; 2001). An electron is excited across the quan-
tum confinement widened bandgap (Region 1). It relaxes
1999; 2001). In that to a state at the nanocrystal-oxide interface where it can
emit radiatively (Region 2). The interfacial energy states
model, excitons are cre- can interact through the thin oxide layer, resulting in a low-
ering of the energy level. After Iwayama et al. (1998).
ated by a photon absorp-

tion across the bandgap, but then are rapidly trapped by a Si=O radiative center. The sub-
10 ps relaxation of photo-induced absorption associated with the quantized states that has
been observed (Klimov ef al. 1998) is consistent with the model’s proposed fast-trapping

scheme. The nanocrystals are only separated by a thin oxide (exactly how thin is not spec-

ified in the model) and a decrease in the energy levels of the states at the nanocrystal-
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oxide interface results. For nanocrystals that are more closely spaced, a photolumines-

cence redshift would then be observed. According to Iwayama et a/. (1998), this so-called

“reactive nanocluster model” could explain why samples with larger nanoparticles are

often observed to have red-shifted PL: in effect, these samples have higher concentrations

of silicon which results in bigger particles that are also more closely spaced. However, the

authors are vague on the nature of the interaction mechanism. In fact, the energy-lowering

mechanism is not discussed in the three similar papers published by these authors, from

which Figure 1.4 was extracted.

1.2.6 Erbium-doped Silicon Nanocrystals

Much of the interest in silicon
nanocrystal photonics is associated with
the strong 1.5 micron emission
observed in Er-doped silicon nanocrys-

tal composites. An energy-level dia-
gram of the erbium ion Er** is shown in

Figure 1.5. The transition from the 1,5,

, excited state to the *I;5/, (ground)

state corresponds to the principle trans-
parency window in optical fibers at
~1540 nm. For this reason, silica glass

lightly doped with Er ions is commonly
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Figure 1.5: Energy levels of an erbium ion

(Er™). The transition from *1;3/, to *1;5, cor-

responds to the principal transparency win-
dow in optical fibers. Modified after Polman

(1997).

used in optical fiber amplifiers. Unfortunately, these amplifiers need a very specific pump
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wavelength (corresponding to the transition from the ground state to a higher erbium level,
e.g., the *1,/, level, or the higher Stark-split sublevels of the 41,3, band) and they also

have relatively low gain so that the amplifying section of fiber must be long.
Erbium doping of silicon nanocrystals allows the nanocrystal radiative center to

transfer energy non-resonantly via phonons (see Figure 1.6), probably to the two lowest
excited states of Er** (Priolo et al. 2001b). Thus, the nanocrystals act as sensitizers for the

Er** luminescence. The excited electron can subsequently relax to the ground state
through infrared light emission. This nonresonant excitation of erbium opens the door to
less expensive broadband pumping that does not have to specifically match any of the

erbium energy levels.

Silicon nc

A Erbium s

P RC - @ ,ﬂ«zsr]«l@ .
Tmoy v 42 1940nm

CB - - B |15/2

Figure 1.6: Schematic of energy transfer from a Si nanocrystal to an Er ion. An incident
photon excites an electron from the conduction band (CB) to the valence band (VB) in a
silicon nanocrystal (nc). The electron transfers non-radiatively to the nanocrystal radia-
tive center (RC), but instead of de-exciting radiatively, it transfers its energy to an
excited state of an erbium ion. The erbium ion subsequently emits in the infrared. Mod-
ified after Priolo ef al. (2001b).

It was not clear for some time where the Er ions are in relation to the Si nanocrys-

tals, but most evidence now points to the Er ions being in the SiO, matrix outside the

nanoparticles (e.g., Fujii et al. 1998; Franzo er al. 1999). The transfer mechanism has not
been conclusively identified, although a phonon mediated Auger effect may be one candi-

date mechanism. The concentration of Er ions is important to the intensity of the 1540 nm
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emission - too little Er will result in a weak PL, but too much Er can also reduce the PL
intensity due to concentration quenching effects (Polman 1997). Er-doped silicon nanoc-
rystal composites are now widely investigated for potential application in waveguide
amplifiers, and the nanocrystal-to-erbium energy transfer will be employed in the present
work to experimentally prove the operation of effective nanocrystal-to-nanocrystal charge

migration processes.

1.3 Photoluminescence Lifetimes

A range of lifetimes has been observed for silicon nanocrystal luminescence, with
lifetime values being on the order of tens to hundreds of microseconds, depending on the
emission wavelength (e.g., Linnros ef al. 1999), the particle size and proximity (e.g., Pri-
olo et al. 2001b), and specimen structure (e.g., single films versus multi-layer films:
lacona et al. 2001b). Most authors explain that shorter wavelengths have shorter PL life-
times because the low-wavelength emission is due to smaller nanoparticles, which have
faster dynamics as predicted by quantum confinement models. This effect is specifically
attributed to greater “electron-hole wavefunction overlap” in small particles (Vala ef al.
2001); however, it ignores the complicating effects of radiative centers and interactions on
the emission wavelength (i.e., it is a strict quantum-confinement-based explanation). One
could even speculate that the effect is not directly a result of quantum confinement at all;
but is due to a manifestation of Fermi’s golden rule, which describes the increase in opti-

cal mode density with frequency for spontaneous radiation.

12
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In most reports, the PL decay is found to follow a stretched exponential function

given by:

I =1y (1.1)

where /j is the initial intensity, ¢ is time, T is the decay lifetime, and B is a dispersion
factor that indicates the deviation of the function from an single exponential form (some-
times referred to as the “stretching” of the exponential). The dispersion factor can have
values between zero and one, with a dispersion factor equal to one giving a single expo-
nential form. The stretching is thought to be due to disorder: random exciton tunneling
among nanocrystals of different sizes (Pavesi and Cheschini 1993; Pavesi 1996), or ran-
dom carrier escape to non-radiative recombination sites (Vial et al. 1992; Mihalescu er al.

1996). If these models are correct, than B corresponds to disorder, and smaller values of

B should be observed in samples where particles are separated by smaller distances, in

which interparticle effects might be stronger.

Some researchers .
thick
have observed that 3 W o O
°o¥or I thin
. o U
approaches unity when the O0 QW O —
NS O '\," ” L,J N a4l ) r'\ K
. . . N (\-) (/') t - (AN
specimen consists of multi- o~ o
~ o 00
- . N
O 0O~ "o

ple layers of nanocrystals as
Figure 1.7: A comparison of a thick and a thin layer of

compared to single thicker silicon nanocrystals (cross sectional view). Nanocrystals
in a thin layer have fewer neighbouring nanocrystals to
films. This has been attrib- interact with.

uted to the decreasing effect of random carrier migration and recombination in thinner lay-
ers in which there are fewer interacting neighbours (Iacona et al. 2001b; Priolo et al.
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2001a), although presumably migration could still occur within a layer of nanoparticles.
Single exponential decays ( =1) have been reported in multilayered samples (Iacona er
al. 2001b;). This was attributed to spatial isolation of the nanoparticles, minimizing inter-
actions (i.e., “disorder”) that leads to stretched exponential decays. Further complicating
the picture, it has also been shown theoretically that a stretched exponential decay can be
produced for a single nanocrystal with single trap and single recombination center, and
that disorder may not be required (Chen 2003). If this is the case, it would conflict with
observations that isolated nanocrystals approximate single exponential luminescence

decay (e.g, Vinciguerra et al. 2000).

1.4  Synthesis of Silicon Nanocrystals

Common techniques used to make Si nanocrystal samples are chemical vapor dep-
osition, vacuum evaporation (e-beam), physical sputtering, ion implantation, pulsed laser
deposition, and chemical precipitation. In this work, electron beam evaporation is used
because it offers control over the layer thickness, the ability to easily fabricate multiple
separate layers, and the ability to “reactively” evaporate source materials in the presence

of O,, allowing for the synthesis of SiO, with x> 1.

To form Si nanoclusters, the specimen must subsequently be exposed to high tem-

peratures in order to induce phase separation of Si and SiO,. For x values between 1 and 2.
the thermodynamically (although not kinetically) favored phase assemblage is Si+SiO,,

hence the requirement for high-temperature thermal processing. The optimal temperature
and annealing environments have been investigated for ion implanted samples in particu-

lar (Neufeld et al. 1997; Cheylan and Elliman 1999; Withrow et al. 1999; Lopez et al.
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2002), but for thin films there is not as much systematic work on the thermal processing
conditions. For ion implanted samples the most intense luminescence is achieved when

annealing at temperatures between 1000°C and 1200°C in Ar+H,, because at these tem-

peratures the hydrogen diffuses into the sample and passivates non-radiative centers
(Withrow et al. 1999). Despite these findings, samples produced by thin film methods
have generally been processed in an N, atmosphere.

For thin films, one generally wants to avoid annealing at too high a temperature
(especially for Si-rich films) or one may obtain very large nanocrystals or even possibly a
semi-continuous layer of silicon. Some researchers have reported larger particles forming
at higher anneal temperatures in ion implanted samples (Sharma et al. 1999). Others
report that larger particles form after longer anneal times, although these conclusions were
not made directly using techniques like transmission electron microscopy, but indirectly
by examining absorption spectra and PL redshifts (Soni er al. 1999). Lopez et al. (2001)
found that annealing for 1 minute versus 16 hours did not change the nanocrystal size but
the PL intensity did saturate after 4 hours due to complete H passivation.

The electron beam evaporation method for producing Si nanocrystal films was
pioneered by Kahler and Hofmeister (2001), and it is particularly important for this thesis.
They found that the size of silicon nanocrystals (measured by high resolution TEM) made

by electron beam evaporation could be controlled by the oxygen pressure in the bell jar

during evaporation. They varied the oxygen pressure between 1.5 x 10~ Torr and

75%x 107 Torr, and, after annealing all specimens at 1000°C in an argon atmosphere,

they found a strong dependence of the luminescence spectrum on the oxygen pressure.
The PL intensity increased for nanocrystals prepared in oxygen pressures from

15
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1.5% 107" Torr up to 3.8 x 10" Torr and the PL peak blueshifted slightly. Increasing the

pressure further (up to 7.5 x 107 Torr) resulted ultimately in a decreased PL intensity,

while the PL peak continued to blueshift. The strongest PL, from the specimen prepared in
3.8 x 10~° Torr oxygen pressure, is an order of magnitude stronger than the PL from the

weakest-emitting specimen (prepared in 7.5 x 10> Torr of oxygen). TEM results showed
that the mean nanocrystal size decreased with increasing oxygen pressure, and the overall
film composition became more oxygen rich. The maximum PL intensity occurred when
the nanocrystals were 3.7 = 0.35 nm in size and the chemical composition was SiO s.

The peak wavelength of the nanocrystal emission decreased continuously as the particle

size decreased, but the authors did not investigate this trend in any detail.

To dope nc-Si specimens with erbium, Er’* ions can be implanted into the host
material in the case of ion implanted specimens. In thin film techniques, erbium can be
deposited (e.g., from an Er,O3 or metallic Er source) simultaneously with the deposition
of silicon and oxygen. In this thesis, | hoped to employ the efficient transfer of energy
from silicon nanocrystals to erbium ions in order to shed light on nanocrystal interaction
effects (i.e., I was not specifically studying the Er emission but instead using the erbium to
investigate interactions between silicon nanoparticles, as discussed below). Hence. for this

work, Er,0; layers were deposited in films separate from the nanocrystal-containing lay-

€rs.
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1.5  Silicon Nanocrystal Superlattices

Most recently, some researchers have focused on layers of silicon nanocrystals

separated by “buffer” layers of SiO, to form superlattice structures (e.g., Vinciguerra et al.

2000; Iacona et al. 2001b; Zacharias et al. 2002; Yi et al. 2002). In all of these previous
studies of multilayer structures, the deposition of ultra-thin layers of elemental silicon was

used to produce the nanocrystals; this thesis is among the first work to use SiO, as the

“active” (i.e., emitting) part of a multilayer superlattice.

Increased luminescence efficiency in thinner active layers has been observed in
nc-Si/8i0, SL specimens prepared by plasma-enhanced chemical vapor deposition (Vin-
ciguerra et al. 2000). The Si layers consisted of single planes of Si nanocrystals, the size of
which varied from 1.1-2.3 nm as a function of increasing silicon layer thickness. The
weaker PL intensity for thicker layers was attributed to the presence of particles too large
to exhibit quantum-confinement-enhanced luminescence.

