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Introduction

...che sa vivere nella contingenza al pari dei fiori.

Ardengo Soffici

Search for silicon (Si) based light sources continues to be spurred by the
enormous growth of communication technology and by its demand for effective
and low cost optoelectronics function. This impressive and constant drive for
more information at higher data rate is pushing Si microelectronics to its fun-
damental limits. In particular, the bottleneck caused by propagation delays,
limited bandwidth and capacitance effects due to increasing miniaturization
are the major limitation that electronics is facing today [1, 2]. Photonics has
received an enormous amount of interest in the last years. In fact, using pho-
tons instead of electrons to transfer information between logic devices could
increase dramatically the data rate, offering a large bandwidth, low power
consumption, low noise, and minimum cross talk. The use of optical inter-
connections in CMOS devices would be possible only if all components of the
optical transmission circuit (source, detector, waveguide, modulator) are inte-
grated with the electrical components of the chip. Silicon is the natural choice
since it would allow for monolithical integration with electronic components
on the Si platform and because of its low manufacturing costs, in respect to,
e.g., III/V semiconductors. Despite the great advantages Si seems to bring to
the field, major drawbacks have to be overcome. It is well known that Si is
a poor light emitter [3]. This comes from the fact that it is an indirect band
semiconductor and radiative recombination of electron-hole pairs cannot take
place without involving a third particle, in order to comply with the momen-
tum conservation law. Usually phonons are the third particles involved in the
process [4,5,6]. This three particle process has to compete with non-radiative
processes simultaneously occurring in the system. The probability of the radia-
tive emission is much lower than the concurrent non-radiative recombination,
making the radiative process unlikely to happen [7].
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0.1 Optical control

0.1.1 Doping: Er

Doping with rare earth ions is a possible way to engineer Si for photonic
purposes [8,9]. In particular, doping with erbium (Er) is one the most promis-
ing and pursued pathway since the early eighties (first electroluminescence by
Er in silicon was shown by Ennen et al. [10] in 1985), due to the attractive
emission wavelength of Er3+ ions at 1.54 µm. Also silicon dioxide (SiO2) has
been doped with Er. The advantage of Er doped SiO2 comes from the fact
that emission occurs at room temperature due to the absence of non-radiative
processes, and from the high optical activity (100 % in optimized sample) of
the Er included. Nevertheless Er3+ ions can only be excited by directly pro-
moting electrons from the ground state (4I15/2) to one of the excited states.
The absorption cross section for this process is quite low, on the order of 10−20

cm2 [11], making excitation not efficient. Incorporation of Er in bulk silicon
enhances by several orders of magnitude its excitation cross section since ab-
sorption of light happens in silicon with a cross section of 10−15 cm2. The
major disadvantage of using crystalline silicon is that at high temperature
(>100 K) luminescence is completely quenched due to thermally activated
processes that compete with Er radiative recombination.

Another fact that hinders Er-related PL in Si is the not efficient excitation
of Er3+ ions. In fact, excitons created by laser illumination have to diffuse
in the material before encountering an Er3+ ion and eventually exciting it.
Due to defects and distortions, mainly related to the presence of Er itself,
the diffusion length of excitons is really short due to the short lifetime. This
fact hampers dramatically the possibility of energy transfer to Er3+ ions, since
excitons recombine mostly before having reached the Er3+ ions.

0.1.2 Structure manipulation: (multi)nanolayers

Multinanolayers represent a possible solution to such limitation by isolating
in different regions the processes of excitons creation and Er excitation.

Excitons, generated in the undoped region, will not suffer anymore from this
fast defect-related quench, and will be able to diffuse, eventually reaching the
doped regions and exciting the Er3+ ions. Besides that, multinanolayers have
been shown to possess peculiar features, making them particularly interesting
to study; Er-related emission presents few and narrow lines after the material
undergoes an annealing treatment. The linewidth of the lines is of the order
of 10 µeV with this number being only a higher limit due to the resolution of
the PL detection system [12, 13, 14]. The narrow linewidth of emission gives
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hopes for applications of the system as an efficient light emitter both in the
1.5 µm and in the THz ranges.

Combining silicon and germanium is another manner to enhance the optical
properties of the Si. In fact, incorporating a layer of Er-doped Si:Ge between
two layers of Si can lead to confinement of light in the Si:Ge layer due to
the different refractive indexes of the materials that can be tuned at will by
controlling the content of Ge [15].

