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Introduction

When trying to define a scientific research, most usual definition is: search for
knowledge in which foundations stands curiosity and human urge to understand the world
that surrounds him. Even if, the main driving force that pushed us towards the discovery of
the world might be the plain curiosity, from the sole beginning there have been some more
practical aspects involved in the research activity. Very often a deeper understanding of
natural phenomena was awarded by possibility of their manipulation in the way to bring
more extensive benefits and match more precisely needs of a human society than in the form
of their natural occurrence.

A good example of the application oriented scientific research is the research on the
semiconductors that brought us the silicon technology. Even though, it was founded on the
merely need to increase a computational power, its development changed the world in a
unique way, reaching far further than its original applications had foreseen.

As the title of this thesis reveals, the final goal of the work that is going to be
presented in following, are the possible applications of a particular material platform. Or
more precisely, applicability of that specific material platform in reaching the desired level of
performance required by a particular application. In order to assess its suitability and
possible benefits, a profound understanding of the underlying physics becomes essential in its
evaluation.

But before entering in the details regarding the specific physical aspects inherent to
different applications, it is desirable to explain the motivation that stands behind the choice
of silicon as a preferred material and, more importantly, why to use it in the form of
nanocrystals.

[ Silicon

Silicon (Si) is a very common chemical element classified as tetravalent metalloid.
Interestingly, it is one of the most abundant elements found on the Earth. In fact, it is the
eight most abundant by mass in whole universe and the second most abundant in the Earth’s
crust [1].It is very rarely found as a pure element, but rather often in a form of different
silicates.



Although, silicon is readily available in the form of silicates it seems that a very few
organisms actually require it. It has been proposed that silicon could act as ultra trace
nutrition element in higher organism animals but its exact biological function is still under
debate [2]. It is known however, that is used by some simple organism (diatoms, radiolarian
etc.) to construct their skeletons or by some advanced plants to construct specific cellular
parts [3].

Having in mind that the life has developed in a silicon rich environment, it is not
surprising that a very low toxicity has been observed for humans. As an example of negative
impact of silicon on human health, usually is cited silicosis which is more related to the
mechanical properties of silicate dust than to chemical properties of silicon itself [4].
However, it has been demonstrated a role of chemical activity of silicon based radicals in its
development [5,6].

A part from this particular case of negative impact, silicon remains to be one of the
less toxic and one of the most bio-compatible inorganic elements, making it a material of
choice for a variety of biological applications.

Most of the silicon that is used in industrial purposes is used in a form of its natural
occurrence, with a very little processing and usually without purification into its elemental
form. Typically, silicon is used in a form of a sand or clay, for production of building blocks or
different types of ceramics and cements. For other types of usages such as production of steel
and different aluminum alloys, a more pure form is required.

A very small percentage of silicon is actually purified in an extremely pure form
required by semiconductor industry. However, the economic importance of this small fraction
on global economy is simple enormous. Whole information and communication technology
would have developed very differently without availability of silicon.

Yet, the real semiconductor era begin with the proof of bipolar transistor effect in
another element, germanium [7]. In the beginning of its development, semiconductor
industry was far away from the general use of silicon as a semiconductor material. Other
materials such as germanium and III-V compounds were much more appealing due to a
higher electron mobility and easier processing at the time [8].

On the other hand, a big advantage of silicon (and germanium) respect to III-V
compounds was that one has to deal with only one kind of the atoms (being elemental
semiconductors) which eliminates various kinds of lattice defects and guarantees a good
lattice thermal conductivity. Respect to germanium, silicon has a larger band-gap (0.7 eV
respect to 1.12 eV) making it more suitable for power applications. However, germanium
didn’t have to be as much pure as silicon to be successfully employed as semiconductor
material. Only after the invention of the Siemens process for production of high purity poly-
silicon, silicon started to be usable as semiconductor material for transistor applications [8].

The main impact that turn everything towards the silicon was the discovery of the
passivation action of silicon dioxide (reduction of the surface states), which became a basis of
the metal-oxide-semiconductor (MOS) technology. The silicon dioxide proved to be far much
stable than the germanium one. In addition, silicon dioxide acts as well as an excellent
insulator and effective mask during the device manufacturing, allowing for introduction of
planar interconnects and monolithic integration which is base of large scale integration
(VSLD [9,10l.



Advanced MOS technology and very large scale integration (VSLI) both based on
extraordinary properties of silicon and silicon dioxide interface, opened the way for cost-
effective digital technology, which then in turn opened the way for necessary mass market of
silicon technology. Any technological solution that could exploit this advanced silicon
manufacturing, could count on cost-effectiveness and mass production and, consequently, on
wide availability and reach.

II.  Silicon photonics

One of the key features of silicon that made it a number one semiconductor material
was a monolithic integration made possible by solving the problem of electrical connections
by passing from the wire bonding to the metal evaporated planar interconnects. Today, the
interconnects problem of a different kind pushes the silicon technology again in a new
direction.

In the past, performance scaling described by Moore’s law [11] has been accomplished
mostly through the size feature decrease and clock frequency increase. But both are expected
to run into some fundamental physical barriers [12].

As for the feature size decrease, silicon complementary metal-oxide-semiconductor
(CMOS) process scaling is expected to continue at its current pace as the fundamental
barriers such as gate oxide thickness, Si-Si bond length, space occupation of electron wave
function are not imminent [8]. Moreover, there are already in use successfully some of the
technological solutions (high k-gate materials) in order to mitigate some of them [13].

The situation is different for the clock frequency issue. With clock frequency rise, the
transistor leakage current and resistance-capacitance (RC) delays in signal transmission
increases, leading to excess power consumption, heat and noise production, undercutting the
gains that increased frequency might provide [12].

One of the solutions to this issue is breaking up the tasks into many concurrent
operations and distributing these across many small processing units, or in other words a
passage to a parallel computing. However, this new approach brings also the new
technological challenges. In order for this new computing scheme to work efficiently, a high-
speed interconnects are needed to move the data rapidly [12].

It has become increasingly difficult for conventional copper based electrical
interconnect to satisfy the design requirements of delay, power, bandwidth, and delay
uncertainty. One promising solution to this issue could be optical interconnects [14]. On the
other hand, introducing optical interconnects into VLSI architectures requires compatibility
with CMOS technology [15]. That requirement could be satisfied if we use silicon as a
material platform and CMOS technology as a processing technology for production of optical
elements. And this is exactly what the silicon photonics is all about.

A big drawback of silicon photonics is inexistence of efficient silicon based
laser [16].Silicon is an indirect band-gap material, and is not naturally capable of efficient
radiative recombination. While, in direct band-gap materials (GaAs and InP, for example)
radiative recombination occurs rapidly and efficiently via a simple two-particle process, in



indirect band-gap material an additional third particle must be involved to carry away the
excess momentum, which results in slow optical transition rates.

On the other hand, major non-radiative processes such as Auger recombination, in
which an electron (or hole) is excited to a higher energy level by absorbing the released
energy from an electron—hole recombination, and free-carrier absorption (FCA) where the
free electrons in the conduction band can jump to higher energy levels by absorbing photons,
have much shorter lifetimes than those of radiative recombination in silicon, resulting in an
extremely poor light emission.

Although, fundamentally limited as a gain material due to indirect band-gap and low
mobility, silicon still could be used as a very good substrate having good thermal
conductivity, advanced fabrication possibilities, low optical losses, good optical quality of
native oxide and large refractive index difference between Si-SiO2 [16]. These silicon
properties were used for the demonstration of hybrid silicon laser [17-19] and epitaxial lasers
on silicon [20-22]. Yet, satisfactory solution still hasn’t been found. In the case of hybrid
approach, monolithic integration is not achieved and instead bonding technology is used [23—
25], impacting negatively on price and reliability of hybrid active devices [16]. As for the
epitaxial lasers, reliability of compound semiconductor lasers remains a big issue [16],while
for the Ge-on-Si laser, electrical pumping remains still to be demonstrated [22,26].

In spite of its inherent limitations as gain material, optical gain and even lasing has
been demonstrated in bulk silicon by exploiting the stimulated Raman scattering [27—29].
However, the big drawback of silicon Raman laser is that it is intrinsically optically pumped
and not suitable as photonic solution for the interconnect problem.

Aside from the silicon Raman laser, there have been other successful approaches that
lead to the demonstration of optical gain in silicon [30—32]. One particularly interesting route
is by using the silicon nanocrystals (Si-nc).

III.  Silicon nanocrystals

The zero-dimensional semiconductor systems are very peculiar material system
displaying properties that lay somewhere in between the molecular and bulk materials. To be
considered as zero-dimensional, semiconductor material has to be reduced to a nanometer
dimensions and in this form is usually referred to as semiconductor quantum dot (or
nanocrystal, nanoparticle etc.) [33]. They are frequently but not necessarily, dispersed in the
host matrix, glass or crystalline material. In the case when the band-gap of the surrounding
matrix is wider than the embedded semiconductor quantum dot, dot behaves as a potential
well for the carriers generated in it.

Quantum dots maintain their absorption properties similar to bulk material up to
very small dimensions (typically hundreds of atoms) [33,34]. After the photon absorption, an
electron/hole is promoted to valence/conduction band. However, due to restricted size of the
dot, electrostatic Coulomb attractive interaction between formed carriers is efficient and
immediate resulting in the formation of the bound state called exciton. Exciton size can be
easily calculated in different semiconductors using the Bohr theory of atoms and for the bulk
silicon its radius is approximately 5 nm [35].
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When the semiconductor dot’s dimensions are smaller than the Bohr exciton radius,
the system is considered to be in a “strong” confinement region [33]. At the length scale
where “strong” confinement is achieved, quantum effects become appreciable in defining the
material properties and thus the name quantum dots.

The influence of quantum confinement on the optical properties of semiconductor
nanocrystals has been intensively investigated in recent years [33]. The main manifestation
of quantum size effect is a high-energy shift of the luminescence band and an enhancement of
the spontaneous emission rate (easily obtained in quantum-mechanical description of a
“particle in box”).

In direct band-gap semiconductors both absorption and emission are governed by the
fundamental direct gap. Therefore most properties of nanocrystals can be predicted by
relatively simple effective-mass calculations based on known parameters of the band edge
states. In fact, spectroscopic studies have revealed an increase of the band-gap and the
oscillator strength with decreasing size and an atomic-like discrete character of the electronic
states in excellent agreement with theoretical predictions [33].

On the other hand, silicon is indirect band-gap material and the same theoretical
modeling is not applicable in this case [36—42]. Nevertheless, the electronic band structure of
silicon (Si) crystals is significantly modified when the size is reduced to below the exciton
Bohr radius (~4.9 nm) of bulk silicon due to the quantum size effect. However, when
decreasing the size of nanocrystals a surface becomes an important aspect in material
properties determination [43]. This is especially expressed in silicon case, a material widely
known for its sensitivity to a surface passivation state [44]. An example of this sensitivity is
given by the size dependent quantum yield of resulting PL in silicon nanocrystals even in the
high quality samples [45,46].

In general the properties of Si nanocrystals can be controlled by the size, shape,
surface termination, etc. Silicon nanocrystals can be prepared by various methods and their
properties are slightly different depending on the preparation procedure because of different
defect density, different degree of interaction between nanocrystals, different surface
termination, ete.

Spatial confinement shifts the energy of the electronic states to higher values in a
similar way in both direct and indirect band-gap nanocrystals [33]. In indirect band gap
semiconductors (silicon) the optical transitions are allowed only if phonons are absorbed or
emitted to conserve the crystal momentum.

Several approaches have been proposed towards improving the efficiency of light
emission from silicon based structures. All of them were based on the lifting of the lattice
periodicity inducing an uncertainty in the k-space and therefore altering the indirect nature
of this material. The spatial confinement of electrons and holes inside a nanocrystal increases
the uncertainty of their crystal momentum (Heisenberg uncertainty principle), thus allowing
optical transitions in which phonons are not involved [38,47].

The recent advances of nanotechnology has allowed the traditional phonon-selection
rule in indirect band-gap materials to be relaxed by achieving quantum confinement and
localization of excitons in a nanometer-scale crystalline structure [48]. In this way, the defect
recombination of excitons has been greatly suppressed by their localization in silicon
nanocrystals, leading to improved light emission [45] and optical gain (in the visible) [49-51]
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respect to the bulk silicon. As well, an electroluminescence by bipolar injection has been
demonstrated in the same material system [52].

Although silicon nanocrystals have high PL yield with respect to bulk silicon [45,46],
they maintain they indirect band-gap nature [47]. The appearance of optical transitions
which occur without phonon assistance does not imply their direct nature neither: the exciton
recombination has a final probability to proceed either by zero-phohon or phonon assisted
process. The relative strength of different optical transitions are a function of silicon
nanocrystal size [38,47]

Silicon nanocrystals are of particular interest as a gain material because they have a
potential to lead to a demonstration of silicon quantum dot laser [16], exploiting all
advantages that quantum dots lasers offer respect to conventional lasers (low threshold and
temperature dependence, high modulation bandwidth) [53].

On the other hand, strong detrimental effects and difficult control of nanocrystal
fabrication at the nanoscale, makes the realization of quantum dot silicon-based laser rather
challenging. The local concentration of carriers in nanocrystals due to the spatial
confinement is very high and this can lead to a variety of nonlinear phenomena and
irreversible processes of which the most prominent is Auger recombination of carriers in
nanocrystals [54,55].

In this work, it will be considered the nanocrystals which diameter is limited to less
than 10 nm because quantum size effects start to play a role below this size. Above this size,
silicon nanocrystals can be regarded as bulk.

The nanocrystals of different surface termination will be considered although the
majority of silicon nanocrystal samples discussed will be oxygen (O) or hydrogen (H)
terminated. The properties of O-terminated and hydrogen (H)-terminated Si nanocrystals are
qualitatively similar in the size range considered in this work (around 3 nm) but
quantitatively there are some differences. The advantage of H-terminated Si nanocrystals is
that almost all theoretical calculations are made on them and thus understanding
experimentally obtained phenomena is easier. On the other hand, they are not always stable
and H-terminated surface could be easily oxidized.

1V. Er’* sensitization by silicon nanocrystals

A relaxed crystal momentum-conservation achieved through quantum confinement of
excitons [38,47], increases the radiative recombination rate in silicon nanocrystals, leading to
increased photoluminescence. Nevertheless, the radiative recombination maintains its
indirect character up to very small silicon nanoparticle sizes [38,47]. Practically this means
that, even at room temperature, decay times of PL remain quite long, of the order of few
microseconds [44,56].This unusually long decay time for semiconductor, allows for an easy
engineering of the non-radiative recombination in this material system [57].

The discovery of the sensitizing action of silicon nanoclusters (Si-ncl) on erbium ions
(Ers+) [58], offered, yet, another way towards achievement of monolithically integrated silicon
laser. In this scheme, absorbing specie (sensitizer, in this case silicon nanocluster) is excited
easily by very efficient pump photon absorption or electrical excitation. Consequently, the
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excited sensitizer relaxes giving its energy non-radiative manner to an erbium ion [59,60],
avoiding the limitations of erbium excitation process and improving overall material
performance.

CMOS process compatibility combined with convenient light emission in the third
telecom window (1.5 pm) has been considered as a particular advantage of this approach [16].
Not to mention that erbium doped amplifiers are already widely used in current long-haul
optical telecommunications systems [61]. In spite of promising initial reports of optical
gain [62] and efficient electrical excitation [63], the laser action in this material still haven't
been demonstrated.

There is consensus in the literature that the principle reason obstructing the
achievement of the optical gain in this material is a very low fraction of sensitized erbium
ions although there is still ongoing dispute of the reasons standing at the origin of observed
behavior [64-67].

V. Thesis outline

The work in this thesis is inserted in the context of possible applications of silicon
nanocrystals, regarding the thematic previously discussed. Most of the work that is going to
be presented is of experimental nature while smaller part consists of modeling and numerical
simulations of specific photonic devices and natural phenomena.

In the first chapter possible application of silicon nanocrystals as bio-imaging agent is
investigated by employing colloidal dispersion of individual Si-nc where surface properties
could be controlled to a great extent. By using a suitable functionalization scheme, the impact
of the surface on the light emitting properties can be minimized, producing samples where
quantum confinement effects become dominant in light emitting properties. The control of
surface properties allows an efficient elimination of surface quenching centers, resulting in
high quantum yield (~30 %) nanoparticles.

This fairly simple system allows, for detailed study of some classical phenomena such
as MIE scattering of small scatterers and their impact on the light emitting capabilities of
such ensemble. The big advantage is that measured scattering properties could be compared
with computer simulations. The agglomeration impact on light emitting performance of this
system is established and alternative approach to mitigate this phenomenon is individuated
and tested. Once optimized, interfacing this system with biological systems for bio-imaging
and drug delivery purposes becomes quite straightforward.

The second chapter examines the silicon nanocrystals as a gain material. Since the
demonstration of optical amplification in low dimensional silicon (Si-nanocrystals) [49],
considerable research efforts have been devoted to understand the basic mechanisms driving
the photoluminescence properties of this system. The work presented in this chapter concerns
the study of a zero phonon (direct) optical transition as a possible source of optical
amplification in this material system. To this scope, investigation of the dynamics of the
system on a nanosecond time-scale and under high excitation conditions has been employed.

Additional insight on ultrafast dynamics has been obtained by using optical cavities.
To this end optically active free-standing micro-disk resonators have been fabricated. In this
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case the photoluminescence of silicon nanocrystals (Si-nc) is coupled to whispering gallery
modes (WGM) of the resonator. Extensive characterization of photoluminescence properties
from the cavity-embedded Si-ncs is presented. Finally, sub-nanosecond emission dynamics of
cavity coupled Si-nc emission from a single micro-disk resonator is explored.

In chapter 3, a study of Er3+-doped Silicon-Rich-Oxide (SRO) materials and Er3+-
doped SRO based devices is presented. As mentioned previously, this material opens the
route towards compact, waveguide amplifiers and lasers in telecom band and allows for the
possibility of electrical injection schemes, which are not realizable in standard erbium
amplifiers. Unfortunately, a number of gain limiting factors have been identified in this
material plaguing the performance of light emitting/amplifying devices based on it.
Therefore, before the realization of working devices, an understanding of the energy transfer
physics becomes compulsory.

In the first part of the third chapter, the energy transfer mechanism is analyzed and
to that end two types of samples were considered: um thick Er3*-doped SRO films suitable for
optically pumped amplifiers and tens of nm thin Er3*-doped SRO films suitable for
electrically pumped amplifiers and lasers. By employing extensive optical, electrical and
structural characterization a pressing drawback in this material has been identified and
possible remedy to low performance of Er3* doped SRO devices has been proposed.
Considering a set of optimized samples, quantitative optical experiments are reported. By
means of pump& probe experiments an internal gain has been measured in optically pumped
Er3*-doped SRO active waveguide, measured values being still too low for a working device.

In order to achieve an electrical pumping of erbium doped SRO a novel structures
based on slot waveguides have been proposed, modeled and manufactured. Moreover, a
preliminary result of their performance is also presented.

In the conclusion, some future perspective and possibilities for different lines of
research are discussed.
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Chapter 1.1
Silicon nanocrystals as bio-imaging agent

1.1. Introduction

A number of different drawbacks have been identified for organic fluorescent dyes
commonly employed in bio-imaging such as: overlap of excitation and emission band, short
lifetimes, narrow excitation spectral bands, photobleaching etc. [68,69]. Diverse alternatives
have been proposed to organic dyes in order to mitigate these detrimental effects: organic
based nanoparticles [70], carbon nanotubes [71], golden nanoparticles [72] and semiconductor
quantum dots [73]. However, the need for additional molecular tagging [70], some concerns
about their biodegradability [72,74], the toxicity of their by-products [75], the
phototoxicity [76] or the toxicity due to their structural properties [77] severely limit their
actual use.

On the other hand, silicon is a common trace element in biological systems and is
naturally absorbed and extracted by a number of different tissues [78]. The same is valid as
well for nanostructured silicon (Si-nc for example) [79], making silicon a perfect candidate for
imaging applications from the point of view of biocompatibility [80]land biodegradability [79].

In order to achieve the low detection limits needed for in vivo imaging, emission in
the near-infrared (700 nm — 1000 nm) is generally preferred [68,81]. Unfortunately, near
infrared (NIR) fluorescent dyes possess very low quantum yields [82]. Although, silicon in its
bulk form is a very poor light emitter, porous silicon [83] shows that nanocrystalline silicon
acts as an efficient NIR light emitter [84].

While quantum confinement and exciton localization are generally considered as
responsible for the improved light emission of Si-nc [38], the Si-nc surface rules the emission
properties [85]. In fact, Si-nc lack long term photoluminescence (PL) stability in air or
aqueous solutions due to a rapid and efficient surface oxidation [86].

For the sake of successful appliance of Si-nc in biological environment, oxidation
process has to be controlled. By appropriate Si-nc surface functionalization with organic
molecules, improved stability to oxidation could be achieved [69,86,87]. The oxidation process
should not be suppressed completely as it offers an easy and straightforward way for
achieving biodegradability. However, Si-nc shouldbe brightly luminescent and tolerate
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contacts with water and oxygen in the experimental time-scale which, for cell studies, is in
the range of a few days.

In addition, for cell and in vivo applications Si-nc must be targeted to specific action
sites, requiring a sort of “interfacing” with biological environment. In this case, the Si-nc
coating should be tailored and the optimum size established taking into account mechanisms
allowing biological barriers to be crossed [88,89].

Designing of a suitable interface is a very difficult task, due to the complexity of
biological systems. Therefore, various empirical strategies are being employed. Nevertheless,
preparation of water-dispersible Si-nc which maintain size-dependent photoluminescence
(PL) has proven to be difficult [90].A promising way towards producing of luminescent
hydrophilic Si-nc is obtained by grafting of carboxyl-terminated alkenes to Si-nc surface [90],
leaving them still reasonable exposed to water and solutes [91].

While, medium sized (=100 nm) silicon nanostructures, with intrinsic near-infrared
luminescence, offer additional advantage as a drug delivery system [79], dimensions of the
order of a few nanometers (i.e. comparable to proteins) appear desirable for some applications
such as in vivo imaging [92].In this case, the surface coating should also be designed to avoid
small particle aggregation into larger structures [90]. Stabilization by physisorption of
organic molecules avoids further reaction steps which may affect the PL emission of Si
nanostructures.

The temporal evolution of PL of Si-nc in aqueous environment still lacks a complete
description, while stability of Si-nc and safe targeting to action sites remain unresolved
questions, explaining why this material system is still not routinely applied in spite of its
seemingly superior physical properties.

In this chapter, it will be presented a study of evolution of luminescence of
functionalized Si-nc in water suspension with or without presence of various surfactants in
order to investigate physical coating as a strategy to improve their stability. Special attention
1s given towards the understanding of processes that govern the time evolution of PL of this
system on different timescales. The experimental conditions required for the stable Si-nc
aqueous suspensions are individuated, and surfactant effects on light emission are
investigated.

1.2.  Hydrophilic silicon nanocrystals

Si-nc are produced in toluene/ethanol mixture by sonication of just etched porous
silicon (see Figure land section II of Appendix to Chapter 1 for additional info). Thus, as-
prepared luminescent Si-nc are hydrophobic(hydrogen terminated) [86]. Hence, it is
necessary to modify their surface to a hydrophilic state to make them compatible with an
aqueous environment. Although, the surface modification into an hydrophilic state could be
achieved by simply leaving the Si-nc immersed in water where oxidation slowly takes
place [79], a more controlled approach is preferred.

In order to achieve a suitable surface modification, a photochemical hydrosilylation of
the hydrogen passivated Si-nc surface by undecylenic acid was used (see section II of
Appendix to Chapter 1) [93]. This process will be referred to, as Si-nc functionalization, in the
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Figure 1 - A silicon wafer (a) was electrochemically etched in HF/ethanol solution (b)
to produce the porous silicon (¢). Porous silicon was then sonicated (d) in
toluene/ethanol solution to obtain Si-nc (e). The carboxyl-acid-terminated monolayer
on the surface of the Si-nc—COOH (h) was achieved through the photochemical
hydrosilylation of undecylenic acid (g) with a hydrogen-terminated Si(100) surface (£

of Si-nc.

following. After functionalization, Si-nc are carboxylic terminated (Si-nc-COOH, see also

section II, VI and VIII of Appendix to Chapter 1) and they can be easily suspended both in
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Figure 2 - (a) Normalized PL spectra of functionalized Si-nc—COOH in ethanol (black
line, down) and water (red line, up) suspension. PL spectrum of functionalized Si-
nc—COOH in water suspension 1s offset along the y axis by 0.2 for clarity, dashed
Iline corresponding to zero. No visible spectral deformation could be observed for
different suspensions. The excitation is at 361 nm. (b) Red photoluminescence from
the Si-nc—COOH suspended in ethanol under illumination from UV lamp.

ethanol and in water, producing luminescent suspensions (Figure 2b).

Conversely, it was not possible to dilute or re-suspend non-grafted Si-nc in aqueous
solutions, as the Si-nc either aggregated or were physisorbed on the vessel. In addition the
luminescence of non-functionalized Si-nc (hydrogen terminated, Si-np-H) is completely
quenched in water (on timescale where no significant oxidation occurs) and ethanol.

This method is used instead of oxidation by water exposure for a number of reasons:

e Carboxylic termination allows for straightforward coupling with different
chemical and biological species [94,95];

e It is fast (modification of surface lasts less than 2 hours, see section II of
Appendix to Chapter 1);

e The process is controlled whilst water exposure is difficult to control [96].
Water exposure does not yield always the stoichiometric oxide shell on the
surface of the Si-nc and exactchemical nature of the resulting native oxide is
poorly controlled leading to easy creation of sub-oxides [97]. In order to
achieve a proper surface oxidation a more elaborate oxidation procedure is
usually employed [94,96,98,99] ;

e Sub-oxides creation is not desirable as they are usually related with
occurrence of efficient luminescence quenching centers [79,100].

e Fully oxygenated surface may influence the optical properties of Si-nc
dramatically [43,101-103] while the impact of Si-C bond on optical properties
of Si-nc seems to be rather moderate [104]. Moreover, the impact of -COOH
functional group could be mitigated by usage of longer alkyl chain [105,106]
achieving as well better suspension stability [106].
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The functionalised Si-nc were further characterized by means of transmission
electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), atomic force
microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) confirming carboxyl capping of
the produced nanocrystals (see Appendix to Chapter 1).

1.3 Short time-scale evolution of PL of Si-nc-COOH

Freshly prepared Si-nc-COOH suspended in ethanol show a broad red luminescence
band (seeFigure 2a), which peaks at around 640 nm and is about120 nm wide. The red
photoluminescence is the first indicator that the PL that is observed could be due to quantum
confinement effects (QCE) since the defect band associated with oxide defects is usually
situated more towards the blue part of the visible spectrum [44,107,108]. The hydrosilylation
1s essential to produce a stable dispersion as can be seen from the Figure 2b. In addition, the
PL of functionalized Si-nc is not quenched in ethanol [86] (Figure 2a and Figure 2b) further
confirming that the surface of the particles is partially coated and, therefore, hardly
accessible to dissolved species.

Once, the Si-nc-COOH are suspended in water, their PL lineshape and peak position
do not change with respect to what observed for ethanol suspension on short timescales
(hours, during which no significant oxidation occurs Figure 2a). Nevertheless, a rapid
decrease of their PL intensity is observed immediately after suspension in water (Figure 3a).
This also points to a QCE nature of the emission, since emission due to interface states show
a quite different behavior when the nanocrystals are immersed in water [100].

In water suspension, the PL intensity of Si-nc-COOH decreases up to approximately
50% of its initial value in a time span of 10-15 minutes and then stabilizes (Figure 8a). What
is interesting is that during the same time, the absorbance increases rapidly and stabilizes,
too (Figure 3a). The opposite trends between emission intensity and absorbance prove that
these are not caused by a decrease of the Si-nc concentration (e.g. due to Si-nc precipitation).

In order to get some more insight on these phenomena and the origin of PL, time
resolved photoluminescence measurements were performed on the Si-nc-COOH suspended in
water after PL stabilization. As it is commonly observed for Si-nc, the luminescence decay
lineshape is a stretched exponential function [109]:

I(r)=1,*exp[-(z/7,)"] (1)

Where I(t) is the PL intensity, B is a stretching parameter and 1o is a temporal parameter
which for B=1 corresponds to the mean luminescence lifetime given by t. The results of fitting
the experimental data with the stretched exponential are reported in Figure 3b (see also
Figure 14 from section IX in Appendix to Chapter 1).

The time decay of the functionalized Si-nc-COOH is in the microsecond range.
Microsecond long lifetimes are compatible with the results of other studies where the
emission is attributed to quantum confinement [38,44,56,110]. On the other hand, radiative
recombination due to oxide defects is fast with typical decay time of order of the
nanoseconds [44,107,108].

QCE origin of PL is further confirmed by the strong wavelength dependence of the
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Figure 3 — (a) Time evolution of PL (full red spheres) and absorbance (full blue
spheres) of functionalized Si-nc—COOH in water suspension upon UV excitation (361
nm). Both curves are normalized to the initial value of the PL intensity and of the
absorbance, respectively. The long-term oscillations are due to a convective motion
of heated solvent in the illuminated part, causing the small discrepancy in the
dynamics of the PL and of the absorbance in the water suspension. To show this
effect the PL evolution of Si-nc—COOH in ethanol suspension (black full spheres) is
also reported. (b) Stretched exponential fit parameters obtained from the fit of decay
curves of functionalized Si-nc—COOH in water after the photoluminescence intensity
stabilization (see panel (a)). Decay curves are obtained by integrating a 90 nm wide
spectral window. Excitation is at 3565 nm.

time decays (Figure 3b and Figure 14 from section IX in Appendix to Chapter 1). In the case
of QCE origin of PL, the time decay constants will be size dependent and it will get shorter
for the smaller sizes of the Si-nc due to the increase of the radiative rates as the Si-nc size
decreases [38,44,56,110,111]. As the emission of the single silicon nanoparticle has been
proven to be very narrow even at the room temperature [112-114], the broad PL band
typically observed from the Si-nc ensemble, is attributed to a broad size distribution (see also
section V of Appendix to Chapter 1)where each emission wavelength is characteristic of a
given size [44].

In other words, if the time decay of the PL band is spectrally analyzed, in the case of
QCE origin of PL, it will show a time decay which is shorter towards the smaller wavelengths
(higher energies, smaller sizes, see Figure 3b and Figure 14 from section IX in Appendix to
Chapter 1). The microsecond long time decay which gradually shortens towards the lower
wavelength is unique signature of the ensemble of luminescence quantum dots which
maintain their indirect band-gap character (silicon) and where the quantum confinement
influence on PL properties is dominant [111].

These observations imply also a high crystalline quality of the Si-nc-COOH [110] in
accordance with what observed from TEM and XPS (see section V and VIII of Appendix to
Chapter 1). Furthermore, the high values of the dispersion parameter B (Figure 3b and
Figure 14 from section IX in Appendix to Chapter 1) suggest that the Si-nc are isolated and
no inter-dot hopping occurs [115]. The time decays of the functionalized Si-nc-COOH in water
and ethanol suspension remain stable and it is not changing on short timescales (hours).

For Si-nc-COOH in ethanol suspension a quantum yield with value of 30% is found,
which agrees well with the values found in the literature on similar systems [45,116]
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confirming a good quality of produced Si-nc-COOH. From the quantum yield and the values
for absorption cross-section of Si-nc found in the literature [117], the concentration of
functionalized Si-nc-COOH in ethanol suspension was estimated to be approximately 1013
nc/cm? (see section XI in Appendix to Chapter 1). In the case of the Si-nc-COOH in water
suspension, quantum yield measurements become unreliable (experimental error rises from 5
% in ethanol suspension up to almost 20 % for suspension in water) due to fluctuations of
both the emission and the absorption (Figure 3a).

Let us discuss now the origin of the temporal dependence of the emission and
absorption observed in water suspension. The PL of Si-nc-COOH in ethanol suspension
remains stable, even after long illumination (Figure 3a), while the initial fast temporal
decrease of the PL of Si-nc-COOH in water suspension does not depend on illumination.
Indeed, experiments where the laser excitation was turned off and on, demonstrate a
decrease of the PL which is independent on the presence and the absence of the laser light,
i.e. the decay continues even in the absence of illumination and the PL intensity is not
recovered by turning off the illumination.

Combining these observations with the unchanging PL lineshape and time decays, we
can safely discard photobleaching (or light stimulated surface chemical reactions) as the
cause of emission decrease of Si-nc-COOH in aqueous ambient. As well, change in the
dielectric constant of the surrounding medium between different suspensions (refractive
index of ethanol n = 1.36 [118] and water n = 1.33 [119] at A = 640 nm) is not enough to
explain the considerable differences in PL and absorbance in these two solvents.

Since the water and ethanol suspensions were produced by dissolution of the same
amount of starting Si-nc-COOH, the concentration of the Si-nc-COOH in both suspensions is
expected to be approximately the same. Thus, the increased absorbance in water suspension
cannot be due to an increase of the electronic absorption of Si-nc-:COOH (moreover nor PL
lineshape change nor lifetime variations were observed).

One possible cause to such behaviour could be an increased scattering of light due to
aggregate creation. During the surface functionalization step poly-acrylic coating could be
created [106], favoring a large aggregates creation [120]. However, in this case same behavior

would be observed for both suspensions and formed the aggregates would be visible under
TEM imaging [120].

On the other hand, increased scattering of light could be caused by the speeding-up of
the agglomeration of Si-nc-:COOH in water. In this case, a creation of small agglomerates of
functionalized Si-nc-COOH in water due to polar repulsion as for micelle formation has to be
postulated.

In fact, the surface of Si-nc-COOH is only partially coated by the undecylenic
acid [121]. Moreover, the functionalizing molecule introduces an alkyl chain, which imparts a
partially hydrophobic character to the coated Si-nc:COOH. This could yield small dynamic
dominions of Si-nc-COOH in the strongly polar water.

Since, neither the suspension becomes opaque to an eye nor filtration over 200 nm
filters changes the PL dynamic of the suspension and, moreover, the extinction saturates at
values presented in Figure 3a, the formation of relatively small agglomerates of Si-nc is
expected (sizes lower than 200 nm).

A qualitative estimate of this increased absorbance can be done by using the theory of
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Mie scattering of small scatterers [122].In order to calculate the Mie scattering from the Si-
nc-COOH, crude approximations were employed: a single size and spherical shape for the

single isolated Si-nc-COOH and spherical large clusters of agglomerated compact Si-nc-
COOH were assumed.

The calculations were done with a non-commercial software based on classic Bohren
and Huffman MIE (BHMIE) algorithm [123] for Mie scattering from a sphere in a
medium [124]. For the medium, the refractive indexes of water at 25°C and at the excitation
wavelength were used.

In the case of a wavelength scan, the refractive index of the medium was accordingly
corrected. Since the refractive index of the Si-nc-COOH is not known (literature reports only
average refractive indexes of the Si-nc embedded in a given matrix), a scan over a range of
refractive indices was done including that of the bulk silicon at the suitable wavelength [125].

Figure 4 shows the results of Mie scattering calculations where the absorbance (due
to extinction) Aext is reported at the wavelength of the excitation laser light for different
cluster sizes. The absorbance is normalized to the value of Si-nc-COOH concentration which
in this case scales as the inverse of the volume of the nanoparticles (assumption of spherical
clusters).

A number density of no = 1013 cm™ (see section XI of Appendix to Chapter 1) and a
particle diameter of do= 4 nm were assumed. From TEM imaging and AFM measurements a
bit larger values of the average size of Si-nc-COOH have been found (see section V and VII of
Appendix to Chapter 1). Moreover, in case of the AFM measurements, the measured larger
values could be as well due to the surface coating since AFM probes only the surface of the
nanoparticles.

However, as seen from FTIR and XPS (see section VI and VIII of Appendix to
Chapter 1) a partial oxidation of Si-nc-COOH have occurred meaning that, most probably,
the produced Si-nc-COOH have a core/shell configuration with large crystalline silicon core
covered by a thin silicon dioxide shell. Unfortunately, due to the limited spatial resolution of
TEM, this cannot be directly tested by imaging of silicon nanoparticles. However, as shown
previously, the PL in these samples is due to QCE and, as such, could be directly related with
the Si-nc core size. Si-nc core size ofapproximatelydo= 3 nm could be deduced from the peak of
PL [44,96,126].
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Figure 5 — (a) Semi-log 2D maps of the absorbance due to scattering as a function ol
wavelength of the emitted light (x axis) and Si-nc-COOH'’s cluster size (y axis).
Values and wavelength dependence of the real part of the refractive index of Si-nc-
COOH are assumed to be the same as those of bulk silicon [125]. Imaginary part ot
the refractive index is assumed to be zero. Two solid horizontal lines (black and
red) represent cluster sizes (60 nm — solid black line and 100 nm — solid red line) for
which semi-log plots in part b of the same figure have been generated. (b) Semi-log
plot of the absorbance as a function of wavelength of the emitted light for two
different cluster sizes with diameter: 60 nm (full black spheres) and 100 nm (full red
spheres). Vertical dashed lines represent excitation wavelength (violet) and PL peak
wavelength (red).

As the refractive index difference between ethanol, water and silicon dioxide shell is
quite small, a main scattering contribution is coming from the silicon core. However, the shell
contribution should not be completely disregarded [127]. As the calculation of the exact
scattering amplitudes of complex core/shell particles are quite cumbersome [127], shell
contribution was taken into account in an empirical way by assuming a slightly bigger
average size of the silicon nanoparticles (do =4 nm).

As can be observed from Figure 4, there is a very steep increase of absorbance with
increased Si-nc-COOH agglomerate size due to the increased scattering, for all the values of
refractive index considered. The interference pattern observed at large cluster sizes and large
refractive indices is due to the assumption of a monodisperse population of nanoparticles. As
TEM images show (see section V of Appendix to Chapter 1), there is a size distribution of the
Si-nc-COOH which will eventually wash out the interference pattern without offsetting
significantly the absorbance values found [127].

To infer whether the agglomeration affects also the intensity and lineshape of the
emission, the spectral dependence of absorbance due to Mie scattering was calculated as well.
The refractive index of bulk silicon at the absorption wavelength was assumed [125].

From Figure 5 it can be seen that the computed absorbances are significantly smaller
than those found at the excitation wavelength. In addition, absorbance tends to decrease with
increased wavelength. It is interesting to note that the wavelength dependence of absorbance
weakens with increased cluster size (see Figure 5b).

The ratio of the absorbance value at the emission wavelength, with respect to the
value at the excitation wavelength, increases from 0.3% for a 60 nm diameter cluster to 27 %
for a 100 nm diameter cluster (Figure 5b). However, no PL quenching and spectral
deformation of the PL band has been observed in the experiment, confirming that we are
dealing with rather small aggregates.
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Agglomeration has been also confirmed by dynamic light scattering (DLS) and zeta
potential measurements (see section X of Appendix to Chapter 1). For the aqueous
suspension of Si-nc-COOH a typical cluster sizes of 100 nm was found. Small discrepancies
with simulation are due to the approximations considered in the calculations. Moreover, the
surface charge revealed by zeta potential measurements is too low for stable suspension of
nanoparticles.

If the concentrated ethanol Si-nc-:COOH is sonicated immediately before transferring
to water, a smaller (than for a non-sonicated suspension) increase in the absorbance of the
water suspension is observed (~20 % more than in equally diluted ethanol suspension).
However, if the sonicated concentrated ethanol suspension is left at rest for one week before
transfer to water, the absorbance shows the same trend as in Figure 3a.

This implies that agglomeration occurs as well in ethanol, though to a lesser extent
than in water. Agglomerates in ethanol suspension should be much smaller since absorbance
does not change. This was confirmed by DLS measurements (see section X of Appendix to
Chapter 1).

It is interesting to note that, despite agglomeration, the high value in the B coefficient
measured by TR PL indicates that the nanocrystals are not interconnected in the
agglomerates.

1.4.  Short time-scale evolution of PL of Si-nc-COOH
in the presence of the surfactants

As shown in previous section, the chemical coating alone is not sufficient to prevent a
limited agglomeration of produced Si-nc-COOH in aqueous environments. In order to address
this issue without compromising desirable PL properties of Si-nc-COOH by further chemical
reaction, a physical coating has been considered. In particular, in order to decrease the Si-nc-
COOH agglomeration in water, surfactants were used.

The surfactants have been already used previously to impart hydrophilic character to
hydrogen terminated hydrophobic surface of porous silicon and porous silicon
powder [86,128-131]. If the agglomeration of the coated Si-nc-COOH is driven by a partially
hydrophobic character of an alkyl chain of the functionalizing molecule, physisorption of the
surfactant molecules should be able to decrease [129,130].

Moreover, by wusing polar surfactants, Si-nc-COOH suspension could be
electrostatically stabilized decreasing agglomeration phenomenon [132]. In addition, surface
charging of Si-nc-COOH by physisorption of polar molecules could facilitate the cellular up-
take of nanoparticles [89,133].

Two different surfactants were tested, differing in their ionicity: sodium dodecyl (SDS
- anionic) and cetyl trimethylammonium bromide (CTAB - cationic). They are representatives
of two different ionicity classes and have been already well characterized in literature [131].
The control sample was an aqueous suspension.