Enlargement of the bandgap with decreasing nanoparticle size was used to explain
the blueshift observed by Vinciguerra et al. (2000) for thinner nc-Si layers separated by at

least 5 nm of SiO,. lacona et al. (2001b) compared the above nc-Si/SiO, SL specimens to
single-layer SiO, films (about 200 nm thick) with the same nanoparticle sizes, as mea-
sured by TEM. The SiO, films have redshifted PL spectra compared to their correspond-

ing superlattice PL spectra. Iacona et al. concluded that because the nanocrystals in the
SiO, films are, on average, closer together than in the multilayered films, more energy
transfer from smaller (higher energy bandgap) to larger (lower energy bandgap) nanocrys-
tals can occur. This results in a lowering of the emission energy (a PL redshift). The mech-
anism for energy transfer was not discussed.

17

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



A change in PL spectra with nanoparticle size was observed by Zacharias et al.
(2002). Superlattices consisting of layers of nc-Si less than 3.8 nm thick separated by 2-3

nm layers of SiO, were prepared by reactive evaporation of SiO powder in an O, atmo-

sphere. A blueshift in the PL spectra was observed for some specimens with smaller nano-
particles, which the authors described as being consistent with pure quantum confinement
theory, but no systematic trend with decreasing particle size was reported.

A PL blueshift in nc-Si/SiO, SL specimens also occurs when the excitation power

is increased (Vinciguerra et al. 2000). This phenomenon is also observed in single thick
films of nanocrystals. For example, Hryciw er al. (2004) observed a blueshift from 827 to
811 nm when the pump power was increased from 5 to 16 mW, all other factors being kept
constant. This shift has been attributed to the saturation of the slower dynamics in the red
part of the emission spectrum. Some authors (e.g., Vinciguerra et al. 2000) attribute this
directly to the effects of particle size (faster dynamics in smaller particles).

As discussed in Section 1.3, the PL decay in multilayers consisting of one-nanoc-
rystal-thick “active™ layers separated by thicker “inactive” SiO, layers has been fit with
single exponentials, giving unusually long lifetimes of ~300p s. The presence of a single
exponential decay instead of the typical stretched exponential decay was attributed to the
nanoparticles being well isolated due to their in-plane separation of ~3 nm. In another

study (Iacona et al. 2001b) in which the nanocrystal spacing was controlled by making

films with different compositions (varying the Si concentration), the film with the most
isolated nanoparticles exhibited a high B value and a long lifetime, while the films with a

higher concentration of nanoparticles were characterized by lower B values and shorter
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lifetimes (Iacona ef al. 2001b). The authors stated that low § values- indicated “extensive
energy transfer” amongst the closely-spaced particles.
Yi et al. (2002) examined the dependence of PL on the thermal processing temper-

ature for superlattices prepared by reactive evaporation of SiO powders in an O, atmo-

sphere. The absorption and PL were compared to that of a “bulk” SiO film (presumably, a

very thick film of SiO - the thickness was not specified) and a “bulk” SiO, film prepared

under same the conditions. Three PL bands were observed in the samples annealed at
varying temperatures: a band at 560 nm that disappeared at temperatures above 700°C, a
second band at 760-890 nm that begins above 500°C and then “transforms™ into a third
band centered in the infrared above 900°C. These three bands were associated with three
stages of phase separation. Between 100°C and 600°C a transformation from silicon
atoms possibly bonded in either ring- or chain-like structure into Si rings alone was
reported. These ring-like arrangements were proposed to form a kind of proto-nanocluster
at temperatures from 600°C to 900°C. TEM images showed that the SiO layers are amor-
phous for annealing temperatures up to 900°C. The amorphous clusters crystallize above
900°C into the Si nanocrystals, as studied previously by Zacharias er al. (2002).

The previous work has suggested that particle interactions may be important in the
PL of silicon nanocrystals; however, it has proven difficult to isolate the effects of nanoc-
rystal size from those of nanocrystal separation. In this thesis, I will present the first sys-
tematic studies in which particle size is clearly not a factor - all my samples are produced
in the same way and have particles of the same size, within the limits of our technique. In
this way, I will investigate experimentally what we now call the “interactive nanocluster”

model, in which energy can flow from particle to particle and thereby control the lumines-
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cence spectrum. It can be observed that this model differs from the “reactive nanocluster”
model proposed by Iwayama et al. (1998; 1999; 2001), which does not invoke carrier
migration. To do this, I will examine systematically the effects of nanocrystal spacing by
using inactive buffer layers of SiO, in order to separate individual layers of nanoparticles
in a controlled way. I will show, for the first time, that the emission wavelength can be
tuned over a range of more than 160 nm without changing the nanocrystal size or compo-
sition of the film. This effect, which I attribute to nanocrystal interactions, may be poten-
tially useful in photonic devices that require specific wavelengths to be produced from
silicon nanoparticles. This work will show conclusively that for silicon nanocrystals
embedded in silicon oxide, particle size effects in the luminescence are almost insignifi-

cant in comparison to the effects of particle spacing.
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Chapter 2: Experiment

The experimental focus of this thesis

is on a series of silicon nanocrystal superlat- ot L T

tices, in which buffer layers separate the

shutter
substrates u

nanocrystalline (active) layers. The buffer lay-

ers are composed of either silicon dioxide or e-beam

erbium oxide. Silicon dioxide was chosen as

] i
the buffer layer material for most specimens \ / \ / \ /

because it does not absorb at the wavelengths

source material
hearth

Figure 2.1: Schematic of electron beam
evaporation set-up. The source material in
ing. Thus, it can act as a separating layer with- ;¢ exposed hearth is evaporated when the
e-beam strikes it. The evaporated material
is deposited on the substrate above.

used for excitation and is electrically insulat-

out interfering with the PL of the nc-Si. The

Er’* levels in Er,0O5 only luminesce when excited resonantly, but in principle the erbium
ions can also be excited by an energy transfer from Si nanocrystals. With erbium oxide
acting as a buffer layer, the migration of charge carriers through the nanocrystal layers to

the buffer layers can be investigated by observing the luminescence due to erbium.

2.1 Sample Preparation

All samples were prepared by electron beam evaporation of the appropriate source
materials. Specimens were prepared on optical quality (Esco Products Type Al) fused
quartz wafers cleaned in methanol. The substrates were held directly over the hearth in
which the source materials were placed (see Figure 2.1). The system has many hearths,

and can be rotated so that only one hearth is exposed at any given time. The electron beam
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can only evaporate the source material in the hearth that is open. To aid this work, we
devised a way to load numerous substrates and shutter them individually, or all at once.

When [ first began preparing specimens, I was the only one using the new electron
beam gun and multi-hearth system that our group had recently for the thin film laboratory,
and I found that specimens produced at different times were encouragingly reproducible.
The S-series and E-series specimens were prepared in this one-by-one manner. However,
as other research groups began to use the electron beam system to evaporate different
materials with different setups than my own, I found that it became increasingly difficult
to reproduce identical conditions between samples prepared at different times. This is
quite important, because the nc-Si films were found to be sensitive to oxygen flow and the
positioning of various components in the evaporation system. Therefore, for specimens
produced later in this thesis work (the X-series, O1-series, and O2-series), our shuttering
system permitted several different specimens to be grown simultaneously, under identical
processing conditions. Since in the following work we wanted to eliminate particle size
effects, comparisons (in terms of PL intensity, PL peak wavelength, etc.) can be made
within a series, but not berween them since the different series were prepared at different
times.

The source materials were nominally 99.99% pure SiO (to produce the Si-nanoc-

rystal-containing layers), 99.999% pure SiO,, and 99.99% Er,05. Source materials were

placed in molybdenum crucibles for evaporation, and the crucible containing SiO had a
tungsten lid (with a small hole in it) which prevented excessive gettering (absorption of

gases) during evaporation. All materials were evaporated in a low pressure of flowing

oxygen. The oxygen pressure in the bell jar was set to a constant pressure of 1 x 10~ Torr
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before the evaporation, which resulted in pressures during the evaporation of
(4 £ 1) x 1078 Torr for Si0, (7 £ 1) x 10~6 Torr for SiO,, and (1 £ 1) x 107> Torr for
Er,05. The pressure differences are due to oxygen gettering during evaporation.

The thickness of individual layers was monitored using a crystal thickness moni-
tor, into which source-material-specific information (density, acoustic impedance) were
input from tables. The specimens were shuttered when the reading on the thickness moni-
tor reached the desired layer thickness. From trials with different specimens, it seems that
the thickness monitor tends to underestimate the true thickness by ~30%, due to the uncal-
ibrated tooling factor. Therefore, for my specimens it was necessary to perform TEM
measurements on a few specimens to obtain true values for the thicknesses. Then, assum-
ing the tooling factor doesn’t change for the other specimens, the thickness of new speci-
mens can be estimated.

All aspects of the sample preparation were held as constant as was possible so as
not to cause the resulting nanoparticles to differ in size from one sample to another within
each series. Special care was taken with the oxygen pressure, due to the sensitivity noted
by Kahler and Hofmeister (2001), as well as in my own observations. Specimens pro-
duced early-on in the project (the S-series and the E-series, as described below) were pre-
pared individually but under identical conditions, as I was the sole user of our new
electron beam system at the time. Specimen series produced later in the project (X-series
and O-series, as described below) were prepared simultaneously using our shuttering sys-
tem, to ensure preparation under identical conditions within the same series.

Four series of samples were prepared, and their specifications are given in Table

2.1. The X-series consists of four single-layer specimens of silicon-rich oxide (SRO),
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Table 2.1: List of specimens. The active layers are silicon nanocrystals, produced by
evaporation of silicon monoxide in a partial pressure of oxygen to produce a silicon-rich
oxide (SRO). The topmost layer (on the surface) is always the buffer layer.

Sample Active Layer Buffer Layer
thickness (nm)  number | thickness (nm) number composition
X1 200 1 20 1 Si0,
X2 100 1 20 1 Si0,
X3 50 1 20 1 SiO,
X4 13 1 20 1 Sio,
S1 200 ] 100 1 SiO,
S2 75 4 20 4 Si0,
S3 20 9 20 10 SiO,
S4 10 20 20 20 SiO,
S5 4 10 20 10 Si0,
Ola 20* 4 0 0 SiO,
Olb 20 4 5 4 Si0,
Olc 20 4 10 4 SiO,
Ol1d 20 4 15 4 Si0,
0O2a 20* 4 0 0 SiO,
0O2b 20 4 2 4 Si0,
02c 20 4 4 4 Si0,
02d 20 4 6 4 SiO,
El 20 10 20 10 Er,O3
E2 20 10 1 10 Er,O4

* Effectively 80 nm of continuous SRO
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varying in thickness from 13 nm to 200 nm. The S-series of samples consisted of SRO lay-
ers ranging in thickness from 4 nm to 200 nm, separated by SiO, buffer layers 20 nm
thick. For the O1- and O2-series (prepared at different times), SiO, layers of varying
thickness were used to separate 20 nm layers of SRO. In series O1, the SiO, layers were 0,
5,10, or 15 nm thick in specimens Ola, Olb, Olc, and O1d, respectively. Series O2 was
identical, except that the buffer layers were 0, 2, 4, and 6 nm thick. In the E-series, the
SRO layers were also 20 nm thick but were separated by 1 nm or 20 nm of Er,Oj3. All X-,
S-, and O-series specimens were capped with a buffer layer of SiO, to limit possible oxi-
dation or hydration of the SRO layer closest to the surface. The E-series specimens had a
layer of Er,O5 on the top surface.

To produce silicon nanocrystals within the SRO layers, all samples except the O2-
series were annealed for 1 hour at 1000°C in flowing gas maintained slightly above atmo-
spheric pressure. The annealing gas was Ar + H, (4% or 10%), selected after an extensive
trial of various annealing ambients (see Section 3.1). The O2 series of specimens was
annealed in N5 + H,(5%). The annealing temperature was also chosen for providing the
strongest PL. Further evidence supporting these choices of annealing environments will be

provided in the Chapter 3.

2.2 Sample Characterization

2.2.1 Transmission Electron Microscopy

Cross-sectional specimens were prepared for transmission electron microscopy by
standard thinning and ion milling procedures. Specimens were analyzed on the JEOL

2010 LaBg instrument in the Department of Physics. Although this instrument is not suit-
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able for high-resolution imaging due to the large-gap polepieces currently installed, stan-
dard bright-field imaging was used to investigate the basic specimen microstructure.

Electron diffraction was used to identify the crystal structure of the nanoparticles observed
in the images, and energy dispersive X-ray analysis, using the fused quartz specimen sub-
strate as a standard, was performed on one specimen to determine the chemical composi-

tion of the active layer.

2.2.2 Transmission

The transmission spectra were obtained by measuring the light transmitted through

each specimen from a broadband lamp, and collected using a fiber optic CCD system. The

percent transmission at wavelength A is given by:

T, = 5705 100 (2.1)
R,-D

LA

and the absorbance at A is given by:

Si- Dk) 2.2)

R, - D,

-

A4y = —loglo(

where S, is the light intensity (transmitted through the specimen from the blackbody
source) at A received by the spectrometer, R, is the light intensity at A when the speci-

men is not present, and D, is the “dark” response at A when the light source is shuttered.