0.1.3 Structure manipulation: Si nanocrystals

A way to increase the rate of radiative transitions with respect to the non-
radiative ones is to shrink the dimensions of Si crystal to nanometer scale [16].
Electronic properties of Si nanocrystals (Si-nc’s) change with respect to the
bulk system due to quantum confinement. This is a general effect in semicon-
ductors, producing discretization of levels both in the valence and conduction
bands and increasing the energy distance between the two bands (i.e. en-
hancement of the band gap value, inversely proportional to the dimension of
the structure) [17, 18, 19]. This results from the fact that the shrinking of
spatial dimensions leads to localization of the wavefunctions of the particles
(electrons and holes) inside the nanostructure. Then from Heisenberg prin-
ciple follows uncertainty in k space, which makes the conservation of the k
momentum possible without involving a third particle [20]. This quantum
effect enables radiative transitions, enhancing their rate with respect to non-
radiative ones. This takes place even at room temperature in contrast with
bulk Si in which radiative decay is completely quenched already at 100 K.

The wavelength of emission from Si-nc’s depends on their dimensions (since
it depends on the bandgap energy) and for usual nc’s with a few nanometers
diameter the emission peak lays in the range of 700 - 900 nm. This range is not
particularly suitable for telecom applications since optical (inter)connections
have a minimum of absorption for higher wavelengths (λ >1100 nm). Another
drawback that such a systems present is the distribution of nc’s size in the
same sample, since control of their exact dimensions is not easy. The size
distribution produces a spread in the emission wavelength, a major problem
to overcome in order to attain optical gain. A way to move around those
limitations is to incorporate in the same matrix (SiO2 for instance) Er3+ and
Si nc. The presence of nc’s assures a high absorption cross section and the
efficient transfer to Er3+ ions leads to an intense luminescence at 1.54 µm
[21]. The large band gap of the insulator matrix assures that temperature
quenching does not occur due to the high energy mismatch between the Er-
related emission energy and the bandgap of the host material.
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0.2 This thesis

This thesis deals with optical properties of a variety of silicon based media.
As suggested by the title, the common threads of this work are silicon and
erbium, the first as the fundamental material in modern electronics and the
latter as the preferential optical dopant.

Besides the investigations of different structures, research has been carried
out employing many optical techniques, either using “compact” setups or big
facilities such as the FELIX in Rijnhuizen. Samples characteristics and prepa-
ration methods as well as some details of experimental techniques are given in
Chapt. 1.

Chapt. 2 focuses on the issue of optical activity of Er3+ ions in two kinds
of nanolayers: Si/Si:Er and Si/Si1−xGex:Er. By comparison with a reference
SiO2 sample, similar values, of the order of few percent, for the number of
optically active Er3+ ions is determined in both structures.

Si/Si:Er is again the subject of investigation in Chapts. 3 and 4. In the
first one, the relation between the emission of Er3+ ions (and therefore their
optical activity) and O atoms is studied. The link between the two dopants
is established by looking how the luminescence of Er3+ ions is affected by
the concomitant excitation of vibrational modes of the Si-O-Si “molecule”. A
mutual influence of the two phenomena is indeed found and explained.

In the second of the two chapters, transitions in the THz range within the
ground state of Er3+ ions are predicted and further explored. Only one of the
those transitions is actually identified and a value for its lifetime is determined
and confirmed by the employment of two distinct pump-probe techniques.

Optical activity of Er3+ ions is again topic of research in Chapt. 5. In this
case, the host matrix for Er3+ ions is silicon-rich silicon-dioxide. After heat
treatment, the excess silicon segregates, resulting in a dispersion of silicon
nanoclusters in a SiO2 matrix. The percentage of Er3+ ions, either excited
via direct absorption of the laser light by the ions themselves or indirectly,
sensitized through Si nanoclusters, is addressed in detail.

The last chapter (Chapt. 6) concentrates on the characterization of an Er-
doped hydrogenated amorphous silicon sputtered structure. Some peculiar
features concerning luminescence have been found in this material and an
explanation of their puzzling dynamics has been pursued. However, due to
the complex nature of the material, the drawn interpretations can not be
considered as conclusive.

At last, section 7.1 provides a complete and general treatment to determine
optical activity of emitting species in a certain matrix. Subsequently, section
7.2 gives a detailed account of calculations of the extraction factor of light in
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different materials. Particular attention is given to multilayer structures that
are investigated in this thesis.