In the presence of CTAB [1 ml, the critical micelle concentration (CMC)] [134], a
significant blue shift and quenching of the emission is observed already after few minutes
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Figure 6 — (a) PL spectra of functionalized Si-nc-COOH in water suspension (solid
black line), immediately after adding the cationic surfactant CTAB (dashed red line)
and one hour later (dotted blue line). Significant quenching of PL signal could be
observed (indicated by the black arrow). (b) Stretched exponential fit parameters
obtained from the fit of the 580 — 640 nm integrated decay curves of functionalized
Si-nc-COOH in concentrated ethanol suspension (diluted ethanol suspension shows
the same values), water suspension (control sample) and in water suspension with
added cationic surfactant CTAB in different time intervals (Immediately after
adding and 1 hour later). (¢) PL spectra of functionalized Si-nc-COOH in water
suspension (solid black line), immediately after adding of the anionic surfactant
SDS (dashed red line) and one hour Iater (dotted blue line). (d) Stretchea
exponential fit parameters obtained from the fit of 680 — 640 nm integrated decay
curves of functionalized Si-nc-COOH in concentrated ethanol suspension (diluted
ethanol suspension shows the same values), water suspension (control sample) and
In water suspension with added anionic surfactant SDS in different time intervals
(immediately after and after 1 hour). (Inset) Time evolution of absorbance (empty
black circles) of functionalized Si-nc-COOH in water suspension with SDS in CMC.
Curve is normalized to initial value of absorbance. Note that due to the streak
camera used to measure the time decay and the time integrated spectra, the

wavelength interval of the measurements is limited. Pulsed UV excitation was used
(Aexe = 355 nm, 6 ns, 10 Hz) in all cases.

(Figure 6a). Concurrently, the lifetime decreases while the B parameter stays constant
(Figure 6b). These data can be interpreted as due to a quick hydroxylation and oxidation of
Si-nc [131].
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In the presence of SDS (7-10 mM, the CMC) [135], a slight decrease but no
lineshapechange are observed while the lifetime increases and B-parameter stays constant
(Figure 6¢c and Figure 6d). The small decrease of the PL intensity can be due to the
lengthening of the lifetime, 1. e. to a decrease of the emission rate. It is important to notice
that the absorbance of the suspension remains constant (Figure 6d Inset) indicating that no
agglomeration occurs.

In the literature, there is no clear consensus on the mechanism and action of the
anionic surfactant SDS, as there have been contradicting experimentally reports [128,131].
What becomes clear from our data is that SDS influences directly the PL lifetime of Si-nc-
COOH. Since the lifetime is lengthened while the intensity is decreased, it looks that the
overall effect is a lengthening of the radiative lifetime while the non-radiative lifetime is
mostly unchanged. Thus, no further surface passivation occurs while most probably an
electrostatic (Stark-like) separation in the electron-hole wave-function causes the increase of
the lifetime [136]. The electrostatic surface field might be due to the presence of the
negatively charged group of adsorbed SDS molecules.

1.6.  Long time-scale evolution of PL of Si-nc-COOH

What it have been discussed up to now is the short time-scale (hours) of PL evolution
of Si-nc-COOH. As shown in Figure 2 and Figure 3a, apart from the initial loss of intensity,
the PL is stable both in intensity and color. This should allow to use Si-nc-COOH as imaging
probes, since their emission properties are maintained in a period much longer than typical
renal clearance time for the nanoparticles of their size [92].

However, if Si-nc-COOH are to be used as an imaging probe (for in vivo and cell
studies), they have to maintain their light properties in arc of a few days. Moreover, they
should also undergo spontaneous dissolution in order to maintain their biodegradability (once
internalized inside of the cell they escape renal clearance and bile excretion mechanism) [81].
In addition it would be desirable that they could be conserved once produced, in order to
facilitate their distribution.

On a longer time scale (days), ethanol or aqueous suspensions show quite different
behavior (Figure 7)!. While PL of Si-nc-COOH in ethanol remains stable with time (up to a
few months, not shown in the Figure 7), a constant blue shift of PL emission and a decrease
of the PL intensity are observed for Si-nc-COOH in water.

The same PL evolution is observed as well even when SDS is added to the suspension
(Figure 8).

This behaviour is attributed to a slow oxidation of Si-nc, which causes a decrease of
the Si-nc-COOH core that is, in turn, reflected in a blue shift in the Si-nc-COOH
emission [129]. In the case of interface PL activation during the oxidation in water, quite
different behavior is observed [100].

The residual oxidation of the Si-nc-COOH is difficult to overcome by improving the

1 Photographs were taken by E. Rigo.
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Figure 7 - Time evolution of the PL of functionalized Si-nc—COOH on a long
timescale (days) in different suspensions: (a) in ethanol suspension. PL is not
quenched by ethanol and remains stable over a long time. (b) In water suspension.
Blue-shift of emission peak and decrease of PL intensity with time could be noticed.
All spectra are normalized to the initial PL intensity after stabilization in their
respective suspensions. (¢)! Photographs of diluted suspension of Si-nc-COOH in
water during the first five days of their exposure. Change in emission color could be
observed Excitation was provided by UV laser (355 nm).

degree of functionalization [121]. However, improved resistance to oxidation would most
certainly decrease biodegradability of such nanoparticles [79].

In particular, when SDS is added, a slight increase in the PL intensity after one day
with respect to a bare aqueous suspension is observed (Figure 8a). Moreover, the absorbance
of suspension with added SDS decreases while aqueous solution maintains values of
absorbance from previous day. This is caused by the lower degree of agglomeration in the
presence of the anionic surfactant. However, as the peak wavelength follows the trend as the
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PL intensities are normalized to Initial PL intensity after stabilization of the
respective suspensions.

control samples (Figure 8b) it becomes clear that SDS is not effective in increasing the degree

of protection of Si-nc to the residual oxidation; meaning that is not interfering with the Si-nc-
COOH biodegradability process.

1.6.  Conclusions and future perspectives

Si-nc-COOH have a great potential in bio-imaging and offer a promising alternative
to commonly used fluorescence dyes. Summarizing, in this chapter it was shown that a highly
luminescent Si-nc can be prepared by sonication of porous silicon. Their solubility in polar
solvents (such as ethanol or water that is omnipresent in biological ambient) is achieved by
surface functionalization with undecylenic acid trough a light driven hydrosilylation reaction,
without interfering with their intrinsic light emitting properties.

The obtained nanoparticles show a high assembly quantum yield (~30%), as required

from bio-imaging agent and very stable PL characteristics in the ethanol suspension allowing
for easy storage.

On the other hand, the behavior of functionalized Si-nc-COOH was found to be quite
different in water suspension. In particular, it was demonstrated that limited agglomeration
occurs on nanoscale, being present even in ethanol suspension. Increased scattering of light
by dynamic agglomeration, undermines the optical performance of Si-nc-COOH, emphasizing
the necessity for improved coating process.

As the more complete surface coverage by functionalizing molecules is rather
challenging to achieve from the chemical point of view, the effect of surfactants as a physical
coating was explored to decrease agglomeration.

Two different types of polar surfactants (cationic: CTAB and anionic: SDS) were
employed. In the case of CTAB a negative influence due to a rapid increase in the oxidation
process was found, while SDS showed to be effective in decreasing of agglomeration.
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Figure 9 — Fluorescence microscope image of SKOV 8 cells incubated for 30 minutes
with water suspension of Si-nc-COOH in the presence of DCA.

Moreover, the presence of SDS, while being effective in decreasing of the
agglomeration, does not interfere with the oxidation process, maintaining the
biodegradability of Si-nc-COOH. Nevertheless, if Si-nc are to be considered as a bio-imaging
agent and substitution to a fluorescent dyes, there are a number of key issues that have to
been dealt with, before their successful applications in field of fluorescent labeling.

In particular, apart from their stability in water, Si-nc would have to maintain their
PL properties in a wide range of biological environments (not always of aqueous nature [137])
with a possibly very different pH values [93]. Moreover, a cellular uptake of these
nanoparticles 1is still to be demonstrated [133]. In addition, surfactants such as SDS do not
allow for their straightforward usage in cell or in vivo imaging due to their inherent
toxicity [138]. As a consequence, other more bio-compatible surfactants would have to be
individuated.

In order to exploit fully the potential of this new material platform for in vivo
imaging, excitation trough one of the tissue transparency windows would have to be
achieved [81,139,140]. while the possibility of multichannel [141] and/or multimodal imaging
would be highly preferable [142,143]. Additionally, the feasibility of targeting specific
biological sites remains to be largely unexplored [144,145]. And lastly, low cytotoxicity of
these nanoparticles would have to be confirmed [146]

Using the present work as a departure point, some of these aspects have been
explored by mu colleagues E. Froner, E. D’Amato and S. Larcheri under supervision of Prof.
Marina Scarpa and in collaboration with Fondazione Bruno Kessler (FBK).

In particular, it was successfully demonstrated the possibility of excitation of
previously described nanoparticles by two-photon absorption with the excitation in the first
tissue transmission window. It has been confirmed that Si-nc-COOH maintain their desirable
PL properties in a range of pH values (6-9) similar to the physiological ones.

A more suitable surfactant (from the point of view biocompatibility), sodium
deoxycholate monohydrate (DCA) has been identified with an overall performance identical
to SDS (in the terms of agglomeration decrease and biodegradability deterioration). In
humans, DCA is synthesized in the liver, secreted into bile, and delivered to the small
intestine, where its micelles function as fatty acid carriers. Using these improvements in the
physical coating, bio-imaging on living cells (in vitro) was demonstrated (Figure 9).
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Appendix to Chapter 1

I. Porous Silicon formation2

All chemicals were purchased from SIGMA-ALDRICH and employed without further
purification. Photoluminescent porous silicon (p-Si) layers were formed by galvano-static
anodization (80 mA*cm 2 for 5 minutes) of 1 cm? chips of boron-doped p-type Si (100) oriented
wafer (10-20 Qcm resistivity, University Wafer) in a 1:2 v/v solution of 48% HF and absolute
ethanol (Fluka).

II. Si-nc suspension preparation?

A Schlenk flask containing undecylenic acid (0.7 M) in toluene/ethanol mixture (1:1)
was outgassed under argon for 30 min to remove the dissolved oxygen. One freshly prepared
p-Si chip was then transferred into this Schlenk flask and sonicated with UNISET AC2
(Emmegi) ultrasonic bath under white light (ELC bulb 250 W) irradiation for 30 min with
continuous argon bubbling. An argon atmosphere was used during the whole procedure. After
sonication, the silicon chip was removed and the suspension of nanoparticles was stirred for 1
hour under argon flux and illumination.

After reaction, a clear solution of COOH-terminated nanoparticles was obtained.
Luminescent particle suspension was filtered through a 0.2 pm syringe filter (Sartorius
Minisart SRP25) and, then, the solvent was removed under reduced pressure with a Rotor-
Vapor (Heidolph). The resulting material was redispersed in ethanol containing HCI (1 mM).
Purification from undecylenic acid and residual solvents was performed by filtration cycles
over Vivaspin 15 concentrators (Sartorius) with molecular weight cut-off (MWCO) 100.000.
The retentate was collected after each cycle and the filter was rinsed with pure ethanol + 1
mM HCIL. This process was repeated five times. As a result, an ethanol suspension of
concentrated COOH-terminated silicon nanocrystals (Si-nc-COOH) was obtained.

III. Dispersion of Si-nc in water and organic solvent2

Aqueous suspension of Si-nc-COOH was obtained by re-suspending Si-nc-COOH (50
ul) in a volume of bi-distilled water (950 pl, nominal 15-18 MQ cm MILLIPORE) and shaking
for few second. Aqueous solutions of Si-nc-COOH in the presence of surfactants were
obtained by diluting Si-nc-COOH (50 pl, ethanol suspension) in the aqueous solution (950 pl)
containing 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES,10 mM) at pH 7.00 in
the presence of sodium dodecyl (SDS, 10 mM) or of cetyl trimethylammonium bromide
(CTAB, 1 mM).

2 Sample preparation was done by E. D’Amato and E. Froner
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IV. PL characterization

Time resolved photoluminescence (TR-PL) measurements were performed using as
an excitation source the third harmonic (355 nm, 6 ns pulse width, 10 Hz repetition rate) of a
Neodymium doped yttrium aluminium garnet (Nd:YAG) laser with a photon flux of
approximately 1025 photons slcm™ on the sample.

As detection system, a CCD Streak camera interfaced with a spectrometer (10 ns of
time resolution and 1 nm of spectral one) was used. Continuous wave photoluminescence
(CW PL) measurements were done by a Cary Eclipse (VARIAN) fluorometer with an
excitation wavelength of 350 nm.

The quantum yield measurements were performed using the 361 nm excitation line of
a SpectraPhysics UV-extended Argon ion laser. A SOPRA monochromator interfaced with a
visible photo multiplier tube (PMT) was used in detection (spectral resolution was 1 nm). The
laser power was determined using an Ophir power meter calibrated at 365 nm. As reference
source for a quantum yield measurements a red LED (MV5052 produced by Fairchild
semiconductors) was used. The exact procedure for the quantum yield measurements can be
found in Ref. [147].

All PL. measurements were performed at room temperature and corrected for the
spectral response of the detecting instruments. All solutions were contained in quartz
cuvettes of 1 cm path length. The photos of Si-nc were taken by using as an excitation source
UV lamp or UV laser.

V. Electron microscopy3

Silicon nanocrystal morphology and size distribution were evaluated by Transmission
Electron Microscopy (TEM) and Selected-Area Electron Diffraction (SAED) using a Philips
CM12 TEM/STEM microscope, operated at an accelerating voltage of 120 kV and provided
with a W filament. The chemical composition analysis was performed using Energy-
Dispersive X-ray Spectroscopy (EDXS) with a Falcon multichannel and Edax Sutw sapphire
detector (C/U).

The samples were prepared by deposition at room temperature of solution of Si-nc-
COOH in ethanol on a holey Cu grid with carbon film.

The TEM image of silicon nanocrystals along with the histogram of their size
distribution is presented in Figure 10a. No physical aggregates have been observed. Due to
low image contrast, organic surface layer could not be seen.

The histogram of their size distribution (Figure 10b) is calculated from a survey of
several regions of the sample. The mean particle diameter and the standard deviation are 6.4
nm and 1.8 nm, respectively. SAED analysis confirms the good crystalline nature of the
silicon nanocrystals showing the typical cubic structure of silicon (Figure 10c).

3Electron microscopy was done byProf. S. Gialanella and S. Larcheri
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Figure 10 — (a) TEM image of functionalized Si-nc-COOH. (b) Histogram of size
distribution of Si-nc-COOH. (¢) SAED analysis of Si-nc-COOH. (d) EDXS elemental
analysis of nanoparticles observed.

The elemental analysis by means of EDXS confirms that nanoparticles observed
consist mostly of silicon (Figure 10d). However, a strong oxygen peak is also observable,
indicating that initial oxidation of particles has occurred. Other elemental peaks that can be
observed in the Figure 10d are due to the TEM grid used.

VI. FTIR

FTIR spectra were acquired in transmission mode by a Vertex V70 spectrophotometer
(BRUKER) equipped with a globar MIR source and DLaTGS detector (with KBr windows).
FTIR spectroscopy was performed over an extended wave-number range (500-4000 cm™) to
examine both the possible reaction of COOH end group with the hydrogenated silicon surface
and the degree of surface oxidation after reaction. For these measurements, about 200 pl of
an ethanolic Si-nc solution were deposited, drop by drop, onto a ZnSe support ad left to dry
under vacuum. Clean ZnSe support was used as baseline.

In Figure 11is reported the FTIR spectra of ethanol (Figure 11a), undecylenic acid
(Figure 11b) and functionalized Si-nc-COOH (Figure 11c). In all three cases peaks due to C-
Hyx stretching in spectral region between 3000 cm™ and 2800 cm™ are clearly visible. As well,
strong peak at 1710 cm® due to C=0 bond could be observed in both Figure 11b and Figure
11c indicating the presence of undecylenic acid in samples with functionalized Si-nc-COOH.
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Figure 11 - FTIR spectra of* (a) ethanol, (b) undecylenic acid and (c) functionalized
Si-nc-COOH. All spectra are corrected for respective baselines.

Moreover, four small peaks at 3076, 1641, 993 and 910 cm™ corresponding to C=C
bonds of undecylenic acid (Figure 11b) disappear in Figure 11c while two new peaks at 1259
and 800 cm! due to Si-C bond appear (Figure 11c).

This indicates alkyl termination of Si-nc surface after functionalization by covalent
bonding of undecylenic acid to Si-nc surface [99,148,149].Two pronounced peaks at 1000 and
1100 cm’ together with a broad peak at 3250 cm (-OH stretching), are the signs of the
presence of oxide on Si-nc-COOH surface [148-150], a common problem in
hydrosilylation [129]. Weak absorption peaks due to hydrogen-terminated Si(100)-H surface
are also visible at 2100 and 870 cm (Figure 11c) [148]. This clearly demonstrates that the
substitution of surface H atoms is incomplete and proceeds by covalent bonding of C atoms
and partial oxidation of Si-nc-COOH surface.

VII. AFM*

The AFM measurements were done using the Solver P-47 (NT-MDT) equipped with
SFCO90SEMI head in non-contact mode. The samples were prepared by diluting the

4AFM measurements were done by R. Dallapiccola and E. D’Amato
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concentrated ethanol solution of Si-nc-COOH by hundred times in ethanol or deionised water.

2ul of diluted solution was deposited on clean mica substrate and dried in air. Measurements
were performed in air.

In Figure 12a is reported typical AFM image of Si-nc-:COOH diluted in ethanol
deposited on mica substrate. Vertical cross-section across the space indicated by the red line
in Figure 12a is reported in Figure 12b. AFM imaging was repeated in several regions of the
samples for both solutions. Values of Si-nc-COOH size found agree well with what observed
with TEM images (see section V of Appendix to Chapter 1).

Width [uml]

400 600
Length [um] Length [nm]

Figure 12 — (a) AFM image of Si-nc-COOH diluted in ethanol and deposited on clean
mica substrate. b) Vertical cross-section across the space indicated by the thin red
line in part a).

VIII. XPS5

X-ray Photoelectron Spectroscopy (XPS) measurements of Si-nc-COOH were carried
out on a Scienta ESCA 200 instrument equipped with a hemispherical analyser and a
monochromatic Al K (1486.6 eV) X-ray source. The emission angle between the analyser axis
and the sample surface was 90°, corresponding to a sampling depth of approximately 10 nm.
Quantification of relative elemental percentage was obtained, after Shirley background
subtraction, by using the integrated area of the deconvoluted core lines together with atomic
sensitivity factors. The Si-nc-COOH were deposited from the concentrated ethanol solution,
drop by drop on a flat, clean gold surface. The solvent was left to evaporate in a fume
cupboard equipped with dust filters and then inserted into the XPS high-vacuum chamber.

The XPS survey spectrum is shown together with atomic percentage (Figure 13a).
The Au signal was absent in the sample area were Si-nc-COOH were present, indicating that
only the Si-nc-COOH layer was sampled. Only peaks corresponding to C, O, and Si were
observed, matching the elemental composition of the undecenoic acid-grafted Si-nc.A ratio
C/O of about 2.9 indicated that oxygen was partly due to Si oxidation which was confirmed by
the Si 2p spectrum (Figure 13b) where combined composition of SIAOH and SiO2 (S2and S3

5XPS measurements were done by C. Potrich.
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components respectively in Figure 13b) was present. Si oxidation was expected since all Si-
nc-COOH manipulations were made under ambient atmosphere, after the functionalization

step.
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Figure 13 — (a) The XPS survey spectrum together with atomic percentage of Si-nc-
COOH () Si 2p spectrum. Raw data are indicated by black full circles, Si 1
component corresponding to by violet line, 81 2 component corresponding to by blue
Iine, Si1 3 component corresponding to by green Iline and fit by red line.

IX. Time resolved PL measurements in ethanol suspension

The sample was 1ml of concentrated suspension of Si-nc-COOH in ethanol (approx. 20
times more respect to concentration used for other experiments). The data were fitted with a
stretched exponential function (see section1.3 of Chapter 1) [109].

40 T T T T
5 @ o
@ [N
a0 3T Q g% 9
o 3 9 Q 5 08
iy S e R
Z20] @ /IQ 9 N 106 &
B P \
J '
104 1 ' 04
§JI | | ‘\\
550 600 650 700

Wavelength [nm]

Figure 14 - Results of the fit of decay curves of concentrated functionalized Si-nc-
COOH in ethanol suspension with stretched exponential function (black spheres for
mean decay lifetime v and empty red circles for stretching parameter B). Decay
curves are obtained by integrating 20 nm wide spectral windows. The points are not
equidistant due to partial overlap of different spectral acquisition windows.
FExcitation is at 355 nm.
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The results of fitting the experimental data with the stretched exponential are
reported in Figure 14. The time decay of the functionalized Si-nc-COOH was found to be in
microsecond range. Moreover, strong wavelength dependence of the time decays, with a
decrease towards lower wavelengths was observed.

X. DLS and Zeta potential

DLS and Zeta potential measurements were performed using Zetasizer Nano ZS of
Malvern Instruments. Diluted ethanol suspension was prepared by suspending 200 ul of
concentrated Si-nc-COOH ethanol suspension in a 1ml of pure ethanol. Aqueous suspension
of Si-nc-COOH was obtained by re-suspending 200 pl of concentrated Si-nc-COOH ethanol
suspension in a 1ml deionidized water of (nominal 15-18 MQ cm MILLIPORE) containing 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES,10 mM) at pH 7.00 and shaking
for few second. In order to study the surfactants effect, to aqueous suspensions 10 mM of SDS
was added. Note that higher concentration of Si-nc-:COOH was used in these experiments
(respect to PL measurements and numerical simulations), as in the case of lower
concentration, signal was beyond instrument detection limit.

In the undiluted concentrated ethanol suspension a value of approximately 10 nm for
the agglomerate size was found. The very same value was found as well in the diluted
ethanol suspension. On contrary, in water suspension cluster size evolved quickly from 60 nm
immediately after addition, to value of 100 nm where it stabilized. Interestingly this value
decreased to the average size of 80 nm after one day of incubation in deionized water.

In the presence of the SDS agglomerate size in the water suspension decreases to a
value of approximately 30 nm.

Zeta potential was measured only in water suspension of Si-nc-COOH, as in other
samples the signal was too low for reliable determination. The value found is -23.1 mV. This
value is lower than what expected of stable suspension [132].

XI. Si.nc-COOH concentration determination

The Si-nc-COOH concentration in aqueous suspension has been estimated from the
data obtained for Si-nc-COOH concentration in ethanol suspension, by means of optical
measurements. The concentration has been calculated from the experimental data by using
the absorption cross-section value for Si-nc reported in the literature [117]. The top view
schematics of the incidence light geometry on the sample, is presented in Figure 15a, while
the actual rear view of the measurement is presented in the photo in Figure 15b.

Symbols in the Figure 15a stand for:
Po - incidence laser power on the sample;
Pac — light power absorbed by cuvette and solvent only;

P. — light power absorbed by Si-nc-COOH;
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Figure 15 - (a) Top view schematic representation of the excitation light incidence
geometry. (b) Photo of the sample.

P: - transmitted light power;

P: - reflected light power;

no - refractive index of air (taken to be: no= 1);

n - refractive index of ethanol (taken to be: n = 1.36);
ao - light incidence angle in the air (ao= 48°);

a- angle between light beam and normal direction (dashed black line, Figure 15a) in
the suspension;

lo - length of cuvette (lo=1 cm);
1 - length of optical path of light beam inside of cuvette.

Assuming that the Si-nc concentration in the suspension is sufficiently low, influence
of the Si-nc, on the real part of suspension’s refractive index could be neglected and the
solvent refractive index could be used instead. From the Snell law of refraction:

n, *sina, = N*sin (2)

and Pythagoras’s theorem:

|
cosa = I—O (3

optical path of the light beam inside of the sample could be found as:

=1, >l<{cos[a1rcsin(nO *Sin ¢ * nl)}}l (4)
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Also, if the Si-nc concentration is sufficiently low and light loss mechanism is
considered to be completely due to absorption from the Si-nc, (disregarding the scattering
contribution of Si-nc, etc.), Beer-Lambert’s law can be written as:

P, = P, exp (_Usifnc *Ngipe * I) ®
Where
PO \: PO _ PaC _ Pr (6)

And osime is Si-nc absorption cross section taken from the literature [117] (ogine = 5*10
15 cm2, taken for the excitation energy of 3.53 eV and detection energy of 1.94 eV. This
detection energy coincides with the peak of PL band of fresh Si-nc prepared by our method)
while nsinc is the density of Si-nc in suspension.

Combining the Eq. (4) and (5) and after some algebra, concentration of Si-nc could be
expressed as:

Ng .. = m[PO *(P, =P, )71 ] * (O‘sinc *| ) * {cos [arcsin (n0 *sina, *n”’ )J}_l)l W)

There are a number of processes that could limit the accuracy of the results obtained
from Eq. (7). The most important sources of experimental errors are:

e an accurate measurement of incident laser power;

e scattering contribution of Si-nc;

e an error in determination of the real part of suspension’s refractive index;
e the absorption cross section for Si-nc taken from literature [117];

e convective motion of illuminated suspension.

In order to account for this effect, all the measurements were repeated several times
and mean values were taken.

However, the samples we are working with are prepared in different manner from
those used for absorption cross section determination in Ref. [117]. As well, the excitation
energy we are using in these experiment is slightly different (3.43 eV respect to 3.53 eV in
Ref. [117]) and broad distribution of sizes and consequently somewhat different absorption
cross sections are present in our samples. As all of these effects are difficult to be accounted
for, in order to be conservative in experimental error estimate, it is reported only the order of
magnitude of the estimated concentration.
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Chapter 2
Silicon nanocrystals as gain medium

2.1. Introduction to material properties

2.1.1. Photoluminescence in a silicon nanocrystal’s ensemble

The discovery of efficient light emission from porous silicon [83] suggested that some
of the problems associated with the silicon indirect band gap nature could be overcome by the
localization of the excitons in a strong confining potential (e.g. by placing them inside of the
nanocrystals). The PL origin from the nano-structured silicon was initially attributed to
transitions between confined electron and hole states modified by quantum confined effects
(QCE) [83,117,151]. However, it became clear soon, that the interface states could as well
contribute significantly to the PL emission [43,152].

One of the main difficulties when dealing with the silicon nanocrystals is that most of
the experiments are carried out on rather large ensembles with significant size dispersion
(see for example section V of Appendix to Chapter 1). Fabrication techniques currently
employed still lack the maturity and control, common to the production of quantum dots
made out from compound, III-V or II-VI group semiconductor materials.

As a consequence, the interpretation of the experimental data is difficult due to the
associated inhomogeneous broadening [112-114] and various collective effects [52,115,153—
159]. Additional complications arise, as nanocrystal’s surface conditions are poorly controlled
across the ensemble [44].

As an example of the complexity this leads to, even in the interpretation of the basic
properties, it could be considered a PL decay time of silicon nanocrystals. PL decay time in
Si-nc’s ensemble is described by the stretched exponential function [109,115]. Evidently, the
deviation from the single exponential behavior could be due to various reasons. It was
proposed recently that a certain amount of “stretching” (deviation from the single exponential
decay) behavior is intrinsic to the indirect band-gap quantum dots [160], whereas other
contribution could not be disregarded neither.

The most often considered are: a distribution of the nanocrystal’s sizes (and hence, a
distribution of the recombination rates [56,111]), nanocrystal shape [161,162], nanocrystal
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surrounding [41,103,163—165], disorder and strain [36,166,167], intensity intermittency (so-
called “blinking”) [168], quenching center distribution [169,170], inter - nanocrystal
transport [153,159,171,172], modification of the local density of optical states [114,173,174]
etc.

Obviously, the poor fabrication control, the uncertainty on the surface conditions and
the limited applicability of the theoretical tools, make the analysis of the properties of a
silicon nanocrystal’s ensemble a challenging task [44]. Unfortunately, none of these aspects is
alleviated when stimulated emission is considered.

2.1.2. Optical amplification in silicon nanocrystals

Since the demonstration of the optical gain [49], significant attention has been
focused on the optical amplification process in silicon nanocrystals. This is not surprising, as
this was the first silicon based system in general, where optical amplification has been
demonstrated. Additional attractiveness to this approach was given by its simplicity, CMOS
compatibility [57] and the possibility of electrical excitation [52,175].

Secondly, Si-ncs provide a straightforward route towards realization of a silicon
quantum dot laser [53]. In addition, a few other improvements with respect to bulk silicon
have been named such as: lower non-radiative recombination rate (due to exciton
localization), size controlled emission (due to QCE), lower carrier absorption (emission is
moved towards visible), better radiative emission efficiency (due to k-conservation rule
breaking), and better light extraction (smaller refractive index mismatch between SRO and
air) [57].

Along with the previously mentioned advantages regarding the silicon nanocrystals
as gain medium, a few downsides have been identified as well. For example, although, it is
referred to as a CMOS compatible approach, a word of caution is needed. Manufacturing
process of silicon nanocrystals embedded in silicon dioxide begins with the deposition of the
film of non-stochiometric “silicon rich oxide” by one of the different deposition methods
(sputtering, chemical vapor deposition, silicon ion implantation etc.). This material is
referred to as a “silicon rich oxide” (SRO or SiOx, where x < 2) because it contains an excess of
silicon atoms with respect to stochiometric silicon dioxide (SiO2).

Silicon nanocrystals formation then proceeds by thermally driven phase separation
where excess silicon atoms separate from initial dielectric matrix, agglomerate and create
nanometer size silicon nanoparticles embedded in pure stochiometric SiO2. Phase separation
and consequently, silicon nanoparticles size, density and crystallinity degree can be
controlled by adjusting the “silicon excess”, temperature and duration of thermal treatment.
In order to induce the Si-nc nucleation, high temperature (usually in excess of 1000°C) are
necessary [176], meaning that Si-ncs have to be implemented in the beginning of the CMOS
process, limiting compatibility with additional processing steps.

Unfortunately, this is not the only drawback when optical amplification with silicon
nanocrystals is considered. The wavelength range of the optical amplification in silicon
nanocrystals lies well beyond telecom wavelengths [49,177] while electrical pumping still
lacks maturity [52,175].
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Nevertheless, up to date, there have been numerous reports of optical amplification in
Si-nc based materials produced by different methods [50,177-180]. Regardless to the
particular production technique used, when the optical gain is detected, a set of similar PL
characteristics is observed. The optical amplification is present only in a very fast PL
component (on a nanosecond or shorter time scale) while only optical losses are exhibited in
slow component (us time scale) which is due to indirect band-gap recombination.
Additionally, the gain band is always blue shifted respect to the excitonic one [181].

Although, significant amount of time has passed since the first optical gain
observation, the laser action demonstration is still eluding, as similar issues to spontaneous
emission case are encountered. Even though, on the first sight, stimulated emission in the
quantum dot system (e.g. silicon nanocrystals) should be fairly simple to achieve, the
situation is greatly complicated by the surface effects [43] and the collective
phenomena [156,182]. This is also the principal reason why the origin of the optical gain has
not been established yet [57]. At the present, it is still not clear whether the fast component
associated with the optical gain is intrinsic to Si-nc or it is due to specific surface conditions.
Quite similar debate remains open on the origin of spontaneous emission in the same system.

The gain in silicon nanocrystals has been traditionally associated with a surface
termination of Si-nc, in particular with an Si=O double bond for which optical excitation
causes a large lattice relaxation of the Si=O bond [152,183] like in the silanone molecule.
Until recent optical gain demonstration in silicon nanocrystals embedded in silicon
nitride [184], it was generally accepted that oxide is needed for the gain observation [181].
Nevertheless, the optical amplification has been again associated with the exciton
localization on the surface states [49,184].

The surface origin of optical amplification is favored for a number of reasons. As in
the case of bulk silicon, high values of free [185] (confined [186,187]) carrier absorption will
prevent the net gain observation [188,189]. In addition, due to ground level degeneracy of
excitons in Si-nc, optical gain is expected only in multi-excitonic regime, where it has to
compete with a very efficient Auger mechanism [185].

These aspects have been recently re-examined in a few theoretical studies [190-192].
Overall conclusion is that optical amplification could be achieved in indirect band-gap
transitions, in spite above mentioned effects, even in the bulk silicon, if certain conditions are
met (e.g. low temperature).

2.1.3. Direct band-gap recombination in silicon nanocrystals and
surface tailoring

Somewhat different strategy has been employed in germanium [22] (indirect band-
gap material as well). In the case of germanium, the direct band-gap recombination was
exploited [193]. Unfortunately, the same strategy is not directly applicable to silicon, due to
the higher energy difference between I" and X conduction bands valley extremes (large energy
depth of X valley) [194].

In very small silicon nanocrystals (smaller than 2 nm) direct band-gap transitions
are expected to become dominant optical transitions due to QCE [47]. There have been a
number of reports claiming to observe direct band-gap transitions in colloidal systems [195—
197]. However, practical implementations for achieving this type of emission in small
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nanocrystals remain to be very challenging, especially in the case of nanocrystals embedded
in silicon oxide matrix (CMOS compatible approach), due to influence of surface oxidation on
the PL properties of Si-nc [43,101].

This led to an opposite approach where silicon nanocrystal’s surface is tailored in
order to get efficient and fast direct-like photoluminescence [198]. Moreover, it was proposed
that surface properties could be as well used to suppress some of the non-radiative processes
such as Auger recombination [199].

All the same, in this chapter the attention will be focused on the embedded samples
guaranteeing monolithic integration and full CMOS process compatibility. Interestingly, it
has been demonstrated that a zero-phonon PL emission could be experimentally observed
even in fully oxidized embedded silicon nanocrystals [200]. Moreover, this emission has been
observed in the nanocrystals with sizes greater than 2 nm.

2.1.4. Zero-phonon emission in silicon nanocrystals

When the size of the Si-nc is changed (in the regime where the Si-nc radius is smaller
than Bohr exciton radius in bulk silicon [201]), its electronic band structure is heavily
influenced by QCE [38,202]. Most of the experimental and the theoretical works in the field
focused on the features related to the indirect band-gap (I-X transitions, 1.12 eV of in case of
bulk silicon), while less attention has been dedicated to a direct band-gap (I'T" transitions), as
these electronic states lay much higher in energy (3.32 eV of energy separation in bulk
silicon) [194].

Naturally, these higher energy conduction/valence band states are also influenced by
quantum confinement [202]. Interestingly, due to their complex nature, influence of QCE is
markedly different for these states. Contrary to the indirect band-gap behavior, the QCE lead
to decrease and red-shift of direct band-gap with increased confinement [203-206]. The
amount of the direct band-gap decrease (and indirect band-gap increase) is not sufficient to
make the silicon nanocrystals direct band-gap material, at least up to very small
sizes [47,205]. The direct band-gap optical transitions in silicon are practically inhibited by a
very efficient intra-band relaxation of carriers which thermalize to the minimum of the
conduction/valence band [207].

In silicon nanocrystals, due to finite size and QCE, energy levels are more separated.
Depending on the Si-nc size, this energy spacing might become bigger than the typical
phonon energy [42,205]. Under these conditions, hot carrier thermalization should proceed
mainly by multi-phonon emission [42,205,208]. If the multi-phonon emission remains the
main cooling mechanism, the so called “phonon bottleneck” is likely to occur [208]. Effectively
this means that cooling rate of carriers in Si-nc will be much slower than in bulk
silicon [206], leading to increased efficiency of direct radiative transitions [200].

On the other hand, knowing that the energy spacing between hole levels is smaller
than those for electrons [205] and having in mind that the Si-nc’s are embedded in silicon
dioxide, other processes such as vibronic coupling [209] or Auger cooling mechanism [210]
may contribute to thermalization and decrease efficiency of direct radiative transitions.

Owing to the relaxation of the k-conservation rule [47], oscillator strength of direct
transitions will become stronger as the Si-nc size is decreasing [205,206]. The radiative
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lifetimes for these transitions have been calculated and values in the nanoseconds range
(depending on Si-nc size) are found [206]. This means that the efficiency and observation
possibility of these transitions is limited only by the non-radiative processes.

The Auger recombination is expected to increase rapidly in the smaller
nanocrystals [211], leading to multi-exciton lifetimes shorter than 100 ps [212] influencing
the carrier population in the higher energy states. However, the re-excitation of carriers will
enhance the carrier density with excess of energy respect to minimum of the band [200].
Therefore, zero-phonon recombination will be enhanced through a sort of carrier
“recycling” [213] leading also to apparent lengthening of the direct PL decay time on the
order of 100 ps (multi-exciton recombination lifetime in Si-nc) [200,214].

Contrary to the slow exciton band [117,215], Auger recombination is actually
beneficial for the observation of zero-phonon PL coming from non-equilibrium hot
carriers [200]. Without the mechanism of the Auger recycling, the typical decay time of zero-
phonon PL is expected to be in picosecond range [216-219]. The reason for that is that hot
carriers easily undergo an efficient surface state capture.

The presence of oxygen related bonds on the surface of silicon nanocrystals induce a
significant perturbation of the Si-nc excited state [40,220], influencing heavily subsequent
radiative recombination [43,101]. However, in the case of silicon nanocrystals embedded in
silicon dioxide matrix, at least partial surface oxidation of Si-nc is simply inevitable. Surface
perturbation of core states is significantly smaller if the oxide shell is complete [96,221].

During the nucleation process large strain build-up is expected to occur on the
interface between Si-nc and matrix [222-224], governed by initial strain profile in the as-
deposited film [225,226]. Moreover, in case of certain deposition techniques, such as Plasma
Enhanced Chemical Vapor Deposition (PECVD), used for the deposition of the samples under
study, even at large annealing temperature complete phase separation is not achieved [225—
227]. This leads to faulty matrix and increased disorder.

For the Si-nc embedded in silicon dioxide matrix, significant influence on PL
properties is coming from the strain and disorder induced by the surrounding
matrix [36,41,167]. This often leads to the creation of undesirable trapping centers (e.g.
silicon dangling bonds). In order, to decrease the number of trapping centers, samples used in
this work were passivated with hydrogen [85]. Unfortunately, silicon-hydrogen bonds could
be disassociated under long exposure time to high intensity UV irradiation [85,228] and
surface capture could be reactivated. This may lead to the PL intensity degradation after
very long UV light exposure.

2.1.5. Optical amplification by zero-phonon recombination

Quite recently, it has been shown that that the emission band of zero-phonon PL in
silicon nanocrystals could provide with a stimulated emission and transient gain under
femtosecond optical pump [229]. In the same work sub-picosecond lifetime for the stimulated
emission was observed.

The work presented in this chapter will be centered on the search for stimulated zero-
phonon emission in of silicon nanocrystals embedded in a silicon dioxide matrix produced by
CMOS compatible approach (PECVD). In the first part of this chapter, spectroscopy study of
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the used material will be presented and experimental conditions under which zero-phonon
emission could be observed will be explored. In the second part Si-nc will be placed in an
optical cavity. Firstly, the optical properties of the cavity embedded Si-nc will be thoroughly
characterized and afterwards, the optical cavity will be exploited in the study of the ultrafast
emission dynamics.

Evidently, based on the results presented in Ref. [229] the stimulated emission may
be expected only in pulsed regime and in a very short time after the initial excitation. That
means that even if the laser action is achieved, CW operation of such laser would be
extremely challenging. Nevertheless, even the pulsed operation would be very interesting in
light of the extremely high bit rates needed for the data transmission. Based on the
stimulated lifetime reported in Ref. [229] modulator free pulsed laser operation with a bit-
rate in excess of 1 Thit/s should be possible.

2.2, Continuous-wave photoluminescence
measurements of thin silicon-rich oxide films

2.2.1. Low excitation photon flux photoluminescence measurements

Samples used in this study were produced in FBK clean-room facilities in a standard
CMOS line$ (for more details on the fabrications procedure see section I of Appendix to
Chapter 2). Detailed description of the samples fabrication procedure can be found as well in
Ref. [230].

Shortly, thin films (200 nm) of silicon-rich oxide (SRO) were deposited on top of the
crystalline silicon wafer by plasma enhanced chemical vapor deposition (PECVD) technique.
Afterwards, samples were annealed at high temperature in nitrogen atmosphere, in order to
induce a phase separation and a silicon nanocrystal nucleation and growth. In addition,
thewsilicon nanocrystal surface was passivated with hydrogen in order to reduce the number
of dangling bonds and boost the emission intensity [56,85].

Typical PL spectrum coming from the samples under continuous-wave (CW)
excitation is reported in Figure 16 (for more details on the experimental conditions see
section II of Appendix to Chapter 2). The broad, Gaussian-like PL band (115 nm wide, see
Inset of Figure 16) could be observed indicating a fairly broad size distribution of the silicon
nanocrystals present in the samples, typical to the deposition technique used

(PECVD) [44,227].

At low excitation photon fluxes (~1015-10 ph./( cm? x s)) the PL band peaks at
approximately 820 nm (~1.5 eV ) corresponding to an average diameter of silicon
nanocrystals of 3.5 nm, if the QCE are considered to be responsible for observed PL [200].
This is reasonable assumption considering the spectral position of PL band, as the oxide
defect emission is usually situated higher in energy (> 2.25 eV) [43].

6Samples deposition was performed by M. Ghulinyan and under supervision of G.
Pucker of FBK-APP.
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Figure 16 — Normalized PL spectra of silicon-rich thin films under CW excitation.
Violet solid line represents spectrum under UV excitation (355 nm or 3.49 eV,
indicated by the violet arrow, excitation photon flux of @ = 6.8 x 105 ph. *cm2%s’1).
PL spectrum under visible excitation (5632 nm or 2.33 eV, green arrow, excitation
photon flux of @ = 1.4 x 1076 ph.*cm™? *s) corresponds to the green solid line.
(Inset): Normalized PL spectrum under UV excitation (empty black circles, the same
excitation conditions as in main figure) and the best fit by a Gaussian function (red
solid line) yielding a width of w = 115 + 1 nm and peak wavelength Adpeak = 820 + 1
nm.