The absorbance in terms of the transmission is then:

A, = =] i 2.3
A oglO 100 ("" )

The transmission spectrum of a blank fused quartz wafer, identical to those used as

specimen substrates, showed that the substrate does not absorb at wavelengths longer than
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250 nm (see Figure 3.8). The wavelengths used to excite the PL were all above 300 nm, so

the substrate did not interfere with the excitation or photoluminescence processes.

2.2.3 Photoluminescence Measurements

For all specimens except

those in the E-series, the 325 nm \\

line of a HeCd laser was used as \

the excitation source. The beam Spectrometer »
, _ l Beam block
had a diameter of ~lmm*~ and a Shutter - -
CW power of ~20 mW. The pho- Filter
toluminescence spectra were col- Specimen
Optical fiber
lected using a fiber-coupled
Laser ’
2048-pixel linear array CCD Mirror
spectrometer normalized to a Figure 2.2: Photoluminescence experimental set-up.

Laser light is brought, with the aid of a mirror, on to
blackbody reference source. This  the specimen. An optical fiber collects the light emit-
ted from the specimen. A filter is used to eliminate
normalization procedure corrects  the intense laser light before it is.collected by a CCD
spectrometer. The data is collected and analyzed on a
for the spectral response of the computer.
CCD/grating combination. Care was taken not to disturb the setup between sample mea-
surements, as it was found that even small changes in fiber position can change the

amount of light collected and alter the relative intensity measurements.

To collect PL spectra for the E-series samples for both resonant excitation (using

the 488 nm line of an Ar laser, which is resonant with the %[5/, to *F5, transition in Er’®)

and non-resonant excitation (using the 476.5 nm Ar line which is not matched to any Er*t
transition), the same basic setup was used, except the powers ranged from 20 to 2300 mW.
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A 512 pixel linear InGaAs array spectrometer was used to collect the spectra above 900
nm in wavelength. The Ar laser was also used to excite the S-series samples in order to
investigate the power dependence of the PL spectra.

To examine the pump wavelength dependence of the photoluminescence spectra,
the 325 nm and 442 nm lines of the HeCd laser and the 456 nm, 476 nm, 488 nm and 514
nm lines of the Ar laser were used. Every effort was made to keep excitation conditions as

similar as possible at the different wavelengths, using a pump power of 20 mW and a laser

spot size of close to 1 mm?,

2.24 Photoluminescence Dynamics Measurements

PL lifetime measurements were done using a pulsed laser (operated at 4 kHz) that
emits ~10 ns pulses at a wavelength of 349 nm with an average power of 30 mW. The
luminescence was passed through a long-pass filter to remove any reflected or scattered
laser light and was collected on a silicon photodiode that was interfaced to an 8-bit 200
MHz digital oscilloscope. To reduce noise fluctuations in the final spectra, the oscillo-
scope was set to average 128 individual measurements. These were the first experiments
we did using this lifetime system and, through this work, we found several ways to opti-
mize the system in the future. Later experiments will use a 32-bit multichannel analyzer

and a more sensitive detector in order to improve the resolution of the measurements.
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Chapter 3: Results

3.1 Preliminary PL Results - Implications For Specimen Preparation

All specimens in the

0.5 -
X-, S-, and O-series were without Si0,
04 -
made with a top layer 20 3 "
8 03 - o
nm thick, in order to protect ‘%' ‘With SO,
£ 02 '
the uppermost SRO layer E 0 j
from possible oxidation or 0 e S -
650 750 850 950

hydration. This was done
Wavelength (nm)

on the advice of K-H Hei-
Figure 3.1: PL spectra of specimen S1 (200 nm nc-Si and
nig (Rossendorf) who has 100 nm SiO,) and specimen S1 without the Si0, capping

layer (nc-Si is exposed to atmosphere).
unpublished data suggest-
ing that exposure to atmosphere can affect the PL of nc-Si. Although the diffusion rate is

unknown, a 20-nm-thick cap of SiO, was judged to be sufficient to prevent atmospheric
contamination (we have observed that silver films can be protected from oxidizing for
several months, using an identical capping layer). Additionally, the presence of the cap-
ping layer appeared to slightly affect the PL intensity (Figure 3.1). In order to ensure con-
sistency, therefore, a 20-nm-thick SiO, cap was used as the top layer on all other X-, S-,
and O- series specimens. However, it seems that some ageing still occurs, despite the 100-
nm-thick top layer, as PL spectra of both samples taken 6 months after the original spectra
(Figure 3.1) show both spectra converging to similar intensities. Whether the PL intensity

of the sample without SiO, is decreasing, or the PL intensity of the SiO,-topped sample is

increasing, or both, is unclear as there is no absolute standard to measure against. It seems
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likely that prolonged exposure to atmosphere is causing the change in PL brightness, and

it would be interesting to systematically investigate the effects of ageing samples in differ-
ent gases. For the PL. measurements below, all data was taken at the same time in order to
“average out” any possible aging effects within the different series. Indeed, subsequent

analysis of the data sets showed the same trends as for the measurements taken at earlier

times.
In addition to investigating
1.2
the effects of the capping layer, Ar+H,
preliminary experiments were 3 08
)
. . 2
done to determine the optimum ®
8
< 04
annealing temperature and atmo-
sphere. PL spectra were measured 0 - : : : '
600 700 800 900 1000 1100
for four equivalent pieces of speci- Wavelength (nm)

men S1 that were each annealed at  Figure 3.2: PL spectra of specimen S1 after annealing
. at 1000°C for | hour in different gases. The spectra
1000 °C in Ar + Hy, Nj + Hy, Ar,  after an anneal in N, is not labelled for clarity, but lies

directly under the Ar spectrum.
or N,. As can be seen from these

spectra in Figure 3.2, the most intense luminescence was produced for the specimen

annealed in Ar + H,, followed by the specimen annealed in N, + H,. In general, the pres-

ence of hydrogen results in an increased PL intensity, and Ar was found to be slightly bet-

ter than nitrogen in this respect. For this reason Ar + H, was used to anneal all specimens
except the O2 series. Specimens annealed in Ar + 10%H, were compared with specimens
annealed in Ar + 4%H,, and no consistent differences in the PL spectra of the resulting

nanocrystals were observed.
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An annealing temper-

12.- 1000°C
ature of 1000°C was used N
because it was found to pro- 308
N .
. . 2 06 -
duce the most intense lumi- .
204

nescence as compared to

films annealed at 600°C,

550 650 750 850 950 1050
800°C, 1000°C, and 1200°C Wavelength (nm)

(Figure 3.3). Annealing at Figure 3.3: PL spectra of a 250-nm-thick SRO film
annealed for 1 hour in Ar + (10%)H, at different tempera-

tures. No detectable PL was observed for the specimen
annealed at 1200°C.

only 600°C produces a low
intensity, broad lumines-
cence peaked at ~700 nm. Other work (Y1 et al. 2002) suggests that nanocrystals do not
form at such low temperatures, and that instead structures such as Si rings and amorphous
clusters are responsible for this type of luminescence. After processing at 800°C, the PL is
slightly lower in intensity and shifted to lower energies as compared to the 600°C anneal.
The specimen annealed at 1000°C is only slightly redshifted from the 800°C specimen,
but it is an order of magnitude more intense. After annealing at 1200°C, no luminescence
can be detected. The specimen appeared completely clear to the eye and exhibited excel-
lent transmission in the range of 200 to 900 nm. It is possible that the film cracked or
broke off the surface, as serious cracking or film delamination problems are not unusual at
such high temperatures. Based on this set of preliminary experiments, all specimens inves-

tigated were annealed at 1000°C in Ar + H, except for the O2-series specimens, which

were annealed at 1000°C in N, + Hj.
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3.2 Transmission Electron Microscopy

The cross-sectional TEM images for the S-series are shown in Figure 3.4. These
images were used to verify the actual thicknesses of the layers in the S-series samples (as
given in Table 2.1), to estimate the average size and size distribution of the nanoparticles,
and to confirm the identification of the nanoparticles as crystalline silicon. Since specimen
preparation is a laborious and time-consuming process, the TEM measurements focused
on this set of samples only. The electron-diffraction patterns conclusively identified the
nanoparticles as crystalline silicon, and the nanoparticles are randomly oriented (see Fig-
ure 3.5). From these images, the average particle diameters and standard deviations were
found for specimens S1 through S4. These data are listed in Table 3.1, and a representa-
tive histogram for specimen S1 is shown in Figure 3.6. Images of specimen S5 showed
that the active layers, which were 4 nm thick, were actually Si nanocrystals distributed in
single planes; however, there were too few clearly observable nanocrystals to obtain sta-
tistically significant particle counts. The particle counting and measuring was done manu-
ally using digital imaging software, counting over 200 particles for each specimen. Due to

the typically low contrast difference between Si nanoparticles and the SiO, matrix, there

is naturally some error in judging the edges of the particles in these measurements.
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Figure 3.4: Cross-sectional TEM images for specimens S2-S5. The silicon nanocrystals
are imaged as dark spots, while the SiO, layers have a lighter contrast. Arrows point to

specimen surfaces.

(a) Specimen S2, having four nc-Si layers
each 75 nm thick.

(¢) Specimen S4, with eighteen nc-Si lay-  (d) Specimen S5. These ultra-thin nc-Si
ers each 10 nm thick. The fifth layer from layers are difficult to observe and are

the substrate shows weaker contrast, shown in a magnified view in the inset.
reflecting some variation in the deposition  There are ten layers present, each 4 nm
parameters in this layer thick.
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Table 3.1: Mean particle diameter values for specimens S1
through S4 (from a data set of between 200 and 300 particles
for each specimen). Individual particle sizes were measured

from TEM images. The mean particle diameter and standard
deviation were calculated from the measured data.

Mean particle
Specimen diameter (nm) Standard deviation
peet Standard deviation (nm)
0.6 nm
S1 29 0.6
S2 3.3 0.6
S3 2.9 0.6
S4 3.1 0.6
25 .
. 20
E s : -
0 .HE_ , HUAT] ‘ B !EI _ Eana | Y
36 42 48 5

13 19 25 30 4 59

Diameter (nm)

Figure 3.5: Electron diffraction pattern Figure 3.6: Size distribution of Si nanopar-

for the nanoparticles. Diffraction rings ticles in specimen S1 with calculated mean
corresponding to the 111, 220, and 311 diameter d,,,,, and standard deviation ¢
lattice planes of silicon are readily visi- h

ble. shown.

The composition of the active layers was found from energy dispersive X-ray anal-
ysis performed on specimen S1. A standard reference spectrum was taken from the fused

quartz substrate and the SRO spectrum was taken from a nearby region of the film (see
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diagram in Figure 3.7(a)). The spectrum from the SRO region is shown in Figure 3.7(b).

The lowest energy peak (~0.5 keV) corresponds to the oxygen ka line and the peak at

~1.8 keV corresponds to the silicon ka line.

Si0,

&

standard

SRO

X

specimen

(a)

1200
1000
800 -

600 -

Counts

0 0.5 1 1.5 2 25 3
Energy (keV)

(b)

Figure 3.7: (a) Diagram showing the location (indicated with a circled X) for energy
dispersive X-ray measurements on specimen S1. The standard spectrum was measured
in the quartz substrate, and the unknown spectrum was measured nearby in the SRO
layer. (b) The energy dispersive X-ray spectrum of the SRO region showing the peaks
corresponding to oxygen and silicon, and the non-linear least-squares fit to the data.

Although commercial software packages are available for calculating elemental

concentrations from EDS data, I did not have access to such software. Instead, I used Mat-

lab 6.1 to fit the EDS data using a standard non-linear fitting routine which used estab-

lished background and peak fitting procedures. First, the standard spectrum from the

quartz substrate was analyzed to determine a calibration constant that was then employed

in calculations to determine the film composition. The standard spectrum was fit to the

general formula:

N = Ny+Ny+Ng

(3.1)
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where N is the counts as a function of energy, N is the background function, and N,

and Ng; are Gaussians corresponding to the oxygen and silicon peaks, respectively. Each

Gaussian has the form:

where Iy, E‘S, and c, (the intensity, centroid, and width, respectively) are variables, and

y =0 or Si, corresponding to oxygen or silicon.

