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Introduction

Er schuilt meer redelijkheid in je leven, dan in je diepste wijsheid...

Jelmer de Boer
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1.1 Silicon

Crystalline silicon (c-Si) is presently the most important semiconductor material

for electronic and photovoltaic industry. This follows from a combination of very

advantageous properties: wide natural abundance and a possibility to grow large

(mono)-crystals, high purity and e�ective conductivity engineering, and also the

availability of a matching insulator. For electronics, these properties have enabled

the Moore's-law-guided development of the Si CMOS technology. Taken together

with the 1.1 eV bandgap and the energy distribution of the solar spectrum, c-Si

is almost ideally suited for photovoltaic conversion. Consequently, at present more

than 90% of all the commercially available solar panels are based on c-Si.
In contrast to the electronic perfection, the processes of light absorption and emission

by c-Si have low e�ciency due to the indirect bandgap in the energy band structure,

so that these processes must be accompanied by phonons for momentum conserva-

tion, which considerably lowers their probability. This is truly regretful, since apart

from the indirect bandgap, other optical properties of c-Si are very advantageous,

as illustrated, e.g., by the successful realization of the Si Raman laser [1�4]. En-

hancement of the optical faculty of Si is highly desired, as it would o�er prospects

for the true optoelectronic integration, paving the way to ever faster devices. For

the photovoltaic industry, it would be the much desired enabler of a new genera-

tion of stable thin-�lm Si solar cells. Many e�orts have therefore been dedicated

towards this goal and di�erent options have been explored, such as alloying with

Ge [5], optical doping [6], and defect engineering [7] among others. However, the

most successful way to manipulate the energy structure of Si has been achieved via

quantum con�nement in nanostructures (see Section 1.2).
In the periodic system, the element Si has atomic number 14 with electron con�gura-

tion 1s22s22p63s23p2 (thus four valence electrons) and forming covalent bonds with

sp3 hybridized character. The lowest conduction band levels are derived from an ad-

mixture of p and s anti-bonding states and the highest valence band levels consist of

p bonding states [8]. Although from symmetry perspective the (optical) transitions

across these states are allowed, their probability is rather low as a consequence of the

di�erence in k-vector of the respective states at the bottom of the conduction and

top of the valence band (see Fig. 1.1(a) for illustration of the Brillouin zone of an fcc

crystal structure). The valence band levels of both �heavy� and �light� holes are posi-

tioned in the Γ-point, and the conduction band features six equivalent minima in the

�rst Brillouin zone at the points ±k0,z = (0, 0,±0.85)kX , ±k0,y = (0,±0.85, 0)kX ,

and ±k0,x = (±0.85, 0, 0)kX (where kX = 2π/a and a = 0.543 nm is the lattice con-

stant of Si), i.e. positioned in the ∆-valley, near the X-point. In order to ful�ll the
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momentum conservation restriction, the creation and recombination of an electron-

hole pair across or with energy close that that of the indirect bandgap (with value

Egap = ∆(EC � EV ) = 1.12 eV, where EC and EV correspond to the bottom of the

conduction and top of valence band, respectively) is required to be accompanied by

phonons (see Fig. 1.1(b) for the Si energy band structure). In undoped bulk Si, the

typical phonons involved in this transition are transversal and longitudinal optical

phonons, with values ~ωTO = 57.5 meV and ~ωLO = 55.3 meV [9], respectively. For

photons with energies substantially greater than the bandgap energy, absorption

occurs by electron excitation at constant wavevector. As a consequence of partic-

ipation of phonons in the recombination process, the intrinsic radiative lifetime of

an exciton in bulk Si is extremely long, of the order of 10−2 � 10−3 s [10, 11]. The

e�ective lifetime is highly dependent on dopant concentration, which can mediate in

the recombination process by which the characteristic time can be shortened by six

orders of magnitide to 10−9 s for heavily doped silicon, as opposed to 32 ms, for un-

doped silicon (the highest value ever measured) [12,13]. The typical electron-phonon

scattering rate in bulk Si is rather high, being of the order of 10−11 � 10−13 s (de-

pending on the electron excess energy with respect to the valley minima), where the

coupling occurs typically with accoustic phonons (transversal acoustic phonon en-

ergy ~ωTA = 18.7 meV) [14]. In case of direct bandgap semiconductors, the radiative

recombination is a fast process, usually of the order of 10−7 � 10−9 s for bandgap

energies of Egap ≈ 1 � 2 eV, which then limits the lifetime of excited carriers. In

Si, the slow radiative lifetime allows carriers to di�use over macroscopically large

distances (few hundreds of micrometers), a highly favorable property for electronic

applications.