The PL band does not shift, nor changes the shape, when the excitation wavelength is
changed from UV (355 nm) to green (532 nm) (see Figure 16). This indicates a good phase
separation where the population of very small nanocrystals or silicon amorphous
nanoclusters could be considered negligible. As could be seen in Figure 16, there is no visible
difference between the two spectra obtained under two different excitations wavelengths.
Therefore, in the following, for technical reasons, excitation wavelength of 532 nm will be
mostly used for CW PL experiments.

It is important to underline that under UV excitation (355 nm), another PL band at
higher energies (> 2.25 eV) is not present. As mentioned previously, PL band at those
emission energies is usually attributed to the oxide defect [43,100]. The lack of it, points out
to a good quality of samples and well passivated nanocrystals.

2.2.2. High excitation photon flux (u-PL) measurements

In order to study the dependence of the PL intensity on the photon flux under CW
excitation a u-PL setup was used. It consists of confocal Zeiss microscope equipped with 100x
objective. As an excitation source was used CW diode pumped solid state (DPSS) laser
emitting at 532 nm, while the photoluminescence signal was detected with a visible CCD
camera (Andor). Excitation light and PL signal were both perpendicular to the sample
surface. More details on the experimental conditions and the experimental setup used can be
found in section III of Appendix to Chapter 2.

In the Figure 17a is reported the PL intensity dependence on the excitation photon
flux of the thin SRO films. In order to quantify this dependence, the experimental data were

45



®
=]

@ _[ph*em®™s’]

5
= E
:B. o
g‘*“‘l"“‘ w W e e ] g .
5 ii ] ° ]
5.0x10°- %E ] ™0 o
i | 2. o |
00, EE g 1 & )
00 5.0x10" 10x10% L5x10% T® 10 10® 0 100 107
®_[ph*em™s’] Qm[ph.*mxiz*s'l]

Figure 17 - (a) PL intensity dependence on excitation photon flux (black spheres, dexc
= 582 nm) of thin SRO films. Red solid line is the best fit of experimental data with
an allometric function leading to a power law coefficient b = 0.47 + 0.01. Excitation
photon flux was varied between the values of @ = 1.14 x 1018 ph. *cm~2*s! and @ =
1.3 x 10?2 ph.*cm?2*s1. (Inset): Log-log plot of the same experimental data (black
spheres) as in the main figure together with an allometric function fit (red solid
line). (b) Semi-log plot of PL band peak position shift with increased excitation
photon flux (black spheres, Aexe = 532 nm). PL band is shifting towards the shorter
wavelengths with Increased excitation photon flux. The excitation photon flux
variation is the same as in panel (a).

fitted with an allometric function (see Figure 17a). The allometric function is defined as:
[(®)=a*d° €

Where I(®) is a PL intensity as a function of excitation photon flux, ®@ is excitation
photon flux, a is a constant (allometric coefficient) and b is an allometric exponent (scaling
exponent or power law coefficient). By fitting the experimental data with this function, the
power law dependence of PL intensity on excitation photon flux could be extracted.

The PL intensity of studied samples evolved sub-linearly with increased excitation
photon flux, with a power law coefficient equal to b = 0.47 + 0.01. A low value of power law
coefficient points out to a presence of an efficient non-radiative recombination mechanism.
The most common non-radiative recombination mechanism present in silicon nanocrystals
under high excitation photon fluxes is the Auger recombination [54].

Strong Auger recombination will lead to a saturation of PL when the multi-exciton
regime is reached [117,215]. When the saturation is reached, the allometric function fitting is
not applicable anymore, and more elaborated analysis based on rate equation modeling
should be employed [117,171].

As could be seen in Figure 17a, the allometric function still fits the data
satisfactorily, meaning that a full saturation of PL has not been reached, yet. However, in the
case when the Auger recombination is the dominant non-radiative recombination mechanism
present (in the range of the excitation photon flux values where full saturation of PL hasn’t
been reached), the power coefficient of 2/3 is expected [54].
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As the free carrier absorption is unlikely to be effective in thin films as the ones
under study [231,232], additional non-radiative recombination channel is most likely to be
due to inter-nanocrystals transport [159,171].

Interestingly, under intense excitation photon flux, the peak position of PL band is
blue-shifting with respect to its low excitation photon flux value (see Figure 16 and Figure
17b). As the photoluminescence from thin films is collected perpendicularly to the sample
surface in a non-waveguiding configuration, absorption due to free (confined) carrier
absorption [232] and various non-linear processes [231] could be safely excluded as driving
mechanisms to the observed behavior.

As shown in Figure 16, the PL band of the samples under study is fairly broad,
corresponding to a significant size dispersion of silicon nanocrystals and consequently it
implies a dispersion in absorption cross-sections and radiative lifetimes [56,117]. This means
that for a larger Si-nc (with larger absorption cross-section and longer radiative lifetimes) is
easier to reach a multi-exciton regime and undergo a saturation due to Auger
recombination [117,215], leading to apparent blue-shift of photoluminescence band.

This effect should be even more pronounced in the case of inter-nanocrystal transport
where it seems that at least, in the case of the tunneling mechanism of transport, there exists
a preferential direction of exciton transport from the smaller nanocrystals towards the larger
ones [155-157,159]. However, as discussed previously for the PL dependence on excitation
photon flux (Figure 17), PL saturation (even of fraction of silicon nanocrystals) seems to be
highly unlikely under the used excitation conditions.

On the other hand, inter-nanocrystal transport itself, could lead to a PL peak
shift [156,159]. This effect should be even more pronounced under high excitation photon
fluxes where there is a high probability of having two nearby nanocrystals [153,171,233].

Regardless, of the exact mechanism for the observed blue-shift, the data presented in
Figure 17b, show that the amount of the blue-shift is getting almost exponentially smaller
with the excitation photon flux increase.

By extrapolating the data from Figure 17b, it could be seen that is very unlikely that
the PL peak position would shift further than 750 nm even under extreme pumping
conditions (by pulsed laser for example, with the excitation photon fluxes of the order ~10%
ph.*cm?*s1). Thus, the observed blue-shift of the PL would not influence the findings
presented inthe following sections.

We have also checked the uniformity of the PL emission. On the wafer a good
uniformity with less than 10% variation in the PL intensity has been observed.
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2.3, Time resolved photoluminescence measurements
of thin silicon-rich oxide films

2.3.1. Low repetition rate excitation

In order to study the dynamics of the PL coming from the thin SRO films, time
resolved measurements have to be performed. To that end, samples are excited by intense
laser pulses of a short temporal duration (~6 ns in present case, more details on experimental
conditions and experimental setup could be found in section IV of Appendix to Chapter 2).

The PL decay times of silicon nanocrystals could be described by a stretched
exponential function (see also section 1.3 of Chapter 1 and section 2.1.1 of Introduction to
Chapter 2) [109]. The time traces obtained from the TR PL measurements were fitted with a
stretched exponential function. Mean lifetimes © and stretching parameters B were extracted
(spectral dependence of the fitting parameters is reported in Figure 18a. A strong spectral
dependence of the photoluminescence decay could be observed). As discussed previously (see
section 1.3 of Chapter 1 and section IX of Appendix to Chapter 1), this is an indicator of a
good crystallinity of produced silicon nanocrystals [110] and quantum confinement origin of
observed PL [38].

The stretching parameters found (see Figure 18a) are consistently lower than those
reported on colloidal samples in Chapter 1 (see for example Figure 14). Low values of the
stretching parameter B indicate to a possibility of inter-nanocrystal transport [115], in
accordance with what was concluded in the previous section from the PL intensity
dependence on excitation photon flux under CW excitation.

The TR PL measurements performed on the microsecond time scale do not provide
information on the ultrafast emission dynamics. On the ps timescale the emission
recombination is completely dominated by the slow indirect band-gap recombination as the
carriers have already undergone the cooling process and single exciton regime has been
reached.

In the case of QCE origin of PL, PL lifetimes of the order of hundreds of pus have been
reported [56,162]. By using the low repetition rate excitation (10 Hz in present case), one
permits a full relaxation of the system between subsequent laser pulses. Spectral resolution
of the detection setup was set to 1 nm, while temporal resolution was varied. For the study of
the sub-nanosecond part of the luminescence decay temporal resolution of 18 ns was used,
while 9 ps of temporal resolution was used in other cases.

The initial part of the PL dynamics (on the ns time scale) is reported in the Figure
18b. The steep rise of the PL intensity upon the laser pulse arrival is followed by a fast decay
which slows down quite rapidly. What becomes clear from Figure 18b is that that there are
two photoluminescence dynamics contributing to PL emission. The first component is due to
a very fast relaxation process, being present only in the first initial moments after the pulse
arrival, while the second one is much slower (~pus) and can be identified as indirect band-gap
recombination which full decay is reported in Figure 18a.

The initial fast contribution can be fitted very well with a Gaussian function giving
the 18 ns of full width at half maximum (FWHM). Gaussian time decay is not physical and it
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Figure 18 — (a) Spectral dependence of the PL time decay of thin SRO films. Time
decay photoluminescent traces were fitted with stretched exponential functions, the
fitting parameters are reported. Time constant T is given by the black spheres. A
strong wavelength dependence of the time constant could be observed. On the
contrary, stretching parameter B (red spheres) shows only a weak dependence on the
emission wavelength. Time integrated PL spectrum under the same pulsed UV
excitation (355 nm, 6 ns pulses, 10 Hz repetition rate) is reported as well (blue solid
line). Excitation photon flux was @ = 4.9 x 10?4 ph.*cm2*s1. Decay curves are
obtained by integrating 20 nm wide spectral windows. (b) The semi-log plot of the
first us of the PL time decay of thin SRO films (black spheres). The initial PL
contribution can be fitted well with a Gaussian function (solid red line) giving the
value of FWHM equal to 18 ns. Time trace was obtained by the integration of a 10
nm wide spectral window centered at 640 nm. Pulsed UV pump excitation (355 nm,
6 ns pulses, 10 Hz repetition rate) was used with the excitation photon flux of @ =
4.9 x 10?4 ph. *em2%s71,

means that a photoluminescence emission responsible for the fast initial contribution is
decaying faster than the time resolution used (~18 ns) and, very probably, on timescale even
shorter than the laser pulse duration (~6 ns).

It is obvious that additional information on the time decay of the fast contribution
cannot be obtained in the present configuration, as the ultimate time resolution is set by the
laser pulse duration (~6 ns) which is a value very close to the overall time resolution value
used (~18 ns). Under these conditions, only an upper limit of 18 ns, for the time decay of the
fast component could be set.

The fast PL band decay on the nanosecond scale is very often associated with defect
emission from the silicon-dioxide matrix or oxidized silicon nanocrystals surface. It is not
associated with zero-phonon emission [54,107,200]. In the case of defect emission, the decay
times of the order of tens of ns have been reported [54,107,200]. In that case, a fast rise of
photoluminescence should be followed by a long decaying tail on the ns scale which is not
observed (see Figure 18b), as the fast contribution consists only of the fast Gaussian-like
shape. However, as seen in Figure 18b, a strong contribution of the slow band may hinder a
fast decaying tail on ns scale.

In order to elucidate more on the origin of the fast contribution, the spectral
dependence of the different contributions is considered. In Figure 19a PL spectra of thin SRO
films under different excitation and at different time scales are reported. It can be seen that
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Figure 19 — (a) PL spectra of SRO thin films under different excitations. PL
spectrum under CW UV excitation (355 nm, excitation photon flux @ = 6.8 x 1015
ph.*em?%*s1), is given by empty black circles, while all other spectra are obtained
under pulsed UV excitation (3556 nm, 6 ns pulses, 10 Hz repetition rate and
excitation photon flux @ = 4.9 x 1024 ph. *cm2*s'1). Time integrated PL spectrum is
represented with empty red circles, PL spectrum of the first us of the time decay
with empty blue circles and PL spectrum of the fast contribution (first 20 ns of the
time decay) with green spheres. (b) Spectral dependence of power law coefficients of
the fast PL band (empty black circles) and the first us of the slow PL band without
fast contribution (empty red circles) in the spectral region of mutual overlap of the
two PL bands. Spectrum of the fast PL band is indicated with black spheres and the
spectrum of first us of slow PL (including the fast contribution) is represented by
red solid line. Pulsed UV excitation was used (3556 nm, 6 ns pulse duration, 10 Hz of
repetition rate). Excitation photon flux was varied between values of @ = 6 x 10?2
ph. *em2%s! and @ = 6.5 x 10?4 ph. *em~?%*s1. Power law coefficients were acquired by
fitting the experimental data with allometric function. Experimental data were
obtained by integrating the 10 nm wide spectral windows.

time integrated PL spectrum under pulsed excitation and spectrum obtained under CW PL
are practically identical.

On the other hand, if the PL spectrum of the first ps (time window used in Figure
18b) after the laser pulse arrival is plotted, differences arise. The PL band in this case is
slightly blue-shifted (790 nm) with respect to the position of the time integrated spectrum
(820 nm). In addition, the PL band is clearly asymmetric, with long tail on the blue side and
small shoulder like feature as well. These characteristics are more common to the rise of a
new PL band which might be identified as the previously mentioned fast contribution in a
Figure 18b.

To evidence it more clearly, the spectral dependence of only the fast PL contribution
is reported in Figure 19a. The fast PL component features a very broad PL band with a
completely different spectral distribution with respect to the slow component. The fast PL
band peaks at approximately 650 nm. It is important to underline that the fast PL band
decreases abruptly for wavelengths shorter than 550 nm at odds with what expected from
emission coming from defects [54,107,200]. Although the small contribution from the defects
on the blue side of the fast PL band in the present conditions cannot be completely
disregarded, it becomes clear that the main PL contribution is of a different origin.
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Interestingly, the position of the fast PL band coincides with the spectral region
where usually optical gain is reported [50,177,184,229].

A fast contribution under pulsed excitation pumping in the red (> 600 nm) has been
previously reported. It was attributed to stimulated emission [177,180] or to efficient initial
carrier relaxation driven by an Auger process [54,55].

In order to distinguish between the two cases, the power dependence of the fast PL
contribution on the excitation photon flux must be considered. It is instructive as well, to
compare the power dependence of the fast PL band with that of the slow PL band. In Figure
19b, the spectral dependences of power law coefficients for fast and slow PL bands are both
reported.

When comparing the power dependencies of two PL contributions, a certain care has
to be taken. If only power dependence of the time integrated PL is considered (in conditions
where PL saturation is not reached [117,215]), the values found correspond to those obtained
under CW excitation. However, if the mechanism of inter-nanocrystal is present transport on
the long time scale (trapping — de-trapping mechanisms [115], or dipole-dipole type of
interaction [234]) the power dependence of the initial part of the slow decay should differ
with respect to time integrated or CW case.

In the Figure 19b only the power dependence of the first ps of slow PL is reported.
This should not be influenced by these effects.

Spectrally flat values of approximately b = 0.55 + 0.05 for power law coefficients of the
slow component were found. These values are very close to the 2/3 value expected from the
Auger dominated PL process. Slightly lower values could be due to presence of fast inter-
nanocrystal  transport [155,157,159] or, most probably, to the onset of PL
saturation [117,215]. Moreover, the values found are slightly higher than those found in the
case of the CW excitation, indicating that in the samples under study, there might be as well
traces of inter-nanocrystals transport on the longer time scale.

On the other hand, the values of the power law coefficient for the fast component
exceed 2/3 in a broad spectral range, indicating that the PL decay of the fast band is not due
to Auger recombination, nor is Auger limited [54]. It can be seen that a high value of b = 0.8
is achieved on the peak of the fast PL and decreases down to the values of slow band on the
red side where the fast contribution is disappearing. High values of the power law coefficient
imply as well that the fast PL. we observe is not due to defect emission. Defect emission is
correlated with a presence of a large number of non-radiative centers causing the low power
law coefficient.

Although the fast PL band does not show super-linear behavior in the range of
excitation photon fluxes used, its origin could be tentatively ascribed to stimulated emission
(originating on the surface or core states) [177,229].

However, if the fast PL band is coming from the core states of silicon nanocrystals,
high values of the power law coefficient could be observed even in the absence of the
stimulated emission [218,235]. Thus, in order to investigate further the nature of the fast PL
band and to what degree stimulated emission contributes to it, additional experiments are
needed.
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2.3.2. High repetition rate excitation

To get more insight into the origin of the fast PL band, an extensive knowledge of its
dynamics becomes essential. The main limiting factor in the previous experiments was the
lack of time-resolution due to the laser pulse duration. The natural way to overcome this
obstacle is to use, simply, shorter laser pulses.

As shown previously, the ultrafast dynamics seems to be of importance only in the
initial moments after the pulsed excitation, when the multi-exciton regime is achieved. From
what reported in Figure 18b, it seems unlikely that this regime would be maintained for
times longer than 10ns. Thus, it would be desirable to study the system in the multi-exciton
regime only. The PL coming from the single exciton recombination on this timescale acts only
as a background. Due to thermal effects and, possible, sample degradation, it is very difficult
to maintain the system in multi exciton regime in CW mode.

In addition, and more importantly, the ultrafast dynamics cannot be studied in the
steady state regime. Therefore, the most opportune excitation would be the pulsed excitation
with sub-ns pulse duration and with the repetition rate low enough to allow to the system to
relax in a single exciton regime (~10 ns). To this purpose quasi-CW frequency doubled
Ti:Saphire laser was used, emitting at 385 nm with 2 ps pulses and with 82 MHz of
repetition rate (12 ns between subsequent pulses, see section IV of Appendix to Chapter 2 for
more details on experimental conditions). PL signal was excited and collected under 45° by a
streak camera (1 nm of spectral resolution and 22 ps of temporal one).

In the Figure 20 the time—integrated spectrum under picosecond pulsed excitation is
reported. The small modulations that are present in the PL spectrum are the interference
fringes, as the PL was collected under 45° increasing slightly the optical path of light in the
sample. However, this still cannot be considered as a waveguiding configuration, avoiding
the experimental artifacts that it may lead to [236].

The PL band appears to be quite broad and asymmetric with a long tail reaching the
blue side. If compared to the PL spectra obtained under low repetition rate excitation (see
Figure 20), it can be seen that, apart from the interference fringes, the red side of the PL
band corresponds very well to the time integrated spectrum (see also Figure 16 and Figure
19), while the blue side coincides well with the spectrum obtained by integrating over the
first 1 ps (see also Figure 19). Analogously to the low repetition case, the long tail on the blue
side could be associated with a rise of a new PL band.

The fact that PL band is broader and corresponds to a sum of the spectra obtained on
different timescale under low repetition rate excitation, is a consequence of the different type
of excitation used (quasi-CW), allowing for simultaneous visualization of the different PL
mechanisms which usually act on different timescales.

The fast PL component is more clearly visualized in the PL spectrum integrated over
the first ns after the laser pulse arrival (see Figure 20b). In this case the slow PL component
acts only as a background. The slow PL band is centered at approximately 810 nm while the
fast PL band can be seen at around 600nm (see Figure 20b) The slow band is slightly broader
than in case of CW pumping most probably due to mechanisms of inter-nanocrystal
transport [159] and the fact that the system is not allowed to relax completely between the
subsequent excitations.
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Figure 20 — (a)Normalized time integrated PL spectrum of thin SRO films under
quasi-CW excitation (385 nm, 2 ps pulse width, 82 MHz repetition rate) with an
excitation photon flux @ = 2.88 x 10?° ph.*cm?Z2%*sl. PL signal was excited and
collected under 45° Small modulations present in the PL spectrum are due to
interference fringes. (Inset): Normalized time integrated PL spectrum under quasi-
CW excitation (black solid line) compared with the PL spectra obtained with low
repetition rate excitation on different time scales: integrated over 500 us (red solid
line) and 1 ps (blue solid line). The excitation photon flux for quasi-CW excitation
was @ = 2.88 x 10?%° ph.*cm=2*s1 while in case of low repetition rate excitation
photon flux of @ = 4.9 x 10?* ph.*cm?%*s?! was used. (b) Normalized PL spectrum of
the thin SRO films under quasi CW-excitation (385 nm, 2 ps pulse width, 82 MHz
repetition rate) with the excitation photon flux @ = 2.88 x 1075 ph.*cm?*s
1 integrated over the 1 ns after the laser pulse arrival (black solid line). PL signal
was excited and collected under 45°. Small modulations present in the PL spectrum
are due to interference fringes. Double Gaussian fit of the two PL bands (green solid
lines) together with their sum (red solid line) are presented as well. Gaussian fit
yields width w = 101 + 3 nm and peak wavelength Acenter = 604 + 2 nm for the fast PL
band and width w = 141 + 1 nm and the central wavelength Acenter = 809 + 1 nm for
the slow band. (Inset): The time trace of the zero-phonon PL band (black solid line)
showing the multi-exponential nature of the PL decay. Time trace was acquired at A
= 5680 nm. The best fit with stretched exponential function is indicated with red
solid Iine. Spectral dependence of the time decays of the fast PL band is reported as
well (black spheres). Time decay traces were fitted with stretched exponential
function and mean decay time extracted has been plotted. Stretching parameter B
was found to have values of approximately 0.7 in all cases considered. Time traces
were obtained by Integration over 90 nm wide spectral windows. Temporal
resolution of the detection system was 22 ps.

The mutual position of the two bands corresponds extremely well to what expected
from the zero-phonon (fast) and the phonon assisted (slow) PL band in a strong quantum
confinement regime for the Si-nc of this size, confirming the core states as an origin of the
fast PL band [200]. To confirm this, the time decay of the fast PL component was studied.

Time decay was found to be multi-exponential in nature, in agreement with a zero-
phonon origin of PL (see Figure 20b Inset ) [200,219]. In order to quantify it, the time traces
were fitted with the stretched exponential function [109]. The values of approximately 160 ps
were found (see Figure 20b Inset) consistent again with the zero-phonon origin of fast
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Figure 21 — (a) Power dependence of the PL intensity of the zero-phonon PL band
(blue spheres) and phonon-assisted PL band (red spheres) under quasi-CW
excitation (385 nm, 2 ps pulse width, 82 MHz repetition rate) with the excitation
photon flux varied in the range between @ = 2.93 x 10?4 ph. *cm?%*s! and @ = 4.27 x
1075 ph.*cm2*s1. Solid lines of the corresponding colors are the best fit with
allometric function of the experimental data obtained (in range of excitation photon
fluxes where sample degradation does not occur). (b) Normalized PL spectrum of the
thin SRO film under quasi-CW excitation (black solid line) at the value of excitation
photon flux @ = 4.27 x 10> ph. *em?*s! (represented by fourth, most right point in
the panel (a)) where the degradation of the sample PL intensity does occurs. Double
Gaussian fit of the two PL bands (green solid lines) together with their sum (red
solid Iine) is presented as well. Gaussian fit yield width w = 98 + 4 nm and peak
wavelength Acenter = 660 + 2 nm for the zero-phonon PL band and width w = 125 + 1
nm and the central wavelength Acenter = 817 + 1 nm for the phonon-assisted PL band.
After the illumination (at this value of excitation photon flux), zero-phonon PL band
blue-shifts by approximately 40 nm from the initial position at lower photon fluxes
(indicated by a blue arrow). (Inset): The blue side of the PL spectrum of fast PL
band under quasi-CW excitation and extremely high excitation photon flux @ = 7.2 x
10?5 ph. *cm?2*s’1. The spectrum of fresh previously non-illuminated thin film (black
solid line) is reported together with the spectrum of the same film after 5 minutes of
illumination (red solid lines). PL intensity loss is clearly visible.

PL [200,217,219]. The stretching parameters B showed values of around 0.7 in all cases,
without any spectral dependence. Although, the stretching parameter didn’t show any kind of
spectral dependence, weak wavelength dependence in the lifetime was found in agreement
with what previously reported for the zero-phonon photoluminescence [219]. Thus the fast PL
component could be identified as a zero-phonon emission that is originating from the core
states of silicon nanocrystals.

This is the first time that the zero-phonon emission has been observed in samples
made in CMOS compatible approach (PECVD). Moreover, for the first time this type of
emission was identified in hydrogen passivated silicon nanocrystals. Thanks to the specific
type of excitation used, this is as well the first time that the zero-phonon emission can be
observed in the time-integrated PL spectrum (see Figure 20).

In order to investigate to what degree stimulated emission contributes to the zero-
phonon emission, the power dependence of PL intensity on excitation photon flux was
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studied, in a restricted range of excitation photon fluxes (see Figure 21a). The choice of the
lower values of the excitation photon flux was given by the necessity of having a value of
excitation photon flux high enough to bring the system in the multi-exciton regime and
distinguish the fast PL band from the slow background. On the other hand, the maximum
value of the excitation photon flux was limited by PL intensity loss and sample degradation.
The values of excitation photon flux are sparse, in order to minimize influence of possible
short term power fluctuation of the excitation source.

For the power dependence of the phonon-assisted PL band a value of power law
coefficient b = 0.37 + 0.07 was found in close agreement with measurements under CW
excitation (see Figure 17). The zero-phonon PL band showed a value of power law coefficient
b = 0.8 £ 0.2 the same value found with low repetition rate measurements (see Figure 19b).
This value, although larger than 2/3 [54], is still sub-linear, meaning that stimulated
emission is not the dominant contribution in the zero-phonon emission. This is further
supported by the lifetime measurements.

Time decay of the zero-phonon emission does not show any kind of variation with the
excitation photon flux which would be expected in the case of stimulated emission presence.
Thus, it can be concluded that or the optical gain coefficient has a very low value, not
detectable in present case, or the stimulated emission is effective only on timescale shorter
than the detection system temporal resolution (< 22 ps).

Interestingly, it was found that at an approximate photon flux of ® = 4.27 x 102
ph.*¢cm2*s1 a sudden degradation of the sample occurs, with a loss of intensity of both PL
bands, effect being slightly more pronounced on the phonon-assisted PL band (see Figure
21a). This makes the zero-phonon PL band more pronounced in the overall spectrum after PL
intensity loss (see Figure 21b).

Loss of the PL intensity is most probably related to the activation of non-radiative
centers under the high photon flux excitation conditions. As the fast PL band blue-shifts for a
40 nm after the PL intensity loss (Figure 21b), there is a possibility that photoluminescent
oxide defects are being created as well. If the oxide defects are being created and activated,
together with a loss of PL intensity of the zero-phonon picoseconds band situated at 600 nm,
a new band on ns scale should rise at the wavelengths lower than 500 nm [54,107,200] .

In order to explore further this scenario, the blue side of zero-phonon PL was
monitored while exposing the sample to a very high photon flux of @ = 7.2 x 1025 ph.*cm?2*g1
in order to accelerate the degradation process (see Figure 21). It can be observed that only
intensity of the zero-phonon emission lowers without a rise of a new PL band on ns scale.

That implies that only non-radiative centers similar to Pb centers (silicon dangling
bonds) are activated [85,237,238]. On the other hand, the lifetime of the zero-phonon PL band
does not change, neither the stretching parameter B, nor the spectral dependence of the
lifetimes. Therefore, activation of the non-radiative centers removes effectively the silicon
nanocrystal affected from the emission process, as the PL lifetime remains unchanged.

As a possible mechanism behind the PL loss intensity, dissociation of the hydrogen
bond is proposed [85]. During the phase separation process and silicon nanocrystal growth, a
large strain builds up on the interface between silicon nanocrystal and surrounding matrix
leading to the creation of an amorphous shell [222]. Under these conditions, it may occur that
not all bonds of interface silicon atoms are saturated [85]. The unsaturated bonds of silicon
atoms are called silicon dangling bonds and act as an extremely efficient quenchers of

55



PL [85]. The thin SRO films used in this study are passivated with hydrogen in order to
reduce the number of silicon dangling bonds and enhance the photoluminescence [56,85].

Unfortunately, the hydrogen bond could be dissociated under UV illumination when
the photon energy exceeds the bond energy [85]. Similar mechanism of surface hydrogen
substitution was used in the preparation of colloidal samples described in the first chapter.
This process will be obviously enhanced under the high photon flux excitation, as in present
case. This however, does not explain the threshold like behavior of the degradation process
nor sample PL stability under lower excitation photon flux.

Recently, it was demonstrated that hydrogen substitution with alkyl chains is much
more effective when the silicon nanocrystals are in excited state [239,240]. Moreover, the
dependence of the reaction efficiency on the silicon nanocrystal size has been observed, with
smaller nanocrystals being more prone to hydrogen substitution [241].

Therefore, the possible scenario behind the PL intensity loss could be the following:
when the multi-exciton regime is achieved, activation energy for hydrogen surface bond
dissociation may be lowered, making it more susceptible to UV induced dissociation [240].

Once the excitation photon flux threshold is reached (strong multi-exciton regime)
hydrogen bonds easily dissociate and silicon dangling bonds reactivate again. Silicon
dangling bond presence leads to a strong perturbation of nanocrystal excited state and
exciton localization on it, quenching the emission. In embedded samples (as used in this
study), no further passivation is possible due to oxidation [237] or Si-C bond creation [239]
and PL intensity loss is permanent.

Obviously, as the PL persist even after the degradation occurred, only a fraction of Si-
nc i1s influenced, as well as only the fraction of nanocrystals is effectively hydrogen
passivated. Thus, the PL intensity loss mechanism proposed is identical to excited state
hydrosilylation, just dissociation occurs not because of carbon atom binding on the hydrogen
bond when the nanocrystal is in excited state, but due to absorption of an additional UV
photon, explaining the high photon flux needed and threshold like behavior.

If this is the case, Si-nc size dependence of the dissociation should be maintained as
in the case of the hydrosilylation, with small Si-nc being more prone to reaction [241]. In the
case of the zero-phonon emission influenced by QCE, emission from the smaller Si-nc is
dominating the red side of the zero-phonon band. Any deactivation of the smaller Si-nc,
would lead to PL intensity loss of zero-phonon band and its apparent blue shift as actually
observed (see Figure 21b). Once activated, silicon dangling bonds would influence as well the
phonon-assisted band, causing its intensity loss and red shift (as contribution of smaller Si-nc
is decreased) (see Figure 21). Moreover, as the number of the smaller Si-nc contributing to
PL emission is decreasing, size dispersion of emitting Si-nc should get narrower as well,
leading to a narrowing of the both PL bands as observed (see Figure 20b and Figure 21).

Clearly, to confirm proposed mechanism of the PL intensity loss further experiments
are needed, and previous discussion should be considered only as a tentative description of
the phenomenon. The main goal of this work is the study of the zero-phonon emission and not
the mechanisms behind its intensity loss, although the understanding of the physics behind
would be most certainly beneficial in a view of material optimization. For the moment, the
knowledge of the experimental conditions under which the sample degradation is avoided
and zero-phonon emission is visible, is sufficient.
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Regardless, of the exact mechanism of PL intensity loss origin, this imposes a limit on
the study of the zero-phonon emission and stimulated emission in the bulk samples. It still
remains unclear to what degree stimulated emission of the zero-phonon transition is present
in the samples, as no lifetime shortening nor super-linear behavior was observed. Blue shift
under intense excitation has been explained in the frame of surface state activation and not
stimulated emission.

In order to get additional information on the possible presence of the stimulated
emission in the samples under the study, more elaborated experimental techniques are
needed.

2.4.  Introduction to whispering-gallery-modes
resonators

2.4.1. Gain measurements techniques

In comparison to the case of compound semiconductor quantum dots, where there is
clear and unequivocal observations of stimulated emission (marked for example, by a sudden
super-linear increase of PL intensity with pumping power in a narrow wavelength range), in
the case of silicon nanocrystals, the signatures of stimulated emission have been extracted
from fairly elaborate and complicated experiments [49], and the results have shown
significant specimen-to-specimen variation [180,242].

In all of these reports [49,50,180,184,229], the optical gain has been measured using
techniques that exploit the light amplification due to single passage of light in gain medium,
examples being: pump & probe technique [243] and Variable Stripe Length (VSL) [244] in
which case spontaneous emission acts as a probe signal. Unfortunately, these gain analyzing
techniques are easily susceptible to experimental artifacts if the optical gain values are low,
and special care is needed in the data interpretation [236,245].

Additionally, a special care is needed even when considering simple PL coming from
the bulk samples, as it was demonstrated that under certain experimental conditions PL
intensity may show super-linear increase with the pump power, even in the absence of
stimulated emission [235,246].

The most certain way to demonstrate the stimulated emission is to make a laser. To
that end, an optical cavity is needed. Even if the threshold conditions for laser action are not
reached, optical cavities will allow detecting even small changes in the emission properties,
providing with valuable insight on the processes influencing PL emission.

In this chapter, usual gain measurements techniques represented by pump-&probe or
VSL have been replaced by a different experimental approach. In particular, an optical cavity
was used for the study of the zero-phonon PL. The PL emission has been studied in the
conditions where the enhancement of the stimulated emission is expected, and where positive
feedback needed for the laser oscillations to occur, could be provided.

Note that the samples with nominally the same silicon excess and, consequently,
equal Si-nc distribution (size, density) will be used in this work.
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2.4.2. Whispering-gallery modes resonators

The simplest light confining system is an optical resonator or optical micro-cavity.
Optical micro-cavities confine light to small volumes by its resonant recirculation. As the
circulation path is finite, after a single pass light will interfere with itself and, if the
interference is constructive, a resonant cavity mode will be formed. An ideal cavity would
confine light indefinitely (that is, without loss) and would have well defined resonant
modes [247].

Deviation from this ideal condition is described by the cavity quality factor (Q factor)
which is proportional to the confinement time in units of the optical period or, as well, it can
be thought as a number of passages that light makes inside of the optical resonator before
being lost. If the resonator is made out of gain providing material, the increased number of
passages will increase drastically the sensibility with respect to single-pass gain
measurements techniques [247].

In this work, a particular class of optical resonators is used, constituted of spherical
dielectric structures, where optical rays are totally internally reflected by the surface itself.
The circular optical modes in such resonators, frequently dubbed as whispering-gallery
modes (WGMs), can be understood as closed circular beams supported by total internal
reflections from boundaries of the resonators [248]. The peculiar name of such structures
derives from the analysis of echoes effects of acoustic waves in the dome of St. Paul cathedral
(London) by Lord Rayleigh, at the beginning of last century [249].

When the reflecting boundary has high index contrast, and radius of curvature
exceeds several wavelengths, the radiative losses, similar to bending losses of a waveguide,
become very small, and the quality factor @ becomes limited only by the material attenuation
and by the scattering caused by geometrical imperfections (for example, surface
roughness) [248].

Another, important property of the WGM resonators is that the frequency spacing of
adjacent resonant modes (free spectral range - FSR) as well as their position, is a function of
a size, with increased spacing for the smaller resonators. Obviously, as the size of the micro-
resonator decreases, confinement is lost and quality factor decreases as well [247,248].

Whispering gallery mode (WGM) resonators have raised a lot of interest mainly due
to the easiness of fabrication, which relaxes the ultra-high resolution process needed to create
for example photonic crystal cavities with similar properties [250,251]. Fabrication
restrictions are particularly relaxed in the case of planar WGM resonators (micro-rings and
micro-disks) which can be micro-fabricated onto wafer substrates using conventional
integrated-circuit deposition and etching techniques, assuring circuit integration and cost-
effective mass-manufacturing [252,253].

This is the reason why the planar WGM resonators have been widely used for
characterization of Si-nc ensembles by probing their non-linear properties [231], loss-
mechanisms [187], inter-nanocrystal transport [171], and emission linewidth [114] among
others.

However, until now planar WGM resonators haven’t been used for a study of the
ultrafast PL dynamics in Si-nc ensemble. The second part of this chapter will concern with
detailed characterization of active micro-disc resonators. Before passing to the time-resolved

58



measurements under high excitation photon flux conditions, the influence of the optical
cavity on light emitting properties of Si-nc ensemble under CW excitation will be established.

Finally, the properties of zero-phonon emission from cavity embedded silicon
nanocrystals will be addressed.

2.5. Active micro-disk production

The micro-disk resonators have been made by etching thin SRO films (more details on
the exact procedure can be found in the section I of Appendix to Chapter 2). Produced micro-
disk resonators consist of the SRO disk that lays on a silicon pedestal in order to separate it
from the silicon substrate (see Figure 22b).

Figure 22 — (a) Microscope image of the field of micro-disks with diameter of 7 um
under 10x magnification. The field of micro-disk resonators consists of a square
matrix with 10 micro-disks in every column and row. The distance between
neighboring discs is approximately 50 um. (Inset): Top microscope image of a single
micro-disk resonator under 100x magnification. The red inner circle is the silicon
pedestal visible trough the transparent SRO layer. (b) SEM image of the micro-disk
resonators.

Freestanding geometry in which the micro-disk resonator is separated from silicon
substrate and suspended in air is of crucial importance in order to achieve a good
confinement in silicon-rich oxide material (refractive index of silicon rich oxide varies
between values of 1.5 and 1.8 depending on the exact silicon excess and wavelength).

Of equal importance is to create a micrometric size separation between the resonator
and the silicon substrate, otherwise the light will tend to leak towards the substrate
jeopardizing the functionality of the optical resonator.

The micro-disk resonators are arranged in a square matrix (see Figure 22a) with 10
micro-disks in every column and row. The distance between neighboring micro-discs is
approximately 50 um.

When a large number of resonators are excited simultaneously through a large
excitation spot over the micro-disk array, the observed WGM resonant spectrum is
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Figure 23 — Distribution of electric field modulus for the 15t radial TE family in the
micro-disk resonators of: (a) 4 um diameter and (b) 10 um diameter. Electric field
distributions have been obtained by commercial FEM solver in 2D. For the micro-
disks material real refractive index of n = 1.69 was used while imaginary part of
refractive index was set to zero (transparent material). The air was used as a
surrounding ambient with the real part of refractive index set to n = 1. The
Imaginary part of refractive Index was again set to zero. Micro-disk surface was
modeled as perfectly smooth (no scattering contribution was considered). Silicon
pedestal was not accounted for.

characterized with a low quality factors [254]. These are attributed to an inhomogeneous
broadening of peaks due to the slight dispersion of micro-disk diameters within the excited
area [230].

However, even when the excitation spot is well focused on a single micro-disk
resonator, under high excitation conditions, the same inhomogeneous broadening may appear
in a closely spaced micro-disk resonators. The reason is that under high excitation conditions,
the nearby micro-disks are excited as well by scattered excitation light. Their PL signal will
be detected trough the collection optics as the field of view of the collection optics is usually
wider than excitation spot itself.

Closely packed samples consisting of a square matrix of 100 by 100 micro-disks (see
Figure 22b) were studied as well. However, due to the presence of inhomogeneous broadening
and the thermal interpretation of experimental data became increasingly difficult. This
approach has been abandoned, and low-density samples have been employed instead.

Therefore, in this chapter only the results obtained on the low-density (in terms of
micro-disks spacing) samples will be reported.

In Figure 23 the electric field distributions for two micro-disk resonators of different
sizes are reported. It can be observed that the electric field outside of the micro-disk is
decreasing with increased size, diminishing the radiative losses and, hence, making the light
detection more difficult in agreement with what recently experimentally observed [255]. This
1s also reflected in the higher Q values from the bigger resonators.
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For this study micro-disks of 7 um of diameter were chosen. Micro-disk resonators of
this diameter show quality factors high enough (~103) to boost PL emission with still
sufficient radiative losses for easy detection. This choice was done having in mind, the
phonon-assisted part of PL emission (centered at 800 nm) which can be easily observed under
the CW excitation. Thus, quality of fabrication process and the overall quality of the optical
cavity can be easily established.

However, the chosen size of the micro-disc resonator might not be the most
appropriate for the observation of the zero-phonon emission which in present case is situated
around 600 nm (silicon nanocrystals with an average size of 3.5 nm and slow emission band
situated around 800 nm [200], see also Figure 20b).

Radiative losses of the micro-disk resonator show strong dependence on both micro-
disk size and emission wavelength [255]. For a given size, radiative losses are expected to
decrease rapidly going towards shorter emission wavelengths. This may limit the observation
of the WGM resonant spectrum shadowed by the uncoupled fraction of emitted light.

There are other disadvantages of the large resonators with a stronger confinement for
the particular experimental scheme used, the far field detection. One of those is the free
spectral range (FSR) which is a spectral separation between different resonant WGM modes.

The FSR should be large enough to distinguish different resonant modes even under
conditions where only modest spectral resolution of the setup is at disposition. This is
important in order to increase the overall sensibility of the detection instruments as the
emission intensities are very low.

2.6. Continuous-wave photoluminescence
measurements of active micro-disk resonators

2.6.1. Top excitation - top collection configuration

When active micro-disk resonators are being produced, silicon-rich oxide film passes
through additional processing steps with respect to thin SRO films (see section I of Appendix
to Chapter 2). It is possible, although unlikely, that some of these additional processing steps
might influence the light-emitting properties of the used active material.

Therefore, a series of measurements is performed, in order to check, the good quality
of the produced optical resonators. CW PL measurements have been done in the top
excitation — top collection configuration (see Figure 24) exploiting the experimental setup
described in section III of Appendix to Chapter 2).

Top excitation — top collection configuration is used because it mimics the emission
conditions of un-patterned thin films. As pointed out previously, micro-disc resonators are
planar optical cavities confining light only in two dimensions (horizontal plain). Thus, the
light emitted in vertical direction is representative of the active materials and should be the
same as in un-patterned film. By characterizing the PL properties of the vertically emitted
light coming from the micro-disc resonator, it can be established if the additional processing
steps have influenced the active material.
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Figure 24 — Scheme of the top excitation — top collection configuration for the CW u-
PL measurements on the active micro-disc resonators. The single active micro-disc
Is excited vertically by a laser beam and the PL signal is collected in backscattering.
Afterwards, the PL signal is separated from the excitation beam with a dichroic
mirror and directed towards the detection instruments.