The standard background function (Williams and Carter 1996) that was used is:

)

—a~EN 4
N, = (%)+a]+a2E)(l—e ) (3.3)
where E is the energy (inkeV) and a, g, , a,, and a; are variables.
In this way, the integrated intensity of the oxygen peak and the silicon peak, /,,

and /g; from the standard (the SiO, substrate) was calculated. Although the atomic con-

centration of the standard is known, the ratio of the concentrations cannot be assumed to

equal the ratio of measured X-ray intensities. Therefore, the standard is needed in order to

find the correction factor kg, in following the equation (Williams and Carter 1996)
= kg0 (3.4)

where Cg; and C, are the atomic fractions of Si and O. This method is known as the

“Cliff Lorimer ratio technique”. Equation 3.4 can then be “re-used” for the unknown, by

inserting the calculated k-factor and the measured intensities. However, there are still two
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unknowns (Cg; and Cy), so a second equation is needed to obtain the elemental composi-
tions:

Co+Cp =1 (3.5)
This sets the total atomic fraction to unity. With equations 3.4 and 3.5 and the calculated
k-factor, the elemental concentration of Si and O in the SRO layer can be obtained from
the measured X-ray intensities. The resulting atomic concentrations were normalized to

one silicon atom per formula unit. In this way, the SRO region was found to have a com-

position of SiO,, where x = 1.2. This value is slightly different from the findings of Kahler

and Hofmeister (2001), who obtained x close to 1.5 for evaporation of SiO in a similar
oxygen pressure, presumably due to system differences (location of the sample with
respect to the evaporant and the oxygen source, location of the pumping system, etc.).
Nevertheless, as discussed in Section 3.3.1, the PL results are in reasonable agreement
with the results of Kahler and Hofmeister (2001) for films of a similarly silicon-rich com-

position.

3.3 Absorption and Photoluminescence

3.3.1 X-series Results

Transmission spectra of the X-series specimens are shown in Figure 3.8 and can be
directly compared with the photoluminescence spectra in Figure 3.9. Also shown is the
transmission spectrum of a blank fused quartz (SiO,) wafer. The substrate is transparent
above approximately 250 nm. Silicon nanocrystals, however, absorb at shorter wave-
lengths. Specimens X1 and X2 absorb more than X3 and X4 due to the presence of more

absorbing material (thicker SiOy layers). The slight oscillations in the transmission spectra
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are the typical results of interference due to the refractive index contrast between the SiO,
and SiO, layers. The refractive index of SiO, is approximately n = 1.41 to 1.53 in the

ultraviolet to infrared range according to the commercial vendor of the fused quartz

wafers (www.escoproducts.com). The refractive index of SiO, can be approximated by

that of SiO as x is very close to 1. Ellispsometry data for SiO gives a value of n =1.75 to

1.87 in the ultraviolet to infrared range.

v L/?%r* ~ oy

_ 80 - X4 ‘ - &

X y,

8 60- / 3

2 s

8 >

E 4 | 'g

: /e :
' by o

= x 7 x =

B0 70 a0 w0 10 1100
Wavelength (nm) Wavelength (nm)
Figure 3.8: Transmission spectra of X- Figure 3.9: PL spectra of single-layer nc-
series specimens and of a blank fused Si films: specimens X1 (200 nm) to X4
quartz substrate (labelled SiO,). (13 nm).

These are raw data - that is, there is no correction for the amount of luminescent
material in the films. All the samples show a broad, featureless red-infrared luminescence
band typical of silicon nanocrystal composites. There is a continuous blueshift of the peak
emission wavelength for the thinner films and the full-width-at-half-maximum (FWHM),
as estimated by peak fitting (see Section 4.1) decreases slightly (from 83 - 68 nm) for thin-
ner films. The raw PL intensity does not show any regular trend and increases in the fol-
lowing order of film thickness: 13 nm - 100 nm - 50 nm - 200 nm.

Specimen X2 is 100 nm thick, like the specimens of Kahler and Hofmeister (2001)

of which were prepared by the same methods used in this thesis. Since we did not measure
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the composition or the nanoparticle size for the X-series specimens (and it probably dif-
fers some from the S-series specimens), we cannot compare specimen X2 extensively to
the Kahler and Hofmeister specimens. We can note, however, that the Kahler and

Hofmeister specimen with the lowest oxygen content (SiO, with x =1.17) has its PL peak

wavelength at 882 nm (more red-shifted than all their other specimens) which shows a
general agreement with the PL of specimen X2 with its peak wavelength at 918 nm.

3.3.2  S-series Results

As for the X-series, transmission spectra of all S-series specimens were taken to
provide information about changes in absorption that may occur, in addition to the infor-
mation about the emission provided by PL spectra. Transmission spectra of the five S-
series specimens are shown in Figure 3.10. In specimens S1-S4, the absorption onset

occurs in the blue-green part of the spectrum. It is difficult to make direct estimates

Transmission (%)
Intensity (a.u.)

Wavelongth (nm) Wavelength (nm)
Figure 3.10: Transmission spectra of S- Figure 3.11: PL spectra of specimens S1
series specimens (200 nm nc-Si layer) to S5 (4 nm nc-Si
layers).

because of the extensive oscillations in the spectra due to optical interference as a result of

the refractive index contrast between the nc-Si and SiO, layers. The transmission spec-

trum of specimen S5 decreases weakly across the visible and the specimen only becomes
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strongly absorbing in the UV. In this specimen, the layers are too thin (~4 nm) to observe
interference oscillations. Standard matrix calculations were also undertaken using optical

constants for SiO and SiO,, and the simulated transmission spectra agreed quite well with

the data.

The photoluminescence spectra taken from the samples in series S are shown in
Figure 3.11. The PL intensity is not a direct indication of the efficiency of the photolumi-
nescence, as each sample has a different total amount of silicon nanocrystal material (see
Table 2.1). However, it can be observed that the PL peak blueshifts regularly as the nc-Si
layers are made thinner, going from 911 nm for the 200-nm-thick single layer to 747 nm in
the 4-nm-thick single layers. The intensity also increases regularly for the thinner layers,
except for specimen S5. This is due to the small amount of luminescent material in that
sample (40 nm total thickness). In this case, the full-width-half maximum of the broad PL
peak decreases with decreasing layer thickness from 83 nm to 68 nm on going from S1 to
SS.

Since the effect of layer thickness was so pronounced for these specimens, it was
decided to compare the PL spectral shift to that obtained by varying the excitation wave-
length. Varying the pump wavelength should selectively excite differently-sized nanopar-
ticles due to the quantum confinement effect. Specimen S1 was excited with 325 nm, 442
nm, 456 nm, 476 nm, 488 nm, and 514 nm laser light, all at a CW power of 20 mW and
with a similar laser spot size. As shown in Figure 3.12, the emission spectra have only a
weak dependence on the excitation spectrum - with a change in excitation wavelength of

over 200 nm, the PL peak was observed to shift only by ~14 nm.
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Figure 3.12: Transmission spectrum of S1, and PL spectra
at six different excitation wavelengths (indicated on the
transmission spectrum by arrows). The PL spectrum excited
by 488 nm light is not labeled for clarity, but is directly
above the one labeled 514 nm.

Intensity (a.u.)
Intensity (a.u.)
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Wavelength {(nm)
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Figure 3.13: PL of specimen S4 using 488  Figure 3.14: PL decay spectra, normal-

nm excitation ranging in power from 100 ized to same initial intensity. The traces
mW to 1000 mW, in 100 mW increments. for S2, S3, and S4 are virtually indistin-
guishable.

Using 488 nm excitation, the change in the PL spectra when excitation power var-
ied between 100 mW and 1000 mW was examined on all S-series specimens. Representa-
tive spectra from specimen S4 are shown in Figure 3.13. The trend is similar in all five
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specimens. As excitation power is increased, the PL intensity increases, but gradually
tends toward saturation. The PL peak blueshifts, but this shift also tends toward saturation
at higher power. This observation is consistent with the PL pump-dependency that was
previously observed by Hryciw ef al. (2004).

The photoluminescence decay spectra for the S-series of specimens are shown in
Figure 3.14. Specimen S5 exhibits the steepest intensity drop-off, and specimen S1
appears to have the longest lifetime. The PL decay traces of specimens S2, S3, and S4
overlap so that they are essentially indistinguishable. The spectra shown in Figure 3.14 are
normalized to the same initial intensity. The initial intensity in un-normalized spectra fol-
lowed the same trend shown in Figure 3.11 for the overall CW luminescence intensity.
The pixelation seen in the spectra are due to the limited dynamic range of our 8-bit oscil-

loscope.

3.3.3 O-series Results

The transmission spectra of the O1- and O2-series are shown in Figure 3.15. The
O1 series specimens are composed of four 20-nm-thick nanocrystal layers separated by 0,

5, 10, and 15 nm SiO, buffer layers (specimens Ola, Olb, Olc, and O1d, respectively).

The O2 series was formed in the same way, except that the buffer layers were 0, 2, 4, and
6 nm thick (specimens O2a, O2b, O2c, and 02d, respectively). The transmission spectra
are due to the different amounts of absorbing material in the different samples and to the

effects of interference contrast between the film and the SiO, wafer, however the data are

quite similar for both sample sets.

42

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



Transmission (%)
Transmission (%)

200 400 600 800
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Figure 3.15: Transmission spectra of (a) Ol-series and (b) O2-series.

The photoluminescence
spectra of specimens in the O1-
series are shown in Figure 3.16.

This was the first sample set pre-

Intensity (a.u.)

pared in which the effect of the

buffer layer thickness was inves-

550 750 950
tigated. All samples have the Wavelength (nm)

same total amount of nc-Si mate- Figure 3.16: PL spectra of the O1-series specimens:
4 periods; 20 nm nc-Si layers separated by SiO, of a
rial (80 nm), separated into four  thickness ranging from 0 nm (O1la) to 15 nm (O1d).

layers by buffer layers of various thicknesses. Specimens Olb, Olc, and Old have
approximately the same PL intensity. The PL spectrum blueshifts as the buffer layer thick-
ness is increased, with the peak position changing by about 20 nm in total. There is only a
slight difference in the PL peak wavelength among specimens O1b, Olc and O1d, which

have buffer layers of 5, 10, and 15 nm, respectively. In this initial sample set, the effects of
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the buffer layers appeared to saturate somewhere below a thickness of 10 nm. Therefore, a

second set of samples was prepared (the O2 series) in which the buffer layers were thin-

ner.
The PL spectra of the
12 .

O2-series are shown in Figure 1.
3.17. In this series, the buffer 5 08 -

]

2 06 -
layers were only 2, 4, and 6 nm @

£ 04
thick in order to try to better 02 .
resolve the spectral evolution as 0 T T ‘

600 700 800 900 1000

a function of buffer thickness. Wavelength (nm)

Specimens O2a and O2b have  Figure 3.17: PL spectra of the O2-series specimens: 4
periods; 20 nm nc-Si layers separated by SiO, of a

approximately the same PL thickness ranging from 0 nm (O2a) to 6 nm (02d).

intensity and spectral shape (the

spectrum of O2a is only slightly more intense than that of O2b). In this series, I again
observed a blueshift and increasing intensity trend with increasing buffer thickness,
although in this second sample set, it is not clear whether the effect has saturated. The
magnitude of the blueshift in the O2-series is approximately a fifth of that in the Ol-series.

Both series are consistent in that the buffer effects probably saturate at an SiO, layer
thickness close to 10 nm.

3.3.4 E-series Results

Transmission spectra of specimens E1 (20 nm Er,05 and 20 nm nc-Si layers) and
E2 (1 nm Er,05 and 20 nm nc-Si layers) are shown in Figure 3.18, along with a spectrum

from a 200-nm-thick Er,O; film prepared by electron beam evaporation in conditions
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identical to the preparation of E1 and E2. The Er,05 film exhibits strong interference

oscillations. The absorption from the ground state to the G, 112 and the 2H,/ levels can

also be seen as small “dips” (marked by arrows) in the spectrum at wavelengths of approx-
imately 370 nm and 525 nm, respectively. These are not observable in the multilayers
because of the smaller total amount of Er,05 in those specimens. Interference oscillations

are observable in all three specimens but the effect is least evident in specimen E2.

100 .

Transmission (%)

225 425 625 825
Wavelength (nm)

Figure 3.18: Transmission spectra of specimens E1,
E2, and a 200-nm-thick Er,Oj; film. Arrows indicate
“dips™ due to absorption from the ground state.

For the two specimens in the E-series, both the red-infrared emission of the Si
nanocrystals and the infrared emission of the Er ions were investigated. The infrared por-

tion of the PL spectra, excited at 500 mW, is shown in Figure 3.19. Resonant excitation

uses 488 nm light, which corresponds to the transition from the 1,5, ground state to the

4F,, excited state in erbium. For non-resonant excitation, 476 nm light was used because

it does not correspond to any possible erbium transition. Any erbium luminescence seen
under non-resonant excitation must be due to carrier transfer from the nanocrystals (i.e.,

the nanocrystal “sensitizing” effect - see Polman (1997)). Specimen E1, having the thicker
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Er,0j3 layers (20 nm), has rather weak erbium luminescence under non-resonant excita-

tion. However, with resonant excitation it emits strongly at 1540 nm and 980 nm, due to

the well-known transitions from the first and second excited states to the ground state of
the Er** ion. In the case of the thinner Er,O3 (specimen E2), there is little difference in the

overall Er spectra for resonant and non-resonant excitation.

