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Summary

This thesis entitled �Carrier dynamics in Si NCs in a SiO2-matrix investigated by

optical spectroscopy� presents the PhD research on the temporal and spectral charac-

teristics of recombination and relaxation processes of excited carriers in Si nanocrys-

tals (Si NCs) embedded in a SiO2-matrix, carried out at the Van der Waals-Zeeman

Institute at the University of Amsterdam. It concerns a thorough study by means

of optical spectroscopy with the aim of gaining insight on some long debated issues

as well as recently reported phenomena in these materials.
The �rst Chapter introduces the motivation for use of the most abundant semicon-

ductor material Si, which forms the basis of the present (micro-)electronic industry.

Next, it is explained why Si in nanocrystalline con�guration could potentially of-

fer solutions for limitations encountered with bulk Si and replacement by and/or

incorporation of nano-Si could improve performance of currently used practical ap-

plications. Subsequently, a speci�c process observed in Si NCs termed �spatially

separated quantum cutting� is discussed. Elucidation of the physical mechanisms

behind this process is one of the main motivations for this research and is elabo-

rated on in more detail in Chapter 5 and Chapter 7. Last, an overview is given of

all the chapters and their contents.
Chapter 2 discusses the details on the samples which have been used for the optical

experiments. All the speci�cs on the experimental techniques are listed, divided into

a �Photoluminescence� Section and a Section �Absorption�. In both Sections, the

excitation and detection procedures are covered, and registration of spectrally and

temporally resolved signal are explained in full detail. Speci�cally, the time-resolved

monitoring of photoluminescence and (induced) absorption signal is elaborated on

as it comprises considerably di�erent experimental approaches, and essential for the

data analysis.
Chapter 3 gives a general introduction to photoluminescence charactertistics of dif-

ferent sizes of Si NCs in an oxygen rich environment from both a theoretical and

experimental perspective. The quantum con�nement induced e�ect on di�erent NC

core-related levels is presented as modeled by an e�ective mass technique, demon-

strating the behavior of the energy levels related to the �indirect� and the �direct�
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NC bandgap. After details on temporal characteristics of recombination and relax-

ation processes of single and multiple carriers in a single NC, the NC size-dependent

spectral and temporal characteristics of hot non-equilibrium carriers is discussed. By

means of observation of a spectral redshift for smaller NC sizes, a speci�c emission

band was assigned to zero-phonon recombination of hot carriers from NC core-related

levels. By comparing its relative intensity to the excitonic emission from the same

sample, it was inferred that the quantum e�ciency of this emission can increase by

a factor of 1000 with respect to bulk Si. Concomitantly, it is concluded that the

phonon-assisted relaxation of carriers in Si NCs in a SiO2-matrix has slowed down

three order of magnitude compared to the bulk, providing (indirect) evidence toward

the existence for the theoretically predicted e�ect of so-called �phonon bottleneck �.

In Chapter 4, the temporal characteristics of hot carriers on a femtosecond time

scale are presented measured by means of induced absorption technique. First, the

absorption of free carriers in a spectrally broad detection range is discussed and

compared with a tight-binding theoretical model. Experimental values for the in-

duced absorption cross section are found to be in good agreement in the visible

detection regime, but to diverge for the NIR photon energies and high photon ener-

gies, exceeding a certain threshold. For the NIR range, the experimental values are

found to be about ∼ 10 times higher than the simulations, with cross sections of

the order of 10−16 cm2. For the above-threshold photon energies where the theory

does not match the observed behavior, the discrepancy is explained to appear due

to ionization of trapped carriers from a �self-trapped exciton� state. This �nding

provides new insight on the behavior of free carriers in Si NCs in an oxygen-rich

environment.

Chapter 5 presents results on the afore-introduced �spatially separated quantum

cuting� process, where energy of a single high-energy photon is distributed over

multiple carriers in adjacent NCs. This phenomenon was formerly investigated by

time-integrated photoluminescence technique, where it was found that the photolu-

minescence quantum e�ciency increased (in a step-like trend) for photon energies

exceeding a certain threshold. Since this experimental approach did not allow for

resolving of the temporal characteristics of the process, a femtosecond induced ab-

sorption technique was applied. With this technique, free carrier dynamics for low

and high photon energy excitation could be compared with femtosecond resolution.

In this way, the quantum cutting process could be established for samples with dif-

ferent average NC sizes. This was done by comparison of the induced absorption

transients detected for excitations with energies below and above the threshold for

the quantum cutting process. For the high photon energy excitation the amplitude
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of the induced absorption signal was found to be about a factor 2 higher than for low

photon energy excitation, evidencing generation of multiple carriers per absorbed

photon. At the same time, no Auger-related components in these dynamics were not

observed, implying separation of the extra carriers prior to their possible interaction.

In this way, it has been indisputably established that the �spatially separated quan-

tum cutting� process, previously concluded from photoluminescence experiments, is

indeed a result of the generation of multiple carriers on expense of a single (high-

energy) photon and not due to reduction of non-radiative processes, which can also

increase the photoluminescence quantum e�ciency.

The next Chapter discusses optical spectroscopy results performed on a di�erent

material, as an alternative source for light-emitting devices. This material (GaN

doped with rare-earth Eu3+) is very attractive for applications, as the emission

originates from recombination of carriers between the d and f levels of the Eu

ion, resulting in intense, and well-de�ned emission lines in the red spectral range.

In the �rst Section, results on the (temperature-dependent) optical activity of the

Eu ions (i.e. the percentage of Eu ions contributing to the emission) are shown.

These are obtained with photoluminescence spectroscopy, where the intensity of

the signal is compared with that of a thorougly characterized reference sample,

and subsequently correlated with the Eu concentration. Next, the same material is

investigated by transient induced absorption technique in the visible detection range,

where temporal characteristics related to the energy transfer from the host material

to the rare earth ions are recorded. The lower limit for the photoluminescence build-

up time related to the most pronounced emission peak is inferred from these induced

absorption results.

In the last Chapter, an overview is given on the potential enhancement of conversion

e�ciency of photovoltaic devices when Si NCs are incorporated. It mainly focuses

on the use of Si NCs in spectral shapers where they convert the solar spectrum to an

emission range which can be e�ciently utilized by a conventional Si-based solar cell.

The afore-mentioned quantum cutting process is discussed, by which the high-energy

photon energy range can be used in a more e�cient way. Additionally, the enhanced

absorption of free carriers could facilitate increase of e�ciency on the other side of

the spectrum for photons which are normally not absorbed in conventional Si-based

solar cells. It is speculated that a surface related defect center (with emission around

∼ 2.9 eV) could possibly be utilized to trap hot carriers, after which they could be

extracted, in con�guration of a so-called �hot carrier cell �.