With the experimental setup described in section III of Appendix to Chapter 2, it was
possible to characterize not only, the different single micro-disks across the sample, but as
well the different regions of the same micro-disk (see Figure 25). In this way the uniformity
of the active material could be checked.

In the Figure 25 the characterization for a single micro-disk resonator in the top
excitation-top collection configuration on different regions is reported. In particular, it was
monitored the PL intensity dependence and PL band peak shift on the excitation photon flux
(see Figure 25 and Figure 26).

In Figure 25 the PL intensity dependence on the excitation photon flux is reported.
The experimental data are fitted accurately with the allometric function showing no signs of
PL saturation [117,215]. The values of the power law coefficient obtained on the different
parts of the micro-disk resonator are quite similar (Spot 1 —b =0.45 £ 0.01, Spot 2 —b = 0.46
+ 0.01, Spot 3 —b = 0.43 + 0.01, see Figure 25) and comparable with that obtained on thin
SRO films before micro-disk definition (see Figure 17).

Moreover, the PL band peak position shifts in the approximately same manner in all
three cases (see Figure 26). The values of these shifts are very similar in magnitude to thin
SRO films under same conditions (see Figure 17). Therefore, it can be concluded that the
additional steps needed to produce active micro-disk resonators, do not impact negatively on
the PL properties of the active material. The only difference with respect to thin films is due
to the presence of optical cavity.

It should be noted, that WGM’s could be observed in this configuration too. Although
they are weak due to a very high background of un-coupled light (see Figure 26). The
resonant modes were less pronounced in the case of larger resonators in agreement with
what discussed in section 2.5 (not shown). As the coupled light tends to escape the resonator
in the horizontal plain [232], the only way to observe the resonant modes in vertical plain is
due to the scattering from the surface roughness on the edge of the optical resonator.
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Figure 25 — (a-¢) Microscope images of the laser excitation spot at different regions
of the same micro-disk resonator. (d-f) PL intensity dependence on the excitation
photon flux (spheres of the corresponding color). Panel (d) corresponds to Spot 1,
panel (e) to Spot 2 and panel (f) to Spot 3. Solid lines of corresponding color are the
best fits with allometric function giving power law coefficients b = 0.45 + 0.01 (Spot
1), b = 0.46 + 0.01 (Spot 2) and b = 0.43 + 0.01 (Spot 3). (Insets): Log-log plots of
panel (d-f). Excitation wavelength used was Adexe = 532 nm and excitation photon flux
was varied from value of @ = 1.14 x 1078 ph. *em=2%*s1 to @ = 1.8 x 10?2 ph. *cm2%s71,

Scattering contribution 1is a very strong function of the emission
wavelength [122,123,127] (see as well Figure 5). Hence, a very strong spectral dependence of
the values of the quality factors is expected (when measuring in a different experimental
configuration described in the next section). As it will be shown in the next section, this is not
the case meaning that scattering is not a dominant loss mechanism in the optical resonator.
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Figure 26 - Semi-log plot of the PL band peak position shift with the excitation
photon flux, for different position of the laser excitation spot on the same micro-disc
resonator (black spheres for Spot 1 in Figure 25 , red spheres for Spot 2 in Figure
25, blue spheres for Spot 3 in Figure 25). In all three cases, PL band is shifting
towards the shorter wavelengths with increased excitation photon flux. The
excitation photon flux was varied from @ = 1.14 x 1018 ph. *ecm~2%s! to @ = 1.3 x 10?2
ph.*em?*s? and the excitation wavelength was dexe = 532 nm. (Inset): PL spectrum
of active micro-disc resonator of 7 um obtained perpendicularly to the micro-disc
plane. Small whispering-gallery modes features could be observed on the high
background coming from the un-coupled light.

Nevertheless, scattering contribution which can be tentatively defined as a fraction of
PL intensity in the resonant mode with respect to the uncoupled background (Purcell effect
has been disregarded in this crude estimate [114]) should be more pronounced on the blue
side when collecting PL signal perpendicularly to the micro-disk surface. As it can be seen in
Figure 26 this is not the case neither. This means that there is an additional physical
mechanism compensating for the increased scattering with decreased emission wavelength.

In the present case, this is most likely to be a decrease in the overlap between the
resonant mode and the resonator edge surface with shorter emission wavelength. Or in other

words, reduced radiative bending losses of the optical resonator for the emission wavelengths
on the blue side of the PL band [255].

2.6.2. Top excitation - edge collection configuration

Once the micro-disk resonators are produced and the quality of the active material has been
checked, the influence of the cavity on the optical properties of silicon nanocrystal ensemble
has to be established. It is also desirable to determine the optimum experimental conditions
for observation of whispering-gallery modes prior to the time-resolved measurements and
zero-phonon emission observation.

When dealing with the time resolved measurements the PL signal acquired is
usually significantly lower than in the case of continuous-wave measurements. Thus, firstly
active micro-disks resonators have been characterized with CW PL measurements. To that
end a different experimental configuration has been used.
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Figure 27 - Scheme of the top excitation — edge collection configuration for the CW
u-PL measurements on the active micro-disc resonators. The same configuration was
also used for TR PL u-PL measurements. The single active micro-disc is excited
vertically by a laser beam and the PL signal is collected in the horizontal plane
through the collection objective and directed towards the detecting instrument.

The micro-disk resonators are planar cavities, exhibiting the light confinement only
in the horizontal plain. In order, to study the effect of the cavity, emitted light has to be
collected in the same plane [232]. To that purpose another configuration for p-PL
measurements has to be used. Scheme of this new configuration is reported in the Figure 27
(for more details on experimental setup used and experimental conditions see section V of
Appendix to Chapter 2).

In this configuration, PL is excited perpendicularly as in previous case (see section
2.6.1 of Chapter 2), while the PL signal is collected in the horizontal plane with another
objective (see Figure 27). Confined light will tend to escape the resonator in the horizontal
plain and radiative loss will be collected with far field detection. Obviously, the overall
sensitivity of detection will be a strong function of the radiative losses of the micro-disk
resonator.

The degree of the light confinement and consequent optical losses will depend also on
the polarization of the emitted light. This is well represented in Figure 28 where the PL
spectra with different polarization filtering are reported. It can be seen, that in all three
cases of polarization filtering (Un-polarized, TE or TM polarization) the effect of the optical
cavity is visible through the creation of narrow emission peaks in the PL spectrum.

The TM modes for these dimensions of the micro-disk resonator (7 pm diameter, 200
nm of thickness) are weakly supported. In fact, the PL spectra show small, broad
modulations on the un-coupled background which correspond to one weakly coupled radial
family (Figure 28b). Most of the light observed in TM polarization is uncoupled, and acts as
an effective background hindering the clear observation of the cavity peaks (Figure 28a). On
the other hand, in TE polarization the effect of the optical cavity is more clearly pronounced.
The cavity peaks are well visible while the background level of uncoupled light is fairly low.
Thus, for closer inspection of the cavity effects, the study in the TE polarization is more
convenient as the cavity peaks are well pronounced and the level of un-coupled background
light is lower for un-polarized and TM polarized detection.
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Figure 28 — PL spectra of the micro-disk resonators of 7 um of diameter (a)
unpolarized (black solid line) (b) in TM polarization (red solid line) (¢) and in TE
polarization (blue solid line). Excitation wavelength was Aexe = 632 nm with the
excitation photon flux @ = 1.5 x 10?1 ph. *cm2%*s1.

In the TE polarization, the different peaks are fairly separated allowing for their easy
identification. In fact, by closer observation of Figure 28c contribution from the two different
TE radial families could be observed. In Figure 29 the distributions of electric field modulus
for these two radial TE families are reported. It can be seen that the electric field
distributions are quite different as well as the radiative losses, explaining for the differences
in the mode intensity observed in PL spectrum.

By comparing the experimental data with the simulations, it is possible to identify
the observed peaks in PL spectrum with the corresponding TE radial family. Moreover, it is
possible to identify azimuthal mode number for the different modes of the same radial family
as shown in Figure 30. It can be seen that the 1st TE radial family is more pronounced in the
PL spectrum at least on the red side of the PL spectrum QA > 750 nm, see Figure 30))
suffering higher radiative bending losses (Figure 29), with visible whispering-gallery modes
having the azimuthal number between 28 and 38 (see Figure 30).

In the Figure 31 the quality factor as experimentally measured for the first two TE
radial families are reported. The quality factors determined experimentally in the far-field
detection, as the one used in this study, are representative of the intrinsic quality factors of
the optical cavity [255].
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Figure 29 — Distribution of the electric field modulus for the (a) 15t and the (b) 27d
TE radial family in the micro-disk resonators of 7 um diameter. FElectric field
distributions have been obtained by commercial FEM solver in 2D. For the micro-
disks material real refractive index of n = 1.69 was used while imaginary part of
refractive index was set to zero (transparent material). The air was used as a
surrounding ambient with the real part of refractive index set to n = 1. The

Imaginary part of refractive Index was again set to zero. Micro-disk surface was

modeled as perfectly smooth (no scattering contribution was considered). Silicon
pedestal was not accounted for.

While the intrinsic quality factor depends on the sum of the all loss
contributions [232], resonant mode visibility in the far-field is mainly given by the radiative
bending losses [255]. Additional factors that influence the visibility of the WGM’s are
material absorption and scattering [232,256]. As discussed in section 2.6.1, scattering seems
not to be the dominant loss contribution and will not be considered further.

PL intensityla.u]

Wavelength [nm]

Figure 30 — PL spectrum of the active micro-disk with a 7 ym of diameter in TE

polarization. The azimuthal mode numbers of the 1st radial TE family are

associated with the corresponding peaks in PL spectrum. Excitation wavelength was
Aexe = 6532 nm with the excitation photon flux @ = 1.5 x 10?1 ph. *em-2%s71,
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Figure 31 — (a) PL spectrum of the micro-disk with 7 um diameter obtained in TE
polarization (blue solid line). Excitation wavelength was Aexe = 632 nm with the
excitation photon flux @ = 1.5 x 10?1 ph.*cm2*s1. Quality factors for the two
different TE radial families are shown (black spheres for the It radial family and
red spheres for the 204 radial family). (b) One of the whispering-gallery modes of the
15t TE radial family observed in PL (black spheres) and its fit by Lorentzian function
(red solid line) yielding a quality factor of approximately @=1800.

As can be seen in the Figure 31a, the quality factor of the resonant modes of the
second radial TE family are increasing continuously from the quality factors values of
approximately Q = 300 to the values of Q = 800 towards the shorter wavelengths A < 750
nm). From the monotonous increase of the quality factor at shorter emission wavelengths, it
can be concluded that the dominant optical losses for the second TE radial family in the
spectral region considered (700 — 900 nm) are radiative loss.

Together with the increase of the quality factors, there is as well clear loss of visibility
for the whispering gallery modes belonging to the 2vd radial TE family. If the material
absorption is responsible for the loss of visibility of WGM’s, resonance would get broader and
the quality factors would decrease along with resonant modes visibility. As this is not the
case, it could be concluded that the lower visibility is a consequence of the lower radiative
losses. When the radiative losses become small, it becomes extremely difficult to distinguish
the resonant modes from the un-coupled PL background [255].

On the other hand, the first TE radial family shows much higher values of the quality
factor (Q ~ 103) and more complex spectral dependence (see Figure 81a). Lower values of the
quality factors on the red side of the PL band could be attributed to the lower confinement
and higher radiative losses [230], similar to the case of the second TE radial family. The
small decline in the quality factor value, on the far blue side is most probably due to the onset
of the material absorption [232].

The material losses due to self-absorption will increase significantly for emission
wavelengths below the band-gap of silicon nanocrystals [232]. The band-gap value for silicon
nanocrystals depends on their sizes [38]. An average value of the band-gap in the silicon rich
oxide material can be matched roughly with its PL: band peak position, corresponding to ~1.5
eV for the present samples.

The highest values of the quality factor for the 1st radial TE family were measured
around the wavelength of A = 850 nm (see Figure 31). A Q = 1800 was achieved (see Figure
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31b). In order to investigate the origin of the dominant optical loss for this radial TE family,
PL spectrum of the same resonant mode was acquired with decreased excitation photon flux.
By lowering the excitation photon flux by 2 orders of magnitude, quality factor of same
resonant mode increased to @ = 2000. This implies that the maximum quality factors of the
1st radial TE family are limited by free (confined) carrier absorption present at the high
excitation photon flux used (see Figure 31) [187,230,231].

This is valid for the resonant peaks in the central region of the considered emission
wavelengths. The situation changes for shorter/longer wavelengths as discussed previously.
Free (confined) carrier absorption losses are not expected to vary drastically in the spectral
range considered, explaining the weak spectral dependence of the quality factors for thelst
radial TE family [230].

Even though, the quality factor measured are found to be larger than @ = 1400 in a
broad wavelength range, whispering-gallery modes are almost invisible for wavelengths
lower than 700 nm (see Figure 31a). This is attributed to the combinations of lower radiative
and higher absorption losses for the emission wavelengths lower than 700 nm [255].

From the CW PL analysis presented, it can be deduced a high overall quality of the
produced micro-disk optical cavities.

2.7.  Time resolved photoluminescence measurements
of active micro-disk resonators

2.7.1. Low repetition rate excitation

Time resolved photoluminescence measurements of the active micro-disk resonators
were performed using the setup described in section V of the Appendix to Chapter 2. In this
section the measurements using low repetition rate laser will be presented. For more details
on the experimental conditions see section V of Appendix to Chapter 2.

TR PL measurements with the low repetition rate excitation are very challenging.
The PL signal coming from the active micro-disk is extremely weak due to a very low volume
of the excited active material (~1 pm?, while the low repetition rate translates in
unreasonably long integration times needed for the PL signal observation. This is a reason
why the spectral resolution of the setup was sacrificed, in order to increase overall detection
sensibility. PL signal was not even filtered in polarization, to reduce the absorption losses on
the polarizer. All this results in higher background and less pronounced cavity peaks respect

to the case of CW excitation. The results of these measurements are summarized in Figure
32.

The left top panel (a) reports the 2D wavelength - time PL map acquired under CW
excitation with the same experimental conditions used for the subsequent time resolved
measurements. Spectral region of the mutual overlap between the phonon-assisted and zero-
phonon PL band was chosen (650 - 900 nm). This is also a spectral region where optical gain
has been reported [50,177,180]. In the case of stimulated emission coming from the core
states of silicon nanocrystals, the red-shift of the gain band respect to the spectral position of
the zero-phonon one was observed [229].
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Figure 32 — (a-¢) 2D wavelength - time PL maps with (d-f) corresponding time-
Integrated profiles of the cavity embedded silicon nanocrystals on different time-
scales and different excitation conditions. The spectral region of the mutual overlap
between the phonon-assisted and zero-phonon PL band was chosen (650 - 900 nm).
Top panels (a, d) have been obtained by CW excitation at Aexe = 532nm with an
excitation photon flux @ = 1.5 x 10?1 ph. *cmZ2*s1 while the others have been done
with the low repetition rate (10 HZ) pulsed UV excitation at 355 nm (6 ns long
pulses) and excitation photon flux @ = 1.78 x 10?6 ph.*cm?2*s'!. Red lines (d-f) are
time-integrated profiles on which high frequency filter has been applied in order to
remove white noise and put in evidence low frequency modulation due to
whispering-gallery modes. Vertical black dashed lines indicate the position of the
whispering-gallery modes under pulsed excitation.

In the panel (d) is reported the PL spectrum obtained by integrating in time, the PL
map reported in the panel (a). It can be noted that under the experimental conditions used,
whispering gallery modes are less pronounced and the background from the un-coupled light
is much higher. This is a consequence of the lower spectral resolution used and the fact that
the PL signal was not filtered in polarization (see also Figure 28).

As well, due to a lower spectral resolution the resonant modes appear broader.
Moreover, the modes coming from the two radial TE families cannot be distinguished and
they emerge as single peaks causing additional broadening of the peaks.

From the panel (d), it can be observed that the whispering-gallery modes on the blue
side of the PL band are disappearing due to combined effect of smaller radiative losses and
increased material losses [232,255], as discussed in section 2.6.2. In addition, resonant modes
under CW excitation are red shifted with respect to their position under pulsed excitation due
to thermal effects [187,231].
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In the middle panel (b) of Figure 32 is presented the 2D wavelength - time PL map
acquired under pulsed excitation. In panel (e) is reported its time-integrated profile. The
time-window used for these TR PL measurements spans 500 ps, with 100 ps prior to laser
pulse arrival and 400 ps afterwards. The PL in pulsed conditions resembles closely the one
obtained under CW excitation, a part from the thermal shift induced by CW excitation.

It should be noted that an extremely high excitation photon fluxes have been used
(see Figure 32) in order to detect PL signal, well beyond the damage threshold established in
section 2.3.2 of Chapter 2. This was possible as the degradation process was significantly
slower due to the low repetition rate of the excitation used. The data presented here are
obtained when no visible degradation of micro-disk’s PL properties could be observed.

The bottom panel (¢) represents the 2D wavelength - time PL map obtained under the
same excitation conditions as in panel (b), only the detection time window was decreased
down to 100 ns, with 20 ns prior to laser pulse arrival. In the panel (f) it is reported time-
integrated profile of the 2D map of the panel (c). Already from the panel (c) becomes clear
that zero-phonon band is completely dominating in the PL signal at this time-scale.

In fact, the PL band completely changes the slope (panel (f)). The zero-phonon band is
more evident for low excitation rate since the sample relaxes completely between the
subsequent laser pulses. That means that there is no slow band that can acts as PL
background, allowing for the observation of the zero-phonon emission even when the PL
signal is extremely low.

Unfortunately, the PL signal remains very low even under long integration time (~ 7
h) allowing only for qualitative considerations. Nevertheless, some basic conclusions can be
drawn. After the filtering of the fast frequency noise in PL spectrum, slow modulations due to
whispering-gallery modes can be seen. The modulations are indeed due to WGM’s as it was
established by their comparison with other two PL spectra (panel (d,e)).

Interestingly, the WGM’s seem to be visible even in the spectral region where
otherwise they cannot be seen. As discussed previously, WGM’s are not clearly visible on the
blue side (< 750 nm) due to the combination of the low radiative losses and increased
absorption related material losses [255]. Thus, their presence, even though small, becomes
intriguing.

There are two physical mechanisms that can influence the visibility of WGM’s. The
radiative losses can be changed for a fixed resonator size and emission wavelength, only if the
refractive index of the material is changed. The only mechanism that can change the
refractive index on the time-scale in question is free (confined) carrier [231].

However, free carrier absortpion would induce a blue shift of all resonant modes
which is not observed [231]. Alternative explanation would be that the material losses of the
material have changed. There two types of power dependent losses expected at high
excitation photon fluxes. One is a free (confined) carrier absorption which is directly
proportional to the excited state population [187] which has its maximum immediately after
laser pulse arrival and thus can be safely discarded. The second is the absorption loss
bleaching due to presence of the stimulated emission in agreement with our expectations.

From the data reported it seems that there is a partial bleaching of the optical losses
that could be related to stimulated emission in the zero-phonon emission band. Nevertheless,
it is very difficult to say anything more from the experimental data acquired due to a very
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low PL signal. To confirm the presence of the stimulated emission and quantify the amount of
optical loss bleaching, additional experiments are needed. Evidently, in order to get more
reliable data, experimental conditions have to be changed.

2.7.2. High repetition rate excitation

As previously shown on the thin SRO films, the zero-phonon emission is easier to
observe under the high repetition rate excitation, even though the PL background becomes
higher as well. In these conditions, contribution from phonon-assisted PL band is impossible
to avoid and high excitation photon flux has to be employed in order to enhance the visibility
of the fast PL band. Moreover, the zero-phonon PL band is not observable until the multi-
exciton regime is reached [200].
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Figure 33 — Normalized time-integrated PL spectrum of a single active micro-disk
resonator of 7 um diameter under quasi-CW excitation (2 ps pulse duration, 82 MHz
repetition rate, lexe = 385 nm) with the excitation photon flux of approximately @ =
1.9 x 10?5 ph.*cm2%*s1, Both PL bands, slow and fast can be clearly observed,
together with the modulation due to whispering-gallery modes. (Inset) The time
trace of the zero-phonon PL band showing the multi-exponential nature of the PL
decay. PL decay characteristics are the same as observed for the thin films. The
time trace was obtained at 580 nm with a spectral window of 90 nm. Quasi-CW
excitation was used with the excitation photon flux of @ = 1.9 x 10?° ph. *cm2%s1,
The time decay didn’t show any kind of variation with the excitation photon flux In
the range of excitation photon fluxes considered (see Figure 35).

In the Figure 33, time integrated PL spectrum of a single micro-disc resonator under
quasi-CW excitation is reported. Both PL bands, phonon-assisted and zero-phonon, can be
clearly seen. Under these excitation conditions, the zero-phonon PL band accounts for 10 % of
the total emitted light. That is two orders of magnitude higher than the best result previously
reported (~ 0.1 %) [200]. The possibility to observe the zero-phonon emission in the time-
integrated spectrum with the contribution significant as this is attributed to a specific
excitation conditions and good quality of samples used in this study. WGM’s are very well
pronounced across the whole phonon-assisted band and they can be observed as well on the
red side of the zero-phonon band although with smaller visibility (see Figure 33).
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Figure 834 — Normalized PL spectra for the two different excitation photon fluxes (a)
@ = 1.5 x 10?* ph.*cm?*s? and (b) @ = 4.9 x 10?° ph.*cm?*sof the single active
micro-disk resonator with the 7 um diameter. PL spectra are obtained by integrating
in time over 1 ns after the laser pulse arrival Quasi-CW excitation (2 ps pulse
duration, 82 MHz repetition rate, Adexe = 3856 nm) was used. Excitation photon flux
value in panel (a) is too low for the observation of a zero-phonon emission. (Inset)
Part of the PL spectrum on the red side of the zero-phonon emission band.
Modulations in PL spectrum due to whispering-gallery modes could be observed.

The PL lifetime of the zero-phonon component was studied as well (see Figure 33). In
Figure 33 only the time trace is reported in order to evidence its multi-exponential nature.
The time trace has been obtained in the time window of 1 ns by integrating over the 90 nm
wide spectral window. Due to a low visibility of WGM’s, and consequently their small
contribution to zero-phonon emission, the acquired signal is mostly due to un-coupled light.

Thus it is not surprising that the time decay of the zero-phonon band collected from
the edged of the micro-disk resonator showed the same characteristics (mean decay time,
stretching parameter, spectral dependence) as in case of the thin SRO films (see section 2.3.2
of the Chapter 2). Moreover, analogously to thin SRO films, the time decay didn’t show any
kind of variation with the excitation photon flux in the range of excitation photon fluxes
considered (see also Figure 35).

The zero-phonon PL band is better pronounced if the time window of the 1 ns after
the laser pulse arrival is considered (see Figure 34). In the Figure 34 two PL spectra collected
from the edge of the micro-disk resonator are reported. They differ by the value of the
excitation photon flux used to excite the PL signal. The PL spectrum in the panel (b) of the
Figure 34 was excited with excitation photon flux close to the damage threshold while the PL
spectrum in panel (a) was obtained by exciting with the excitation photon flux approximately
30 times lower.

In this way, the threshold like behavior of the zero-phonon emission could be clearly
seen (see Figure 34). This behavior is attributed to a different power law dependence of the
zero-phonon band on the excitation photon flux respect to excitonic one and its presence in
the multi-exciton regime only.
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Figure 85 — (a) Log-log plot of the PL intensity dependence on the excitation photon
flux of the two PL bands, blue spheres for the zero-phonon emission and red spheres
for the phonon-assisted band. Solid lines of the corresponding colors are the best fits
by allometric function. For the fast PL band power law coefficient found was b =
0.94 + 0.12 while for the slow b = 0.3 + 0.1. For the power law fit of phonon-assisted
band, only the contribution from the un-coupled light was considered. Quasi-CW
excitation (2 ps pulse duration, 82 MHz repetition rate, Adexe = 385 nm) was used.
Excitation photon flux was varied from @ = 2.5 x 10?4 ph. *cm2%s1 to @ = 4.9 x 10?5
ph.*ecm?*s1. (b) Spectral dependence of the power law coefficient for different
whispering-gallery modes. Power law coefficients were obtained by fitting the
experimental data with allometric function. Only PL contribution integrated over 1
ns after the laser pulse arrival was considered. Same excitation conditions and flux
variation were used, as in panel (a). Red solid line indicates the power law
coefficient obtained for the un-coupled fraction of light in the same spectral region
(see panel (a). PL spectrum under the highest excitation photon flux is reported as
well (blue solid line).

Interestingly, the fast PL band seems to be more pronounced than in the case of the
thin film for the similar excitation photon flux (see Figure 84). In addition, a modulation due
to whispering gallery modes could be seen across the fast PL band (see Figure 34) indicating
the possibility of the bleaching of the absorption losses and presence of the stimulated
emission as discussed previously in the case of low repetition excitation (see section 2.7.1 of
Chapter 2).

In order to get more information on the possible presence of the stimulated emission
in zero-phonon band collected from the edge of the active micro-disk resonator, the power
dependence of the both PL bands was studied. Only the contribution of the un-coupled light
was considered for the phonon-assisted band as the whispering-gallery modes were well
pronounced. The results are reported in the Figure 35.

As in case of the thin films, different dependencies of the PL intensity on the
excitation photon fluxes were found for different PL bands. For slow band a value of the
power law coefficient b = 0.3 + 0.1 was found while for the fast PL band power law coefficient
was b = 0.94 + 0.12. Both values are in agreement with what found on thin films or under low
repetition or CW excitation.

Although, observable as the modulations on the zero-emission PL band, whispering-
gallery modes were not visible enough to analyze them quantitatively. Their appearance
seems to be compatible with bleaching of optical losses and presence of stimulated emission,
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although this was reflected neither in the PL intensity dependence on the excitation photon
fluxes nor PL lifetime. However, this is not surprising as both, PL power dependence and the
PL lifetime, when integrated over a wide spectral region as in present case, should be
dominated by un-coupled portion of the emitted light. Therefore, the values similar to un-
patterned film should be found, as actually observed.

Thin films have been already characterized previously without a clear proof of
stimulated emission presence in zero-phonon band. Increased sensibility to its presence was
expected for whispering-gallery modes but their low visibility impedes any quantification.
Thus, measurements are inconclusive again. As a main obstacle to the observation of the
WGM’s, low radiative losses at short wavelength of the chosen micro-disk resonator are
proposed [255].

Visibility of the WGM’s in the spectral region of interest (600 - 650 nm) seems to be
limited by both material absorption losses and low radiative losses of micro-disk resonator.
However, it the WGM’s visibility was limited only by the material absorption losses, any
bleaching would be clearly visible and stimulated emission presence could be confirmed and
quantified.

Nevertheless, some additional conclusions can be drawn. As it can be observed in
Figure 34b, the zero-phonon PL band is quite broad and its contribution, even small seems to
be present on the longer wavelengths as well. Therefore, the power dependence of the clearly
visible WGM'’s on the longer wavelengths was analyzed and reported in the Figure 35b. With
the spectral resolution used to acquire PL spectra (~1 nm) peaks from the two different TE
families appeared as one, and therefore, they were treated as single peaks in the PL power
law dependency analysis.

At the high excitation condition used, it is expected that the very high values of free
(carrier) absorption will dominate and significantly limit the power law dependence of the
WGM’s even at the lower excitation photon fluxes [187,231]. In fact, from the Figure 35b, it
can be seen that power law dependence of the resonant modes on higher wavelengths is very
low, much lower than the value found for the un-coupled fraction of light, as expected.
However, a very strong spectral dependence of the power law coefficient for different
resonant modes could be observed as well.

Previously (see Figure 19b), it has been demonstrated that the power law dependence
of the phonon-assisted PL band is spectrally flat, thus the strong spectral dependence of the
power law coefficient in Figure 35 has to be a consequence of the presence of the cavity
modes. It was demonstrated as well, that although the quality factors in this spectral region
were limited by free (confined) carrier absorption, their spectral dependence was very weak
as well. If the free (carrier) absorption was the dominant physical mechanism determining
the power law dependence of different resonant peaks, rather flat spectral dependence should
be expected again.

This is not the case and moreover, the values of power law coefficients of WGM’s on
the shorter emission wavelengths exceeds the value found for the uncoupled fraction of light,
which would be impossible in the case of free (confined) carrier absorption limited process.
Thus, the increase of the power law coefficients of whispering-gallery modes towards the
shorter emission wavelengths could be attributed to an efficient coupling of the zero-
phononPL component.
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Although, zero-phonon contribution is expected to be low at emission wavelengths
considered, its presence is clearly detected trough the whispering-gallery modes. This shows
that the increased sensibility to a change in the PL emission properties in ultrafast dynamics
is achieved by using the optical cavity justifying the experimental approach used. However, it
seems that the optical resonator used is unsuitable for the study of emission dynamics at the
wavelengths of interest.

2.8 Conclusions and future perspectives

In this chapter, it was presented a detailed spectroscopic study of the PL dynamics of
the silicon rich oxide thin films produced by PECVD. It was demonstrated the existence of
two PL bands of a different origin. The PL band characterized by slow emission dynamics on
the timescale of ps, was identified as an excitonic band due to indirect band-gap
recombination. The second PL band was characterized with sub-ns dynamics and it was
concluded to be due to the zero-phonon recombination originating from the core-states of
silicon nanocrystals.

This was the first time that this type of emission has been observed in the samples
prepared by CMOS compatible approach. As well, it was the first time this type of emission
was observed in the hydrogen passivated silicon nanocrystals.

The ultrafast dynamics of this PL. band was thoroughly studied in thin SRO films but
no clear evidence of the presence of stimulated emission was found. In order to study further
the properties of a zero-phonon emission an optical p-cavity was used. In particular, micro-
disks resonators were produced and studied. Experimental conditions under which the zero-
phonon band could be clearly observed were individuated, leading to two orders of magnitude
higher visibility of this band, respect the best results ever reported. Moreover, a zero-phonon
PL coupling to the resonant modes of an optical cavity was demonstrated.

Although, the coupling was demonstrated, the visibility of the whispering-gallery
modes in the spectral region of interest where optical gain was expected was low leading to
inconclusive data and qualitative consideration on the presence of stimulated emission in the
samples employed. As a major drawback, obstructing the more quantitative analysis, a poor
performance of the chosen optical resonator was proposed.

From what presented in this chapter, it becomes evident that this is a work in
progress. The first steps have been made by demonstrating the zero-phonon emission and by
individuating the experimental conditions under which zero-phonon emission could be clearly
observed and studied. In addition, the validity of the approach where active optical cavity is
used to probe the ultrafast dynamics has been confirmed.

However, there are as well a few improvements that can be made. First of all, it
would be desirable to confirm undoubtedly, the core states of the silicon nanocrystals as the
origin of the fast PL band. This could be done by performing the same study presented here
on the silicon nanocrystals of different size. Moreover, it would be interesting to see if the
zero-phonon emission could be additionally boosted by using smaller nanocrystals. By using
smaller nanocrystals the zero-phonon emission could be as well additionally red shifted,
bringing it closer to the spectral region where the better performance of used optical
resonator is expected, and decreasing at the same time, the absorption losses of material.

76



Concerning the material properties, the mechanism of photo degradation process
should be confirmed. By studying the un-passivated samples under high excitation photon
fluxes, it can be determined if the hydrogen bond dissociation is the cause of PL intensity
loss. If not, AFM measurements on the thin films should be done to exclude ablation effects.
On the other hand, the excitation by the two photon absorption may decrease the degradation
phenomena and is surely one route to explore.

As for the optical resonators, the design (resonator dimensions) needs to be improved.
The detailed theoretical analysis and modeling are needed to better understand the limiting
factors of the resonators used and improve the future design.

There 1s also an alternative to a far field detection used in this work. Instead of it, an
integrated approach could be used where the vertical coupling with the integrated waveguide
is used to probe emission of the active micro-disk resonator eliminating the problem of the
radiative losses and un-coupled background and thus boosting significantly the sensitivity of
detection instruments.
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Appendix to Chapter 2

I. Samples production

Samples used in this study were produced in FBK clean-room facilities in a standard
CMOS lineb. Thin films were deposited by using a parallel-plate plasma enhanced chemical
vapor deposition (PECVD) technique, on top of crystalline silicon wafers in a mixture of
silane (SiH4, 65 sccm) and nitrous oxide (N20, 973 sccm) gases and at chamber temperature
of 300°C. As-deposited SiOx films are 250-nm-thick. Successively, thin films were annealed
for one hour in a nitrogen atmosphere at 1100°C resulting in the formation of Si-ncs (through
a phase separation process of silicon-rich oxide into Si and Si0O2) embedded in a silica host.
During this thermal treatment the SRO layer shrinks down to 200 nm due to the release of
hydrogen and micro-voids, present in the as-deposited layer. Si-excess and deposition
parameters were chosen in order to yield maximum PL intensity under continuous-wave
excitation [257].

Subsequently, a photo-lithographical patterning of the micro-disk arrays is performed
and followed by dry (anisotropic, SRO disk definition) and selective wet etching (isotropic, Si
pedestal) steps. Finally, the photo-resist is removed in an O2-plasma chamber. By the end of
the described fabrication steps, monolithic Si-nc-based suspended micro-disk resonators are
realized (see Figure 22). Detailed description of the sample fabrication procedure can found
as well in Ref. [230].

II. Continuous-wave photoluminescence characterization of thin films

All PL. measurements were performed at room temperature and corresponding
spectra were corrected for the spectral response of the detection instruments used. CW PL
measurements on thin films were performed in a standard PL configuration with the
excitation incident at 30° respect to direction perpendicular on sample surface, while the
photoluminescence was collected perpendicularly to the sample surface. As an excitation
source two different laser sources were used. For the excitation in UV diode-pumped-solid-
state (DPSS) laser emitting at 355 nm was used while for the excitation in visible, another
DPSS laser emitting at 532 nm was needed. Spot diameter in both cases was around 500 pm.
Detection consisted of visible PMT coupled to SOPRA double monocromator with a maximum
spectral resolution of 0.2 nm (spectral resolution of 1 nm was used for experiments in this
chapter). The laser power was determined using an Ophir power meter calibrated at 365 nm
or 514 nm respectively.

III. Continuous-wave u-PL measurements in top excitation-top collection
configuration

For the CW u-PL measurements on thin films or p-discs resonators in top excitation-
top collection configuration a LabRAM Aramis p-Raman system was used (see Figure 36),
consisting of Zeiss confocal microscope coupled with a 460mm-focal length spectrograph and
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air-cooled visible CCD from Andor. As an excitation source DPSS laser emitting at 532 nm
was used. Spectral resolution was set to 0.2 nm for the experiments in this chapter. Typical
spot size was 2 pm with 100x objective (see Figure 36). Focal depth was set to 2 pm.
Microscope images of the samples were acquired using the same setup.

Figure 36 — (a) LabRAM Aramis u-Raman system. (b) DPSS laser (532 nm) spot
under 100x objective.

IV. Time resolved PL. measurements on thin films

Time resolved photoluminescence (TR-PL) measurements on thin films were
performed using as an excitation source the third harmonic (355 nm, 6 ns pulse width, 10 Hz
repetition rate) of a Neodymium doped yttrium aluminium garnet (Nd:YAG) laser with a
photon flux of approximately 1025 photons slem™2 on the sample. Spot size was approximately
500 pm of diameter. As a detection system, a CCD Streak camera interfaced with a
spectrometer was used. For the measurements in this chapter, 1 nm of spectral resolution
was used while the temporal resolution was set by the particular time window used, being 18
ns or 9 us for the measurements presented in this chapter.

Additional time resolved photoluminescence on thin films were performed using the
pu-PL setup described in section V of Appendix to Chapter 2, in configuration where the
excitation was incoming under 45° and photoluminescence light was as well collected on 45°.
As excitation, a frequency doubled Ti:Saphire laser was used with 2 ps wide pulses and 82
MHz of repetition rate corresponding to a photon flux of approximately 1025 photons slcm™2
on the sample. As a detection system again streak camera was used with spectral resolution
set to 1 nm and temporal to 22 ps. All PL measurements were performed at room
temperature and corresponding spectra were corrected for the spectral response of the
detection instruments used.

V. Continuous-wave and time resolved PL measurements of active micro-
disk resonators in top excitation-edge collection configuration

CW and TR PL measurements on active micro-disk resonators in top excitation-edge
collection configuration were done by using the p-PL experimental setup reported in Figure
37. For the CW PL measurements a DPSS laser emitting at Aexe = 532 nm was used as an
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Figure 37 - u-PL experimental setup used for the CW and TR PL measurements on
the active micro-disk resonators and thin films in top excitation - edge collection
configuration. (a) Global view of u-PL setup. (b) Close view of the sample holder.
FExcitation objective can be seen In front, while collection objective is visible in back.

excitation source. For TR PL measurementsthe third harmonic (355 nm, 6 ns pulse width, 10
Hz repetition rate) of a Neodymium doped yttrium aluminium garnet (Nd:YAG) laser or
frequency doubled (385 nm, 2 ps pulse width, 82 MHz of repetition rate) Ti:Saphire laser was
used instead. Detection consisted always of the CCD Streak camera interfaced with a
spectrometer with minimum values of the spectral resolution of 0.2 nm and temporal 22 ps.

Excitation light was focused trough the infinity corrected long-working distance 20x
objective and collected from the edge of the micro-disk resonator with a short working
distance 40x objective. If needed collected light could be polarized. Excitation spot size 10 pm
of diameter in case of DPSS and Nd:YAG laser and 20 pm for the Ti:Saphire laser.
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Chapter 3
Silicon nanocrystals as Er3* sensitizers

3. 1. Introduction to Er3*

Erbium is a lanthanide trivalent material, a metal belonging to the class of the rare
earths. The very name of this class of elements, rare earths, is quite misleading, as the rare
earths and erbium along them, are fairly abundantly present in the composition of the
Earth’s crust. The electronic configuration of the neutral erbium atom could be summarized
as:

Er = [Xe] 4f12 652

where [Xe] represents the xenon core [61]. Interestingly, erbium has its electronic 5s and 5p
shells located more externally with respect to the 4f shell due to the physical phenomenon
called lanthanide contraction [61,258]. Thanks to that particular electronic configuration, the
4f levels are quite efficiently electro-statically screened from the influence of the external
environment.

In the isolated erbium atom, the 4f electronic levels are degenerate and the optical
transitions between them are dipole-forbidden by the parity dipole selection rules [61]. When
the erbium atoms are embedded in a solid host (crystalline or disordered), they assume their
trivalent state by losing the two loosely bound 6s electron and one 4f electron. The trivalent
state (3+) is the most stable ionization state in general for the lanthanide ions. They are
commonly encountered in this form in most of the solid hosts [258].

In these conditions, orbital shielding of the 5s and 5 p electronic shells starts to be
less effective. The electronic crystal field of the host, in which erbium ions are inserted,
induces a small perturbation on the 4f levels, lifting the orbital angular momentum
degeneracy characteristic of the isolated atom and causing the Stark splitting of the 4f levels.
More importantly, the optical transitions among the levels within the 4f shell become
possible due to the host perturbation. It is important to notice that the optical activity of the
erbium ions is strongly related to that particular ionized state [61].

Nevertheless, thanks to the partial shielding of the outer electronic shells, absorption
and emission lines of erbium ions, remain spectrally narrow and similar to the case of
isolated atom, with their width determined by the amount of the Stark splitting induced in

81



4% 10 1448 180
Wavelength [mn]

Figure 38 — PL spectrum of the *I13/2 — *115/2 transition of Er’* ions (transition from
the first excited state to the ground state), under non-resonant (dexe = 476 nm)
continuous optical excitation. Approximate width of Al = 30 nm due to host induced
Stark splitting can be observed. The excitation wavelength used 1s called non-
resonant, as it does not coincide with any of the internal Er3* optical transitions. In
this case photoluminescence of erbium ions is excited trough the energy transfer
from the silicon nanoclusters. Sample A from the Table 1 was used. (Inset): Ers+
energy states scheme with Russel-Saunders notation and characteristic radiative
transitions of importance to the work presented in this chapter.

that particular host (see Figure 38) [46].

Erbium doped materials are of great interest in optical communications technology as
the optical transition of the first excited to ground state (4/132 — 4/i52) of Er3+ions falls exactly
in the third telecom window range, which corresponds to the low propagation loss region of
the optical fibers (see Figure 38) [61]. This makes the Er3* doped silica fibers perfect gain
material for telecom applications which is reflected in the wide use of erbium doped fiber
amplifiers (EDFA). Moreover, the Stark splitting is fairly strong for the case of silicate
glasses (see Figure 388), increasing the material gain bandwidth and allowing for the
introduction of the wavelength-division multiplexing (WDM) technology.

Although, the first rare earths doped fiber amplifiers were demonstrated in the
1960’s, they remain to be a mainstream technology for the optical amplifications in the
telecom applications [258].

However, contrary to its present popularity, erbium doped materials are a
cumbersome gain providing material. Although, permitted by a solid host perturbation,
optical transitions between electronic levels in the 4f shell remain quasi-forbidden in their
nature, resulting in extremely long radiative lifetimes for the erbium ions in silicate
glass [259,260]. On the first sight, long radiative lifetime of erbium ions seems beneficial
from the point of view of optical amplification, allowing for low pump threshold for population
inversion. On the other hand, it makes erbium ions very susceptible to any non-radiative
process [261].

One example is ion-dynamic lattice interaction. Multi-phonon relaxation of the Er3+
ions is able to decrease significantly the amplifier efficiency, as well as quantum efficiency of
erbium doped material [261]. Luckily, due to low-phonon energy of silica glasses [262], this
type of non-radiative process is significantly reduced for the /32 — 4/152 transition in silicate
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glasses even at room temperature [259], although it remains the dominant relaxation path
for the higher excited states [262].