The broad nanocrystal
0.006 -
PL shows some particularly 0.005 -
interesting characteristics in E 0.004 -
. _ 2 0003 -
specimens E1 and E2. In speci- d
£ 0002 .
men E1 (20-nm-thick Er,O5 lay- 0001
ers), the nanocrystal PL is 0 DA AT
900 1100 1300 1500
almost completely quenched for Wavelength (nm)
excitation both resonant and Figure 3.19: PL spectra for E1 (10 periods: 20 nm nc-

Si and 20 nm Er,03) and E2 (10 periods: 20 nm nc-Si
non-resonant with erbium. How-  and 1 nm Er,O3). (r) corresponds to resonant (488 nm)

. ) ) excitation and (nr) to non-resonant (476 nm) excitation.
ever, in Specimen E2, the Si The laser power was 500 mW.

nanocrystal PL is slightly more intense for excitation resonant with erbium than it is for
non-resonant excitation. Since resonant excitation is at a higher wavelength (488 nm) than
the non-resonant excitation (476 nm), this is opposite to the trend in Figure 3.12 - that is,
the nanocrystal PL is more intense for 488 nm pumping despite the lower absorption, as
compared to that at 476 nm. This trend in PL intensity is opposite to that observed in the

absence of the Er,05 layers. [ will come back to this point in the discussion; however, it is

already clear that the Er** ions, although in separate layers from the nanoparticles, have a

pronounced effect on the nanocrystal PL (and entirely quench it in specimen E1).
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Chapter 4: Discussion

The results presented in Chapter 3 show that the PL peak wavelength shifts with
nc-Si-layer thickness, as will be discussed below. The observed change in PL intensity
with active layer thickness cannot be explained by the lowering of the radiative state
energy predicted by the “reactive nanocluster” model. It will be shown in this chapter that
the experimental evidence points toward carrier migration between slightly separated
nanocrystals, and an “interactive nanocluster” model will be introduced. This thesis pre-
sents a fairly large amount of experimental data and there were some techniques that could
be applied to this data that have not been attempted (for example, one could imagine using
rate equations to model the lifetimes of the nanoparticles and the erbium, or one could
study in detail the oscillations in the transmission spectra). For this thesis, I concentrated
extensively on the interactive nanocluster model and on obtaining results that could more

directly prove its applicability.

4.1 Photoluminescence Spectral Shift: The Effect of Layer Thickness

To examine the trend of the PL spectral shifts, the peak wavelength of each spec-
trum was determined from a least-squares fit of a Gaussian curve to the PL peak (see Fig-
ure 4.1). In fitting the PL spectra, the goal was to obtain the best possible estimate of the
peak wavelength, since determining the peak by visual estimation seemed rather arbitrary.
The Gaussian form was found to give the best fits (best residuals). Fits of a lognorm func-
tion were also attempted; however they resulted in worse fits with larger residuals. The
deviation from the Gaussian form at the peak tail-ends resulted in a less-than-ideal peak
fit. To correct this, only the middle portion of the PL peak, spanning approximately 200

nm, was fit (see inset of Figure 4.1). The PL peak wavelength and FWHM parameters
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were obtained from these “central” fits (see Appendix for values from all fits). Neverthe-
less, the excellent fit throughout most of the curve means that the peak wavelength
obtained by the curve fitting method should be more consistent than simple visual estima-

tion.

0.6 -
0.5
f——data |
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203 - 750nm 950nm
2
2
£
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600 700 800 900 1000 1100
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Figure 4.1: Least-squares Gaussian fit (the pink line) to the data for speci-
men X4 (blue line). The fit in the central region of the PL spectrum is
shown in the inset.

In the X-series and the S-series, the PL peak wavelength blueshifts as nc-Si layer
thickness decreases as shown in Figure 4.2. The first question is: why is the light emission
of nanoparticles in thick layers less energetic than that of nanoparticles in thin layers? The
spectral blueshift with decreasing nc-Si layer thickness is not within the direct scope of the
reactive nanocluster model of Iwayama et al. (1998; 1999; 2000), since the average parti-
cle spacing should not change in the different samples. The TEM results (and the overall
similarity in the preparation methods) show that the size and spacing of the particles

remains consistent - the only variable is the thickness of the various layers. Stated simply,
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there is no obvious parameter (i.e., the interparticle spacing) in the reactive nanocluster

model that changes in my samples. The main sample-to-sample difference is the fraction
of nanocrystals located adjacent to a buffer layer (as well as, in the O-series samples, the
thickness of the buffer). Therefore, it seems that carrier migration effects must be consid-

ered in an evaluation of the PL results, at least when the particles are closely spaced.
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® :
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> . >
2 g ..
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Thickness (nm) Thickness {nm)
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Figure 4.2: The change of PL peak wavelength with increasing nc-Si thickness for (a) the
X-series specimens and (b) the S-series specimens. The peak wavelength was determined
from a non-linear least-squares fit of a Gaussian to each PL spectrum.

Although the reactive nanocluster model can accommodate a PL spectral shift, it
requires a difference in the separation between adjacent nanoclusters. As such, we believe
that the PL spectral shift is the result of carrier migration. If charge carriers leave one
nanoparticle to migrate to another, they should preferentially move to a state of lower
energy, resulting in an overall redshift of the emission spectrum. In fact, carrier migration
has already been evoked as an explanation for a PL redshift by Cheylan and Elliman
(1999). They studied the PL spectra of nc-Si samples with varying Si concentrations.
Samples with higher Si concentrations (i.e., more closely-spaced nanoparticles) had PL
spectra redshifted relative to those of lower concentration samples. The redshift was

attributed to carriers migrating from small particles (high energy) to large particles (low
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energy), with emission being across the bandgap. In that paper, however, it was difficult to
isolate the effects of nanocrystal spacing from nanocrystal size due to the variable compo-
sition of the different specimens investigated. Furthermore, possible effects of the radia-
tive center (now widely recognized as being a critical factor in the luminescence) were not
considered. My results will be shown below to require a sub-gap state in addition to car-
rier migration.

Nevertheless, there may still be some arguments in favor of the reactive nanoclus-
ter model, in the sense that the geometric isolation of surface states on a nanocrystal bor-
dering a buffer layer may not undergo energy lowering and contribute to the observed
spectral blueshift in thinner layers. Certainly, thin nc-Si layers have a large fraction of
their nanoparticles on the layer surface, where there are fewer neighbouring particles. This
argument would imply some form of geometric consideration in the reactive nanocluster
model; however, | will show below that the reactive nanocluster model also fails to

explain the observed intensity variations.

4.2 Effects of Layer Thickness On Emission Intensity

From inspection of Figures 3.9 and 3.11, it appears that the specimens with thinner
nc-Si layers in the X- and S-series are more efficient emitters than the thicker nc-Si layers.
To examine this trend in a more quantitative manner, each PL spectrum of the X- and S-
series specimens was scaled according to its the total amount of nc-Si material (by divid-
ing the spectrum by the total thickness). The resulting spectra, shown in Figure 4.3, are
now a more accurate indicator of the relative emission efficiency in the different samples.

The reactive nanocluster model, with its lowering of the radiative energy due to

interaction with neighbouring nanoparticles, cannot explain this PL intensity change.
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Iwayama et al. (1998) do mention that “interactions” can cause a change in the PL inten-
sity, but they do not provide any speculation about what these interactions may be. How-
ever, the increase in PL intensity with decreasing nc-Si layer thickness makes sense if one

considers the possibility of carriers “flowing™ (i.e., migrating) throughout the nc-Si layer.

001 .
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Figure 4.3: (a) PL spectra of X-series (b) PL spectra of S-series specimens (mul-
specimens (single layer nc-Si films), tilayered specimens), scaled by the total
scaled by their total thickness (labelled). nc-Si thickness (labelled).
If carriers (most likely
electrons, as discussed below) & @ @ 5 T

can migrate, then one obtains a &

situation in which non-radiative
(a) (b)
centers can be more important. In  Figure 4.4: Non-radiative centers (black circles) and
their capture areas (grey areas) in two-dimensional nc-
completely isolated nanoparti- Si layers, bounded by layers of oxide. Specimen (a) is
a single nc-Si layer twice as thick as specimen (b), but
cles, a non-radiative center (e.g., With the same number of randomly scattered defects
per unit area. Due to the limited vertical dimension in
an unpassivated silicon dangling (b), some of the full circles in this two dimensional pic-
ture are “cut off” by the surface, resulting in a smaller

bond, as discussed in Section net quenchable area (per total area) in the thinner lay-
ers. The same analysis, of course, applies in three
1.2.2) would only be able to dimensions.

quench the nanoparticle in which it resides. If charges can migrate, however, a non-radia-
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tive center can potentially affect a surrounding volume containing many particles. There-
fore, carrier migration would have two effects: a luminescence redshift (as discussed
above) and decreased intensity due to the effect of non-radiative centers - exactly as
observed in the present specimens. Non-radiative centers located on nanoparticles adja-

cent to a buffer layer (at the nc-Si/SiO, interface) will have fewer neighbours than their

counterparts inside the layer, and therefore the volume of material that can be affected by
a non-radiative center is smaller (see Figure 4.4).

The O-series of samples shows that the SRO layers become effectively isolated
above a buffer separation of 5-10 nm (as will be discussed in Section 4.5.2). Therefore, the
SRO layers in the S-series specimens can be considered isolated, with each layer adding to
the overall intensity but not “communicating™ with the others. The X-series shows that the
normalized intensity decreases as the active layer gets thicker, but this effect appears to
saturate at thicknesses between 100-200 nm. This probably occurs because the fraction of
surface particles is insignificant at these layer thicknesses, so that there is no significant

change in the capture volume available to flowing charge carriers.

4.3 [Effect of Particle Size

The effect of excitation wavelength on the PL integrated intensity and PL peak
wavelength is shown in Figure 4.5. This is a type of rough photoluminescence excitation
(PLE) experiment in which shorter pump wavelengths are used to excite the smaller nano-
particles. In the pure quantum confinement theory, exciting smaller particles (via a shorter
pump wavelength) should also result in a blueshift of the emission spectrum.

As can be seen from Figure 4.5(b), the fractional change in the PL intensity of
specimen S1 (variation by a factor of ~4) is much larger than the fractional change in the
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PL peak wavelength, which varies only by a few nanometers. This is true for all the S-
series specimens. The intensity increase at least roughly follows the increase in absorption
(Figure 4.6). It is difficult to ascertain from this data whether the relationship is linear. An
exponential least-squares fit does give the lowest residuals, which may suggest a slightly
increasing quantum efficiency for smaller particles. In any case, there is clearly a mono-
tonic relationship between pump absorption at different wavelengths and emission inten-

sity, but there is only an extremely weak relationship between pump wavelength and the

PL spectrum.
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Figure 4.5: (a) The shift of the PL peak wavelength for the S-series specimens as the
pump wavelength is varied. (b) Pump wavelength dependence of S1 PL peak integrated
intensity and peak wavelength. The vertical scale is the same as that of Figure 4.2(b).
Notice that the PL peak shift is much smaller when the pump wavelength is varied (this
figure) as compared when the layer thickness is varied (Figure 4.2(b)).

The pump photon energy employed in the present experiments ranged from 3.81
eV t0 2.41 eV. According to Delerue ef al. (1999), this corresponds to particles with diam-
eters ranging from 0.9 to 2.7 nm. The emission should, therefore, blueshift accordingly in
the pure quantum confinement model (minus relatively small Coulomb and spin interac-

tions). In contrast, these samples have Stoke shifts ranging from approximately 0.85 eV to

1.77 eV in the different specimens and a PL peak shift of only ~20 meV overa 1.4 eV
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shift in the pump energy. This combination of observations makes it difficult to defend a
pure quantum confinement model with these data.
100
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Figure 4.6: Absorption at six different excitation
wavelengths (as shown in Figure 3.12) as a function
of the integrated PL intensity of specimen S1.

