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Summary

This thesis presents the PhD promotion research based on the project “pho-
ton cutting with Si nanocrystals for smart photovoltaics” carried out at the van
der Waals–Zeeman Institute at the University of Amsterdam in the period 2008-
2012. It comprises an elaborate study of light-matter interactions in silicon-based
nanostructured materials with the aim to develop new concepts and materials
that could increase the efficiency of photovoltaic conversion.
The first chapter starts by recalling the importance of silicon in modern society,
with the current available state-of-the-art micro-electronic technology being pri-
marily based on this element. Physical limitations of the bulk material for optical
applications are presented, and possible solutions that could improve these are
discussed. The effect of two promising techniques – the use of nanostructured
silicon, and rare-earth doping – have been elaborately studied throughout this
research. Next, effects that are emerging in nanostructured materials, with focus
on silicon, and how these change the optical properties, as well as carrier dynam-
ics, are described. In the last paragraph there is a short description concerning
the establishment and structure of this thesis.
In Chapter 2, details on the employed instrumentation and experimental tech-
niques are discussed. Firstly, the various instruments used for optical spec-
troscopy are elaborated upon. Secondly, details about the sputtering technique
used for sample preparation are given and, thirdly, characterization of the sam-
ples by different techniques, as well as simulations of material properties, are
discussed.
The quantum yield of photoluminescence is an important parameter of the stud-
ied optically active materials. Chapter 3 describes the exact terminology which is
employed, followed by the experimental details that have been considered and the
conditions necessary for a reliable determination of this parameter. Furthermore,
the setup is introduced together with the method used for the determination of
the absolute photoluminescence quantum yield. Different origins of error in this
determination procedure are considered, and their contributions are estimated.
Finally the procedure for calibration, and optimization hereof, is discussed.
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Chapter 4 presents a photoluminescence excitation study of silicon nanocrystals
embedded in a SiO2 matrix. It is shown that upon short-pulsed excitation, the
time-integrated photoluminescence saturates at a level, independent of excitation
wavelength – by which the excitation cross-section are highly influenced – and
number of generated electron-hole pairs per nanocrystal. It is explicitly shown
that saturation is achieved when every nanocrystal has absorbed at least one pho-
ton. This sets a natural limit for photoluminescence intensity from an ensemble
of silicon nanocrystals excited by a laser pulse with a duration much shorter than
the radiative lifetime. Next, a study of the relative quantum yield of photolumi-
nescence for different excitation wavelengths is shown. From this it is concluded
that for excitation photon energies exceeding a certain threshold, there arises a
additional excitation mechanism increasing the overall excitation efficiency. This
is explained in terms of redistribution of the absorbed photon energy between
multiple adjacent proximal nanocrystals, generating spatially separated electron-
hole pairs. Effectively, this mechanism cuts the energy of the incoming photon.
This effect resembles the multiple exciton generation process, where multiple
electron-hole pairs are generated in one nanocrystal upon absorption of a single
photon. Different physical mechanisms are discussed that might underly the cut-
ting process, as well as the beneficial properties for possible applications.
In Chapter 5 more detailed investigations of the carrier multiplication effect in
closely spaced silicon nanocrystals were performed by measuring the absolute
quantum yield of photoluminescence. A typical step-like increase in quantum
yield for larger photon energies that is characteristic for carrier multiplication
is observed in two different types of nanocrystal systems, produced either by
sputtering (bottom-up) or made from porous silicon (top down). Modeling sug-
gests that the carrier multiplication is occurring with high efficiency and close
to the energy conservation limit. It is also shown that the efficiency decreases
upon nanocrystal separation, completely vanishing in a system of free-standing
nanocrystals.
Chapter 6 describes a study of the photoluminescence spectra for ensembles of
silicon nanocrystals and their evolution for different excitation intensities. Simu-
lations show that the different excitation conditions affect the spectral structure,
resulting from a combination of a size-dependent absorption cross-section and
the saturation effect shown to occur in the previous Chapter. For larger optical
densities there will be a large gradient in excitation conditions dependent on the
position of the nanocrystals relative to the surface of light incidence. The influ-
ence this effect has on the excited state distributions and consequences for the
experimental results are discussed.
Chapter 7 discusses the system of erbium and silicon nanocrystals doped in SiO2.
In such structures, silicon nanocrystals can function as efficient broadband sensi-
tizers of erbium luminescence. Different temporal aspects of luminescence bands
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associated with silicon nanocrystals and Er3+ions reveal energy exchange between
the two species. Furthermore, a temperature-dependent study of the lumines-
cence characteristics shows the occurrence of a defect band, which partly over-
laps with erbium emission, complicating the interpretation of photoluminescence
characteristics. With this knowledge we could show that thermally activated lu-
minescence quenching processes with different activation energies are responsible
for de-excitation of emitting centers, either Er3+ (60 meV) or defects (90 meV).
Similarly as for silicon nanocrystals, the quantum yield of erbium-related lumi-
nescence shows an increase at photon energies above a certain threshold, with a
threshold value being lower than for a system with exclusively silicon nanocrys-
tals. This is interpreted as a quantum cutting process, where the down-converted
energy is in this case received by Er3+ions.
In a ultimate attempt to reduce the photon energy range for carrier multipli-
cation, a study is performed on B and P doped silicon nanocrystals, which is
presented in Chapter 8. It is shown that luminescence in these systems occurs
from donor-acceptor recombinations and has a photon energy that is below the
bulk silicon bandgap energy. Determination of photoluminescence quantum yield
is complicated in these systems and different solutions to circumvent that are
presented.
Finally, an outlook of the research, presenting a possible road map for the future,
is given in Chapter 9.