Another common type of quenching center is the —OH group [259,261]. Excited state
of Er3+ ions couples efficiently trough Férster type of interaction [59] with vibrational levels
of —OH group leading to net quenching of photoluminescence [263]. Thus, special care has to
be taken in order to reduce the presence of —OH group in erbium doped materials.

In fact, the erbium driven amplification is possible only when good quality matrix
with low density of structural defects is achieved and where the occurrence of non-radiative
centers is extremely small (low density of impurities) [264].

In addition, erbium ions solubility is very low in silicate glasses [261]. If present in
higher concentrations, erbium ions form microscopic metallic clusters which do not contribute
to photoluminescence but only to absorption [265,266]. Maximum concentration possible in
pure silica while avoiding the erbium clustering has been estimated to be around 1019
ions/cm?[261]. This requirement can be partially relaxed in the multi-component glasses
where impurities, such as aluminum, allow for easier accommodation of a higher number of
Er3+ ions in a rigid silica network [261]. However, even when clustering is avoided, an inter-
ions interaction still remains possible, which can be avoided only if the concentrations are
additionally lowered to values of 10718 ions/cm? [261].

The most common type of inter-ion gain limiting interaction is the cooperative up-
conversion [267]. In this process, one excited ion de-excites trough energy transfer to another
excited ion promoting it to higher excited states. Relaxation from the higher excited states to
the fist excited state occurs rapidly and mainly non-radiatively trough multi-phonon
relaxation [262], leading to net depletion of excited state population [267]. As two excited ions
are needed, this process becomes visible only at high excitation conditions, most commonly
trough the shortening of the PL lifetime and increased threshold for the stimulated emission
observation [261]. Thus, rather low concentrations of Er3* ions are employed in EDFA.

EDFA’s in general are quite bulky devices. The reason for that is the small absorption
cross section of erbium ions (gabs ~ 102! cm2). Hence, a very long interaction distance inside
the fibers (tens of meters) is needed in order to produce optical gain [61]. Due to atomic like
transitions, expensive laser excitation sources have to be used instead of flash-lamps and
matched with narrow absorption bands, increasing overall price of EDFA. Moreover, only the
first and the second excited state can be optically pumped due to very efficient excited state
absorption (ESA) [267]. Finally, in optical amplifier erbium ions are embedded in the microns
size insulator fiber core, inhibiting any type of electrical excitation [61].

One of the early attempts to overcome these shortcomings of EDFA’s, was the doping
of silicon with erbium ions [268]. Bulk semiconductors are the natural sensitizers for rare
earth ions. When embedded in a semiconductor, the rare earth ions act as point defects that
generate defect levels in the semiconductor band-gap. Optically or electrically generated
carriers in the semiconductor can then become trapped at these defects to form a bound
exciton. As the exciton has strong spatial overlap with the rare earth ion, it can recombine by
transferring its energy to the rare earth ion [267].

Particularly, in the case of erbium doping of silicon, this would allow for a broadband
optical or electrical excitation, increased excitation cross-section and thus, smaller sizes,
CMOS compatibility and on-chip integration [268]. In fact, using this approach, optical
amplification has been demonstrated, but unfortunately only at very low temperatures [269].
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At room temperatures, quantum efficiency of this material is significantly lower [268].
Reason for that is an extremely efficient Auger back-transfer at room temperatures which
seems unavoidable at present, and thus, limits the utility of this approach [270].

Another widely used strategy for the improvement of the erbium doped amplifier
performance is co-doping with sensitizers [267]. In this scheme, absorbing specie (sensitizer)
1s excited easily by very efficient pump photon absorption or electrical excitation.
Consequently, the excited sensitizer relaxes giving its energy in non-radiative manner [59,60]
to an erbium ion, avoiding the limitations of erbium excitation process and improving overall
material performance. To that end, another rare-earth is most commonly used,
ytterbium [267]. Work in this chapter will be centered on yet another sensitizer, silicon
nanocrystals.

3.2.  Silicon nanoparticles as erbium sensitizer

The discovery of the sensitizing action of silicon nanocystals (Si-nc) on erbium ions
(Ers*) offered a new material platform where silicon based optical amplifiers and laser
sources could be developed [58]. The absorption band edge of the silicon nanocrystals can be
easily tailored trough the QCE, however, the density of the resulting electronic states is still
large enough that the absorption process could be considered identical to that of the bulk
silicon (apart from the band-gap change obviously) [205]. Upon absorption of an incident
pump photon a confined exciton is formed. Once created excitons rapidly transfer their
energy to the nearby rare-earth ions bringing them to excited state from which they relax
radiatively to the ground state with the consequent luminescence at 1.5 um (see Figure
38) [268].

Notice though, that there is a significant difference with respect to the bulk silicon
case. In the case of bulk silicon, excitons are free to wonder in large volume (respect to their
size) [185] until they get trapped on erbium ion to which they transfer its energy [267]. In the
case of silicon nanoparticles, excitons are confined and thus localized. As the energy transfer
is characterized by a short range interaction [59,60], it means that erbium ions have to be
placed in close proximity to the silicon nanoparticles, which requires a high degree of
material engineering [271].

This 1is wusually achieved by optimizing the concentrations of the two
species [58,272,273], and  controlling their thermally driven diffusion and
rearrangement [274-277]. However, the erbium solubility in silicon is even lower than in
silica [278], often leading to erbium cluster formation on the silicon nanocrystal / the
surrounding matrix boundary, affecting mostly the fraction of erbium ions that should be
effectively sensitized by the energy transfer [279-282]. Therefore, lately more advanced
fabrication techniques start to be considered [283—-285].

The embedded silicon nanoparticles can be produced in two different states differing
in a degree of crystallinity: amorphous and crystalline [272]. In the following, amorphous
nanoparticles will be referred to as silicon nanoclusters while the crystalline nanoparticles
will be called as before, silicon nanocrystals. Both types of silicon nanoparticles can be used
for the erbium ions sensitization [58,276]. The main difference is the efficiency of the
sensitization of these two species, as it will be shown in the following sections.
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Figure 89 — PL spectrum of the +I15/2 — 1152 transition of Er’* ions (transition from
the first excited state to the ground state) under non-resonant (dexe = 476 nm, black
solid line) and resonant (Aexe = 974 nm, red solid line) CW optical excitation under
the same excitation photon flux. In the case of the non-resonant excitation (non-
resonant as the excitation wavelength does not overlap with Ers* absorption bands)
photoluminescence of erbium ions has been excited by the energy transfer from the
silicon nanoclusters. Under resonant excitation (which overlaps with Ers* absorption
band) photoluminescence is excited directly by absorption of the pump photon. For
the resonant excitation wavelength used (Adexe = 974 nm), the silicon nanoclusters
absorption can be considered as negligible. Sample A from the Table 1 was used.
Orders of magnitude increase of Er3* PL intensity (note log scale) is attributed to an
Increase of effective excitation cross section of Er3* ions sensitized by silicon
nanoclusters.

Silicon nanoparticles represent a number of various interesting properties as an
erbium sensitizer. CMOS process compatibility combined with convenient light emission in
the third telecom window (1.5 pm) has been considered as a particular advantage of this
material [16]. Additionally, electrical excitation of the erbium ions becomes possible in this
material [63].

The most important property is most certainly, the increase in the Er3* effective
excitation cross section from the values of the Gexc ~ 102! cm2 t0 Oexe ~ 1016 cm?2 when the Er3*
ions are placed in close proximity to the silicon nanocrystals [286]. This is well illustrated in
Figure 39. When exciting trough the silicon nanoclusters, resulting PL intensity is orders of
magnitude higher as a consequence of the increased effective excitation cross section. This is
a direct consequence of the energy transfer mechanism. In addition, it was demonstrated that
the erbium radiative rate increases in close proximity to silicon nanoparticles due to a change
in local density of optical states [287,288].

Another important feature is reported in Figure 40. In order to excite Er3* ions
efficiently, excitation wavelength has to overlap with one of the absorption bands (see Figure
40a and Figure 40b). When Er3* ions in pure silica are optically excited, the resulting PL
intensity of A2 — 452 transition of Er3* ions (transition from the first excited state to the
ground state) closely mimics the absorption spectrum of the Er3* ions at the excitation
wavelengths (see Figure 40a and Figure 40b).
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Figure 40 — (a) Absorption spectrum of Ers* ions embedded in pure silica (SiO:,
black solid lines) in the blue-UV (370 - 5630 nm) part of the visible spectrum. Blue
vertical dashed line corresponds to the wavelength of Aexe = 476 nm which does not
overlaps with any of the Er3* absorption bands and thus will be referred to as non-
resonant wavelength in the following. Cyan vertical dashed Iline corresponds to Aexc
= 488 nm which overlaps with one of the Er3* absorption bands and therefore is a
resonant wavelength. (b) PL spectrum the #I;32 — *I15/2 transition (transition from
the first excited state to the ground state) of Er3* ions embedded in pure silica
(sample from the panel (a)) under non-resonant CW excitation (blue solid line) and
resonant CW excitation (cyan solid line). PL intensity under non-resonant excitation
1s two orders of magnitude lower, In accordance with the difference in absorption
deduced from the panel (a). (¢) Absorption spectrum of Er3* ions embedded in silica
co-doped with silicon nanoclusters (SRO, black solid lines) in the blue-UV (370 - 530
nm) part of the visible spectrum. Blue vertical dashed line corresponds to the
wavelength of Aexe = 476 nm, while cyan vertical dashed Iine corresponds to
wavelength Adexe = 488 nm. Monotonic increase of the absorption towards shorter
wavelength typical of silicon nanoclusters can be observed|[58,276,289,290].
Absorption features of Er3* ions cannot be observed as the absorption is dominated
by Si-ncl (Si-ncl have orders of magnitude larger absorption cross-section [286]) (d)
PL spectrum of the 4I132 — 41152 transition of Er’* ions embedded in SRO film
(sample from the panel (c¢)) under the non-resonant CW excitation (blue solid line)
and resonant CW excitation (cyan solid line). It can be seen that erbium
photoluminescence follows the trend of Si-ncl absorption cross-section.
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However, when the same material is co-doped with silicon nanoclusters PL intensity
of 45132 — 4652 transition of Er3* ions follows the absorption spectrum of silicon nanoclusters
(see Figure 40c and Figure 40d). Therefore, it can be concluded that under these excitation
conditions energy transfer is the dominant excitation mechanism and efficient broadband
excitation becomes possible.

More detailed experimental characterization of this type can be found as well in the
Ref. [58,276,289,290].

As the examples in Figure 38, Figure 39 and Figure 40 are made on the samples
which detailed characterization will be presented in the following sections they demonstrate
as well the presence of the energy transfer in the samples studied in this chapter.

Since the first report of the erbium sensitization by silicon nanocrystals [58] and the
demonstration of the optical gain in the same material system [62], a large research efforts
have been focused towards the understanding of the physical mechanisms behind the energy
transfer. In spite of promising initial reports of optical gain [62] and efficient electrical
excitation [63], the demonstration of a laser action seems still to be quite challenging.

While a number of limiting factors to stimulated emission have been
identified [64,65,271,291], the estimates of their impact on laser action are still imprecise,
partially owing to difficulties encountered when modeling the energy transfer
mechanism [213,292,293]. Although, the transfer mechanism between Si-nc and Er3* has
been thoroughly studied [67,291,293], there is no clear consensus in literature on the more
appropriate model to describe this interaction.

Moreover, during the last years, several reports have shown what seems to be an
intrinsic limit of the material itself, the low amount of Er3*taking advantage of an efficient
indirect transfer mechanism [64,271,294,295]. The fundamental reason of the low excitable
percentage is again still under debate and a number of different issues have been proposed as
final limiting factors. Among them, the most extended ones have been the finite interaction
distance of the coupling strength [271], the presence of Auger back-transfer mechanisms [64],
excited state absorption processes [65], cooperative up-conversion [295] and the limited
concentration of Er3* ions able to emit light [296].

3.3. Chapter overview

In this chapter, a study of Er3* doped silicon rich oxide (SRO) materials and Er3*
doped SRO based devices will be presented. Final objective of the work presented, is the
realization of the working devices. However, before the working devices may be
manufactured, the properties and drawbacks of the active material and the physical aspects
behind them have to be studied and well understood.

In particular, two types of devices will be considered in this work. One will be an
optically pumped waveguide amplifier, while the second one will be a novel structure based
on the slot waveguides for an electrical pumping of the erbium doped SRO. These different
categories of optical amplifying devices require as well different types of material to be used.
To that end two types of samples were considered: pm thick Er3+-doped SRO films suitable for
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optically pumped amplifiers and tens of nm thin Er3*-doped SRO films suitable for
electrically pumped amplifiers and lasers.

The first part of the work presented in this chapter has been realized in the
framework of the project LANCER financed by EC. The final objective of this project has been
the realization of the optically pumped erbium doped waveguide amplifier (EDWA) based on
Si-nc sensitized erbium co-doped silica as a replacement technology for the existing EDFA,
relaxing the size and pumping requirements of the existing technology solutions.

My participation in this project started near its end, when the material optimization
and waveguide modeling were already largely done. This is the reason why the material
optimization and devices modeling has been omitted in this part. Nevertheless, the main
guidelines of that work will be shortly summarized.

In order to optimize an optical performance of the active material, knowledge of the
underlying physics becomes essential. Thus, attention in the first part of this chapter will be
focused on the study of the energy transfer, quantification of the optical performance of
optimized material and device characterization. By means of pump& probe experiments an
internal gain has been measured in optically pumped Er3*-doped SRO active waveguide,
measured values being still too low for a working device.

The second part of the work in this chapter has been done in the framework of
another EC funded project HELIOS. The main goal is the realization of integrated, CMOS
compatible, electrically pumped laser and optical amplifier based on SRO:Er material. In the
first part vast material characterization will be presented of very thin films suitable for
electrical injection. By employing extensive optical, electrical and structural characterization
a pressing drawback in this material has been identified and possible remedy to low
performance of Er3* doped SRO devices has been proposed. Considering a set of optimized
samples, quantitative optical experiments are reported and optical performance of optimized
material quantified.

In order to achieve an electrical pumping of erbium doped thin SRO novel opto-
electronic structures are proposed, modeled and manufactured. Moreover, a preliminary
result of their performance is also presented.

3.4.  Thick Er’* doped SRO films suitable for optically
pumped EDWA7

3.4.1. Material optimization

The samples under study have been fabricated by a RF reactive magnetron co-
sputtering under argon-hydrogen mixture of 2-inches confocal pure SiOz and Er:Os
targets [275]. To form nanoparticles, a sub-stochiometric silicon rich silicon oxide (SRO) has

7 Samples were produced by F. Gourbilleau, R. Rizk and their co-workers in Caen,
France.
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Table 1 — Samples specifications

Deposition method: RF reactive magnetron sputtering
Annealing
Sample name Si excess (%) Er3+ (x1020 cm3) Temperature
0
A 5+ 2 3.4+£0.2 900
B 6+2 900
Al 5+2 3.4+0.2 900 + 1100
B1 62 900 + 1100
C 0.5+0.1

been deposited followed by an annealing treatment to promote phase separation between
silicon and its oxide. In order to perform comparative spectroscopic characterization, the
deposition parameters employed to obtain the best sample in terms of high PL intensity
(under non-resonant pumping — Aex = 476 nm) and long lifetime of the 4fiz2 —4hs2 Erst
transition, have been used to fabricate a set of different samples with and without Er3* and
with different annealing treatments (see Table 1 ).

Detailed description of fabrication details and optimization procedure can be found in
section I of appendix to Chapter 3 and Ref. [272,275,297].

RF-co-sputtering technique has been preferred over other techniques, as it is
particularly suitable for Er3*+ doping of glass, allowing for the deposition of homogeneous
films up to several micrometers of thickness of controlled composition [277]. Er3* ions are
incorporated in the SRO films during the deposition process [272], avoiding the ion
implantation process needed to introduce them in SRO films deposited by other CMOS
compatible approaches (PECVD, LPCVD). Thus, non-radiative recombination channels due to
implantation induced damage are avoided leading to higher matrix quality [264].

Recently there have been raised certain doubts that silicon excess presence in the
S102 matrix, apart from the nanoclusters formation, is responsible of increased non-radiative
relaxation of erbium ions[273,298]. On that regard, co—sputtering shows superior
characteristic regarding the more complete phase separation of deposited films for the same
silicon excess and annealing temperature [226], with the better stochiometry of surrounding
matrix and consequent reduction in silicon excess related defects [226,298] respect to other
CMOS compatible approaches.
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In this study 5 different samples have been used. Their specifications are
summarized in Table 1. The first four samples in the (A, B, Al and B1) are deposited over a
5 pm SiO2 cladding layer placed above a silicon substrate. Samples A and Al have silicon
excess of 5% and Er3* content of 3.4 X 1020 ¢cm3, as determined from the secondary ion mass
spectrometry (SIMS) and Rutherford backscattering spectroscopy (RBS). For the samples B
and B1 same deposition conditions were used but without erbium target. Thickness of all four
samples was fixed to d = 1.2 pm.

Samples A and B were annealed at Tanneating = 900°C for 1 h under pure nitrogen flow
and they likely contain amorphous silicon nanoclusters due to the low annealing temperature
used which does not allow a complete phase separation [299] and nanocluster
crystallization [271,272]. Samples Al and Bl have been annealed for the second time at
Tannesting = 1100°C for 1 h under pure nitrogen flow in order to induce complete phase
separation and nanoclusters crystallization [226]. As reference sample, Er3+ doped soda-lime
glass fabricated by Corning was used (sample C).

3.4.2. Energy transfer under high-energy optical excitation

The spectroscopic experiments have been performed both in visible (VIS) and infrared
(IR) range, with CW and pulsed laser excitation sources. The CW source was an Ar+laser of
which two different laser lines were employed, one which was resonant (Aexe = 488 nm) with
Er3+ internal transitions and other non-resonant (Aexe = 476 nm) [61].

The pulsed source was the third harmonic (Aexe = 355 nm) of a Nd:YAG laser with 10
ns pulse width, a repetition rate of 10 Hz and a photon flux of ® = 1 x 102 ph /(cm2s) during
the pulse. For detection in the visible a CCD streak camera coupled to a spectrometer was
used, with a variable time-resolution going down to 22 ps and a monochromator coupled with
a GaAs-photo-multiplier (PMT), respectively for time resolved (TR) and CW measurements.
In the infrared, the signal was spectrally resolved with a monochromator and subsequently
detected with InGaAs IR-PMT. All measurements have been performed at room temperature
and corrected for the spectral response of the detecting instruments.

A typical PL spectrum of the samples A and B, measured with an excitation
wavelength non-resonant with any Er3* internal transition (Aee = 476 nm), is shown in
Figure 41la. Interference fringes that appear in the PL spectrum are due to multiple
reflection in SiO2 bottom cladding. It is possible to recognize several spectral features: around
980 nm and 1535 nm, the characteristic transitions of Er3* in SiO2 appear, related
respectively to the first (4fi32 — 4f52) and second excited (4h12 — 4/i52) to the fundamental
state optical transitions.

The wide band centred at 700 nm 1is related to silicon nanoparticles emission, while
the emission band centred at 1100 nm is due to the silicon substrate. The silicon
nanoparticles PL band is very broad which is characteristic of the amorphous
nanoparticles [300]. This is further demonstrated in Figure 41b. Under UV excitation Aexc =
355 nm with higher photon energy, PL band attributed to silicon nanoclusters, significantly
blue-shifts pointing out to incomplete phase separation [299] and significant population of
small and amorphous clusters [300].
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Figure 41 — (a) PL spectra of samples A (black solid line) and B (grey solid line)
under non-resonant excitation (Aexe = 476 nm) and same excitation photon flux.
Small modulations visible in both PL spectra are interference fringes due to
multiple reflections in SiO:z bottom cladding. Broad PL band centered on A = 700 nm
present in both sample is PL coming from the amorphous silicon nanoclusters.
Nanocluster’s PL emission is stronger in sample without Er3* ions (sample B). Small
feature at A = 1150 nm is PL coming from the silicon substrate. Narrow PL features
at A = 980 nm and 1 = 1535 nm in PL spectrum of sample A (Er3* doped) are due to
411172 — 411572 and 41132 — “I15/2 radiative transitions respectively. (b) Time integrated
PL spectrum of sample B (without Er3* ions) in VIS-NIR spectral region (600 — 850
nm) under pulsed UV excitation (Aexe = 356 nm) compared with PL spectrum of the
same sample under non-resonant CW excitation (Aexc = 476 nm). PL spectrum is blue
shifted under UV excitation.

Since the optical excitation used is non-resonant with any of the internal Er3*
transitions, Er3* related radiative transitions are due to energy transfer from the silicon
nanoparticles. This has been previously confirmed in the Figure 40 by demonstrating that
Er3+ related PL emission intensity reflects the changes in the silicon nanoclusters absorption
cross-section and in Figure 89 by showing increased excitation efficiency when non-resonant
excitation is used.

Respect to sample B the CW measurement reveals that the PL of sample A in the
visible region is quenched as a whole, without showing any apparent spectral features. This
decrease is only about a factor of 3, so a clear residual VIS-PL emission is still present in the
sample with Er3*. Energy transfer from the silicon nanoclusters to Er3* ions is competing
process to exciton radiative recombination. As the Er3* ions have been introduced in the
samples during the deposition phase [272,275] avoiding the implantation damage [264],
quenching of the visible PL could be attributed to an energy transfer [58].

In the Figure 42 is reported a comparison between the once and doubled annealed
samples. In the double annealed samples (with erbium or without) the visible PL band is red-
shifted, narrower and significantly stronger indicating increased crystallinity of the samples
and silicon nanocrystals formation [226]. Interestingly, Er3* related transitions are quenched
in sample Al respect to sample A.

The possibility of Er3* clusterization during the annealing procedure has been
discarded by analyzing the Er3*ions first excited state decay at different excitation photon
fluxes (not shown) [271,297]. As the PL lifetime found is similar to that reported for sample A
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Figure 42 — (a) PL spectra of samples A (black solid line) and Al (red solid line)
under non-resonant excitation (Aexe = 476 nm) and same excitation photon flux.
Small modulations visible in both PL spectra are interference fringes due to
multiple reflections in SiO:z bottom cladding. Broad PL band centered at 1 = 750 nm
present in both sample is PL coming from the silicon nanoparticles. This PL band is
red-shifted, narrower and much more intense in double annealed sample (A1)
Indicating formation of silicon nanocrystals. Small feature at 1 = 1150 nm is PL
coming from the silicon substrate. Narrow PL features atd = 980 nm and 1 = 1535
nm in PL spectra of both samples (A and A1) are due to *I11/2 — *I152 and “I152 — *115/2
radiative transitions respectively. Erdtions related radiative transitions are less
pronounced in doubled annealed sample (A1). (b) PL spectra of samples B (black
solid line) and Bl (red solid line) under non-resonant excitation (Aexc = 476 nm) and
same excitation photon flux. Broad PL band centered on A = 750 nm present in both
sample is PL coming from the silicon nanoparticles. This PL band i1s red-shifted,
narrower and more intense in double annealed sample (B1) indicating formation of
silicon nanocrystals.

(v =5.5 ms) [291], and since the non-resonant excitation was used, decrease in erbium related
PL is attributed to a lower energy transfer efficiency for the crystalline samples. This is
further confirmed by smaller decrease of visible PL of sample Al respect to sample B1 for a
factor of 2.8, which is less than a factor of 3 observed for annealed once samples.

In order to investigate further the nature of silicon nanoparticles and degree of
crystallinity of different samples, TR PL measurements have been performed in the visible.
The results of these measurements for samples B and B1 are reported in Figure 43. It can be
seen that both samples show multi-exponential nature of the time decay typical of silicon
nanoparticles [160,172,301].

These type of time decays can be well fitted by stretched exponential function [109].
Sample Bl (see Figure 43b) shows strong dependence of the lifetime on the observation
wavelength pointing out to the crystalline nature of the silicon nanocrystals [110]. On the
other hand, sample B shows shorter lifetime and smaller stretching parameter with no
spectral dependence of the lifetimes, which can be associated with amorphous nature of
silicon nanoclusters. Identical results have been obtained as well in erbium doped samples A
and Al. For the sample A amorphous nature of nanoparticles is confirmed, while the results
on sample Al are consistent with the presence of silicon nanocrystals.
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Figure 43 — (a) Visible PL time traces of the sample B observed at 1 = 680 nm (black
spheres), A = 750 nm (red spheres) and A = 820 nm (blue spheres). Time decays show
strong multi-exponential nature. Time traces have been obtained by integrating over
90 nm wide spectral windows. (Inset) Time decays from the main panel have been
fitted with the stretched exponential function and fitting parameters are reported.
PL lifetimes (black spheres) of approximately 15 us are observed for all observation
wavelengths. Lack of the spectral dependence of the lifetimes points out to an
amorphous nature of silicon nanoclusters [38). This is further confirmed by a low
value of stretching parameter 8 = 0.55 (red spheres). (b) Visible PL time traces of
the sample BI observed at A = 680 nm (black spheres), 1 = 750 nm (red spheres) and

= 820 nm (blue spheres). Time decays show strong multi-exponential nature. Time
traces have been obtained by integrating over 90 nm wide spectral windows. (Inset)
Time decays from the main panel have been fitted with the stretched exponential
function and fitting parameters are reported (black spheres for lifetimes and red
spheres for stretching parameters). Strong wavelength dependence of the lifetimes
point out to a crystalline nature of the silicon nanocrystals [38,110]. Pulsed UV
excitation was used in both cases (Aexe = 355 nm, 6 ns pulses, 10 Hz repetition rate)
with excitation photon flux @ = 1 x 10?5 ph./(cm?*s).

Visible PL intensity dependence was also studied as a function of the excitation
photon flux for the sample A (with erbium) and B (without erbium). Results were fitted with
the allometric function. In both cases, sub-linear dependence on the excitation photon flux
was found. For the sample B, the power law coefficient is found to be very close to 2/3 (b =
0.72 + 0.01), which is the signature of a three particle Auger recombination mechanism [54].
Although emission from sample B is more intense, the power law coefficient is higher for
sample A (b = 0.83 + 0.05).

Difference between exponents can be explained by the existence of different
mechanism in sample A that reduces the exciton population of the emitting level to a values
where Auger process is weaker and thus exponent is closer to unity (notice that this is true
only in well passivated, high quality samples).

The only difference between the two samples is the erbium presence in sample A.
Therefore this competitive process to Auger recombination is attributed to an energy
transfer. This implies as well that the energy transfer has to be a very fast process, as the
Auger recombination is active on the ns timescale [54].This means that when Er3* ions are
introduced in the sample, the visible PL lifetime gets reduced. To investigate this possibility,
time decays of the sample B and A are reported in Figure 44.
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Figure 44 — PL time decay of the sample B (black solid line, without Ers*) and
sample A (red solid line, with Er3*). Shortening in the initial decay can be observed
for the sample A. Time trace were obtained by integration over 90 nm wide spectral
windows centered at A = 700 nm. (Inset) PL time decay of the sample A (solid black
circles), sample B (empty black circles), sample A1l (solid red circles) and sample Bl
(empty red circles). Time trace were obtained by Iintegration over 90 nm wide
spectral windows centered at 1 = 680 nm. Pulsed UV excitation was used (Aexc = 355
nm, 6 ns pulses, 10 Hz repetition rate) with excitation photon flux @ = 1 x 10%
ph./(cm?*s).

As can be seen in Figure 44, the PL decay only speeds up for sample A during the
first tens of ns as a consequence of the transfer process, while afterwards the temporal
evolution of the PL signal is roughly the same (although lower in the intensity). The situation
does not differ in the case of the double annealed samples (see Inset of Figure 44).

Thus, only initial dynamics of silicon nanocluster PL is influenced. This is a
consequence of different initial exciton population in accordance with what inferred from CW
measurements. Moreover, the decay of sample B can be divided in two parts: first,
characterized by a slow process with a stretched exponential line shape (tens of us) that is
typical of the spontaneous emission process in Si-nc; and second, a fast decay (tens of ns) that
can be associated with Auger recombination mechanisms within the silicon nanoclusters [54],
hot carrier emission [200] or silicon excess related defects [67,302].

Since the intrinsic recombination lifetime for excitons within Si-nc is of the order of
tens of us, in a case of a transfer mechanism related to inter-band recombination, the energy
transfer to Er3* would be expected to be quite inefficient and slow, which is not the case.
Moreover, the slow component of the time decay should be affected as well. Therefore, it can
be concluded that energy transfer is a very fast process competitive to Auger (~ns
timescale) [54] and not related to a inter-band transition of excitons in silicon nanoparticles
or at least not in its dominant part.

Interestingly, as shown in Figure 41, only two erbium related transitions could be
observed in sample A, 4hy2- 4hsz2 and 443z - 4452 Based on this one could tentatively conclude
that the energy transfer does not occur for higher energy state of erbium. To get more insight,
PL spectrum of sample A and C are compared in Figure 45. PL spectra have been obtained by
exciting with Aexe = 488nm. Under these conditions, sample C is excited trough the higher
excited erbium states, while in sample A energy transfer remains dominant excitation
mechanism (see Figure 40).
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Figure 45 — Visible PL spectra of sample A (black solid line) and sample B (red solid
line) under resonant excitation (Aexe = 488 nm).

Sample C shows an additional peak situated at A = 850 nm. However, peak due to 4/
- 4[i52 transition should be situated around A = 800 [61]. Thus it can be concluded that this
peak is not due to 4l - 4652 transitions but due to radiative relaxation between excited
erbium states [61]. In fact, in sample C there is a strong cooperative up-conversion process
present, boosting the visibility of higher excited states under high photon flux or high energy
excitation. Nevertheless, the visibility of these peaks is much less intense than the /12 - 4fi52
and 4/1y2 - 4552 transitions.

The reason for a better visibility of 4/112 and 47132 levels related optical transitions is
that they are separated by a large energy gap from other energy levels, inhibiting effectively
multi-phonon relaxation [262]. Moreover, transitions from the higher excited states of erbium
ions, if present in the PL spectrum of sample A would be very difficult to observe as sample A
does not suffer from up-conversion process [297] and in addition have strong PL band of
nanocrystals that may hinder the small emission from the excited states of erbium. That
implies that even though the higher excited states of erbium are not visible in the PL
spectrum of sample A it does not mean that energy transfer is not occurring at the higher
excited states as well.

Therefore, in order to get more insight on the energy transfer, the dynamic of only
these two transitions was studied (see Figure 46). The analysis of the IR emission reveals
that the signal at 980 nm (44112 - /152 transition) after a steep rise that lasts less than 100 ns
1s constantly decreasing as a single exponential function, with a time constant of Tt = 4.6 £ 0.5
ps. On the other hand, the 1 535 nm signal (4/i3:2 - 4/i5/2 transition) is rising with almost the
same time constant (v = 4.2 £ 0.5 ps). The whole decay of the 4/ - 4f52 transition is not
shown as it is very long (t = 5.5 ms) and it is characterized by a single exponential
decay [291], which is independent of the excitation photon flux or wavelength [296,297]. It is
not possible to compare directly the populations in the two levels, since the PL intensities are
inversely proportional to the unknown radiative lifetimes.

However, it seems that part of the energy transfer process involves the level 4/i12 in
agreement with CW PL spectrum. The level ¢/132 is populated through the internal relaxation
processes from 4f12 (decay constant of 4fiu2 transition and rise time of 4/fize transitions are
fairly similar) as well as directly, both being the same order of magnitude.
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Figure 46 — Initial PL dynamics of the #I11/2 - 1152 (black solid line) and 11352 - 411572
(blue solid line) Er3* transitions. Time traces were fitted with the single exponential
function (red solid lines) yielding decay time T = 4.6 = 0.5 us for 980 nm signal (‘112
- 4]15/2) and rise time of T = 4.2 + 0.5 us for 1535 nm signal (1132 - *I152). Pulsed UV
excitation was used (Qexe = 356 nm, 6 ns pulses, 10 Hz repetition rate) with
excitation photon flux @ = 1 x 1025 ph./(cm?*s).

The single exponential function observed in the 980 nm decay suggests that the main
contribution to this level is direct at these excitation conditions, and not trough the internal
excitation of higher excited levels, although it’s small contributions cannot be completely
excluded.

Another striking features is the appearance of a very fast (tens of ns) signal
immediately after the laser pulse. The nature of this component has been thoroughly studied
on the samples A and B and the results have been reported in Ref. [291]. Here it will be
shortly summarized the findings reported in Ref. [291] concerning this component.

A similar component was observed previously and it was associated with Auger back-
transfer mechanisms from excited Er3+ to excited carriers within the Si-nc [64]. The Auger
back-transfer is the main limiting process for the erbium luminescence in erbium doped
silicon [268,270] and it was proposed to be main limiting factor for erbium luminescence in
silicon nanoparticles co-coped material as well [64].

In the Figure 47a8 is reported the spectral dependence of the PL signal from the
sample A after pulsed UV excitation, integrated over the first 200 ns after the laser pulse
arrival and after 200 ns from the pulse arrival. It can be seen that the initial fast component
1s spectrally broad and that the erbium related transitions are only weakly pronounced which
is not the case in the slower component. The time decay of the same fast component is
reported in the inset of the same figure for the wavelengths coinciding or not with erbium
related transitions. In both cases the same fast dynamic is present, excluding the Auger
back-transfer as its origin [64].

In the Figure 47b8 the spectral dependence of the PL signal integrated over the first
200 ns after the pulse arrival for sample A (with erbium) and sample B (without erbium) is
reported. Moreover, it is reported the dynamics of this fast component for the same two
wavelengths previously considered. It can be seen that the same dynamics as in previous case

8 PLL measurements of the fast PL component have been performed by D. Navarro-
Urrios and A. Pitanti.
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Figure 475 — (a) PL spectrum of the sample A integrated over the first 200 ns from
the laser pulse arrival (black spheres) and from 200 ns to 2us (red spheres). (Inset)
Time decay of PL signal of sample A recorded at A = 1300 nm (black solid line) and A
= 15635 nm (grey solid line). (b) PL spectrum of the samples A (black spheres) and
sample B (red spheres) integrated over the first 200 ns from the laser pulse arrival.
(Inset) Time decay of PL signal of sample B recorded at A = 1300 nm (black solid
line), A = 1535 nm (grey solid line) and A = 1100 nm (blue solid line). Pulsed UV
excitation was used (Aexe = 3556 nm, 6 ns pulses, 10 Hz repetition rate) with
excitation photon flux @ = 1 x 10?5 ph./(cm?*s).

is present. In the same figure it is reported also the PL signal dynamics recorded at 1100 nm
coming from the silicon substrate. As it can be seen this signal is decaying slower and thus
fast PL component does not have origin in the substrate.

The samples Al and Bl were as well considered and the same behavior of the fast
component has been found (data not shown)s. These findings are very similar to what
reported in [303], where samples with amorphous nanoclusters have been considered. This
PL component was attributed to a silicon excess related states situated at the nanocluster
surface [302].

As this component is slightly quenched when the erbium ions are introduced (see
Figure 41 and Figure 47, spectral region around 1300 nm), it was proposed that they have a
role in erbium ions excitation [67,302]. However, recently it has been demonstrated that in
highly crystalline samples, the fast component at A = 1535 nm could be partially due to fast
erbium de-excitation trough the erbium related trap states [304].

Independently on the exact origin of this fast PL component, the presence of the
Auger back-transfer mechanism can be ruled out in the samples under the study.

3.4.3. Semi — empirical model for energy transfer under high-energy
optical excitation

A detailed model of the electronic and optical properties of a single Si-nc can only be
built with extreme difficulty. Moreover, due to the specific deposition characteristics of the
studied samples the most probable situation is that, within the active material, an ensemble
of Si-nc of different sizes and geometries is present. For this reason, the dynamics of the
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system can be easier modelled by a phenomenological set of rate equations. A simplified
description of the system allows simulating the overall experimental picture described in the
previous paragraphs.

One example of this type of modeling is presented in section II of Appendix to
Chapter 3. It is worth to note that this model is valid only for the first hundreds of
nanoseconds after the excitation, where Auger and the transfer mechanism dominate the
dynamics of the carriers within the Si-nc (intrinsic and bimolecular-like recombination
mechanisms are neglected) and, consequently, the Er3+ excitation. This model describes very
well the system in the high excitation regime, although it fails in certain aspect for the lower-
energy excitation as it will be presented in next section.

Although simplified, this model provides with some new insight in energy transfer
physics. There are basically three important aspects that can be deduced from the
comparison of simulations with experiments. First is that the inter-band transitions could
not be responsible for the dominant part of energy transfer, although their small contribution
cannot be excluded. Second one is that the energy transfer is extremely fast with the upper
limit of Transter < 36 ns as estimated by comparison of simulations with experimental results.
The third one is that the interaction distance between the two interacting species would have
to scale exponentially with the distance in order to describe well experimental data. This is in

agreement with what found in Ref. [66,305,306].

Exponential decay of the interaction efficiency with distance is characteristic for the
so-called Dexter type of interaction, whose efficiency is given by the degree of overlap of the
wavefunctions [60]. Recent theoretical study demonstrated that this should be the dominant
type of interaction between indirect band-gap quantum dots [153]. This type of excitation has
been found as well to be responsible for efficient interaction between silicon nanocrystals and
oxygen molecules [307]. Moreover, it has been demonstrated that the energy transfer
mechanism between silicon nanoparticles and erbium ions could be controlled by a change in
local density of optical states [308], which is contrary to what expected from the case of
dipole-dipole type of interaction [266].

However, there are as well some works that model silicon nanoparticles — erbium ion
interaction as a dipole-dipole kind of interaction [64,293,309] in analogy with excitation
mechanism in bulk silicon [267,268,270,278] and mutual interaction between erbium
ions [61,266].

Recently, it has been demonstrated that the dipole — dipole interaction can appear as
exponential under certain conditions [310] and as well that Er3* — Er3* interaction (which is
dipole — dipole type of interaction) could play significant part in energy transfer [306]. Thus,
exponential decay of interaction alone is not sufficient to distinguish between dipole [59] or
exchange interaction [60].

3.4.4. Energy transfer under low-energy optical excitation

Most of the energy transfer studies have been performed with optical excitation in the
high energy spectral region (blue, UV) where the absorption cross section of silicon
nanoparticles is dominating that of the Er3* ions [117,286]. Excitation at longer wavelengths
(lower energies), where the absorption cross section of these two materials becomes

98



comparable, may provide with valuable insight in the energy transfer
mechanism [233,290,293,311,312].

In this section a photoluminescence (PL) study of silicon rich oxide thin films co-
doped with Er3* ions (SRO:Er3+), under low—energy optical excitation. In particular, samples
A and B were used (see Table 1). The general features of the PL dynamics are studied by time
resolved photoluminescence (TR PL) measurements, performed both in the visible and in the
infrared.

Photoluminescence measurements were done using, as an excitation source, the
optical pulses (6 ns pulse length, 10 Hz repetition rate) of an optical parametric oscillator
(OPO) pumped with the third harmonic of a Nd:YAG laser. The excitation photon flux (® ~
1024 ph * cm2* s1) was maintained constant over the whole used spectral range. Detection
consisted of a spectrograph (Chromex) coupled to a streak camera (Hamamatsu, visible) or of
a monocromator (Chromex) coupled to an InGaAs photomultiplier (Hamamatsu, infrared)
with overall time resolution of 2 ns (visible) and 40 ns (infrared), respectively. All
measurements were performed at room temperature. All spectra were corrected for the
spectral response of the instruments.

When optically exciting this material (with energy not matching any of the possible
internal transitions of Er3* ions, Figure 38), the pump photons are absorbed by the silicon
nanoclusters and the energy is subsequently transferred to the Er3* ions. In section 3.4.2, it
was demonstrated that this energy transfer occurs on a very short temporal scale in
agreement with what reported recently in literature [64,67]. As a consequence of the energy
transfer, the exciton population in silicon nanoclusters is decreased, leading to a quenching of
the visible PL (originating from silicon nanoclusters) in the Er3* doped sample (sample A, see
Figure 41).

As reported in Figure 44, only the initial part of the visible PL dynamics is influenced
by the energy transfer. Thus, the visible PL dynamic is monitored at A = 750 nm in the first
400 ns after the laser pulse arrival, by using a 50 ns time gate (see Figure 48) in order to
filter out any initial fast contribution that might not be due to radiative inter-band exciton
recombination in silicon nanoclusters [54,67,200,291,303]. We observe that although there is
a clear difference in the emission dynamic for the two samples (A and B, see Table 1) with a
“blue” pump Aexe = 470 nm), the difference disappears moving towards the “red” QAexe = 640
nm) (Figure 48). Slow emission dynamics was checked as well, and as in the case of the UV
excitation (Aexe = 355 nm, Figure 44), it was independent on the erbium presence and in
addition, it was insensitive to an excitation wavelength change.

It is important to underline that the difference in the emission dynamic of the two
samples under “blue” pump condition does not necessary imply that the energy transfer from
silicon nanoclusters to Er3+*is still occurring on the timescale of observation (Tehs ~ 100 ns). In
fact, it was demonstrated recently that the energy transfer could be a very fast
process [64,67], taking place typically on the timescale shorter than 100 ns [64] (Tiranster < 36
ns in sample A, see Figure 82b).