Nevertheless, there seems to be a minor correlation between nanoparticle size and
the energy of the radiative surface state, as observed in the monotonic shift (by 14 nm) in
the peak wavelength for different excitation wavelengths. The exact nature of this correla-
tion is unclear. Several models have been proposed in which the energy of the radiative
centers tracks the bandgap energy (e.g., Vasiliev er al. 2002), so that smaller nanoparticles
do emit shorter wavelengths, but not as short as they would in the absence of the Si=0O
bond. This may be consistent with the present results, in which there is a very small but
consistent blueshift for shorter pump wavelengths, although even the model of Vasiliev et
al. (2002) predicts larger PL shifts than we observe. Therefore, the results presented in this
thesis seem impossible to reconcile with the pure quantum confinement model, do not fit
models involving radiative centers only (i.e., without additional mechanisms), and cannot

be explained by the reactive nanocluster model only.
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To recap, the emission spectrum shows little dependence on particle size, but is
instead dominated by the thickness of the nc-Si layer, as discussed in Section 4.2. All
specimens in each series were prepared identically, so the particle size distribution was as
similar as possible for all specimens in a series, as confirmed by TEM images of the S-
series specimens. Particle size has therefore been eliminated as a variable in the four sets
of samples grown in this work. By using variable pump wavelengths, one can, however,
effectively obtain size selection within the same sample. The spectral results show little or
no direct dependence on the pump wavelength (although there is a strong intensity depen-
dence due to increased absorption at shorter wavelengths). Finally, none of the models

discussed above adequately describes the data.

4.4 Excitation Lifetime in Silicon Nanocrystals: Effect of Layer
Thickness

The PL lifetime results

35 .. .08
for the S-series (Figure 3.14) 20 iBo o o
. _ : —» . 06
were fitted using a non-linear 25 . o
’u:?L 20 . o - 04
least-squares routine. The data - ¢ o
15 .
were fit to a single exponential - 02
10 -
o
decay (intensity and lifetime as 5 . : A . S0
0 50 100 150 200
free parameters), a sum of two Thickness (nm)

single exponential decays, and 2  gioyre 4.7; PL lifetime (1) and exponent (B ) from the

stretched exponential function fit to the PL intensity

stretched exponential (intensity, decay spectra of S-series specimens.

lifetime, and exponent as free parameters). For each specimen, the stretched exponential

form gave the best fit (lowest residuals). The fitted parameters © and p are shown in Fig-
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ure 4.7. The lifetimes range from ~9 to 31 psand P lies between 0.5 and 0.8. The life-
times and exponents for specimens S2 (75 nm), S3 (20 nm), and S4 (10 nm) are very
similar. Specimen S1 (thickest nanocrystal layer) was observed to give the shortest life-

time and the lowest value for §, and specimen S5 (thinnest layers) has the longest lifetime

and the highest 3.

The values of B and 7 are, in general, consistent with models involving interac-
tions between nanoparticles. For example, the PL lifetimes trend downward as the layer
thickness increases - an observation that can be interpreted in terms of non-radiative decay
processes. Similar to the argument discussed in Section 4.2, if carriers are mobile and
long-lived then non-radiative traps can have large capture cross sections. Dividing the
nanocrystal layers more finely implies more limited migration in one direction at least, so
the effect of non-radiative traps is smaller when the layers are more separated. This will
result in longer overall lifetimes in thinner layers (as observed), as well as increased inten-
sity (also observed). Therefore, it is possible to ascribe the high values of 1 and the
increased intensity in the thinner specimens to the effects of carrier mobility and non-radi-
ative trapping.

Further evidence can be obtained from the “stretching parameter” 3. The stretch-
ing of the exponential decay spectrum is widely thought to be related to disorder (Pavesi
1996; Vial et al. 1992; Mihalescu et al. 1996). Therefore, according to this well-estab-
lished hypothesis, more efficient carrier migration should lead to lower values of 3
(Pavesi 1996). A thick layer provides, on average, more nearby nanocrystals for any given

nanocrystal to interact with, which should lead to more migration possibilities and more
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disorder within the specimen. It is interesting to note that even in specimen S5, which the
TEM images showed to be a single plane of nanocrystals, the spectrum is still “stretched”
(although less so than the other samples). This suggests that there are interactions within
the plane that contribute to the overall disorder, which is consistent with the idea that the
nanocrystals, while widely spaced parallel to the sample normal, are closely spaced (pre-

sumably to the degree where they can interact) within-plane. Others (lacona et al. 2001b)
have observed single exponential decays (8 = 1) in single planes of nanocrystals, but the
interparticle spacing may have been greater in that case.

Changing the excitation power is a qualitative way to examine the lifetime of Si

nanoparticles. When the pump power is increased, the rate at which nanoparticles are
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Figure 4.8: Power dependence of (a) integrated intensity of PL peak and of (b) PL peak
wavelength of S-series specimens.

excited is increased. Figure 4.8 shows the power dependence of the PL intensity and the
PL peak wavelength for the S-series. The fact that the PL peak wavelength blueshifts with
increasing power indicates that nanoparticles with lower energy radiating states saturate
first, and thus have longer lifetimes than those having higher energy radiative states. Fig-

ure 4.9, which shows the power dependence of the specimen S4 PL intensity at 750 nm
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(the high energy side of the PL peak) and at 850 nm (the low energy side) also confirms
that lower energy radiating states saturate first, as the PL intensity at 850 nm approaches

saturation before the intensity at

0.8 -

750 nm. This observation is con- 05 |
sistent with many previous find- s

£ 04- \—0—750 nm
ings for both nanocrystals and é —O0— 850 nm

= 02
porous silicon (e.g., see Linnros et
al. (1999)). Vinciguerra et al. 0 200 400 600 800 1000 1200

Power (mW)

(2000) found smaller particles to . ) .
Figure 4.9: Power dependence of PL intensity at a

wavelength on the high energy side of the PL peak
(750 nm) and at a wavelength on the low energy side
of the PL peak (850 nm) for specimen S4.

have faster dynamics - although in
that case the spectral shift was
attributed to particle size, which the present work has already shown to have only a limited
effect on the emission of silicon nanoparticles, as compared to the particle spacing. In fact,
Hryciw et al. (2004) found that the lifetime could be longer for samples with smaller par-
ticles, indicating that the wavelength dependence of the lifetime may not be directly
related to particle size. Thus, these results do not affirm that small particles decay faster,
as other authors have claimed. All that can be safely stated is that shorter wavelengths
have shorter lifetimes, but as has been shown in Section 4.3, there is no straightforward
and direct correlation of the emission spectrum with particle size. At present, however, we
do not have the equipment needed for wavelength-dependent lifetime measurements, so
we cannot confirm the results of others beyond the qualitative analysis of the pump wave-

length dependencies.
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There are several competing processes that contribute to the observed lifetime.
These processes can be radiative and non-radiative (in fact, non-radiative processes often
dominate the fluorescence lifetime effects in silicon nanoparticles; e.g., Vinciguerra et al.
(2000)). Therefore, in the S-series, the specimen with the thinnest layers might be
expected to have the longest lifetimes due to the relative “slowness™ of non-radiative pro-
cesses in that sample; but this effect might be offset to some degree by the naturally blue-
shifted emission observed under identical pumping of thinner layers (bluer emission has
shorter lifetimes). Clearly, this second effect is not enough to reverse the trend (the thin-
nest layers do have the longest lifetime in the S series specimens). The observations sug-
gest that non-radiative lifetimes increase in ultra-thin nanocrystal layers but radiative
lifetimes might decrease (although the latter effect would be smaller, giving an overall

longer lifetime).

4.5 Carrier Migration Across Buffer Layers
4.5.1 Er,0; Buffer Layers

The presence of non-resonant nanocrystal PL in Figure 3.19 shows that carriers are
migrating from the silicon nanocrystal layer (where the excitation occurs) to the Er ions.

The 20-nm-thick Er,Oj5 layers in specimen E1 fully quench the nanocrystal PL. This is

significant, since it implies that the entire 20-nm-thick nanocrystal layer is affected by the

presence of the nearby Er,053. The clear implication is that carriers must be migrating

through distances of over at least 10 nm (the distance from nanocrystals in the middle of

the nc-Si layer to the edge of the Er,Oj layer). Furthermore, the Er,O3 emits characteristic

radiation under non-resonant excitation conditions, clearly showing that the Er’* ions are
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being excited via transfer from nanocrystals in the adjacent layers. In specimen E2, how-

ever, the nanocrystal PL is not entirely quenched. This specimen contains extremely thin
layers (~1 nm) of Er,03, so there may not be enough Er’" sites to take full advantage of

the carrier transfer from the silicon nanoparticles. Thcrefore, nanocrystal fluorescence is

observed, although it was weaker than for equivalent active layers with SiO, buffers (as
opposed to the Er,0O3 buffers in specimens E1 and E2).

A comparison of the relative intensities of the erbium emission under resonant or
non-resonant excitation conditions is somewhat beyond the scope of this thesis, however a
few qualitative comments can be made. Specimen E2 has a resonant erbium PL intensity
that is approximately 1/3 that of specimen E1 (see Figure 3.19), despite the fact that E2

has ~1/20 the total amount of Er,O5 as compared to specimen E1. Specimen E2 is a more

efficient emitter than E1 and the difference in efficiency may be due to the well-known
concentration quenching effects that occur when Er ions are close together. In specimen
E2, cooperative effects between Er ions should be more restricted in the vertical direction.
In this sense, the difference may mirror what is observed in the nanocrystalline layers: for

thinner Er,Oj5 layers, the intensity is brighter on a per material basis due to the limited car-

rier migration in the vertically confined layers.

Figure 4.10 shows the power dependence of the nanocrystal PL intensity of speci-
men E2 for both resonant and non-resonant excitation. As seen in Figure 3.19, at 500 mW
excitation power, the nanocrystal PL of specimen E2 is more intense for the 488 nm pump
than for the 476 nm pump. Since Si nanocrystal are less absorbing at 488 nm than at 476

nm, this difference seems at first to be counterintuitive. However, the intensity of the
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nanocrystal luminescence is due

1000 .
not only to the pump power and 800
wavelength, but also to the avail- 3 ¢
ability of erbium sites for carrier g 400
E ‘ —{1—488nm
transfer. It was hypothesized that 200 &£ R
F S
&
the reverse order of intensities 0¥ - e
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may be due to the availability of Power (mW)

erbium. For 488 nm excitation, ~ Figure 4.10: Power dependence of nanocrystal PL
intensity for specimen E2 at non-resonant and reso-

both the nanocrystals and the Er  hant excitation.
are excited by the pump beam. Therefore, there would be fewer Er atoms available to
accept carriers from the nanoparticles, leading to more intense nanocrystal PL for 488 nm
(resonant with Er) excitation.

In order to further test this hypothesis, the integrated intensity of the nanocrystal
PL in specimen E2 was investigated as a function of 476 nm and 488 nm pump power.
Looking at Figure 4.10, one can see that while the 488-nm-pumped PL is more intense at
higher pump powers, the 476-nm-excited PL is more intense at low powers. In effect,
there is a crossover at approximately 100 mW. This is also evidence in favour of carrier
migration. Resonant (488 nm) pumping excites Er ions in addition to nanocrystals, mak-
ing some Er ions unavailable to accept carriers from the Si nanoparticles. Then silicon
nanoparticles cannot transfer carriers to the Er ions as effectively and the overall PL from
the nanocrystal layer is more intense as a result. As the flux increases, this effect is

enhanced as more of the Er ions are directly excited.
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The power dependence of both the nanocrystal and erbium PL, for resonant and

non-resonant excitation, for the E-series specimens is shown in Figure 4.11. These pump

power dependencies are a reflection of the excitation rates for Er** and Si nanocrystals,
the rate of carrier migration in the nc-Si layers, and the rates of radiative and non-radiative
decay for both Er ions and nanocrystals. I did not attempt rate equation modeling in this
thesis, since these multilayer samples are complex and would require rate constants for

carrier trapping, carrier migration, and carrier recombination in both nanocrystals and
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Figure 4.11: Power dependence of integrated nanocrystal PL intensity (“visible”) and
power dependence of erbium PL intensity (“infrared™) at the emission wavelength: for
specimen E1 excited (a) non-resonantly and (b) resonantly, and for specimen E2 excited
(c) non-resonantly and (d) resonantly. The absolute values of the PL intensities cannot be
compared directly to each other, but trends may be compared.
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erbium ions (basically, there are so many unknowns that it was felt that model fits would
have too many free parameters to produce really meaningful results in a realistic time
frame). Nevertheless, examination of Figure 4.11 is still instructive. Figure 4.11(a) shows
that non-resonantly exciting specimen E1 results in similar trends for both the Er PL and
the nc-Si PL as they approach saturation, although the Er PL data are noisy. This seems
reasonable given that the Er PL depends on the excitation of the nanocrystals. The reso-
nantly-excited specimen E1 (Figure 4.11(b)) shows that the Er PL is linear over the range
of powers investigated, while the nanocrystal PL goes toward saturation.There are so
many Er ions to excite that increasing the power simply increases the number of excited
Er ions, whereas the nanocrystals (despite there being as many nanocrystals as Er ions) are
saturated at the highest powers. In Figure 4.11(c), we see saturation trends for both Er and
nanocrystal PL, and the Er PL seems to be reasonably saturated by 400-500 mW, probably
as a result of there being so few Er ions (only 1-nm-thick layers) in specimen E2 to receive
transfers from the non-resonantly-excited nanocrystals. The Er ions of specimen E2 are
once again easily saturated, this time by resonant excitation, and the nanocrystal PL does
not tend to saturation as fast as it did in Figure 4.11(c), as the Er ions are being excited

directly in this instance.

4.5.2  SiO, Buffer Layers

The E-series luminescence suggests that carriers can migrate among particles, and
the combined migration distance can be as large as 10 nm or more in these specimens. The
TEM results show that the nanocrystals are quite close together (although it is difficult to
obtain exact estimates of the “average” interparticle spacing, a rough value of approxi-

mately 3 nm seems not unreasonable based on a visual inspection of the TEM images).
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Since these specimens are fairly densely packed with nanoparticles, an obvious question
has to do with the migration mechanisms and the distances over which the effect can
occur. In other words, how far apart should these silicon nanocrystals be before they can

be considered isolated?
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Figure 4.12: The PL peak wavelength shift and integrated intensity change with SiO,

thickness for (a) the O2-series specimens and (b) the O1-series specimens. The peak
wavelength was determined from a non-linear least-squares fit of a Gaussian to each PL
spectrum.

The O1-series and O2-series shed some light on this question. In Figures 3.16 and
3.17 we saw that the PL peak wavelength shifts to higher energy as the oxide buffer layer
thickness is increased. The wavelength shifts (determined from a Gaussian fit to the PL
spectra; see Section 4.1 for details) as a function of oxide thickness are shown in Figure
4.12. Because the Ol-series and the O2-series were produced at separate times, the peak
wavelength values cannot be compared between the two series, but the values can be com-
pared between specimens in the same series. At a buffer thickness between 10 and 15 nm,
the PL intensity and blueshift is saturated. The fact that there is a clear trend with increas-

ing buffer thickness shows that the nanocrystal layers “sense” the presence of the adjacent
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layers through at least 6 nm of oxide and maybe up to as much as 10 nm. Given these
migration distances, we can assume that the nc-Si layers in the S-series specimens, which
are separated by 20 nm of oxide, are well-isolated.

If it is accepted that the nanocrystal layers can interact through several nanometers
of buffer oxide (there does not seem to be any other obvious explanation for the data), then
one must have some mechanism by which such an effect can occur. There are several pos-
sible mechanisms for carrier migration between semiconductor nanoparticles that have
been proposed and explored in the literature, although the great bulk of that work is for
direct gap II-VI nanoparticles or porous silicon. In the following section, possible mecha-
nisms are explored and future research plans are outlined to further elucidate the interac-

tion mechanisms.

4.6 Interactive Nanocluster Model

The evidence presented in this chapter indicates that carrier migration occurs in the
nc-Si specimens studied in this thesis. There are many experimental lines of evidence in
favor of this process. Carriers transferring from one nanoparticle to another must result in
excitation of sites with equal or lower energy, as indicated by the redshifted PL as the
active buffer layers are made thinner. Similarly, the fairly dramatic enhancement of the
luminescence intensity is due to more restricted carrier migration in thinner nanocrystal
layers. The migration is also strongly evidenced in the E-series samples, in which rela-
tively thick layers (nominally 20 nm) of nanoparticles are entirely quenched by adjacent

Er,05 layers. The clearly stretched exponential form of the S-series PL lifetime spectra

suggests that migration occurs even in single planes of silicon nanoparticles (see specimen
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S5). The O-series samples show that the nanocrystal layers can interact through as much
as 6 nm and maybe up to 10 nm of intervening oxide.

To explain these results, this thesis proposes an “interactive nanocluster” model in
which charge carriers can migrate between closely-spaced particles and can travel dis-
tances potentially as large as 10 nm. This migration distance is not unreasonable given
estimates of ~9 nm for InP (Micic et a/. 1998) and ~5 nm for CdSe (Kagan et al. 1996)
quantum dots. In effect, the specimens investigated here may be a type of Coulomb glass
(a spatially random array of localized charges in which long-range interaction between the
charges is prominent; e.g., Lee and Stutzmann 2001). The transfer mechanism between
nanoparticles in these specimens cannot be unambiguously identified by the present
experiments, but one can at least speculate on the possibilities. The interaction should
depend on one or more of the following parameters: the nanocrystal size and separation,
the confinement energy for electrons and holes, the energy levels associated with radiative
centers and non-radiative traps at the nanocrystal-matrix interface, and the work function
and dielectric constant of the matrix.

Several interaction mechanisms have been proposed in the literature. For example,
Micic et al. (2001) observed the formation of lower-energy absorption features caused by
extended states and mini-bands between nanocrystals separated by distances less than 1
nm. Another possibility is exciton tunnelling via resonant dipole-dipole interactions,
which has been observed in quantum dot solids over distances of at least a nanometer
(Bryant 2002) or more (Kagan ef al. 1996). Individual charge carriers may also directly

tunnel through the thin oxide barrier that separates nanoparticles. Vial et al. (1992) con-
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sidered the tunneling of electrons in porous silicon, as holes were more likely to be con-
fined by the high oxide barriers.

To attempt to model the PL wavelength shift, the electron-tunneling model of Vial
et al. (1992) was used to determine the average transparency in each specimen of the X-
and S-series. Firstly, a simplified view of the specimens was required, and a cubic lattice
of 3-nm-diameter Si nanoparticles in a matrix of SiO, was chosen. The interparticle spac-
ing was determined to be 3.3 nm by employing the constraint that the overall composition
of the layer must be SiO 5, and this value is not inconsistent with the TEM images.

For a single layer of nanoparticles, there are four nearest-neighbours (the (100)
direction) at a distance of 3.3 nm, four second-nearest-neighbours (110) at a distance of
5.9 nm, and zero third-nearest-neighbours (111) at a distance of 10.9 nm. The average
number of nearest-neighbours per nanocrystal increases as a function of the layer thick-
ness. Each type of neighbour will have an associated probability of carrier migration, and
the transparency is proportional to this probability. For spherical particles, the transpar-

ency to tunneling, 7', can be written as (Vial ef al. 1992):

E (E +3- E
—4ra m(V) ))

T=e ” 4.1

where a is the barrier thickness (3.3 nm), m is the effective mass of the electron inside the

barrier, V), is the barrier height, E, is the bandgap width, £, is the electron confinement

energy, and 4 is Planck’s constant. For a 3-nm-diameter particle, the optical gap is on the
order of 2 eV (Delerue et al. 1999). 1t is difficult to estimate the barrier height exactly,

especially since we don’t know the exact composition of the barrier (based on the phase
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diagram for the Si-O system, it is probably SiO,, but it is not possible using EDS to get an

independent measurement). Previous authors have suggested a reasonable barrier height

of 3 eV for SiO, (Vial et al. 1992), and the same value will be used here. The electron

confinement energy is estimated at 1.5 eV (Wolkin et al. 1999).

Since transparency is an exponential function of distance, using the above values
we can see that the transparency decreases by approximately 4 to 5 orders of magnitude on
going from the nearest-neighbours to the next-nearest-neighbours. Thus, for reasonable
estimates of the energy levels, only the particles nearest each other are likely to interact
through carrier tunneling.

Figure 4.13 shows the
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to lines, each with strong posi-  Figure 4.13: Peak wavelength varying according to
average transparency, fitted to straight lines with confi-

tive correlation (r2 is above dence of 0.95.

0.95 for both data sets). We see that as particles become, on average, more isolated in thin-

ner layers, the probability of carrier migration decreases and the spectrum blueshifts. The

strong correlation within two separate data sets suggests that the concept of quantum

mechanical tunneling of electrons among neighbouring nanoparticles can potentially

explain the layer thickness dependence of the photoluminescence. Differences between
68

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



the two data sets are probably due to particle size and spacing not being exactly the same
between the X- and S-series.

Indeed, electron migration has been proposed by several researchers, in addition to
Vial and colleagues, for various nanocrystalline semiconductors. Micic et al. (2001) found
that a redshift in the absorption spectra of InP quantum dots occurred when the dots were
more densely packed. They explained the results in terms of electron delocalization in the
disordered, close-packed solids. Electronic energy transfer from small to large CdSe quan-
tum dots was observed by Kagan et al. (1996). Therefore, it seems reasonable that elec-
trons are the mobile charge carriers in our nc-Si specimens as well, as suggested by Vial et

al. (1992) for porous silicon.
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Chapter 5: Wavelength Control

By varying the spacing and thickness of the nanocrystal layers, in this work I have
obtained good control over the emission peak wavelength, with over 160 nm of spectral
tunability for otherwise identical nanocrystals. To my knowledge, this if the first time that
such wavelength tunability has been achieved through the exploitation of nanoparticle
interactions alone (i.e., without changing the nanoparticle size). Control of emission
wavelength is an important feature for potential applications of silicon nanocrystals in
photonic devices, such as light emitting diodes, optical amplifiers, optical displays, and
possibly tunable quantum dot lasers. For most of these devices, not only does the peak
wavelength have to be controllable, but additionally some control over the shape of the
spectrum and additional tunability into the visible region would be important. In this final
section of the thesis, I will describe some of my initial results towards these objectives.
This work was done in close collaboration with other group members, including Aaron
Hryciw and Josh LaForge.

The emission peaks of the

nc-Si/Si0, superlattices are rather 3
s
. 2
broad (~200 nm at the full-width- B
2
[~
half-maximum), and only emis- T
N
[s]
sion in the red to infrared has been g
z

achieved with nc-Si specimens 550 650 250 850 950 1050

annealed at 1000°C (see Figure Wavelength (nm)

5.1). However, the emission of sili-  Figure 5.1: Normalized PL spectra of nc-Si/S10,

superlattices (S-series). The nanoparticle size distri-
con nanocrystals can be both nar- bution is the same in all specimens.
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rowed and intensified by placing them within a distributed Bragg reflector. A distributed
Bragg reflector is a multilayer structure used to obtain a high degree of reflection. When
two such multilayer stacks, ideally with good refractive index contrast, are sandwiched
around an emitting layer of appropriate thickness, a planar microcavity is formed.

A nc-Si resonant cavity from a distributed Bragg reflector was successfully made
by lacona et al. (2001a), who used alternating layers of silicon and silicon dioxide with
thickness A 7(4n) as the top and bottom mirrors. However, we found fabrication of the
dielectric stacks to be very difficult, as the required precise control of the layer thicknesses
could not be easily obtained in the multi-user experimental setup. Instead, we decided to
simplify the system by using metal mirrors and a lower temperature thermal processing.

The initial investigations into optimization of synthesis procedures were carried
out primarily by Josh LaForge and Aaron Hryciw of the University of Alberta. Initially,
we intended to place a layer of nc-Si between the metal mirrors, but the high annealing
temperature required to form nanocrystals became a problem: no metals with suitable
reflective properties could withstand heat treatments at 1000°C. Therefore, we annealed
all specimens at lower temperatures (500°C for this work). Other than that, the synthesis
process I used was the same as for the nanocrystal specimens discussed in Chapters 2-4.

A suitable metal should be highly reflective at the emission wavelengths, but fairly
transparent to the pump laser. Silver was chosen for the mirrors because it is highly reflec-
tive throughout the visible range and it has a good transmittance at the wavelength used
for excitation (325 nm). As the reflectivity of silver is so high through most of the visible
range (~98-99%), only single silver mirrors are required to sandwich the resonant cavity,

unlike with dielectric mirrors which have such a low reflectivity that numerous layers are
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required to provide adequate reflectance (although with enough layers, the reflectance of

dielectric mirrors can be higher than for metals and there is ideally no absorption loss).
Metal mirrors, unlike dielectric mirrors, will induce a phase change in light

reflected from their surfaces. The standard phase factor upon reflection from parallel mir-

rors is given by

¢ = kz = 2kdcosO (5.1)
where k is the wavenumber (k = (27) /A in free space or (27tn) /A in a medium of
refractive index »), d is the thickness of the active layer, 6 is the angle of incidence, and
z is the path length for the reflected wave to return to the original location and direction
(z = 2dcos0). This expression assumes that there is no additional phase shift upon
reflection at the mirrors. In order to obtain constructive interference, the total phase shift
must be an integer (m ) multiple of 27, or

2kdcosO® = 2mm (5.2)

However, metal mirrors do have phase shifts upon reflection. According to Djuri-

sic and Rakic (2002), the constructive interference condition can then be given by
2kdcosO—¢, - ¢, = 2nm (5.3)
where ¢, and ¢, are the phase changes from the two metal surfaces. This version will

lead to positive mode numbers; however many publications instead choose to write the

same formula as
~2kdcos® +¢,+¢, = 2nm (5.4)
which leads to negative mode numbers (e.g., see Jung ef al. 2002). Rearranging terms and

solving for A (in the positive case) gives:
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4nndcosO

= _IRnacosy 5.5
2Em+ ¢+ ¢, (5-3)
This expression reduces to
mAk = 2nd (5.6)

for the zero phase change condition at normal incidence. For metals, however, there are
significant phase changes that are not zero or integer multiples of n, and the mode num-

bers can therefore start at zero (i.e., m = 0 provides a valid solution for the resonance

condition in equation 5.5, due to the phase changes at the reflecting surfaces).