On the other hand, the exciton recombination dynamics in silicon nanoparticles
depends heavily on the exciton population itself, due to effects such as Auger
recombination [54] and inter-nanocluster transport [115,159]. This is well illustrated in the
Figure 48, if the emission dynamic of the same sample under two different excitation
conditions (“blue” and “red”) is considered. Although, approximately, the same excitation
photon fluxes were used (@ ~1024 ph * cm?2 * s'1), the wavelength dependence of the
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Figure 48 - Fast decay dynamics of the visible PL of samples A (red and green solid
line) and B (black and blue solid line) under Adexe = 470 nm excitation (upper two
lines, black solid line for sample B and red solid line for sample A) and dexc = 640 nm
(lower two lines, blue solid line for sample B and green solid line for sample A). The
time decay traces were recorded at A = 750 nm using a 90 nm wide spectral window.
(Inset) At = 50 ns time gate was used in order to filter out any initial fast
contribution that might not be due to radiative inter-band exciton recombination in
silicon nanoclusters.

absorption cross-section [117] of the Si-nc leads to different exciton populations and different
fast (< ps) emission dynamics.

The difference in emission dynamics observed between different samples (A and B)
under the same (“blue” pump) excitation condition is an indicator of a different exciton
population in the two samples. This difference is not related to a change in the absorption
cross-section (as the same pump conditions are used), but to the Er3* ions presence [117,286].
As already mentioned previously, Er3+ ions are introduced during the deposition phase [275],
minimizing therefore the occurrence of non-radiative quenching centers [264,278]. Hence, the
difference in emission dynamics (exciton population) is associated with the energy transfer
mechanism present in erbium co-doped sample in analogy with what presented in Figure 44.

However, if the different samples (A and B) are considered under the same “red”
pump condition (Figure 48) the emission dynamics (exciton populations) observed are
practically the same. As it is rather unlikely that non-radiative recombination due to Er3+
related defect states show such a strong dependence on excitation wavelength in this range of
energies [270,304], we attribute this distinct behavior to a change in the energy transfer
process.

In order to investigate further this phenomenon the initial PL dynamics of the 4/i32 —
4]i52 transition of Er3* ions (at A = 1535 nm, transition from the first excited to fundamental
state) is monitored, while changing the excitation wavelength in the spectral range Aexe = 540
nm — 680 nm) around the value of the “red” pump previously used Aexc = 640 nm).

In the literature, the dynamics of the 4/is2 — /152 transition is frequently described by
an initial microseconds PL rise followed by a very slow PL decay (on millisecond time scale, T
= 5.5 ms in sample A) (see Figure 49) [64,291]. The later is due to the radiative 4fiz2 — 4fi5/2
transition and, in the absence of detrimental effects such as cooperative up-conversion, it is
independent on the excitation photon flux [297].
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Figure 49 - Initial PL dynamics of the 41132 - 411572 transition of Ers* ions under Adexe =
560 nm pulsed excitation (black spheres). The best fit by Eq. 9 (red line) of the
experimental data is also shown. The meaning of the fit parameter Aau is illustrated
as well. (Inset) Zoom on the first us of the initial PL dynamics. Graphical
Interpretation of the fit parameters Asiow and AFast are shown.

On the other hand, the initial microseconds rise dynamic is considered to be due to
the internal relaxation from high energy states of Er3*to the 4fs32 state [291,293,313]. The
higher energy states of Er3+ are indirectly populated by the energy transfer process.

Although, the first tens of ns are hidden by a very fast PL decay contribution (Figure
49, Inset, discussed as well in section 3.4.2 , see Figure 45), it is evident that the ps PL rise
does not start from a zero level. This implies that a fraction of the Er3* ions have been excited
through the energy transfer process directly to the first excited state [291,293,313].

In order to quantify the relative contributions of the direct and higher state energy
transfer contributions to the total PL we fit the experimental data with the equation (see
section III of Appendix to Chapter 3 for more details):

IoL O = lagrang +Au &Pt/ 11— Ayg, xp{Ht 1) /1] 9)

Where IBackgrama (background level) and to (laser pulse arrival time) are fit
parameters, t1 = 4.2 us and t2 = 5.5 ms have been measured previously (rise and decay of /i3
- 4152 transition, see section 3.4.2). The other fit parameters are Asiow and Aan (Arast being Aan
— Asiow). Their graphical interpretation is presented in Figure 49. Asow weights the electronic
contribution to the first excited state coming from the internal relaxation from higher energy
states, while Arast represents the direct contribution to the first excited state. Aan is simply
the sum of the two, or in other words, the total contribution to the first excited state.

More insight on the underlying physics could be gained by the plot of the ratio
Arast/Aan (see Figure 50), which yields an estimate of the “fast” direct contribution (given by
Arast) to the total excited Er3+ population, as a function of the excitation wavelength. The
same dependence is found even when t1 is assumed to be a fit parameter. In this case values
of t1 of the order of few us are found as well.
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Figure 50 - Variation of the Arsst/Aan ratio (black spheres) with the excitation
wavelength. The black dashed line represents the value at which no contribution
from higher excited state of Er’* ions i1s present. The red solid Iine is only a
guideline for the eyes. (Inset) Initial PL dynamics of the *I;s2 - *I152 transition of
Er3* jons under Adexe = 560 nm (thin black bottom curve), dexe = 640 nm (thin red
middle curve) and Aexe = 680 nm (thin blue upper curve) pulsed excitation. The best
fits by Eq. 9 (thick lines of corresponding color) of the experimental data are also
shown. The data and fit curves have been normalized and offset by 0.2 for clarity.

A non-monotonic dependence of the Arast/Aan ratio upon excitation wavelength could
be observed in Figure 50. For excitation wavelength shorter than Aee < 600 nm a saturation
region where the ratio is almost independent of the excitation photon wavelength is found.
On the contrary, for longer excitation wavelengths, the ratio is increasing, and reaches a
value of one for Aexe = 680 nm, independently of the photon flux (within the limits imposed by
experimental setup). The anti-resonant feature at Aexe = 650 nm is related with the direct
resonant excitation of Er3* ions to “Fy2 energy state (see Figure 38). Indeed, in this an
increase of the “slow” contribution (given by Asiow) case is observed, leading to a decrease of
the ratio Arast/Aan. Note that resonant features at shorter wavelengths are not observed, since
the energy transfer to high Er3* states becomes more efficient than the direct excitation.

A ratio of one corresponds to a complete absence of the contribution from higher lying
states to the Er3+ 4fi32 state. In other words, energy transfer from silicon nanoclusters to
higher excited states of Er3* is not allowed any more at the excitation energy of Eexe = 1.82
eV, where the excess energy with the respect to the second excited state of Er3* is
approximately AE = 0.55 eV. It is worth noticing that transition to this state is rather
smooth, taking place for excitation energies in the range between 2.1 and 1.8 eV (see Figure
50). Moreover, a part from the change in its initial dynamics (Figure 48), visible PL coming
from the silicon nanoclusters is still observable.

These observations could be associated with the intra-band model for the energy
transfer [293] (see section 3.4.3 and section II of Appendix to Chapter 3). In this model, intra-
band electronic transitions are responsible for the energy transfer to Er3* and, in particular,
they require a minimum excess energy corresponding to a band-gap value of silicon
nanoclusters.
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Figure 51 - Aras: (direct contribution to the first excited state of Er’* ions)
dependence on the excitation wavelength (black spheres). The red solid line is only a
guideline for the eyes.

However, it comes as a surprise the relatively small amount of the measured excess
energy values needed for the transfer to occur towards the /12 state (AE = 0.8 - 0.55 eV).

These values are lower than the expected band-gap energy of silicon nanoclusters in
sample A (EBandgap ~ 1.6 €V, as estimated from PL peak [314]) and even lower than the bulk
crystalline silicon band-gap (EBand-gap ~ 1.1 €V), indicating a participation of a sub-band-gap
state in the energy transfer process.

Sub-band-gap states have been theoretically predicted in amorphous silicon
nanoclusters with low hydrogen content [37]. In addition, a modest spread in energy has been
suggested to occur for weakly localized states due to limited effects of quantum
confinement [37].

It should be mentioned, that recently, it has been postulated, as well, the possible
existence of deep trap states related with presence of Er3* ions in the bulk silicon [270].

An alternative explanation to these experimental observations would be that two
different types of sensitizers are present in sample A. As the absorption cross-section of the
silicon nanoclusters is decreasing with wavelength [117], the effective cross-section of Er3*
ions sensitization through the silicon nanoclusters may reach a lower value, where the
contribution from another sensitizer type could become significant.

The influence of Er3* related matrix defects on Er3+ photoluminescence has been
demonstrated recently, but in very different energy range [304]. On the other hand, the
silicon excess related states erbium sensitization has been well established in a wide range of
excitation energies [302,311]. However, an evenly distribution in the energy of these defect
states is expected [311,313], with wavelength dependence of effective cross-section for erbium
sensitization mirroring the one of silicon nanoclusters [311]. Moreover, the energy transfer to
higher energy states of Er3* ions would be still possible for this sensitizing mechanism at the
excitation energies used, in contrast to what we observe.

To address this issue, Arast (direct contribution to the first excited state) is reported in
Figure 51 as a function of the excitation energy (wavelength). A continuous monotonic
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decrease can be observed across the whole excitation range suggesting the existence of only
one erbium sensitizer which is related to Si-nc.

The presence of a saturation region below 600 nm (see Figure 50) with a value of
Arast/Aan ratio equal to 0.6 implies that direct energy transfer to the first excited state
remains to be a dominant excitation mechanism even under short wavelength excitation.

Recently, it has been reported an experimental work where the sensitizing action of
the silicon nanoclusters has been done under low-energy optical excitation [312]. In this
work, it was found that the PL intensity ratio of 4li32 - 4li52 Er3* related transitions with
respect to the 4I112 - 4I152 transitions is increasing with the increase of excitation energy from
1.9 eV to 2.2 eV where it suddenly saturates.

This was attributed to an increased quantum yield of the 4I132 - 4l15/2 transition in this
range of energies. As a physical mechanism behind this phenomenon a photon cutting
between two neighboring erbium ions was evoked [312], wher one of these two erbium ions
gets excited to higher energetic states via virtual-Auger process [315].

Photon cutting has the advantage that it can also explain the immediate non-
resonant excitation of Er3* ions to different excited states. However, in the case of photon
cutting, the non-monothonical increase in the direct contribution to the first excited state
with decreased excitation wavelength would be expected [312]. From the data presented (see
Figure 50 and Figure 51), it becomes clear that the direct contribution increases
monotonically following the silicon nanoclusters absorption cross-section [117] while
additional increase in erbium related PL emission comes from the Er3* excitation through the
higher excited states.

Moreover, the quantum cutting mechanism proposed [312] depends heavily on the
inter-ion interaction which has proved to be negligible in the samples under study [297]

In order to get more insight on the processes involved, the study of the dynamics of
the second excited state would be rather helpful. However, the analysis of this last is
complicated by the weak signal under “red” excitation and by the high background noise due
to residual Si-nc emission. Thus, these measurements are inconclusive and, as such, were not
reported here.

In conclusion, a systematic study of the energy transfer process in silicon
nanoclusters and Er3* co-doped thin films under low energy optical excitation was reported in
this section. Profound differences in the fast dynamic of the visible PL with respect to the
high energy optical excitation regime were found.

We attribute them to a decrease of the energy transfer efficiency and/or decrease of
excitation to higher (than first) excited states of Er3*. We explain this behavior in the
framework of the intraband model in terms of sub-bandgap states participation in the energy
transfer.

We confirm that the energy transfer to the first excited state of Er3* remains to be a
dominant excitation mechanism in the range of considered excitation energies, implying that
even with the opening of the new excitation channels, through the higher Er3* excited states,
only modest improvements in the efficiency of the Er3*ions excitation should be expected.
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3.4.5. Quantitative optical measurements of Er3+ doped SRO films

The samples that have been previously studied represent optimized samples (see
section I of Appendix to Chapter 3). The energy transfer efficiency in the samples has been
monitored by comparative analysis with different samples deposited under different
deposition parameters. As a figure of merit high PL intensity (large number of emitters) and
long PL lifetime (low number of defect) under non-resonant excitation were considered [275].

The most promising sample in terms of transfer efficiency is chosen as active layer in
samples to be studied (sample A).

However, once the optimized material is reached, question arises on how well can this
material perform in an actual device. To determine this, a quantitative optical
characterization of the optimized sample is needed. An estimate of the optical performance of
the material can be obtained by a set of standard PL measurements and comparative
analysis with the reference samples with known absolute characteristics. To that end in the
present case the sample C from Table 1 was used. The exact procedure is reported in section
IV and V Appendix to Chapter 3. As in the optimized sample there were no traces of
cooperative up-conversion [297], a simplified procedure was used (see section IV of Appendix
to Chapter 3).

Erbium ions are very sensitive to a number of non-radiative processes (see section
3.1) [264]. Thus, the main question that has to be answered in the case of any erbium doped
material is: how many of the incorporated erbium ions are optically active after their
incorporation in the host [61,278,296]? Obviously, only the optically active ions may
contribute to optical amplification making their quantification essential, prior to the
realization of any working device [261,265].

In principle, the estimation of optically active Er3* can be performed by absorption
measurements. However, in this case an exact value of Er3* absorption cross section in
silicon-rich oxide is required, since the technique allows one to obtain the product oar*Ner (Cair
is absorption cross-section for the resonant excitation and Ng is the active erbium
concentration). Er3+ optical transitions are controlled by the host crystal and a modification of
oair 1s expected in SRO material with respect to the pure SiO2. Hence, PL measurements were
preferred for initial estimate.

A very thorough characterization of the optically active fraction of erbium ions in
sample A is reported in Ref. [296]. It was found in fact a two-fold enhancement of the direct
excitation cross-section (at 975 nm) of erbium ions in sample A with respect to the case of
pure silica. In addition only 19% of the total erbium content was found to be optically active.

In sensitized material, as the one under study, it is of importance as well to know,
how many of the erbium ions can be effectively sensitized? Following the procedure described
in the section V of Appendix to Chapter 3, it was found that only 8% of total erbium content
in the sample A could be effectively sensitized by silicon nanoclusters.

With the obtained values becomes clear that the potential gain of the waveguide
amplifier would be at least 5 times lower than what initially expected, based on the total
erbium content.

It is worth to note that the fraction of Er3*+ sensitized by Si-ncl should not be
evaluated only on the base of the total erbium content but as well as a fraction of the
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optically active ions. In this case, it is found that 42% of optically active ions can be
sensitized. This is not sufficient for the realization of a working device, although it is much
higher than what initially considered comparing with the total erbium content.

Thus, it can be hoped that with further material optimisation gain may be achieved
if the non-active fraction (81 % of total content) of the erbium ions is not absorbing.

In silica, Er3* do not show optical activity when they are coupled to a quenching
centres, but they continue to absorb light even when clusterized [265,266]. On the contrary to
the silica case, there haven’t been similar characterization works performed on the silicon
rich oxide films co-doped with erbium. This is the reason why it becomes important to reveal
the role of the non-optically active fraction of erbium ions.

3.4.6. The optical role of non-emitting ions

In order to determine the optical role of non-emitting ions, rib waveguides were
produced (see Figure 52) and material was studied directly in the waveguide amplifier
configuration. The samples under study are similiar to sample A. In addition, a top cladding
layer of 1 um of SiOz has been grown. In order to produce mono-modal rib-loaded waveguides
with high confinement factor (see Figure 52), a dry etching of the top SiO: cladding was
performed down to 200 nm over the active layer. In this study 5 um wide waveguides were
used (see Figure 52).

The optical losses of the waveguides have been determined by means of the cut-back
technique (see section VI of Appendix to chapter 3), in the spectral range from 1460 to 1580
nm. A tapered fiber was used to butt-couple the input light, leading to coupling losses of
about 4 dB.

The evaluation of the cross section at A = 1480 nm from the time resolved uPL
measurements has been performed following exactly the procedure described in Ref. [296]
and thus will not be reported here. The measurements were performed as well at A = 980 nm
and compared with what reported in Ref. [296] in order to assure its accuracy and
reproducibility.

Pump and probe experiments were carried out to evaluate the signal enhancement
(SE) of a probe signal coupled to the waveguides, when a pump signal is also present [316].
As a probe signal a tunable laser was used and as a pump signal a high power diode laser
emitting at Aexe = 1.48 pm (far away from the absorption spectrum of silicon nanoclusters).
Both lasers have been combined in a wavelength-division-multiplexer (WDM) fiber,
connected to a tapered fiber and finally butt-coupled into the active waveguide. In order to
filter out the contribution of the amplified spontaneous emission (ASE) signal related to the
pump we have modulated the probe signal and used a lock-in at the detection stage.

As an initial step spectral losses of the waveguide have been quantified. The raw
insertion loss spectrum showed the Er3+ related absorption peak superimposed to a
background that decreases by increasing the wavelength. These background losses values
were about 3.0 £ 0.5 dB/cm at A = 1535 nm and 4.0 + 0.5 dB/cm at A = 1480 nm and are
associated to passive scattering losses from the Si nanostructures present in the matrix and
the matrix itself [317].
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Figure 52 — (a) Example of the rib waveguide structure. From Ref. [318]. (b) Photo
of the sample with defined waveguide structures. (¢) Simulated mode profile at 1 =
1535 nm. 2D FMM solver was used. (d) Photo of the mode profile at A= 1535 nm.

In Figure 53 is shown the result of subtracting these passive losses from the
propagation losses, the remaining contribution being that associated to the direct absorption
losses (aabs) of Er3t. It is worth to mention that aabs is related to the total Er3+ absorbing
content (Nabs) by the following relation:

Ay (AB/CM) =434%0, * N, *I (10)

where T' is the confinement factor of the waveguides (I' = 0.8 as extracted from beam
propagation method (BPM) simulations) and oabs is the absorption cross section at the tested
wavelength. It is important to note that the maximum of absorption losses is about 3.5 + 0.2
dB/cm at A = 1534 nm. Therefore, if full population inversion is achieved, the internal gain
values would compensate for the passive losses and net optical gain of about 0.5 dB/cm would
be possible.

It is possible to extract the spectral shape of oas by estimating it at a certain
wavelength and then using the spectral shape of the absorption losses. This procedure has
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Figure 53 - Spectral dependence of the absorption losses (left axis) and of the
absorption cross section (right axis). (Inset) The difference of the inverses of the rise
and decay lifetimes, as a function of the excitation photon flux. The gray curve
corresponds to the linear fit used to extract Oabs.

been done at A = 1.48 um with high photon flux by time resolved PL. measurements following
the procedure reported in Ref. [296].

The difference of the inverses of the lifetimes as a function of excitation photon flux is
a linear curve whose slope is proportional to gavs at the pumping wavelength. In the inset of
Figure 53, these data are presented, providing a value of Gabs (1.48 pm) = 2.4 £ 0.5 x 1022 cm?2.

By applying the McCumber theory [61], the emission cross section Gem can be
calculated from the absorption cross-section Oabs using:

e—hw

KT

O-em (V) = O-abs (V) €Xp( ) (1 1)

where e is the average energy of the transition, k the Boltzmann constant, and T the
temperature. The values of emission cross-section gem (1.48 um ) found is about 4 times lower
than Gabs (1.48 pm).

Moreover, from oabs and Eq. (10) the concentration of absorbing Er3+ can be calculated
to be Naps = 4.9 + 1.0 1020 ¢cm3. Naps is slightly higher than the total content measured by
SIMS (see Table 1), but compatible with this value. Even though there is a sizeable error bar
derived from the entire experimental procedure, we can state that most of Er3* absorbs. To
determine the concentration of emitting Er3* (Nem), pump and probe measurements have
been performed. Since excitation is performed at A = 1.48 um, it can be assumed an effective
two level system to describe the population of /g2 level (N2) and 4/is2 level (N1), being
N1+N2 = Nem.

In Figure 54 is shown the profile of the TE mode in the horizontal (Figure 54a) and
vertical (Figure 54b) directions for A = 1.48 um (pump) and A = 1.54 um (probe) wavelengths
as extracted from the beam propagation method (BPM) simulations. The overlap between the
pump and the probe optical modes is higher than 98%.

The ratio between the probe signal with the pump on Ipump&probe and the probe signal
with the pump off Iprobe is defined as the SE measured at the output of the waveguide. It will
be assumed that the emission and absorption cross sections (0em and oaps respectively) are
equal, which is reasonable around the maximum of the emission-absorption spectrum [61],
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Figure 54 — (a) Horizontal shape of the supported modes at A = 1.54 um (black) and

= 1.48 um (gray). The horizontal profile of the waveguide is also shown (dashed
line). (b) Vertical shape of the supported modes at A = 1.54 um (solid black), at A =
1.48 um (gray) and at A = 0.98 um (dash dotted black). The vertical profile of the
refractive index of the waveguide is also shown (dashed line).

and take into account the stimulated emission contribution at the pump wavelength. Under
those conditions SE and internal gain gint are:

_ exp((Nz >ko-em - Nl >l<Gabs)*l—‘* L)
exp(_Nem >X<O-abs *7 % L)

Oexc * Nem * D

SE

~exp(2* o, * *[x L) (12)

—+1.25%0,,,*®
Ty

=exp(2*0,, *L)
O * O exc * Nem * = Gint (13)

125 Do,
Ty

g, (dB/cm)=434x0, *

where Gint is the total internal gain, tq is the decay lifetime of the 4/i32 — 4/i5/2 transition, Oexc
= Oabs (1.48 pm) and L is the length of the waveguide. Note that excitation photon flux is
reported at the input waveguide facet and decays along the waveguide with approximately 4
dB/cm of loss. For low excitation flux,ta! >> ®0exc and:

gint = Z-d *O-abs * Nem *O_exc *F * q) (14)

1s linear in excitation flux.
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Figure 659 — (a) SE of L = 6 mm long waveguide at low and high excitation photon
flux @ (black and red solid circles respectively) and of L = 14 mm long waveguide at
high excitation photon flux (green solid circles). (b) Gin¢ for different waveguide
lengths at high excitation photon fluxes ®@. A linear fit to the data is also shown. (¢)
gint as a function of excitation photon flux @ for a waveguide length of L = 6mm. A
fit using Eq. 13 is also shown.

In Figure 559 the spectral dependences of SE for low and high excitation photon
fluxes are reported for L = 6mm long waveguide (black and red solid circles respectively). By
comparing these two measurements it is clear how SE increases with excitation photon flux.
For a L = 14 mm long waveguide (green solid circles), it is possible to enhance further SE in
an almost exponential way, revealing very clearly the Er3+ signature.

Figure 559 shows Gint as a function of the waveguide length for the high excitation
photon flux. From the linear fit of the data, a gint of about 0.3 dB/cm can be extracted. The
deviation from the linear behavior is due to pump depletion.

Finally, in Figure 559 is shown gint at A = 1535nm as a function of excitation photon
flux for the shortest waveguide. The experimental data present a sub-linear behavior, which

9 The measurements were performed at University of Barcelona by D. Navarro-Urrios
and F. Ferrarese-Lupi.
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is a clear indication that saturation is close to be achieved although not yet reached due to
pump power limitations. A maximum value of gint = 0.3 dB/cm at ® =1.6 x 1024 ph/(cm?2*s),
with an error of less than 5% is found. The experimental points are fitted with Eq. 13, where
Td = 6.4 ms was extracted from the pure exponential behavior of the 4/i32 — 4fi52 PL decay.
This value is slightly longer than the one of sample A from Table 1.

The fit yields two parameters: oexe and gint at saturation, gintet. The best fit is shown
in Figure 559 as a red solid line. For the first fit parameter was found gexc = 1.7 = 0.1 1022 cm’
2, which is similar to the one derived by the analysis presented in Figure 53. The second fit
parameter is gint®at = 0.44 + 0.01 dB/cm, which could be 0.55 dB/cm in the absence of the pump
induced stimulated emission. The latter value is just 16 + 2% of the absorption at the same
wavelength Figure 53. This is very similar to a value of 19% reported for sample A [296].

From this result, it is straightforward to conclude that most of the Er3* within the
matrix is able to absorb but cannot emit light efficiently. Even more, within the
approximation of equal absorption and emission cross sections, we could conclude that 84% of
the Er3* population cannot be inverted. Moreover, the emitting Er3+ population does not
suffer from strong cooperative up-conversion mechanisms [297].

Therefore, based on all the previous observations, it can be postulated the existence
of two types of Er3* ions: one able to recombine radiatively with long PL lifetime and another
surrounded by quenching centers where the radiative recombination probability is extremely
small. Reasons for that may be that a big fraction may be placed within the silicon
nanoclusters and suffer an efficient Auger back-transfer [270], although this seems less
probable in light of presented results and low solubility of Er3* in silicon [278]. Another
probability is that they clusterize and suffer from quenching effects.

Indeed, it has already been reporte that erbium ions tend to clusterize in the vicinity
of silicon nanoparticle [279-282]. It remains puzzling why this clusterization is not followed
by other effects such as cooperative up-conversion [261,265]. This indicates or very
inhomogeneous local distribution of erbium ions or very inhomogeneous distribution of the
quenching centers.

In any case, the fact that more than 80% of the Er3*+ acts as absorber is the first
indispensible step of knowledge towards a clear understanding of this material, which may
allow optimizing the emitting and coupled content beyond the threshold of transparency.

3.4.7. Optical amplification of sensitized erbium ions

As demonstrated in previous section, the main drawback of the studied material is a
large fraction of non-optically active ions. These ions contribute to the absorption of light but
they do not contribute to the optical amplification. The previous study has been performed
under resonant excitation. If the erbium ions are excited trough the silicon nanoclusters even
lower fraction of ions should be involved in the optical amplification process, as the fraction of
sensitized ions found was even lower than the optically active ones (see section 3.4.5).

In this section, it will be presented the results that confirm this hypothesis, assuring
that the most pressing issue of this material is optical activity of erbium ions.

111



Figure 56 — (a) Photograph of the pump and probe setup. Pumping beam in the form

of a long stripe has been aligned along the rib waveguide. (b) Amplified spontaneous
emission (ASE) under intense excitation (Aexe = 488 nm) can be observed at the
output of the waveguide. Double spot indicates multi-mode waveguiding. (Inset)
Photograph of the probe signal at the output of the rib waveguide.

Optical amplification measurements have been again performed using the pump and
probe measurements on the rib waveguide samples [297,316,317]. Samples were prepared in
way analogous to what described in previous section. For the measurements the 20 um wide
waveguides were used. On contrary to the rib waveguides previously used, these waveguides
are multimode (see Figure 56). Wider waveguide were used in order to facilitate alignment
with a pump beam as the measurements configuration has been changed (see Figure 56).

When exciting the Er3* trough the silicon nanoclusters, visible or UV pump beam is
used. These excitation wavelengths are not suitable for the co-propagating configuration due
to different mode overlaps of pump and probe beams and a very strong depletion of the pump
flux due to absorption of silicon nanocluster. More suitable configuration is the one where the
sample is excited vertically, similar to PL. measurements.

To that end, the laser beam is transformed with help of cylindrical lens in a long
stripe and focused and aligned along the waveguide, providing uniform excitation along the
whole length (see Figure 56a). Active films are only um thick, thus the pump depletion can be
considered as negligible. In this configuration, stripe alignment with waveguide becomes an
issue, as pm precision has to be maintained over a few cm of length (sample length, L = 2.4
cm in present case) justifying the choice of the wider waveguides.

As an excitation, the Aexe = 488nm line of an argon laser was used. This excitation
wavelength is resonant with erbium transition but under the photon fluxes used, the main
contribution comes from the excitation trough the silicon nanoclusters. As a probe a tuneable
laser was used as in previous section. In detection an InGaAs PMT coupled with double
monocromator was used in order to spectrally resolve the signal.

When exciting the Er3* ions trough the energy transfer from the silicon nanoclusters,
an additional source of optical loss arises originating from excited state population of silicon
nanoclusters [297,316]. Study of carrier absorption losses on this material have been
performed in Ref. [297,319] and it will not be considered here.

Confinement factor I' in the multimode waveguide is difficult to estimate as the
specific mode excitation depends on the exact input position (input spot size is 2 - 3 um). In
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Figure 57 — (a) Spectrally resolved pump and probe measurements with the pump
off (red solid line) and pump on (black solid line). Probe signal (probe laser FWHM
is Al ~ Ipm) appears very broad due to a low spectral resolution of detecting
instruments used. Excitation photon flux @ = 2.7 x 10?9 ph./(cm?*s) and excitation
wavelength dexe = 488 nm were used. (b) Spectrally resolved internal losses (black
spheres) measured for excitation photon flux @ = 2.9 x 1029 ph./(cm?*s) and
excitation wavelength Adexec = 488 nm. ASE spectrum is superimposed (red solid line).

order to maximize the overlap of the probe signal with excited population of erbium ions,
probe position was adjusted until the transmitted signal mimicked the amplified spontaneous
emission (ASE) output (Figure 56b), assuring similar coupling to the waveguided modes.
Probe intensity was regulated to match the ASE intensity as well.

For the sake of internal loss estimates, same value of confinement factor as in
previous section was used leading to slight overestimate of internal gain value.

Internal (pump induced losses) were define in an empirical way [316,317] as:

(15)

4.34 I um roe_I
(@B /om) = — % g Lrumespre e

o, (dB/cm)=2x*g ()T I

int

I-pump probe

Where Lpump is a pump stripe length and Iasg is ASE intensity. In previous section
ASE was eliminated by the use of lock-in amplifier but here it has to be considered as lock-in
1s not used.

The results of the spectrally resolved pump and probe measurements are reported in
Figure 57. It can be observed that the probe signal decrease when the pump signal is on. This
pump induced optical loss is attributed to carrier absorption [186,297,316]. Obviously, this is
a detrimental effect in view of optical amplification that this material should provide.

However, optical losses associated with confined carrier absorption do not show
spectrally flat profile, while rather a spectral dependence that resembles the emission shape
of erbium ions. This indicates erbium related bleaching of the optical losses and the presence
of a modest optical gain.

From Figure 58, for the high excitation photon fluxes, it can be estimated
approximate internal gain of gint = 0.35 = 0.2 dB/cm. At the excitation photon fluxes used,
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Figure 68 — Internal loss as a function of the excitation photon flux at A = 1600 nm
(black spheres) and 1 = 1535 nm (red spheres). Dashed lines are guidelines for the
eyes.

Er3* excitation trough the energy transfer could be considered to be already in saturation,
thus the value found could be considered as a rough estimate of the maximum internal gain
under non-resonant excitation. This value should be scaled down for the correct value of
confinement factor I which is somewhere between 0.8 and 1, giving approximately half of the
value found in previous section, in agreement with the ratio of coupled to optically active
fraction of erbium ions (see section 3.4.5). This is additional confirmation that the main
drawback in this material is a low fraction of optically active erbium ions.

3.6. Thin FEr3* doped SRO films suitable for
electrically pumped waveguide amplifiers and lasers

3.5.1. Electrical injection and slot waveguides

One of the main drawbacks of current EDFA technology is that the erbium ions in
erbium doped fibers cannot be excited by electrical injection. The reason is that erbium ions
are dispersed in the fiber core of typically d = 5 um diameter made of insulating material
(silicon dioxide) [61]. Electrical injection in the insulating material is a very challenging task
and becomes literary impossible for the pm thick silicate glass.

However, recently there has been a significant progress in the charge injection in
SRO [52]. In SRO the charge transport is assisted by the silicon nanoparticles. Interestingly,
it was demonstrated that even bipolar injection can be achieved in thin multilayer SRO films
where the silicon nanocrystals size is precisely controlled [52]. By co-doping the same
material with Ers*, electroluminescence of erbium ions was achieved [63].

However, in order to achieve electrical injection in this material, active films have to
be very thin with a typical thickness lower than d < 50 nm [52,63]. This is not a problem if
the fabrication of the light emitting diodes (LED) is of interest [63], but it is a big issue for
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the realization of the waveguide amplifiers and lasers. The main problem is that SRO films of
this thickness does not support any guided modes due to the low refractive index (typically n
= 1.5 - 2.0 [320]). Moreover, in order to achieve electrical injection, thin SRO film has to be in
contact with the electrode material characterized with a high refractive index (typically
silicon n = 3.4 [125]), causing the leaking of light toward the high refractive index material
with high optical losses due to doping.

Luckily, optical waveguiding in this configuration can be accomplished by the use of
slot waveguides [321,322]. Slot waveguides are a particular type of waveguide structures
where thin layer of low refractive index (tens of nm of thickness) material is embedded
between two thicker layers of high refractive index material (hundred of nm of thickness) like
in a sandwich.

Guided mode is mainly supported by the presence of the two high refractive index
layers similarly to a silicon channel waveguide. In addition, due to refractive index mismatch
between the central low and the surrounding high refractive index layers, field component
perpendicular to the interface between these, is greatly enhanced in the low refractive index
part [321].

This structure naturally allows for both electrical injection and optical guiding in very
thin films of low-refractive index material [323,324]. However, devices of this type require
differently prepared active material with respect to what have been considered previously.
Active films have to be very thin (d = 50 ns). Thus, the films that were previously considered
are incompatible for their higher thickness (d =~ pm). Additional advantage would be if the
films could be deposited by any of the more common employed CMOS compatible deposition
methods (CVD or ion implantation).

This means that the material optimization has to be redone, as the active material
properties can significantly differ when the deposition technique [226,298] or, even, only the
thickness is changed [325].

In the following, different deposition techniques will be evaluated firstly on single
layers of thin films. Once the optimum deposition technique is individuated, multilayer
structure will be studied. The multi-layer films are expected to have the advantage to allow
bipolar injection and, consequent, better power efficiency [52], leading to better amplifier
performance.

Throughout, the rest of this chapter, thin films made by PECVD, LPCVD, and Silicon
ion implantation deposition techniques will be studied!. In all cases thin films (single or
multi-layer) are deposited directly on the silicon substrate with approximate thickness of d =
50 nm. Sometimes, they will be as well capped by a thin layer (~ 150 nm) of poly-silicon in
order to mimic slot-like environment.

In this configuration top poly-silicon layer can be used as well as an electrode,
allowing for the retrieval of the information of the behaviour of the studied thin film under
the electrical injection. In all cases erbium ions are incorporated in films by means of the ion
implantation technique.

10 Samples were produced by J.M. Fedeli and his co-workers in LETI facilities,
France.
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1.1.1. Single layer thin films — reference samples10

In this section, it will be presented a short study performed on three reference
samples. These samples were produced in order to demonstrate the presence of the energy
transfer from silicon nanoclusters to erbium ions in thin samples, evaluate the influence of
the silicon excess on erbium concentration profiles and suitability of implantation
parameters. Having in mind the very small thickness of the considered films, when ion
implantation is used there is a high probability that part of the erbium ions will be present
even in the silicon substrate. Thus, the evaluation of the optical role of these ions becomes
important as well.

General characteristics of these three reference samples are shortly summarized in
the Table 2. The reference sample R1 consists only of the crystalline silicon substrate on
which no active film was deposited. Active film (SRO) of sample R2 was deposited by PECVD
deposition technique, while the thin film deposited on sample R3 is pure silica deposited by
LPCVD.

All three samples were shortly annealed following the rapid thermal processing protocol
(RTP) at T = 900°C for t = 5 minutes. RTP is commonly used for the activation and diffusion
control of dopants, in manufacturing of electrical devices. In this case RTP annealing served
as promoter of partial phase separation in sample R2 and silicon nanoclusters creation. Other
two reference samples were treated as well in order to allow direct comparison of sample
properties.

As the final goal of this study is realization of the electrically pumped devices, the
RTP annealing is very appealing as a possible phase separation promoter in SRO films, since
it would greatly simplify the fabrication process. Thus, this type of annealing was tested as
well on reference samples in order to evaluate its suitability.

Table 2 — Reference samples specifications

Reference samples

Depositi Anneal Post -anneali
Sample name eposition Si excess [at. %] nneating 0st "annealing
method type type

R1 . 100 % RTP T =900°C RTP T =900°C

’ t =5 min t = 5 min
R2 PECVD 13 % RTP T =900°C  RTP T = 900°C

’ t =5 min t = 5 min
RTP T =900°C RTP T =900°C

V)
i3 LPCVD 0% t =5 min t = 5 min
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Figure 5911 — Ers* jons concentration profiles of samples R1 (black spheres), R2 (red
spheres) and R3 (blue spheres). Black solid line represents the samples surface,
while the vertical dashed black Iline represents the position of silicon substrate in
samples B2 and R3. Concentration profiles have been obtained by means of SIMS.

After the thermal treatment, all three samples were implanted with Er3* ions. Ion
energy of 40 keV and fluence of 1 x 10> at./cm?2 were used. Finally, all the samples have been
thermally treated for a second time using the same thermal treatment in order to partially
recover ion implantation damage and optically activate erbium ions [278].

Sample composition was characterized by XPS1!, Silicon excess determination was
done using:

o1 3
[S1]-5[O]-~[N]
Siexc= . 2 4 (16)
[SI+[O]+[N]

where [Sil, [O] and [N] are atomic concentration of silicon, oxygen and nitrogen respectively,
as determined from XPS measurements. It was found that the composition of the samples R1
and R3 correspond to composition of pure silicon and pure silica, respectively. For the sample
R2 silicon excess of 13 % was found very close to the nominal value of 16 %. Contrary to what
expected for PECVD deposited sample, no measurable nitrogen contents was detected in
sample R2. Nitrogen was not detected either in samples R1 and R3.

Erbium concentration profiles were analyzed in all three samples by means of SIMS1!
and are reported in Figure 59. Erbium concentrations were determined by using a calibration
sample of known erbium concentration. For the samples R2 and R3 a thickness d = 43 nm
was found, a value that is slightly smaller than the nominal one (d = 50 nm). Moreover,
significant part of implanted erbium was detected in the silicon substrate. Thus, the ion
energy has been lowered for the ion implantation of the subsequent samples. Contrary to
samples previously studied (thick films), as a consequence of ion implantation of erbium ions,
the resulting concentration profiles are not flat.

11 Structural characterization was performed at University of Barcelona by O.
Jambois, B. Garrido and P. Pellegrino.
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Figure 60 — (a) PL spectra of sample R2 (black solid line) and sample R3 (red solid
line) under resonant Aexc = 488 nm excitation. Excitation photon flux used was @ =
1.7 x 10" ph./em? (b) PL spectra of sample R2 (black solid line) and sample R3 (red
solid line) under non-resonant dlexe = 476 nm excitation. Excitation photon flux used
was @ = 1.7 x 109 ph./cm?. (¢) PL spectra of sample R2 under the resonant Aexe = 488
nm excitation (cyan solid line) and non-resonant Aexe = 476 nm excitation (blue solid
line). Excitation photon flux used was @ = 1.7 x 10'9 ph./cm? (d) PL lifetime
dependence on the excitation photon flux for the sample R2. Non-resonant excitation
wavelength Aexc = 476 nm excitation was used.

The maximum of the Er3+ concentration has been found in both cases (sample R2 and
R3) approximately 10 nm above the silicon substrate. The peak concentration was Npeak = 3.9
x 1020 at./em3 for the sample R2 and npeak = 3.8 x for 1020 at./cm3 for sample R3. These values
of peak concentrations are very similar to erbium concentration used in thick samples (see
Table 1). However, average concentrations are lower than in previous case being Naversge = 1.8
x 1020 at./em3. More importantly, by comparing the erbium profiles of sample R2 and R3, it
can be observed that the concentration profile is independent of the silicon excess.

Optical properties of these three samples were studied a well. As an excitation source
two laser lines of Argon laser were used Aexe = 488 nm (resonant excitation) and Aexc = 476 nm
(non-resonant excitation). Detection consisted of InGaAs PMT coupled with a monocromator.
Spectral resolution was set to 5 nm due to low signal coming from the very thin samples.
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Time resolved measurements were performed with the same setup modulating the laser
beam with a mechanical chopper.

Results of PL measurements for samples R2 and R3 are reported in Figure 60.
Sample R1 is not reported as it didn’t show any detectable light for any value of the
excitation photon flux (in the limits of experimental setup used) independently of excitation
wavelength. This implies that all the erbium ions situated in silicon, including the parts of
Er3+ ions implanted in the silicon substrate in samples R2 and R3, can be considered as
optically inactive and do not contribute to PL emission.

From the Figure 60a, it can be seen that under resonant excitation there is only a
very weak signal coming from the sample R3, which completely disappears when the
excitation wavelength is changed to non-resonant (see Figure 60b). Therefore, Er3* related PL
emission under non-resonant excitation is completely due to excitation trough the energy
transfer from silicon nanoparticles.

This is nicely illustrated in Figure 60a where sample R2 shows orders of magnitude
higher PL intensity respect to sample R3 under the same excitation conditions. Moreover,
Er3* related PL intensity is not disappearing when the excitation wavelength is changed to
non-resonant (see Figure 60b), but it is rather growing (see Figure 60c), a characteristic of
the energy transfer mediated PL emission (see also Figure 40).

PL lifetimes were also monitored for the sample R2 in a range of excitation photon
fluxes. The results of these measurements are reported in Figure 60a. Very small values for
PL lifetime was found tpr, = 0.75 ms. Smaller values of PL lifetimes in these samples respect
to the thick ones are expected, as the silicon excess is larger changing the refractive index of
material [259,260,320] and nanoparticle density [287,288]. Moreover, erbium ions in these
films are situated very close to a plane of high refractive index material which provides with
a modest Purcell enhancement of radiative rate [326-329]. However, the very low values
observed are most probably due to the low matrix quality. This is a consequence of applied
thermal treatment which was not sufficient to cure the implantation damage [278].

Small dependence of the PL lifetime was detected as well, indicating possible
presence of the cooperative up-conversion process. This is a very different behaviour with
respect to previously studied thick films where for similar erbium concentration no signs of
cooperative up-conversion were detected.

Summarizing, from this short study of reference samples, it can be concluded that
erbium ions in silicon are optically inactive, PL. emission under non-resonant excitation is
entirely due to energy transfer, erbium concentration profiles are independent of silicon
excess and although, the average erbium concentrations are lower than in case of thick films
cooperative up-conversion is probably present.

1.1.2. Single layers — deposition technique comparison10

The aim of the work presented in this section is a detailed spectroscopic, structural
and electrical characterization of thin erbium implanted SRO films with a special emphasis
on comparison between different deposition techniques and evaluation of optimum thermal
treatment.
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To this end a series of samples were prepared!® by using three different deposition
techniques: Plasma Enhanced Chemical Vapor Deposition (PECVD), Low Pressure Chemical
Vapor Deposition (LPCVD) and Silicon ion implantation in stoichiometric silicon oxide
produced by LPCVD. All the thin films were deposited on p-type CZ silicon substrate (1-50

Q-cm) while deposition parameters were adjusted in order to produce different silicon excess
in the SRO films (see Table 3).

After the deposition, all samples were thermally treated to yield phase separation,
silicon precipitation and nanocluster formation. The type, temperature and duration of the
thermal treatments were varied. In the erbium co-doped samples, erbium was introduced
using ion implantation (Dose: 1 x 105 at./cm2, Energy: 25 keV). Implantation energy was
lowered in order to move the concentration maximum towards the sample surface and
decrease the percentage of erbium ions in silicon substrate.

Table 3 — Single layer samples specifications

Single layer samples

Sample Deposition Nominal Si Annealing Post annealing
name method excess [at. %] type type

RTP Furnace

SA LPCVD 12 T =1100°C T =800°C
t =5 min t =6h

RTP Furnace

SB Sil. L 12 T =1100°C T = 800°C
t =5 min t =6h
RTP Furnace

SC PECVD 12 T =1100°C T = 800°C
t =5 min t =6h
Furnace Furnace

SA1 LPCVD 12 T = 900°C T = 800°C
t =1h t =6h
Furnace Furnace

SC1 PECVD 12 T =900°C T = 800°C
t =1h t =6h
Furnace Furnace

SA2 LPCVD 16 T =900°C T = 800°C
t =1h t =6h
Furnace Furnace

SC2 PECVD 16 T =900°C T = 800°C
t =1h t =6h
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Resulting erbium concentration profiles should be very similar to what will be
presented in following section for multi-layer samples (conclusion based on simulated
profiles 12 and TEM images, actual SIMS characterization was not performed on these
samples).

After implantation, samples were additionally annealed to recover implantation
induced defects and to activate implanted erbium ions [278]. The temperature of the post-
annealing process was kept constant among the different samples. Based on the results
presented in previous section on the reference samples (see Table 2), RTP annealing was
discarded and instead furnace post-annealing treatment was applied. Relatively high
temperature and long duration was chosen in order to assure as complete matrix recovery as
possible after ion implantation, whilst still not interfering with the matrix property (silicon
nanoparticles size and crystallinity) defined by the first thermal treatment.

Recently, it was demonstrated that light emitting properties of erbium based material
could significantly change inside slot waveguide [328-331] or close to a plane of high
refractive index material [259,287,327,332]. This might cause discrepancies between
optimization of thin films when they are inserted into slot waveguide. In order to avoid this
problem, all samples were covered by a 150 nm thick poly-silicon layer in order to provide a
“slot like” dielectric environment.

Another advantage of this approach is that top poly-silicon layer can serve as an
electrode allowing for realization of very simple electrical devices such as capacitors. This
permits the electrical characterization on the same thin film. An example of this structure is
reported as an Inset in Figure 61b!3 .

The slot thickness of 50 nm has been chosen as a trade-off between the maximum
value for which efficient bipolar injection has been demonstrated [333] and the optimum
value for the minimum laser threshold [334]. The maximum net gain (minimum lasing
threshold) for single mode operation has been found for a slot thickness of 50-60 nm [334].
The net gain decreases drastically by decreasing the slot thickness imposing the lower limit
on the slot thickness considered. Consequently, a thickness of 50 nm seems a suitable choice.

For this slot thickness, the Purcell enhancement [326] of radiative rate should be
modest and have only minor effect on the radiative lifetime of the emitters in active
film [328-330]. Nevertheless, it has been considered in an empirical way by capping the
active region.

The determination of the percentage of the silicon excess was done by means of XPS1!
measurements on monitor samples (data not shown). It was found that in case of silicon ion
implantation and PECVD the actual silicon excess agreed with the nominal one within
experimental error of XPS technique (= 1%). In the case of LPCVD deposited samples
agreement was good for low silicon excess although there might be a few percent of deviation
for high silicon excess.

From XPS data obtained on monitor samples it was found as well that the presence
of nitrogen in our PECVD samples could be as high as 5-6 at. % while not detectable in the
samples deposited by the other two techniques. The presence of nitrogen could offset the

12 Erbium concentration profile simulations were performed by A. Marconi.
13 Photograph of capacitor device was taken by E. Rigo.
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Figure 6114 — (a) Bright field transmission electron microscope (BF-TEM) image of
sample SA2. Sharp interface between the crystalline silicon substrate and the SREO
active layer can be observed. Darker spots in SRO layer are silicon nanoparticles.
(Inset) Diffraction pattern of the crystalline silicon substrate. The observation was
done along [-1,1,0] zone axis. (b) BF-TEM image of interface between the SRO active
layer and the poly-silicon top layer. Increased roughness with respect to panel (a)
can be observed. (Inset)!? Photograph of the un-biased capacitor device formed by
poly-silicon cladding of the active layer. (¢) High resolution TEM (HR-TEM) image of
SRO active layer. Silicon nanoclusters can be observed as darker spots. Very dark
spots in the bottom part are due to erbium cluster formation. (d) High-angle annular
dark field scanning transmission electron microscope image (HAADF-STEM) of SRO
active layer confirming the origin of the very dark spots observed in panel (¢) as
erbium clusters.

silicon mobility thus requiring higher annealing temperatures to form the silicon
nanoparticles and slowing down the matrix restructuring [226,335].
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Although, the exact knowledge of the size, density and fraction of clustered silicon is
certainly of great help in order to study the energy transfer efficiency, and micro-structural
evolution of deposited films, studies of this type become impractical when a large number of
samples is considered. Thus, in this section a more phenomenological approach will be
employed.

It has been shown recently [226,273,276,300] that the size, density and percentage of
clustered silicon in samples produced by different deposition techniques influence strongly
the light emitting properties of silicon nanoclusters. Therefore, spectroscopic methods can be
used to evaluate the quality of the produced materials. This is reasonable as the optical
performance of active material is of main interest.

Detailed structural analysis will be performed on one sample, in order to determine
the basic structural properties. Then samples that differ only for the local environment of
erbium ions will be compared. As a figure of merit, it will be monitored the erbium ions
emission excited by non-resonant excitation, i. e. via energy transfer from the Si-nc.

Results of TEM imaging of sample SA2 is reported in Figure 614, It can be observed a
very sharp interface between active layer and silicon substrate (see Figure 61a), while the
roughness is higher on the interface between SRO and poly-silicon (see Figure 61b). Low
interface roughness is important as it may be source of significant optical losses [324,336].

Thickness of approximately d = 52 nm was estimated for sample SA2, a value very
close to a nominal value of d = 50 nm. Silicon nanoclusters presence in active material could
be observed in Figure 61c with quite uniform density across the whole layer depth. Observed
nanoclusters are probably amorphous in nature, having in mind the low temperature
annealing of this sample. In order to infer more information on the crystallinity degree of the
observed nanoparticles, energy filtered TEM imaging was performed on the same sample.
However, due to a low contrast, these measurements were inconclusive.

In Figure 61c and Figure 61d very dark spots can be observed, attributed to a
presence of erbium clusters in the active material. This was confirmed as well by EFTEM and
electron energy loss spectroscopy (EELS) (data not shown). Visible erbium clustering layer
begins approximately 15 nm from the SRO/poly-silicon interface and spans for ~11 nm in
depth.

The appearance of the erbium clusterization is also detrimental effect and it will most
certainly influence negatively the material performance. The presence of erbium clustering is
usually accompanied with inter-ion interaction and cooperative up-conversion [61,261,264—
266,278] explaining the PL lifetime dependence observed on reference sample R2 (see Table
2).

Continuous photoluminescence (CW PL) measurements were performed using the
lock-in technique, with the Aexe = 476 nm line of an Argon ion laser, which is not resonant
with any erbium optical transition. Time resolved photoluminescence (TR PL) measurements
were done by modulating a laser beam with a mechanical chopper at high frequency. The
detection system consisted of: spectrograph coupled to InGaAs PMT and photon counting

“TEM imaging was performed by J.M. Rebled, Ll. Lépez, S. Estradé and F. Peir6 at
LENS, MIND-IN2UB, University of Barcelona, Spain.
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Figure 62 — (a) Integrated PL intensity (solid black circles) and PL lifetime (empty
red circles) of 4I132 — 41152 erbium transition for the samples SA, SB and SC (see
Table 3) under non-resonant (lexe = 476 nm) excitation and excitation photon flux
Doxe = 4 x 1020 ph./cm?.(b) PL spectra of the *I152 — 1152 erbium transition of samples
SA (empty black squares), SB (empty red circles) and SC (empty blue triangles)
under same excitation conditions as in panel (a).

unit. CW and TR PL measurements were performed at the same photon fluxes (@exec = 4 x
1020 photons/cm?).

In order to evaluate the suitability of different deposition technique in producing high
quality thin films, three nominally equal samples were produced by different techniques and
analyzed (sample SA, SB and SC in Table 3). All of three samples were implanted by the
same erbium dose and thermally treated in the same way (RTP annealing). Higher
temperature RTP annealing was chosen as lower temperature RTP annealing yielded quite
poor reference sample. A lower Si excess was chosen (12 at. %).

Typical IR PL spectra and decay constants are shown in Figure 62. Decay constants
are of the order of milliseconds, somewhat shorter than what reported previously for thick
samples.The best sample in terms of PL intensity is the one deposited by PECVD. The same
sample shows also the fastest decay and highest sensibility to a change in annealing
conditions (Figure 63a, Figure 62a and Figure 63b were obtained under same conditions and
can be mutually compared). This could be an indication of a partial phase separation and
consequent lower matrix quality due to incorporation of nitrogen during the deposition
process [226,335] .

Most of the difference in the PL intensity between these three samples could be
simply attributed to a difference in the decay constants.The longest decay time is observed
for samples deposited by silicon ion implantation. Although, this sample was twice implanted
(first by silicon ions and subsequently by erbium ones) the post-annealing treatments applied
was sufficient for the complete matrix recovery.

Since for electrical injection, multilayer Si-nc/SiO: films have better properties in
terms of low turn-on voltage of electroluminescence [52,333] and since silicon ion
implantation is not suitable for multilayer sample production, additional attention is focused
only on PECVD and LPCVD samples. In particular, another type of annealing (furnace
annealing) was studied while varying the Si excess in the samples.
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Figure 63 — (a) Integrated PL intensity (solid black squares) and PL lifetime (empty
red squares) of “I1s/2 — “l15/2 erbium transition for the samples SA1, SCI1, SA2 and
SC2 (see Table 8) under non-resonant (dexe = 476 nm) excitation and excitation
photon flux @Dexe = 4 x 10?0 ph./em?. (b)?5 Visible EL spectrum of sample SAI
capacitor under bias voltage of 38 V. Series of erbium related transition could be
observed. (Inset)'? Photograph of the biased device.

The results presented in previous section on the reference samples on the influence of
silicon excess on erbium concentration distribution, suggests that the difference in light
emitting properties among the different samples is mainly due to a different silicon and
erbium clusterization , erbium ions — Si-nc interaction and local environment of erbium ions.

The furnace annealing at 900°C for 1 h was found to be the most suitable annealing
for the thick samples studied previously. In the case of the thin samples with 12 at. % of
silicon excess, furnace annealing at 900°C seems to be beneficial with respect to RTP
annealing especially in the case of the LPCVD sample (SA1) (see Figure 62 and Figure 63).
Both, SA1 and SC1 samples show similar PL intensities while decay constant reached the
level of the sample SB indicating much better matrix quality. With the same annealing and
increased silicon excess, degradation in light emitting properties is observed. The decay
constants diminish in both samples (SA2 and SC2), while in sample SC2 PL intensity
decreases as well.

Based on the results presented, oxide matrix quality is of key importance. The decay
constants in our samples indicate good oxide quality and weak non-radiative recombinations.
Best results are found for samples where erbium ions are in impurities free (nitrogen-free)
stoichiometric SiO2, which is the case of silicon ion implantation and LPCVD; LPCVD being
more suited for multilayer approach.

It seems that higher silicon cluster densities impact negatively on light emitting
properties of erbium ions. These results agree well with what was recently found on similar
materials [298]. The same decrease in performances is observed when the partial phase
separation is less complete which is probably the case of RTP annealing. For this reason,
furnace annealing (on a longer time scale) looks more appropriate with respect to rapid

15 Electroluminescence measurements were performed by A. Marconi, A. Tengattini,
A. Anopchenko, O. Jambois, Y. Berencén and J.M. Ramiréz.
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thermal annealing to get a complete phase separation.

This was confirmed as well by the analysis of emission properties of active films
under electrical excitation!®. Furnace annealing and lower silicon excess were found
beneficial for erbium emission under electrical excitation.

As reported in Figure 61, erbium clusters were observed in the sample SA2 implying
a good possibility of cooperative up-conversion in these samples. However, no visible peaks
due to erbium related transitions were observed in visible under optical pumping.
Quantitative optical measurements were not possible as the poly-silicon tope cladding does
not allow for a precise excitation photon flux estimate.

However, under DC electrical excitation (see Figure 63b'5) erbium related transition
become visible across the visible range indicating the possible presence of cooperative up-
conversion. Under the electrical bias conditions in question (Vbias = 38 V) erbium ions are
excited by impact ionization of injected carriers with possible large energy (few eV) and,
consequently, can be excited to a very high excited states from which they de-excite
radiatively similarly to what happens in cathodo-luminescence [277,302]. Thus, the
observation of erbium related visible peaks across the visible range still cannot be taken as a
definitive proof of cooperative up-conversion presence in the samples.

1.1.3. Multi-layer samples

There are basically two different physical mechanisms that could be exploited for the
erbium ions excitation in the SRO material under electrical bias. Er3* ions can be excited
directly by the impact ionization of “hot” (energetic) carriers injected in SRO matrix [63] or by
an energy transfer from the excited silicon nanoparticles [298,337]. The second mechanism is
especially attractive when bipolar injection (carrier tunnelling) in silicon nanoparticles is
achieved [52,175].

If the impact ionization is considered as a principle Er3* excitation mechanism,
energy transfer properties of the active material become largely irrelevant as the excitation
cross-section for the erbium ions under these excitation conditions is of the same order of
magnitude as the one of silicon nanoparticles [338-340]. Thus, the silicon nanoparticles could
lose their role as sensitizers and serve mostly to increase the conductivity of the surrounding
matrix, allowing also for improved device stability under “hot” carrier injection with respect
to a pure oxide.

In the single layer samples under DC electrical injection impact ionization could be
the dominant excitation mechanism [63,340], making the optical study of energy transfer
efficiency of secondary importance. Although, the presence of the energy transfer opens an
additional route to erbium ions excitation, net improvement would probably be of the same
order of magnitude.

Situation is very different when the multi-layer samples are considered, since in the
multi-layer samples bipolar injection has been demonstrated [52,333]. The main advantage of
this type of electrical injection is that the carriers are injected by tunnelling with a very low
onset voltage for electroluminescence and consequently high power efficiency [333]. That
translates in low device degradation and long term stability of performance of the device
which is the main requirements for commercial use.
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In the multi-layer samples, carriers tunnel in silicon nanoparticles, while the
injection in surrounding insulating matrix (SiO2) is mostly inhibited by their low energy (low
voltages). Under these conditions, erbium ions excitation by means of impact ionization
becomes negligible, leaving the energy transfer as the only remaining excitation path. This
situation becomes practically the electrical analogue of the non-resonant optical excitation.
Evidently, given the peculiarity of ions excitation in these circumstances, optical study of the
energy transfer efficiency provides crucial information on the optical performance of the
active material.

In this section, it will be presented detailed study of the erbium doped multi-layer
SRO/Si102 samples. The main accent will be focused on the results obtained by spectroscopic
means which will be combined with additional information gathered from structural and
electrical analysis.

For the sake of clarity, a study of only four multi-layer samples (see Table 4) will be
reported in this section similarly to the case of thick samples (see section 3.4). One type of
multi-layer structure (see Figure 64a) and two different annealing treatments (see Table 4)
were chosen resulting in amorphous and crystalline nanoparticles. In addition, samples not
implanted with erbium were provided as reference.

Multi-layer samples considered here were deposited by LPCVD1°. LPCVD was found
to be the most suitable deposition technique for multi-layer samples based on a study
presented in section 1.1.2.

Table 4 — Multi-layer samples specifications

Multi-layer samples

Sample Deposition Erbium Annealing Post annealing
name method implantation type type

Furnace Furnace

MA LPCVD Yes T =900°C T = 800°C
t=1h t=6h
Furnace Furnace

MB LPCVD Yes T =1000°C T =800°C
t=1h t=6h
Furnace Furnace

MA1 LPCVD No T =900°C T =800°C
t=1h t=6h
Furnace Furnace

MB1 LPCVD No T =1000°C T =800°C
t=1h t=6h
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Figure 64 — (a)'* BF-TEM image of the sample MA (see Table 4). Multi-layer
structure can be observed in the SiOx layer. Bright lines correspond to SRO layers.
Dark spots in the middle of SiOx layer are clusterized erbium ions. (Inset) Schematic
of the multi-layer structure. Thin (d = 2 nm) SiO: is deposited on silicon substrate
and top of multi-layer stack, serving as buffer and top cladding layer respectively.
In between, d = 3 nm thin SRO (20 at. % of nominal silicon excess) layers are
alternated with d = 2 nm Si0: layers. Total of 10 periods was used resulting in
overall nominal thickness of d = 62 nm. (b)!! Semi-log plot of erbium concentration
profile in sample MB (see Table 4) obtained by SIMS. Implantation dose of 1 x 1075
at./cm? and ion energy of 20 keV were used. Erbium concentration profile is clearly
asymmetric, although better centered in active material with respect to the high
energy implant reported in Figure 59. Thick vertical dashed Ilines indicate interfaces
between air/SRO and SREO/ silicon substrate. Vertical dotted red line corresponds to
peak Ers* concentration (Npesk = 5.2 x 1020 at./cm?3) and horizontal dotted red line to
an average Er3* concentration in active layer (Maverage = 2.9 x 1070 at./cm™3). Shaded
area corresponds to a layer in which erbium clusterization is visible in TEM images.

Multi-layer structures consist of a d = 2 nm thin silicon dioxide layer deposited on
crystalline silicon wafer on top of which is deposited a d = 3 nm thick SRO layer with nominal
silicon excess of 20 at. % forming the first period of the multi-layer structure (see Figure 64a).
This particular combination of silicon excess and layer thicknesses for the multi-layer
samples was chosen in order to mimic structures in which high power efficiency and bipolar
injection was demonstrated [52,333].

The structure period was repeated 10 times in order to reach the desired thickness of
d = 50 nm for optimum performance in slot waveguide amplifier, as discussed in previous
section [334]. Finally, the multi-layer structures were capped with d = 2 nm of silicon dioxide
in order to make them symmetric.

The multi-layer samples considered in this were not capped with polycrystalline
silicon top cladding while the nominally equal samples with top poly-silicon electrode were
produced for electrical characterization. Samples without the top cladding allow for
quantitative spectroscopic analysis.

After the active material deposition, samples were thermally treated in order to
induce the phase separation and nanoparticle growth and formation. Based on the results
presented in previous section, samples MA and MA1 were thermally at Tanneating = 900°C for t
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=1 h which was found to be the optimum annealing treatment in terms of maximum erbium
PL intensity and longest PL lifetime under non-resonant excitation (confirmed on the series
of multi-layer samples, data not shown). This type of thermal treatment is expected to lead to
the formation of amorphous nanoclusters, similarly to the case of thick samples [271,300].

The samples MB and MB1 were treated at higher temperature. This allows for
comparison of energy transfer efficiency as a function of nanoparticle crystalllinity degree
(see section 3.4.2).

Subsequently, the samples MA and MB were implanted with erbium ions and
thermally treated for the second time. Post-annealing treatment analogue to the single layer
samples was employed. Samples without erbium (MA1 and MB1) were thermally treated in
same manner, in order to allow for direct comparison with erbium implanted samples.

Photoluminescence measurements were done employing the three different lines of
Argon ion laser: Aexc = 488 nm (resonant), Aexc = 476 nm (non-resonant) and additional line in
UV Aexe = 361 nm for the CW visible PLL measurements. For the resonant excitation, laser
diode emitting at Aexe = 974 nm was used as well. At this wavelength silicon nanoparticles
absorption could be considered as negligible. TR PL measurements in infrared were
performed by modulating the laser beam with mechanical chopper in the case of excitation
with the Argon ion laser, or by modulating the diode driving current by an external function
generator in the case of excitation with the laser diode.

TR PL in visible were done using as the excitation the third harmonic of a Nd:YAG
laser Aexe = 355 nm, 6 ns pulses, 10 Hz). As detection in visible, GaAs PMT (CW PL) or streak
camera (TR PL) were used and InGaAs PMT for the IR (both CW and TR PL measurements).
In the case of TR PL measurements in IR InGaAs PMT was interfaced with multichannel
scalar. In all cases before detection, optical signal was spectrally filtered with monocromator.

The TEM!4 image of sample MA is reported in Figure 64a. Multi-layer structure in
active layer can be seen, although the contrast between the SRO (bright lines) and oxide
layer is quite weak. Moreover, it seems that the structure is better expressed closer to the
silicon substrate.

The two multi-layer samples (MA and MB) were implanted with erbium (Dose: 1 x
1015 at./cm? and Energy: 20 keV). Erbium concentration profile for the sample MB is reported
in Figure 64b. The peak concentration of npeak = 5.2 x 1020 at./cm3 is located approximately d =
22 nm from the sample surface. The concentration profile is clearly asymmetric due to
vicinity of the silicon substrate which acts as effective stopper layer for the ion energies in
question (see Figure 59), but the maximum of concentration is quite precisely positioned in
the centre of active layer, in contrast to what observed for the single layer reference samples
implanted with higher energy (see Figure 59).

Maximum Er3* concentration in these samples is higher than the one found in the
thin reference samples with higher energy implantation (see section 1.1.1 and Figure 59) or
thick samples (see Table 1). Average erbium concentration was determined to be Naverage = 2.9
x 1020 at./cm, a value slightly lower than the one of thick samples (see Table 1). Influence of
the matrix state determined by the first annealing treatment and the type of post-annealing
treatment on the erbium concentration profiles was monitored as well (data not shown). No
visible differences were found in agreement with expected low erbium diffusivity in this type
of matrix [274,341]. This implies as well that in different samples only the local environment
of erbium ions changes [277,342,343].
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Figure 657* — (a) BF-TEM image of sample MA. SRO Ilayer thickness 1Iis
approximately d ~ 44 nm. Dark spots situated in the approximate centre of SREO
layer are erbium nanoclusters. Erbium cluster layer is situated at d ~ 19 nm under
the sample surface and extends for 10-15 nm. (b) HR-TEM image of the interface
between SRO layer and crystalline silicon substrate in sample MA. Smooth interface
with low roughness between two materials can be observed. (Inset): Diffraction
pattern of the crystalline silicon substrate. The observation was done along [0,1,-1]
zone axis. (¢) BF-STEM image of sample MA. Erbium clustering (dark spots) is
evident in the central part of SRO layer. (d) HAADF-STEM image of the same
sample confirming the origin of dark spots in centre of active layer as erbium
clusters.

The average silicon excess was controlled with XPS measurements performed on the
sample MB. From the composition of the multi-layer structure, a nominal silicon excess of 11
at. % was expected while the actual silicon excess was slightly lower (9 at. %).

Thickness of the active material was determined by TEM imaging. For the sample
MA approximate thickness of d = 44 nm was found, while for sample MB thickness was d = 40
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Figure 66 — (a) EF-TEM image of sample MB. Image was filtered at 15 eV
(crystalline silicon plasmon peak) with 5eV wide energy window. Bright spots are
silicon nanocrystals. (b) EF-TEM image of the same sample. Image was filtered at
23 eV (SiOx plasmon peak) with 5 eV wide energy window. Bright spots are due to
amorphous silicon nanoclusters. Darker spots in both panels are due to erbium

clusters.

nm (see Figure 65a). These values are very similar and slightly lower than the nominal ones.
The difference is attributed to compacting of the SRO multi-layer structure upon
annealing [52,333,344].

Interface between SRO layer and crystalline silicon substrate was found to be very
smooth in all cases (see Figure 65b) similarly to the case of single layer samples (see Figure
61). This is very important as the roughness at the interface may be source of significant
optical losses when optical waveguiding is considered [345-348] .

In both samples (MA and MB), erbium clusters are clearly visible (see Figure 65).
Their origin has been confirmed in both samples by EF-TEM (Figure 66), HAADF-STEM (see
Figure 65d) and EELS (not shown). In sample MA cluster layer is positioned at
approximately d ~ 19 nm under the sample surface (see Figure 65a), while in sample MB it

was at d = 14 nm. Interestingly, the position of erbium cluster layer does not coincide with
the maximum of erbium concentration determined from SIMS. The origin of this discrepancy
is not known at the present.

Visible erbium clustering layer in both cases extends for 10 — 15 nm in the active
material as deduced from TEM imaging (see for example Figure 65). Erbium agglomeration
could be a big drawback from the point of view of optical performance of the device.
Clustering is usually accompanied by a very strong cooperative up-conversion [61,261,278],
which is obviously unwanted effect when the stimulated emission is considered. Presence of
clustering implies as well, that a big part of erbium ions should be optically inactive [265].

From the TEM images it could be estimated a fraction of erbium ions that should be
optically inactive. Assuming the 15 nm wide cluster region centred at 20 nm from the sample
surface (see Figure 65), and knowing the SIMS concentration profile (see Figure 64b) and by
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Figure 67 — (a) Normalized visible PL spectra of the samples MA1 (black spheres)
and MBI (red spheres). PL intensity of sample MAI is 13.5 times less intense than
the one of the sample MBI. In addition, PL spectrum of sample MAI is broader and
blue-shifted, indicating less phase separation and presence of amorphous silicon
nanoclusters. On other hand, PL band properties of the sample MBI are consistent
with the presence of mostly crystalline silicon nanoparticles population. Excitation
wavelength in UV (Aexe = 364 nm) was used in both cases, with the excitation photon
flux of @ = 8 x 1018 ph./em?. (b) PL spectra of sample MBI under UV (Aexc = 364 nm,
violet spheres) and visible (Aexe = 488 nm, cyan spheres) excitation. PL spectrum is
red-shifting when the excitation wavelength is changed from UV to visible
Indicating the presence of small nanocrystals and amorphous nanoclusters.

postulating that all the erbium ions in that region of sample are optically inactive, it is found
that 55 + 5 % of total number of erbium ions should be optically inactive (absorbing but not
emitting).

This is a significant fraction of erbium ions and it is sufficient by itself to prevent any
possible net gain and population inversion. Evidently, in order to provide with optimized gain
material this issue has to be solved. The most straightforward way to achieve this goal is to
reduce the erbium concentration with the direct penalty on the maximum achievable optical
gain value. This translates as well in more rigid device design and fabrication requirements
(lower optical losses) and larger device footprint.

Nevertheless, even at this stage, it is instructive to correlate these findings with the
results of the spectroscopic analysis.

Apart from the study of erbium clusterization, EF-TEM imaging can be used for the
study of silicon nanoparticle crystallinity degree. The results of EF-TEM imaging of sample
MB are reported in (Figure 66). Images were filtered at 15 eV (crystalline silicon plasmon
peak) or 23 eV (SiOx plasmon peak) with 5 eV wide energy windows (see Figure 66). For the
sample MA amorphous clusters were found, while for the sample MB nanoparticles

population was dominated mostly by crystalline nanocrystals. In both samples smaller
population of different crystallinity was observed (crystalline for MA and amorphous for MB,
see Figure 66).

In Figure 67 the visible PL spectra of samples MA1l and MB1 (samples without
erbium, see Table 4) are reported. PL spectrum of sample MAL1 is broader, blue shifted and
less intense (13.5 times) when compared to the PL band of sample MB1. Considering the
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Figure 68 — (a) Spectral dependence of PL lifetimes (v, black spheres) and stretching
parameters (B, empty red circles) for the sample MAI. PL lifetimes and stretching
parameters were obtained by fitting the experimental data with stretched
exponential function [109]. Experimental data were obtained by integrating over 20
nm wide spectral windows. Normalized time integrated PL spectrum obtained under
the same excitation conditions is reported as well (blue solid line). No spectral
dependence of the lifetimes (t) could be observed, while the values of stretching
parameters (B) are quite low indicating amorphous silicon nanoclusters as origin of
the visible PL. Pulsed UV excitation was used (Adexe = 355 nm, 6 ns, 10 Hz). (b)
Spectral dependence of PL lifetimes (t, black spheres) and stretching parameters (B,
empty red circles) for the sample MBI1. PL lifetimes (tv) and stretching parameters
(B) were obtained by fitting the experimental data with stretched exponential
function [109]. Experimental data were obtained by integrating over 20 nm wide
spectral windows. Normalized time integrated PL spectrum obtained under the
same excitation conditions is reported as well (blue solid line). Strong spectral
dependence of lifetimes (v) can be observed. Together with the high values of
stretching parameters (B), it is consistent with the presence of silicon nanocrystals
in sample MBI1. Pulsed UV excitation was used (Aexe = 356 nm, 6 ns, 10 Hz).

annealing treatments that were applied on these samples, it indicates that the silicon
nanoparticles in sample MA1 are mostly amorphous while in sample MB1 mostly crystalline,
in agreement with the results of EF-TEM imaging (see Figure 66).

Amorphous nature of silicon nanoparticles in sample MA1 is further confirmed by a
large red-shift of PL peak position when excitation is changed from UV to visible (not shown).
Interestingly, PL band of sample MB1 shows the similar red shift under the change of

excitation wavelength, indicating the presence of smaller amorphous population as deduced
from EF-TEM images (seeFigure 67b).

More insight on the crystallinity degree of silicon nanoparticles in different samples is
given by time resolved measurements. Experimental data are obtained by integrating the PL
signal over a 20 nm wide spectral window. Subsequently the data are fitted with a stretched
exponential function [109] and the results are reported in Figure 68.

Quite long lifetimes were found for the sample MA1 (z ~ 15 ps) indicating a high
quality matrix [37]. In addition, stretching parameters (B) were quite low and no spectral
dependence of the lifetimes could be observed. This indicates that amorphous nanoclusters
are mostly responsible for observed visible PL in sample MA1, in agreement with what
concluded from TEM imaging. On the other hand, sample MB1 shows higher values of
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Figure 69 — (a) Visible PL spectra of sample MA1 (black spheres) and sample MA
(red spheres) under CW UV (Aexe = 364 nm) excitation. Excitation photon flux used
was @ = 3 x 10’8 ph./ecm?. (b) Visible PL spectra of sample MB1 (black spheres) and
sample MB (red spheres) under CW UV (Aexe = 364 nm) excitation. Excitation photon
flux used was @ = 3 x 10’8 ph./cm?.(c) Spectral dependence of PL lifetimes (v , black
spheres) and stretching parameters (B, empty red circles) for the sample MA. PL
lifetimes and stretching parameters were obtained by fitting the experimental data
with stretched exponential function [109]. Experimental data were obtained by
Iintegrating over 20 nm wide spectral windows. Normalized time integrated PL
spectrum 1s reported as well (blue solid line). No spectral dependence of the
lifetimes (t) could be observed, while the values of stretching parameters (B) are
quite low indicating amorphous silicon nanoclusters as origin of the visible PL.
Pulsed UV excitation was used (Adexe = 356 nm, 6 ns, 10 Hz). (d) Spectral dependence
of PL lifetimes (x, black spheres) and stretching parameters (B, empty red circles)
for the sample MB. PL Iifetimes and stretching parameters were obtained by fitting
the experimental data with stretched exponential function [109]. Normalized time
integrated PL spectrum 1is reported as well (blue solid line). Strong spectral
dependence of lifetimes (t) can be observed Together with the high values of
stretching parameters (B), it is consistent with the presence of silicon nanocrystals
in sample MB. Pulsed UV excitation was used (Aexe = 355 nm, 6 ns, 10 Hz).

stretching parameters () and strong spectral dependence of PL lifetimes (t, see Figure 68)
indicating the presence of silicon nanocrystals .

Both type of samples, annealed at high (1000°C) or low (900°C) temperature, show
significant visible PL quenching (see Figure 69a and Figure 69b) when the erbium is

134



?3,;104- a) gi: b) ‘ '2‘:
ﬁm@- A, =476 nm | é ] % -zoﬁ
gmo“- ] E > Q 5 -IGE
g 0] ] g 4001 . 112

1450 1500 1550 1600
Wavelength [nm]

Figure 70 — (a) PL spectrum of *I;52 — “I15/2 erbium transition in sample MA under
non-resonant excitation (Aexe = 476 nm) with excitation photon flux @ = 3 x 10%°
ph./ecm?. (b) Integrated PL intensities (black solid circles) of I132 — 1152 erbium
transition and PL lifetimes (red empty circles) of the same transition for the
samples MA (annealed at 900°C) and MB (annealed at 1000°C). Non-resonant
excitation (Aexce = 476 nm) with excitation photon flux @ = 3 x 10?0 ph./cm? was used.

incorporated in the active material. In the case of samples annealed at lower temperature
(MA1 and MA, annealed at 900°C, see Table 4) quenching is approximately 6.5 times, while
in the case of the samples annealed at higher temperatures (MB1 and MB, annealed at
1000°C, see Table 4) quenching is higher (7 times). This is different with respect to what
observed in thick samples studied before. In the case of thick samples, samples annealed at

higher temperature showed less visible PL quenching in the erbium presence (see section
3.4.2 and Figure 42).

A part from the loss of the PL intensity, these samples show shortening of PL
lifetimes independently of the nanoparticles crystallinity degree. Lifetime shortening is more
pronounced in the case of sample MA, annealed at 900°C. This is very different with respect
to the case of thick samples prepared by RF co-sputtering, where only the initial fast part of
PL dynamics was influenced by the erbium ions presence.

However, in the thick samples erbium ions were incorporated in the matrix during
the film deposition phase followed by the subsequent annealing [272,275]. In the case of thin
samples considered, SRO properties were mainly determined by the first annealing
treatment after which the films were implanted with erbium ions.

Ion implantation induces significant damage to the implanted matrix, creating a
number of non-radiative recombination sites [264,278], which could be responsible for the
observed shortening of the PL lifetimes. In the pure silica very high thermal budget is
necessary to recover completely the implantation damage (T = 1200°C, t = 1 h) [264,278].
Thus, it may be that applied post annealing treatment is not sufficient to recover completely
the matrix.

The results of IR PL (CW and TR) under non-resonant excitation (Aexe = 476 nm) are
reported in the Figure 70. Both samples, MA and M B, show very long PL lifetimes for 4I132 —
41152 erbium transition. Considering the high silicon excess [287,288,349] and the fact that
these samples are very thin and deposited upon high refractive index material (silicon
substrate) [259,326,327,332] the observed lifetimes are exceptionally long indicating the very
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Figure 71 — (a) Normalized visible PL spectrum of sample MA under CW UV
excitation (Aexe = 364 nm, @ = 3 x 10’8 ph./cm?). Additional peak at approximately A
= 550 nm could be observed. (b) Visible PL spectra of samples MA (black solid line)
and MB (red solid line) under CW UV excitation (ldexe = 364 nm, @ = 3 x 10!
ph./em?2). (c)15 Visible EL spectrum of the sample MA. (d)!* EL spectrum of I152 —
4]15/2 erbium transition of sample MA.

good matrix quality. These observations are contrary to what concluded from the visible TR
PL, indicating that at least part of the observed visible PL shortening is not due to
implantation damage.

From the Figure 70, it can be seen that the erbium related PL is more intense in the
sample annealed at low temperature, analogously to the case of thick samples. Both erbium
implanted samples have similar erbium PL lifetimes but sample MB shows almost six times
less PL intensity respect to sample MA under the same non-resonant excitation. As the PL
lifetimes are very similar, it can be concluded that in sample MB there are less emitters
(lower energy transfer efficiency).

Under the electrical injection these samples showed as well strong erbium related
electroluminescence (see Figure 71d) and high power efficiency (> 0.05 %)15. However, onset
voltages for the electroluminescence are quite high (around 30 V) meaning that under
electrical injection erbium is mainly excited by impact ionization. Reasons for high operating
voltages are not known at present.

Based on long PL lifetimes under non-resonant excitation and high power efficiency
under electrical excitation it can be tentatively concluded that the sample MA is an optimized
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sample.

However, as shown previously by TEM imaging there is an erbium clustering in this
sample which should influence the optical performance of active material. Moreover,
cooperative up conversion should be fairly strong.

In fact, if the visible PL spectrum of sample MA is considered apart from the visible
PL band coming from the silicon nanoclusters there is an additional peak that can be
correlated to a cooperative up-conversion presence (see Figure 71a). Interestingly, this peak
is not present neither in sample MB under the same CW UV excitation (see Figure 71b) nor
in sample MA when is excited resonantly with Aexe = 488 nm (data not shown). That means
that the cooperative up-conversion is influencing heavily the coupled erbium fraction and
that very high excitation photon fluxes are needed for its observation.

The presence of this peak is as well responsible for less visible PL quenching after
erbium incorporation in sample MA with respect to sample MB. If this peak is not considered
quenching is similar to the case of sample MB.

Cooperative up-conversion in the sample MA could be observed only when the excitation
photon energy was increased, corresponding to higher pumping condition (higher absorption
cross section) [117]. When pumping electrically, resulting pumping conditions could be
considered as even more energetic than UV excitation [338]. In the Figure 71c it is reported
the visible EL spectrum of active material corresponding to sample MA. A number of Er3+
related transitions can be observed across the whole visible/NIR region. This implies that a
significant part of visible erbium related EL is due to cooperative up-conversion. This is valid
as well for the single layer samples considered previously.

In order to evaluate the impact of cooperative up-conversion on performance of active
material, it is important to quantify it. For the determination of the coefficient of cooperative
up-conversion it was used the procedure described in section IV of Appendix to Chapter 3 and
Ref. [271]. Cooperative up-conversion estimate was done by exciting resonantly Aexe = 974
nm) and non-resonantly Aexe = 476 nm). As reference sample, sample C from Table 1 was
used.

However, before any quantitative evaluation is done, it is very important to estimate
approximately the radiative lifetime of erbium ions in sample MA. In a bulk silica erbium
radiative lifetime was measured to be Trad = 18 ms [260]. However, in the presence of silicon
nanoparticles refractive index of material is changing [349], influencing as well the radiative
lifetime of Er3+. Having in mind the silicon excess in this sample (9 at.%) and comparing with
the literature [63,271,294,316,349], radiative lifetime of Trad = 10 ms can be deduced.

This is in good agreement with what expected for bulk samples when accounting for
near field enhancement of radiative rate in vicinity of silicon nanoparticles (traa = 10
ms [287]. Traa = 7 ms [288]). However, sample MA is a thin sample deposited on top of the
high refractive index material (silicon substrate), thus a certain enhancement of the radiative
rate is expected [259,287,326-329,332]. Taking into account the asymmetric profile of the
erbium ions in this sample (see Figure 64) a value of Trad = 7 ms was estimated.

Quantitative optical measurements on these samples are very difficult due to a very
weak signal which is a consequence of the very small excited volume (very thin samples).
This is the reason why the quantitative measurements are performed only on the brightest
sample in terms of erbium related PL (MA). Estimate of optical performance of other samples
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Figure 72 — (a) Cooperative up-conversion estimate on sample MA using resonant
excitation (Adexe = 974 nm). Excitation photon flux was varied from @ = 2.8 x 10?1
ph./ecm? to 2.2 x 10?2 ph./cm?. Experimental data (black spheres) have been fitted
with Eq. 31 (red solid line, see section IV of Appendix to Chapter 3) yielding Cup = 5
+183 x 1016 cm? * s'1. Dashed horizontal line represents the time decay in absence of
cooperative up-conversion estimated from the fit (red solid line) to be to = 1.8 + 0.8
ms. (b) Cooperative up-conversion estimate on sample MA using non-resonant
excitation (Aexe = 476 nm). Excitation photon flux was varied from @ = 2.8 x 108
ph./em? to 2.7 x 10°? ph./cm?. Experimental data (black spheres) have been fitted
with Eq. 31 (red solid line, see section IV of Appendix to Chapter 3) yielding Cup =
2.1 + 0.8 x 101° cm? * s'1. Dashed horizontal line represents the time decay In
absence of cooperative up-conversion estimated from fit (red solid line) to be To =
2.13 + 0.05 ms.

can be obtained by comparison with the sample MA.

Results of the measurements performed for the determination of cooperative up-
conversion coefficient are reported in Figure 72. In both cases (resonant and non-resonant
excitation) same results (within experimental error) were found. As in the case of non-
resonant excitation effective excitation cross section is significantly larger (see Figure 73a),
the results obtained by non-resonant excitation are less noisy and it will be used in following.

For the cooperative up-conversion coefficient it was found Cyp = 2.1 £ 0.3 x 1015 cm3 *
s1, which is a pretty high value in agreement with what expected from previous analysis. For
the limit PL decay time in the absence of cooperative up-conversion a value of To =2.13 £ 0.05
ms was found.