The optical phase change depends upon

35nm Ag 20 nm SiO,

the complex refractive index of the metal mirrors \X J
and is therefore wavelength dependent. For this
SRO
project, characteristic optical matrix calculations
were set up by Josh LaForge, Aaron Hryciw, and
200 nm Ag

Al Meldrum using various software routines.

These require as input only the wavelength-

dependent refractive indices and film thicknesses, Figure 5.2: Schematic of an optical
cavity. The SRO layer thickness is

and the resonant modes are calculated directly. chosen to give the desired resonant
emission wavelength.

This enabled me to easily obtain the active layer

thickness for a given resonance wavelength. We used the tabulated optical constants for

silver and SiO in order to estimate the film thicknesses needed to produce a reasonable

range of resonant wavelengths.

Four optical cavity specimens (C1-C4) were prepared. The Bragg reflectors con-

sisted of a nominally 200-nm-thick silver mirror below the SRO layer, and a 35-nm-thick
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silver mirror plus a 20-nm-thick protective silicon dioxide layer on top (see Figure 5.2).
The bottom mirror was made thick to maximize its reflectivity, while the top mirror was
made thin so that could function as an output coupler. The layers were deposited using the
electron beam evaporation method described in Chapter 2, although the silver layers were
not deposited in a partial pressure of oxygen. The bottom silver layer and the SRO layer
were annealed at 500° C and the top mirror and protective oxide coating were deposited
after annealing. The SRO layer thicknesses were chosen to provide certain emission wave-
lengths. For each cavity (specimens C1-C4) the layer thicknesses and their corresponding

emission wavelengths (as shown in Figure 5.4) are listed in Table 5.1.

Table 5.1: Active layer thicknesses for specimens C1-C4, and the emission
wavelengths (as shown in Figure 5.4) of the cavities. Specimen C1 emits at
a longer wavelength than the thicker specimens because the emission is
first-order (m = 0), not second-order (m = 1) like C2-C4.

. Layer thickness Emission
Specimen wavelength
(nm)

(nm)
C1 197 ~812
C2 254 ~525
C3 311 ~615
C4 367 ~685

At these low processing temperatures, initial TEM results suggest the presence of
amorphous silicon clusters. We found that the samples emit a broad luminescence that is
shifted toward the visible, as compared with the nanocrystals produced at higher tempera-
tures (Figure 5.3). This broad luminescence is useful, as a cavity can be tuned to any

wavelength within the intrinsic luminescence spectrum.
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Figure 5.4: Normalized PL spectra of four Ag/SRO
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nm) than the superlattice PL.

a range of 300 nm simply by changing the SRO layer thickness. This initial attempt at
extended wavelength tunability was a direct consequence of the work in the previous
chapters, which showed that the intrinsic PL peak could not be shifted into the visible
spectrum in any of my samples. Aaron Hryciw has now done the bulk of the work on the
microcavity devices and we have a paper, lead-authored by Aaron, now in press in the

journal Advanced Materials.
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Chapter 6: Conclusions

We have seen that nanocrystalline silicon specimens with good luminescence can

be prepared by electron-beam evaporation of SiO in a partial pressure of O,, followed by

thermal processing. These nanocrystals emit visible-to-infrared light whose peak wave-
length can be tuned by over 160 nm without changing the size of the nanocrystals.

The luminescence is not consistent with direct exciton recombination across the
nc-Si bandgap, as no significant emission peak shift is observed with size selection by
pump wavelength. Instead, there is a major shift in the photoluminescence peak energy
due to the addition of buffer layers that separate the active (nanocrystalline) material.
These results do not agree with a pure quantum confinement model for the emission. The
results contradict the interpretations made in a considerable amount of previous literature
(for examples, see Brongersma et al. 1999; Min et al. 1996) in which redshifts in speci-
mens with larger particles were attributed to size effects. In those publications, however,
size effects were not separated from proximity effects - specimens with larger particles
were made by increasing the density of active material, which in turn should change the
interparticle spacing. This is the first investigation in silicon nanocrystal superlattices in
which the nanocrystal size was kept the same, thus systematically isolating size effects
from proximity effects.

The photoluminescence results show that the spacing of the active layers and the
buffer layers has significant influence on the specimen optical properties. In the X- and S-
series, carrier migration occurs within the nc-Si layers, as evidenced by the stretched
exponential form of the luminescence lifetime results. Reducing the nanocrystal layer

thickness in turn reduces carrier migration, which causes a PL spectral blueshift with
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decreasing nc-Si layer thickness. This spectral blueshift cannot be the result of a change in
nanoparticle size, as the average particle size was essentially the same within all speci-
mens of the same series due to preparing them under identical conditions. In the O-series,

the nanocrystal layers are well isolated when the SiO, buffer layers are 10 nm thick or

more. The E-series provides convincing evidence in favor of carrier migration through the
nanocrystal layers. In that example, 20-nm-thick films of nanocrystals could be totally
quenched by adjacent Er,O5 layers, suggesting a kind of particle-to-particle *hopping”
mechanism that can transfer charge carriers over significant distances.

As the results from the X- and S-series specimens indicate that carrier migration
occurs within the layer of Si nanoparticles, this work proposed an “interactive nanocluster
model”. This is not the first hint of such a mechanism in silicon nanocrystal composites,
but I believe that it is the most systematic study to date on the interactive nanocluster
model (a term coined in this thesis). In this model, charge carriers can migrate between
nearby nanocrystals, and this can qualitatively account for the observed spectral shifts and
changes in emission intensity in the different specimens. Although we have no direct evi-
dence to indicate what types of carriers are migrating, results in the literature are more
consistent with electron migration as opposed to holes or bound excitons. The excellent
correlation between the present data and the model of Vial er a/. for quantum mechanical
tunneling of electrons also lends support to this hypothesis.

In terms of wavelength tunability, the superlattices studied in this thesis have cov-
ered what appears to be the full wavelength range possible for these specimens. The PL
spectra of the single layer nc-Si films indicate that there will not be much, if any, interac-

tion-induced spectral shift for layers more than 200 nm thick since such thick films are
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essentially akin to a “bulk” nanocomposite material. Specimens cannot be made thinner
than a single layer of nanoparticles, and so no further wavelength shift can be achieved
beyond specimen S5 either. One could envision trying to isolate the nanoparticles in all
three dimensions; however, this would be very challenging experimentaily and would
almost certainly require some serious lithography-based processes to be developed (or,
possibly, a chemical approach). Nevertheless, as discussed in Chapter 5, a much wider
range of emission wavelengths can be achieved using optical cavities with SRO as the
active layer. These emission peaks are also quite narrow, which is also a desirable feature
for potential technological applications. The cavities, with their metal mirrors, are also
much simpler to prepare than the dielectric stacks. Work is already underway amongst
other members of this research group to study and refine the emission from these optical
cavities, including synthesizing specimens in which wavelength tunability is available
within a single optical cavity.

Potential extensions of this study could involve a more accurate measurement of
the nanocrystal photoluminescence lifetimes, and possibly measuring the wavelength
dependence of the lifetime. Measuring the lifetime of the erbium infrared photolumines-
cence would be helpful for developing and solving rate equations - for example, one could
envision calculating a “lifetime” for the particle-to-particle transfer process. This would
be important since both the basic physics and many of the practical applications of silicon
nanocrystal composites will depend on migration effects. Certainly the door seems open
for future quantitative investigations into the optical properties of silicon nanocrystal

superlattices.
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A study of nc-Si specimens using THz spectroscopy is currently being done in
Frank Hegmann’s laboratory at the University of Alberta. Those specimens were prepared
on the basis of the procedures developed in this thesis. Terahertz spectroscopy is an estab-
lished method for measuring carrier mobilities on a time scale as short as picoseconds, and
the results may shed further light on the effects and mechanisms of carrier transfer
(although the effects of surface trapping may be expected to be important at such short
time scales).

As a final word, it is probably important to make a comment on the complex phys-
ics at work in silicon nanocrystals. For almost 15 years people have been arguing (some-
times almost fighting) over the emission mechanism for silicon nanocrystals embedded in

a matrix of Si0,. What has been learned unequivocally is that the situation is highly com-

plicated and many factors must be examined and isolated from one another. It is almost
certain, for example, that numerous previous authors could have confused particle prox-
imity effects for particle size effects, as discussed in this thesis. This really highlights the
need for extremely careful and systematic approaches, especially with regards to the spec-
imen preparation. Even in this thesis, we found that the slightest variations in the experi-
mental setup in the electron beam evaporator could lead to significant PL shifts. Any
future work really needs to take such factors into consideration and put extreme care into
the specimen preparation and interpretation of the results - something which, from a care-

ful survey of the literature, has not always been done.
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Appendix: Fitted Photoluminescence Spectra Results

As discussed briefly in Section 4.1, in order to obtain the value of the peak wave-
length for the photoluminescence spectra of the X-, S-, and O-series specimens, a least-
squares algorithm developed in MatLab was used to fit a Gaussian functional form to each

PL spectrum. The function fit to each spectrum was:

G=a,e (A.1)

where a,, is the peak intensity of the spectrum, A is wavelength, with A, being the peak
wavelength, and o is the full-width-at-half-maximum (FWHM). Photoluminescence
spectra were fit to the raw PL data from the X-, S-, and O-series specimens, and also to the

six PL spectra of specimen S1 at different excitation wavelengths, and to the PL spectra of

the S-series specimens excited at different powers. The integrated intensity (summing

under the curve) was used instead of the Gaussian peak intensity a,,, and it is listed in the

tables below. Table A.1 lists the fitted values for X-, S-, and O-series specimens; Table
A2 lists the values for the excitation-wavelength-dependent spectra; and Table A.3 lists

peak wavelengths and integrated intensities for the power-dependent spectra.
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Table A.1: Peak wavelength, integrated intensity, and full-width-at-half-max-
imum (FWHM) values from fits of a Gaussian form to PL spectra of speci-
mens from the X-, S-, and O-series. The intensity was integrated between: 650
- 1050 nm for X-series, 550 - 1000 nm for S-series, 650 - 1000 nm for O1-
series, and 700 - 1000 nm for O2-series.

waxll)c;claeﬂr(xgth Integrated FWHM

Specimen A, (nm) in(tzr‘lfi)ty jo(n m)

+1 nm o =2 nm
X1 916 713 73
X2 918 403 74
X3 908 444 74
X4 858 304 78
S1 911 177 83
S2 883 382 81
S3 852 558 78
S4 817 858 70
S5 747 185 68
Ola 882 363 83
Olb 855 570 82
Olc 850 547 81
0ld 847 568 83
O2a 887 403 78
02b 887 391 78
02c 885 487 76
02d 881 553 76
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Table A.2: Fitted values of peak wavelength, integrated intensity, and full-width-at-half-
maximum for the excitation dependent photoluminescence spectra of specimen S1. The
intensity was integrated between 650 - 1000 nm.

o Peak FWHM
Excitation wavelength Integrated o (nm)
wavelength A, (nm) intensity )
(nm) P (a.u.) 12 nm
+1 nm
325 907 154 85
442 908 103 80
456 918 78 87
476 921 61 86
488 922 49 85
514 921 46 84

Table A.3: Peak wavelength, kp (%1 nm), and integrated intensity, I (a.u.), values for the

S-series specimens at excitation powers of 100 - 1000 mW. The intensity was integrated
between 550 - 1050 nm.
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2:%5; S1 S2 S4 S5
7»,, 1 )\p I xp | 7»,, 1 xp I
100 880 | 57 | 873 | 107 | 844 | 84 | 813 | 128 | 746 | 19
200 875 | 86 | 868 | 156 | 839 | 129 | 809 | 195 | 744 | 31
300 871 | 107 | 866 | 189 | 836 | 166 | 807 | 251 | 743 | 42
400 868 | 125 | 863 | 215 | 834 | 195 | 805 | 297 | 741 | 51
500 866 | 138 | 862 | 233 | 832 | 221 | 803 | 339 | 740 | 59
600 864 | 149 | 861 | 247 | 830 | 244 | 802 | 373 | 739 | 66
700 862 | 160 | 859 | 259 | 829 | 266 | 801 | 409 | 739 | 73
800 860 | 170 | 859 | 267 | 828 | 284 | 801 | 437 | 738 | 79
900 859 | 177 | 858 | 271 | 827 | 300 | 800 | 463 | 737 | 84
1000 858 | 182 | 859 | 274 | 827 | 314 | 800 | 486 | 737 | 89
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