Using the resonant excitation Aexe = 974 nm) the absorption cross-section for direct
excitation can be found following the procedure described in the section V of Appendix to
Chapter 3. The value found is oar (974 nm) = 1.9 + 1.3 x 102! cm2. This value is in agreement
(within the experimental error) with the value previously reported in Ref. [296] (car (974 nm)
= 3.1+ 0.5 x 102! cm?). It is very difficult to obtain more accurate estimate of direct erbium
cross-section in sample MA due to a low PL signal. Therefore, in the following the value from
the Ref. [296] will be used instead.

Knowing cooperative up-conversion coefficient and direct erbium absorption cross-
section [296], the fraction of optically active erbium ions can be estimated following the
procedure described in section IV of Appendix to Chapter 3.
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Figure 78 — (a) Effective excitation cross-section dependence on excitation photon
flux of Ers* of sample MA under non-resonant excitation (Aese = 476 nm). (b)
Determination of optically active fraction of erbium ions In sample MA.
Experimental data (black spheres are fitted with Eq. 30 (red solid line, see section
IV of Appendix to Chapter 3) giving the total active erbium concentration in sample
MA of Dactive = 2.1 + 0.2 x 1018 at./cm?3. Resonant excitation wavelength was used Aexc
=974 nm.

It is found that the total active erbium concentration in sample MA is nactive = 2.1 +
0.2 x 1018 at./cm3. This counts for approximately 0.75 = 0.11 % of total erbium content. The
same procedure can be applied for the sensitized fraction of erbium ions obtaining 0.1 %.
However, in the case of sensitized fraction Eq. 30 does not fit the data nicely as in case of
optically active fraction implying that there are additional factors that were not considered
and that the applied procedure is not adequate for the estimate of sensitized fraction.

The estimated value of optically active erbium fraction is very low, much lower than
what estimated from TEM imaging. This is reasonable as in the TEM images only a clusters
of certain size can be imaged (few nm of size). Thus, if erbium clusters are smaller consisting
of only few erbium ions they will not be observed with TEM but they will influence heavily
the optical properties of active material.

Again as a limiting factor in this material, loss of optical activity of erbium ions was
found. However, in this case there is strong evidence that behind the loss of optical activity of
erbium ions there is erbium clustering. Erbium clustering is probably the main limiting
factor at current erbium concentration in thin samples (~1020 at./cm3) and it is probably
responsible as well for the loss of optical activity in thick samples.

Moreover, it becomes clear that the sample optimization procedure used is not
adequate. Nice results in terms of erbium PL, lifetime and power efficiency can be obtained
even when the main fraction of erbium ions is optically inactive. Main figure of merit when
optimising this material should be the optical activity of erbium. Once the optimized erbium
concentration is achieved silicon nanoparticles should be tailored to increase sensitized
fraction while maintaining optical activity of the erbium ions.
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1.1.4. Waveguide amplifier design

Slot waveguides have been proposed as a possible solution to optical waveguiding in
very thin films of low refractive index [321,322]. Moreover, this novel structures provide a
straightforward way to get electrical injection in erbium doped active thin films made of
insulating material [323,324]. There have been a few designs proposed for actual electrically
driven devices, however they were not suitable for mass production exploiting the CMOS
process or in particular, were not suitable for the use with erbium doped active insulating
materials [323,324,350,351].

In this section it will be presented the design of a novel structure that can be
exploited for production of electrically pumped waveguide amplifier based on erbium doped
material. The main advantage of the proposed approach is that it can be produced in
standard CMOS line using optical lithography.

In the case of the erbium doped material the design of the waveguide amplifier is the
design of suitable waveguide configuration in which electrical injection can be achieved [323].

There are basically two possible designs that can be considered: vertical and
horizontal slot waveguide [323]. Vertical slot waveguides are very interesting from the
sensing point of view as they permit interaction with external ambient [352—-355]. However, a
big drawback of the vertical design is the etch induced roughness of the slot walls,
responsible for significant optical losses in vertical configuration [323,356], although
significant progress have been made recently in suppression of roughness induced optical
losses [351,357]. Moreover, usually only the limited filling of slot region by active material is
possible [356].

However, the main reason for the choice of horizontal configuration is a simple fact
that the multi-layer material in slot region is very difficult to deposit in vertical configuration
even by conformal growth (see Figure 74a).

When designing this type of structures, there are few points that need special care if
the modelled structure is to be actually feasible.

8i0, (n=1.46)

Silicon (n=28.5)

Figure 74 — (a) Schematic of typical configuration of the horizontal slot waveguide,
where the multi-layer erbium (green spots) doped SRO (grey spheres) material of
approximate thickness of d = 50 nm is sandwiched between two layers of silicon. (b)
Schematic of the optimized novel structure which provides with optical waveguiding
and permits the electrical injection in erbium doped SRO material.
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The most important are fabrication issues. Very precise control of device dimensions
can be achieved by using the electron beam lithography [356], however fot industrial
applications and mass production, optical lithography has to be used. The devices that allow
for electrical excitation are usually of complex design, involving the structures that have to
be defined with multiple overlapping levels by different lithographic masks [358].

However, when optical lithography is used (even in the case of deep UV), the typical
realignment error of optical mask on different structure levels is of the order of magnitude of
typical single mode slot waveguide [321,352,356]. Thus, when designing this type of
structures, a special attention has to be addressed in order to relax optical alignment
conditions between different mask levels. As well, small features have to be defined in a
single etch procedure as the subsequent realignment becomes impossible (an example being
the central part of slot waveguide).

Even though the main part of the structure has to be defined in a single etch, an
access to a top and bottom cladding have to be present for electrical connections. Whole slot
structure has to have as well limited volume of high refractive index material, in order to
avoid leaking of the field from the low refractive index area of the slot. Moreover, slot
waveguides have to be well isolated from the silicon substrate for the same reason.

Another serious issue is the choice of materials. As discussed previously, active
material consists of low refractive index material with 50 nm thickness build by subsequent
deposition of multilayer structure of erbium doped SRO. As top and bottom claddings which
build the slot waveguide and provide with electrical contacts, silicon is material of choice due
to the good electrical conductivity, easy processing and CMOS compatibility.

Silicon on the other hand can be found in three main forms: as monocrystalline,
polycrystalline and amorphous. Monocrystalline silicon has superior electrical and optical
properties when compared to other two forms. Unfortunately, monocrystalline silicon films
cannot be grown in CMOS process and is only available as a substrate or as device layer in

SOL

Some additional flexibility is offered by the silicon-on-insulator (SOI) technology. SOI
allows for good separation from the silicon substrate and reduced light leakage and provides
with a single monocrystalline layer that can be used for the definition of the bottom cladding.

However, the top cladding has to be made of polycrystalline or amorphous silicon.
There have been trials to bond two SOI wafers in order to define horizontal slot waveguides
made completely out of monocrystalline silicon [359]. However, bonding procedure is
expensive and complicated process and has never been demonstrated with SRO as bonding
layer. Thus, it will be disregarded from further considerations.

Very nice results in terms of optical losses have been achieved in horizontal slot
waveguides by using the hydrogenated amorphous silicon top cladding [336]. Unfortunately,
amorphous silicon is characterized by poor electrical conductivity. On other hand, polysilicon
i1s commonly used as a conductive material in microelectronics. Slot structures with
polycrystalline silicon have been already demonstrated, although with very high optical
losses [331]. Optical losses in polysilicon based slot waveguide have been reduced lately
reaching the present record value of 7 dB/cm for propagation losses [324].

The reasons for high optical losses in polysilicon are scattering from inherently large
surface roughness, grain boundaries and absorption due to silicon dangling bonds formed on
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Figure 75 — (a) Optical power distribution of the first TM mode in an optimized
novel structure whose cross-section is reported in Figure 74b. (b) |E?/ distribution
of the Ey (vertical) component of the electric field for the first TM mode. Strong
enhancement in slot region can be observed (dark region). (¢) 3D image of |E?/
distribution of the Ey (vertical) component of electric field for the first TM mode
reported in panel (b). Z — axis corresponds to electric field strength. (d) The relative
magnitude of the electric field for the first TM mode along the vertical directions of
panels (a) and (b) and y-axis of panel (c). Strong enhancement in slot region can be

observed.

the grain boundaries [345-348,360—-362]. These losses can be reduced by long high
temperature annealing procedures in presence of forming gas where hydrogen passivates
silicon dangling bonds. However, this is impractical in electrically active type of devices as it
may cause dopant out-diffusion and may interfere with optimum thermal budget for SRO.

Therefore, it is more attractive to minimize the fraction of light guided in
polycrystalline part of slot waveguide, while still maintaining high fraction of field in slot
region.

Silicon based electrical devices has to be additionally doped with impurity atoms in
order to increase the material conductivity. However, doping is a significant source of
additional optical losses due to free carrier absorption [363]. By using the polysilicon, doping
and consequently optical losses due to free carrier absorption can be significantly reduced.
Nevertheless, the dopant presence should be avoided in parts of the structure where the light
confinement is significant.
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Figure 76 — Schematic of the optimized asymmetric slot waveguide with the color
legend of its different parts. Slot region where the active material 1s situated is
indicated in red, polycrystalline part is colored in green (with the dark green parts
representing heavily doped region of polysilicon for electrical contacts), and
monocrystalline part is grey (with yellow parts indicating the heavily doped part for
electrical contacts). C.F. stands for confinement factors and gives the | E?/ fraction
of the first TM mode (fraction of the electric field) in a given region while F.F. is fill
factor and gives the fraction of the optical power. The first TM mode is
characterized as well by small presence of opposite polarization of 8%.

These requirements can be achieved by asymmetric design of slot waveguides (see
Figure 74). Asymmetric design has been used in vertical slot waveguides in order to allow for
sharp bends [364] and single mode operation [351,357]. The main reason for the use of the
asymmetric design here is to account for fabrication issues and minimized the fraction of
electric field situated in the polysilicon part while at the same time maximizing the fraction
of the electric filed inside of the slot region (see Figure 75 and Figure 76).

Optimized waveguide parameters are reported in Figure 74. This design has a
number of advantages. By using the SOI technology good confinement can be achieved while
the leaking of the light towards the substrate is strongly suppressed by a few microns of
buried oxide (see Figure 75). Commercially available SOI wafer with 220 nm of silicon
thickness on the top of buried oxide was used as a substrate. Slot thickness was defined
previously and fixed at50 nm.

With this design central part of the slot can be defined in a single etch procedure
(etch of slot region and partial etch of monocrystalline ridge structure). Height of b = 90 nm
of bottom wings is enough to maintain good electrical conductivity while optimizing the
fraction of the field in the slot region (see Figure 76 and Figure 77a).

Polysilicon top cladding can be deposited and lithographically patterned with
extremely relaxed precision in the um range as the top polysilicon “wings” length does not
influence the optical waveguiding in the TM polarization. Top cladding thickness was chosen
in order to have good electrical conductivity, and maximise the field in slot region, while still
maintaining the low fraction of the field in the cladding itself.

Waveguide width is chosen in order to achieve the single mode behaviour. However,
wider multi-mode waveguides were considered as well (width 500 nm and 1 pm).
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Figure 77 — Dependence of the confinement factor in the slot region of the optimized
asymmetric slot structure on’ (a) the bottom “wings” height b, (b) top polysilicon
cladding thickness t, (c) the slot width w, (d) the slot thickness s and (e) the slot
material refractive index nsiot. Results were obtained by commercial FMM solver.
(£)10 Microscope image of produced electrically pumped waveguide amplifier. Thick
Ilines in the image represent the active region of the waveguide amplifier that can be
electrically biased. Small orange squares are contact pads. Graphical interpretation
of the slot waveguide parameters is reported in Figure 74b. Red arrows indicate
optimized parameters which were used as nominal parameters In waveguide
manufacturing process.
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Figure 78 — (a) SEM image of the produced slot waveguide. Produced structure
shows good agreement with optimized modeled parameters. (b) SEM image of the

produced slot waveguide. Grain structure of the top polycrystalline silicon cladding
is clearly visible.

As it can be seen in Figure 77, slot parameters are quite robust for fabrication
variations, including the changes of slot thickness or slot refractive index change (different
silion excess, different thermal treatments).

Although the doping has to be limited close to the active material it can be increased
significantly in the waveguides “wings” (see Figure 76) providing with good electrical
contacts. Bottom part can be doped gradually with lower dopant concentration under active
film as monocrystalline silicon is characterized by fairly good conductivity. Due to small
thickness of upper and bottom wings and relatively large separation between them no
waveguiding occurs in the waveguide “wings”. SRO is deposited directly on the silicon
substrate leading to smooth interface and low scattering contribution. It is possible that
scattering could be more expressed at the vertically etched slot walls, however this surface is
significantly smaller than in regular slot waveguide.

In Figure 78 an SEM image of one of the produced slot waveguides is reported. Wider
multimode waveguide was imaged (w =~ 1 um). This waveguide can be electrically biased
showing good conductivity and electroluminescence. However, the first run of waveguide
amplifiers showed quite high passive optical losses (~ 30 dB/cm). Unfortunately, due to
fabrication errors on reference structures, the origin of these high passive losses is still not
established.

1.1.5. Resonant structures design

Waveguide amplifiers are not the only active elements that are of interest when the
erbium doped material is considered. Erbium doped materials attracted primarily significant
attention as they can be used as a material platform for the realization of a silicon based
laser.

The main difference between optical amplifier and the laser, is that laser has one
additional element, an optical cavity which re-circulates the emitted light. There are a
number of different resonant structures that can be defined and realized in this material.
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Figure 7910 — (a) SEM image of the ring resonator based on the design of electrically
pumped asymmetric slot waveguide amplifier. (b) Microscope image of the ring
resonator.

There are several resonant structures that can be defined directly on the waveguides.
The simplest is to use a WGM type of resonator in the form of ring or disc resonator,
advantage of the ring resonator being that can be produced completely following the
waveguide amplifier design [323,324,336,359].

For the disc resonators contact definition similar to capacitor design previously shown
may be used. However in the first steps of evaluation of feasibility, the ring resonators have
an additional advantage of having smaller number of radial families that may out-couple
leading to consequently easier transmission/emission spectrum interpretation.

An example of the ring resonatorl® defined using the waveguide amplifier design is
reported in Figure 79. In a preliminary characterization Q factors of approximately Q ~ 25
000 were measured on these devices. Moreover, an electroluminescence from the same device
has been observed. Cavity influence on the light emitting properties of the erbium doped SRO
is still under investigation.

Another simple optical cavity that can be defined on the waveguides is the Fabry-
Pérot type of cavity [323]. This type of optical cavity can be defined by simply cleaving the
waveguide facets, although resulting reflectivity of the facets will be very low. Thus, it is
desirable to have the mirrors of the optical cavity defined in a different manner. To that
purpose distributed Bragg reflectors (DBR) may be used. By using two DBR mirrors on the
waveguide amplifier Fabry-Pérot cavity can be easily realized.

However, in the case of periodic structure definition on these waveguides, special care
has to be paid to DBR design, in order to minimize the scattering contribution while still
maintaining the minimal feature size in the domain of optical lithography. An example of the
Fabry-Pérot cavity with the optimized design for the DBR mirrors is reported in Figure 80.
Again electroluminescence from these devices has been demonstrated while the optical and
electro-optical characterization is under way.

In this initial phase, only these two types of optical cavities have been considered due
to their inherent simplicity of production. On the other hand Fabry-Pérot allows for the
testing of the manufacturing process of gratings. If proven successful these two approaches
can be easily enlarged by incorporation of a number of different optical cavity designs such
as: WGM resonators (disc and racetrack resonators) with in plane or vertical coupling,
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Figure 801 — (a) Microscope image of Fabry-Pérot cavity defined on the slot
waveguide. Distributed Bragg (DBR) mirror is evidenced with red frame. (b)
Simulated transmitted (black spheres), reflected (red spheres) and scattered (blue
spheres) contribution of the optimized DBR mirror as a function of wavelength.
Vertical black dashed line indicates erbium emission peak (A = 1535 nm). Different
contributions are obtained by 3D-FDTD simulation. Mirrors parameters used are:
number of periods is 80, period length is 395 nm, duty cycle 1s 50 %, trench depth
150 nm (to the bottom cladding).

photonic crystal cavities, vertical emitting resonant structures, distributed feedback
resonators (DFB) etc .

1.2.  Conclusions and future perspectives

In this chapter a detailed study of Er3+-doped silicon-rich-oxide (SRO) materials was
presented. In particular, optical properties and possible drawbacks of this active material
have been studied and the physical aspects behind them analyzed. As the data set has been
acquired on large set of samples deposited by different deposition techniques (RF co-
sputtering, PECVD, LPCVD, Silicon Ion implantation) of different thickness, erbium ion
concentration, silicon excess and thermal treatments, results obtained could be easily
generalized.

It was shown that a major drawback of this material is the loss of optical activity of
erbium ions when inserted in a SRO matrix due to erbium clustering for concentrations
higher than 1020 at./cm3. As a possible remedy, lowering of the erbium concentration is
proposed with the direct penalty on the optical performance of active material in the terms of
optical gain.

From the results presented in this chapter it becomes evident that further material
optimization is needed. Moreover, it becomes clear that the sample optimization technique
used is not adequate. Good results in terms of erbium PL, lifetime and power efficiency can
be obtained even when the main fraction of erbium ions is optically inactive.

Therefore, the main figure of merit when optimising this material should be optical
activity of erbium. Once the optimized erbium concentration is achieved silicon nanoparticles
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should be tailored to increase sensitized fraction while maintaining optical activity of erbium
ions. Although, not discussed in this work, there are certain number of issues correlated with
the presence of silicon nanoparticles of which the most important is free (confined)
absorption. However, in optimized material, depletion of excited silicon nanocrystals
population is naturally achieved via energy transfer to erbium ions reducing significantly
free (confined) carrier absorption. Another issue may be a very short Er3* - Si-nc interaction
distance which probably could be addressed with advanced fabrication techniques.

Interestingly, in this work, it was shown that a common belief that only a few
percent of erbium ions in SRO matrix is actually sensitized is a simple artifact of erbium ion
deactivation when clustered. In fact, the sensitized fraction of Er3* ions which maintain their
optical activity is actually high (close to 50%), although not sufficient for the population
inversion even in the ideal case where all erbium ions maintain their optical activity. While
this number is of secondary importance until the erbium clusterization is resolved, it shows
clearly that a very high sensitized fraction of erbium ions could be achieved by standard
deposition techniques.

The sensitization mechanism between silicon nanoparticles and erbium ions was
studied and its complex nature illustrated as well. Unfortunately, at the present point is still
not possible to formulate a complete working theory of the energy transfer process although
some important physical aspects of this process have been elucidated in this work. In
particular, one set of samples was thoroughly studied with both high and low energy optical
excitation. Additional study with an excitation in an intermediate range of photon energies
combined with a similar study on the samples with a slightly different deposition parameters
(annealing temperature, silicon excess, erbium concentration) would probably be sufficient
for accurate theoretical modelling of energy transfer process. Obviously, the studies of this
type are very time consuming and would require a significant effort.

Finally, a possibility of electrical injection in this material has been considered. Even
if the achieved values of net gain are very low requiring very large footprint of working
device, electrical injection would represent a net advantage respect to any existing EDFA
technology. To that end, novel opto-electronic structures were proposed, modeled and
manufactured and preliminary results of their performance wer presented.
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Appendix to Chapter 3

I. Production of the thick films for EDWA7

The silicon oxide samples co-doped with Er3*ions and silicon nanoparticles have been
fabricated with a radiofrequency (RF) reactive magnetron co-sputtering technique by CIMAP-
Ensicaen research institute (Caen - France). The deposition has been performed in a
controlled argon-hydrogen mixture environment employing pure SiO, and Er20stargets. The
non-stoichiometric silicon oxide deposition made possible the formation of silicon
nanoparticles by a post-deposition annealing treatment, which has been performed at
different temperatures, in order to selectively grow amorphous for annealing temperatures
Tannesling < 900°C or crystalline nanoparticles for Tanneating > 1000°C. More details on the
material deposition can be found in Ref. [272,275].

In order to properly analyze the effects of energy transfer, a wide set of samples has
been prepared, modifying the deposition parameters (substrate temperature, RF power on
targets and the hydrogen rate in the hydrogen-argon mixture) [272]. The silicon excess
content and Er3* concentration have been chosen in order to minimize confined carrier
absorption effect [297]. The energy transfer efficiency has been monitored by comparative
analysis of samples deposited under different deposition parameters. As a figure of merit
high PL intensity (large number of emitters) and long PL lifetime (low number of defects)
under non-resonant excitation was considered [275].

The most promising sample in terms of transfer efficiency has been chosen as active
layer in rib or rib-loaded waveguides, which have then been tested in pump & probe
experiments. The lithographic processing has been performed at FBK-APP.

Before optical characterization, the deposition technique has been tested for
reproducibility and sample homogeneity within the 4-inches wafer. This last check has been
performed by multi-points m-line measurements [365], in which refractive indices and
thickness have been checked for consistency.

II. Semi-empirical model of energy transfer!é

In this section, it will be presented a modeling of the transfer mechanism through a
set of coupled rate equations involving the carrier populations of a number of effective levels
within the silicon nanocrystals and the Er3* ions. This model includes several recombination
and excitation mechanisms, and is based on several evidences observed in continuous wave
and time-resolved photoluminescence measurements presented in section 3.4.2.

In this scheme (see Figure 81), a silicon nanocluster is represented by an effective

16 Numerical simulations have been performed by A. Pitanti.
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mechanism.

three level system (which could be constituted by manifolds), consisting of two band edge
levels that account for the fundamental ground state (Ex1) and the radiative level that
originates the PL emission (Ex2) and high-lying level which absorbs the incoming 355nm
radiation (Ex3) [110,292]. Hot carrier PL emission has not been considered.

On the other hand Er3+ is schematized as a three levels system: “I1y2 (Nirs), 412
(Ner2) and 4I1s2 (NEe)). This is justified by a very fast relaxation from higher excited
states [262]. This does not mean that energy transfer does not occur on higher energy states.
However, as this higher states relax fast non-radiatively to lower ones without observable PL
contribution, overall system can be simplified [271].

The following six coupled-equation system has been considered to model the silicon
nanoparticle/Er3* interaction:

d 1

a Neyer =—Osi_np * D (0 * NSi—np +5 *CA(NEXC2)3 17)

d 3

a Nexer = @5 * Ng; =Co(Ngyeo) (18)

d

a NExc3 = Osinp >l<cI)Exc(t)>l< NSi—np — Wy * NExc3
1 (19)

—k* NExc3 * NErl +E *CA(NExc2)3

d 1

ENEH=_k*NExc3*NEr1+_*NEr2 (20)
23]

%NErZZL*NEH_L*NErz (21)
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dt =" 7,

Er3

Where:

e Osinp is silicon nanoparticle absorption cross section (Ogimp ~ 1 X 1015
em? [117)),

e ®mx (t) is the excitation photon flux at the excitation wavelength Aexe = 355
nm. Gaussian temporal shape with FWHM = 10 ns was used, in accordance
with the actual laser pulse shape and width.

e (Cais the Auger coefficient.

e ®j 1s the probability of the i —j transitions while ti; is the inverse of the
transition probability.

e k is the coupling constant for the energy transfer process between silicon
nanoparticles and Er3+ ions. It was assumed that the coupling constant scales
with distance following an exponential decay [66,305,306].

Only one type of energy transfer has been considered, intra-band energy transfer
from the highest excitonic level. Direct transfer to the first excited erbium state has not been
taken in account. Radiative or non-radiative transitions from the second excited to the
ground erbium state have not been considered. Only relaxation path for the second excited
erbium state is trough the first excited erbium state.

The model is valid only for the initial dynamics after the pulsed excitation, thus the
radiative recombination of excitons (slow component, see Figure 43 and Figure 44) has been
neglected. The inter-nanocluster transport could be a very fast process [157,159] but it was
not considered either. Up-conversion mechanism was not detected in sample [297], therefore
it was not included.

Once an exciton has been formed in level Ex3, it can relax either to level Ex2 or to an
internal effective-trap-state transferring the energy difference to an Er3* nearby, which gets
excited. If relaxation to level Ex2 occurs, the carrier can be re-excited back to level Ex3 by an
Auger or alternatively can radiatively recombine to the level Ex1, emitting photons
responsible for the Si-nc emission band reported in Figure 41a. Thus, Auger mechanisms
could be considered more as a feedback than a detrimental process, similar to a case of zero-
phonon emission [200].

Excitons from the effective trap level cannot recombine radiatively so they are
considered totally inactive in terms of visible PL emission. This has been indicated with a
dashed arrow in Figure 81. The existence of a “trap-like” state, through which silicon
nanoparticles sensitize Er3+ ions, has been a recurring idea in several models of energy
exchange mechanism [292,366].

The existence of a "trap-like” state through which the Si-nc could sensitize Er3* ions is
necessary to explain the decrease of the whole VIS-PL spectra when Er3* ions are introduced
in the SRO matrix. This state is assumed in the model as an effective level (correlated with
the presence of Si-nc in the matrix) of undefined origin [37,67,270,302].

It is worth to note that a good selection of the different parameters (keeping the
values related with experimental constraints) allows reproducing the experimental dynamics
of both samples just by “switching on” the transfer mechanism. An example of the fits of
experimental data for samples A and B is reported in Figure 82. Double annealed samples
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can be fitted nicely as well using the same model, leading similar values. More details on the
modeling can be found elsewhere [319].
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Figure 82 — (a) Comparison of experimental and simulated decays for sample A and
B. The intra-band recombination probability found is wsz = 1 + 2 x 1019 s~1, while the
Auger coefficient Ca =2 + 8 x 1052 cmb/s. (b) Fit of 111172 — 1152 decay. From the fit a

transfer time Tiransfer = 36 + 10 ns 1s estimated.

III. Derivation of the Equation 9

The PL dynamics of the /32 — 4fi52 transition of Er3* ions (at A = 1535 nm, transition
from the first excited to fundamental state, see Figure 38) is characterized by two
contributions (Figure 49): a very fast direct one (on = ns timescale) and a slow (on =~ ps
timescale) process caused by the internal relaxation from the higher excited states of Er3+
ions. The very fast decaying initial PL contribution is not considered, since regardless of its
origin, its contribution to the total PL intensity is insignificant.

Therefore, the time evolution of the PL signal can be described by the following
equation:

Lo (1) = T gackground + Arast €XPI—(t — 1)) / t, 1+ Ag,, {1 —exp[—(t —t,) /t,]} exp(—[t —t,]/t,) (23)

where IBackground (background level) and to (laser pulse arrival time) are fit parameters, t1 = 4.2
us and t2= 5.5 ms are fixed quantities (rise and decay of *fiz2 — /52 transition under pulsed
UV excitation (see Figure 46 and Figure 49)), and have been independently measured (see
section 3.4.2 and Ref. [213]). t2 is the decay constant of the first excited state while t1is the
measure of the internal relaxation time. The other fit parameters are Asiow and Arast. AFast 1S
the direct contribution to the total PL while Asiow gives the contribution by the internal
relaxation from higher energy states.

The first exponential term describes the PL signal evolution coming from the fraction
of the Er3* ions population that has been directly excited to the first excited state while the
second term gives the PL signal of the Er3* ions that has been excited to higher states. In this
last case, PL follows an internal relaxation from the higher states to the first excited state.
On the timescale of the observation, the amplitude of the later one is a function of time as the
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internal relaxation continues (Eq. 23)) causing the complex exponential dependence of the PL
signal in time.

It is assumed that the direct excitation to the first (and higher) excited states is
instantaneous (faster than the time resolution of our detection system ~ 40 ns) and that the
relaxation from the higher excited states to the 4/132 state can be well described by a decaying
single exponential function with a characteristic time t1 = 4.2 ps. Note that Eq. 23 and
parameter physical interpretation is different with respect to what can be found in similar
works [110,290].

By introducing the parameter Aan, which is the sum of the previous two
contributions, or in other words, the total contribution to the first excited state:

AAII = AFast + ASlow (24)

Eq. 23 could be rewritten as:

I PL(t) = I Background + AFast eXp[_(t - t0) /t2 ] + ASIow eXp[—(t - to) / tz]
_ASIow CXp[—(t _tO) / tl] eXp[_(t _to) / tz] (25)
= Background + AAII eXp[_(t - t0 ) / 1:2 ] - ASIOW eXp {[ tz (t - t0) + t1 (t - 1:0)] / [t1t2 ]}

Knowing that t1 is more than three orders of magnitude smaller than t2, Eq. 25 can be
simplified to:

I PL(t) = I Background + AAII exp[—(t _to) / tz ] - ASIOW CXp[—(t - to ) / tl] (26)

This form is the one used for the fitting procedure.

IV. Quantification of the optically active fraction of erbium ions in Er¥®
doped SRO films

An estimate of the optically active fraction of the erbium ions in Er3+ doped SRO film
can be deduced with good accuracy from a series of standard PL measurements. For more
accurate determination, data obtained in the procedure described in following, need to be
combined with p-PL measurements following the procedure in Ref. [296], obtaining a data
set that spans a very broad range of excitation photon fluxes.

Quantification of the optically active fraction of erbium ions is done, using a
comparative analysis with a sample whose absolute characteristics are known. In this work
as a reference sample it was used sample C from Table 1. In the first step detection has to be
calibrated with the help of a reference sample. Absolute value of emitted photon flux ®Pem
can be expressed as a function of the excited state population of erbium ions in reference
sample Nagref:

Vref % N ref
O, =2 @27

em ref
Z-rad

153



Where Vexe 1s excited volume of reference sample and tradtf is the radiative lifetime of
the erbium ions in the reference sample. Trag®f = 18 ms for sample C from Table 1 was
assumed, being the value reported for erbium doped bulk silica [260]. For the soda-lime
glass (as in case of sample C) reports of erbium radiative lifetime vary between 16 ms [266]
and 22 ms [259], making the value of bulk silica a good approximation.

Sample C and all other samples characterized in this work were thinner than the
focal depth of lenses used to focus the resonant excitation light Aexe = 980 nm) on the
samples, thus the excitation photon flux across the samples could be considered as constant.
Under  resonant Aee = 980 nm excitation, absorption due to silicon nanoclusters was
considered as negligible and all the erbium related photoluminescence was attributed to
direct excitation.

Excited state population of reference sample Nztef can be found knowing the excitation
conditions from:

N ~ o/ (980nm)* D, * 7/ * N (28)

abs total

Where oabs™f is the absorption cross-section for erbium ions for resonant A = 980 nm excitation
in a reference sample (soda-lime glass in case of sample C, Gaps™ = 1.02 x 102! cm2, taken
from the Ref. [261]). PL lifetime for the reference sample was measured to be tprref = 7.7 ms.

It was assumed that all erbium ions in reference sample are optically active and a
value of a total content from Table 1 was used in equation 28.

Eq. 28 is a simplified version of:

ref
980nm)* ®
N;ef — Nt:ifal * O-abs( ) exc ) (29)

o (980nm)*d, +

ref
PL

Eq. 29 is derived for the excited state population under the assumption of quasi-two
level where the relaxation probability is given by (terre)l. Quasi-two level system is a good
approximation for erbium ions as the typical recombination times for 4/i32 — 4152 transition
are orders of magnitude longer than any other internal relaxation time [271]. In the limit of
low excitation photon flux regime when (tpLre)'1 >> gaps™ef * Pexc Eq. 29 reduces to Eq. 28.

If the cooperative up-conversion is considered, more complex form is found:

abs abs total exc
Nref _ 0
, =

[(O_ref (980nm)*q)exc +i)2 +4*Gl’ef (980nm)*CJ;f sk Nl’ef *(D ]1/2

2 * Cref
| * (30)
(om (980nm)* @, +—)

abs
2

s ref
2%Cp

where Cupref is cooperative up-conversion coefficient for the reference sample and to would be
a decay time in the absence of the cooperative up-conversion. Cupt® and to have to be
determined independently by fitting the experimental data with [271]
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1 N 2ref *C ref
_ up
o (@,,) W+, *N* *ngf)

PL

(31)

exc

For more accurate modelling of cooperative up-conversion see Ref. [61,367,368]. In
the limit of low excitation photon fluxes Eq. 30 reduces to Eq. 28 as well.

Detection calibration was always performed in the limit of low excitation photon
fluxes where Eq. 28 could be applied.

Once the detection is calibrated the excited state population of the samples can be
easily determined inverting Eq. 27 and using the samples parameters. For sample A from
Table 1 trad = 16 ms was used. Choice of radiative value of lifetime used for the thin films has
been discussed in section 1.1.3.

For the determination of the optically active fraction of erbium ions in the samples
one of the Eq. 28, 29 or 30 can be used for fitting the experimental data, depending on the
excitation conditions and presence or absence of the cooperative up-conversion. For sample A
from Table 1, Eq. 29 was used [296], while for the thin films for the electrical excitation Eq.
30 was used.

V. Quantification of the sensitized fraction of erbium ions in Er3* doped
SRO films

Calibration of the detection system is done in a manner analogous to what described
in section IV of Appendix to Chapter 3. In order to quantify the sensitized fraction of erbium
ions samples are excited in visible. For experimental simplicity reference sample (sample C)
can be excited in visible as well. In this case oabs™ (488 nm) = 2 x 102! cm? or Gabs™ (476 nm) =
5 x 1023 cm? are used in Eq. 28 for calibration purposes [261].

Experimental data obtained from the samples can be fitted by Eq. 29 or Eq. 30. In
both cases excitation cross section oetf for erbium ions for that particular sample has to be
used. Excitation cross section is a function of excitation photon flux and needs to be
determined independently for all values of excitation photon flux used.

For a quasi-two level system it can be demonstrated that [271]:

1 1
D O
T Td

(32).

exc
r

where & and T4 are rise and decay times respectively, of PL for that particular
excitation photon flux ®@exe. This relationship can be used to for the determination of the oe:.

VI. Cut-back method

To evaluate passive propagation losses of a single mode channel like optical
waveguides, the cut-back method is often employed [369]. In this method light is injected into
the waveguide employing a tapered optical fiber or objective with sub-micrometric position
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control. At the opposite edge of the waveguide, the transmitted signal is collected by detection
instruments.

Propagation losses inside of the waveguide are a function of the travelled distance (L)
according to the Beer-Lambert law:

IOUt = AO * eXp(_apropagation * L) (33)

in

Where Iout and Iin are light intensity at the output and input of the waveguide
respectively, Ao is a constant term, dpropagation are propagation losses and L is the waveguide
length. All the other losses are represented by the constant factor Ao. The main contribution
to this class is given by the mismatch between the input beam and the waveguide field modal
shape (coupling losses).

Using waveguides of different lengths it is possible to separate propagation (distance
dependent) and coupling losses (distance independent) contributions.

In the single mode waveguide there is only one transmission maximum as a function
of exact input position, corresponding to a maximum overlap of the input and guided mode
spatial profiles allowing for the reproducible alignment procedure. In the multimode
waveguides this is not true anymore, making the cut-back method unreliable.
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Conclusions

The work in this thesis has been centered on the light emitting properties of silicon
nanocrystals and the possible applications of this particular material platform to various
topics ranging from bio-imaging to erbium ion sensitization.

Silicon nanocrystals as bio-imaging agent have been investigated by employing
colloidal dispersion of individual silicon nanocrystals where surface properties could be
controlled to a great extent. By using a suitable functionalization scheme, high quality
hydrophilic luminescent nanoparticles were produced. Importantly, very stable PL
characteristics in ethanol suspension have been demonstrated allowing for easy storage.

In particular, it was demonstrated that a limited agglomeration occurs on nanoscale
leading to increased scattering of light by dynamic agglomeration, undermining the optical
performance of this colloidal system. The agglomeration impact on light emitting
performance of this system has been studied and established in this work and alternative
approach to mitigate this phenomenon was individuated and tested. As the more complete
surface coverage by functionalizing molecules is rather challenging to achieve from the
chemical point of view, the effect of surfactants as a physical coating was explored
successfully to decrease agglomeration.

Using the improvements in the physical coating, bio-imaging on living cells (in vitro)
was demonstrated showing that silicon nanocrystals have a great potential in bio-imaging
and offer a promising alternative to commonly used fluorescence dyes.

A part from being good light emitters, silicon nanocrystals could also amplify the
light. This is a reason why the part of the work in this thesis has been dedicated to the
investigation of silicon nanocrystals as a gain material. While most of the studies on this
topic are concentrated on the nanocrystal surface as a driving mechanism behind the optical
amplification, the work presented in this thesis concerns the study of a zero phonon (direct)
optical transition as a possible source of optical amplification in this material system. To this
scope, investigation of the dynamics of the system on a nanosecond time-scale and under high
excitation conditions has been employed.

For the first time this type of emission has been observed in samples prepared by a
PECVD. As well, it was the first time this type of emission was observed in hydrogen
passivated silicon nanocrystals.
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Additional insight on ultrafast dynamics has been obtained by using optical cavities
in the form of optically active free-standing micro-disk resonators. Extensive characterization
of photoluminescence properties from the cavity-embedded Si-ncs from a single micro-disk
resonator has been explored. Experimental conditions under which the zero-phonon band
could be clearly observed were individuated, leading to two orders of magnitude higher
visibility of this band, respect the best results ever reported. Moreover, the zero-phonon PL
coupling to the resonant modes of an optical cavity was demonstrated.

Although, the coupling was demonstrated, the visibility of the whispering-gallery
modes in the spectral region of interest, where optical gain was expected, was low leading to
inconclusive data and qualitative consideration on the presence of stimulated emission in the
samples. As a major drawback, obstructing the more quantitative analysis, a poor
performance of the chosen optical resonator was proposed.

The first steps towards optical amplification exploiting the zero-phonon emission
have been made by demonstrating the zero-phonon emission in samples used and by
individuating the experimental conditions under which zero-phonon emission could be clearly
observed and studied. In addition, the validity of the approach where active optical cavity is
used to probe the ultrafast dynamics has been confirmed. Results obtained indicate that zero-
phonon emission could be exploited for optical amplification in this system although further
analysis is needed to determine to what extent (laser action?).

To that end a new series of micro-disk resonators have been produced and are waiting
to be characterized. In particular, resonator size have been varied from 4 to 10 pm of
diameter with different silicon excess as well (different refractive index and spectral position
of zero-phonon band) allowing for precise tuning of radiative losses. In addition, a series of
resonators with an integrated bus waveguide have been produced in order to mitigate
drawbacks of far field collection. Moreover, novel coupled asymmetric micro-disc resonators
have been produced. Preliminary simulations show directional in plane emission from this
structure allowing for more efficient far field collection.

Finally, in the last part of this thesis a study of Er3+-doped Silicon-Rich-Oxide (SRO)
materials and Er3t-doped SRO based devices is presented. This part of the work differs from
the rest of the work reported in this thesis as is not focused on the light emitting properties of
silicon nanocrystals but mostly on their non-radiative process engineering (energy transfer to
erbium ions).

Er3* doped SRO opens the route towards compact waveguide amplifiers and lasers
and allows for the possibility of electrical injection schemes, which are not realizable in
standard erbium amplifiers used in EDFA for telecom applications.

The sensitization mechanism between silicon nanoparticles and erbium ions was
studied and its complex nature was illustrated. Although, the acquired knowledge of physics
involved was not sufficient for formulation of a complete working theory of the energy
transfer process, some important physical aspects of this process have been elucidated paving
the way towards its complete understanding.

By employing extensive optical, electrical and structural characterization a pressing
drawback in this material has been identified. Clustering induced loss of optical activity of
erbium ions has been shown to be responsible for low optical performance of active material
in all cases considered. As a possible remedy to low performance of Er3* doped SRO devices,
lowering of erbium concentration has been proposed with direct penalty on expected device
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performance and more rigid device design and fabrication requirements (lower optical losses)
and larger device footprint.

However, even in material suffering from the above mentioned downsides by means
of pump& probe experiments an internal gain has been measured in optically pumped Er3*-
doped SRO active waveguide, demonstrating the feasibility of the approach although further
optimization is still needed.

A particular advantage of this approach is the possibility of electrical pumping of
erbium ions. To that end, novel opto-electronic structures were proposed, modeled and
manufactured and preliminary results of their performance were presented while the
complete characterization is under way.

While the results obtained so far are most certainly interesting, additional
characterization is necessary in order to evaluate the suitability of proposed design.

In this thesis I've tried to assess suitability of silicon nanocrystals as a material
platform in a number of various applications departing from the basic physical properties
governing the behavior of this system. While only a few potential applications and physical
aspects behind them were discussed in detail in this thesis, a complete list of possible
applications is far from being complete.

A part from previously mentioned, appealing properties of silicon nanocrystals as
light emitter, gain medium and rare earth sensitizer, silicon nanocrystals could offer other
functionalities. The development of highly nonlinear integrated devices is a key step towards
the achievement of ultra-fast and low—power consumption optical signal processing in silicon.

It has been shown that Si-nc/SiO: displays a high Kerr nonlinearity at telecom
wavelengths as a consequence of both quantum confinement and dielectric mismatch
effects [370]. This makes silicon nanocrystals one of the key materials for future silicon-based
nonlinear optical devices such as all optical switches and modulators. The possibility of
realization of all optical switching has been already successfully realized by means of ring
resonators based on Siinc slot waveguides [371]. Equally exciting is the possibility of
performing wavelength conversion in the telecom communication band by exploiting the four-
wave-mixing, as recently demonstrated [372].

My current work deals as well with the non-linear optical properties of silicon
nanocrystals and their possible use as a basis for a new generation of integrated non-linear
devices. In order to explore the feasibility of this approach a new geometry for optical
coupling (vertical coupling) has been used for coupling with active high Q factors optical
cavities. In this way, simplified on-chip light distribution, more controllable manufacturing
and easy characterization of devices are achieved.

This work is still in its initial phase and therefore it was not included as a separate
chapter in this thesis, however for the sake of completeness it is mentioned here.
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