1.2 Silicon nanocrystals

The situation is considerably di�erent in case of Si nanostructures, where dimen-

sions have been reduced to nanometer scales. Such structures are classi�ed according

to their dimensionality, e.g., two-dimensional (2D) quantum wells, one-dimensional

(1D) nanowires (or quantum wires) and zero-dimensional (0D) nanocrystals (NCs,

or quantum dots � QDs [16]) where the classi�cation is according to the number

of uncon�ned dimensions along which carriers (electrons and holes) are still free to

move. At the nanometric length scales quantum con�nement phenomena become

important, by which the energy structure becomes a more �atom-like�, with more

discrete character and a considerably lower density of states (DOS) compared to

the bulk. This e�ect occurs when the dimensions of the nanostructure are close to
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Figure 1.1: a) Brillouin zone of a fcc crystal structure, as is the case for Si. b) Energy
dispersion diagram for bulk Si. The lowest state of the conduction band and the
highest level of the valence band show a momentum mismatch, with the minimum
of the former positioned at 0.85kX compared to the maximum of the latter. This
then results in an indirect bandgap. Recombination of an electron in the conduction
band with a hole in the valence band happens via a phonon-assisted transition; the
transition related to the silicon bandgap ∆�Γ25 has a typical value of 1.12 eV (Egap
= ∆(EC � EV ) at T = 300 K). Figure taken from Ref. [15]

or smaller than the Bohr radius � the typical size of an exciton in the bulk con-

�guration of the material � which in case of Si is around rBohr ≈ 5 nm [17]. In a

simpli�ed approach, the excited NC can be described by the quantum mechanical

�particle in a box� system, where energy levels can be tuned by the dimensions of

the box (i.e. the NC size). Details on the energetic shift of speci�c electronic levels

are discussed in Chapter 3, Sections 3.1.1 and 3.1.2. Another e�ect of quantum con-

�nement is the breakdown of the momentum conservation law with the decreasing

size of a nanostructure. According to the Heisenberg uncertainty principle ∆k∆x≥~
2

(where ∆x = dNC is the NC diameter) the geometric con�nement of carriers results

in delocalization in k-space. This then increases probability of no-phonon optical

transitions in small Si NCs. For Si NCs in an O-rich environment, it has been ob-

served that radiative lifetime of electron-hole recombination from the lowest excited

state decreases to τrad ≈ 10−4 � 10−6 s, i.e. about 3 orders of magnitude lower than

in bulk Si [9]. Thirdly, the e�ective local concentration of electron-hole pairs in NCs

is very high due to the spatial con�nement, by which e�ciency of carrier-carrier

interaction processes increases dramatically, and which also leads to a variety of

nonlinear phenomena with important consequences, one of which is the possibility

of Auger-auto-ionization of NCs.

Experimentally, these e�ects were �rst reported on by Canham in 1990 [18], who

showed e�cient red light emission from porous Si (po-Si) under UV light illumina-
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tion at room temperature. Po-Si features microstructures of di�erently sized Si NCs

achieved by stain-etching with hydro�uoric acid, nitric acid and water or through the

use of an anodization cell. Structural investigations of po-Si have indeed con�rmed

that it consists of Si NCs of di�erent size (typically a few nm) and shape, that retain

the diamond lattice structure of bulk Si. These conclusions were based on two es-

sential observations: �rstly, the presence of small c-Si nanostructures in the form of

NCs and undulating nanowires implied that the e�cient red emission was related to

quantum size e�ects. Secondly, the considerable blueshift of the emission spectrum,

from the bulk Si bandgap value of 1.12 eV toward Egap ≈ 1.8 eV in po-Si. Following

this discovery, very extensive investigations have been conducted on a series of Si

NCs prepared by di�erent techniques, aimed at veri�cation of the quantum con-

�nement model. While many results provided additional support for the quantum

con�nement model [14], also controversial observations of emission properties were

obtained which could not be explained within that model [19]. Consequently, it was

proposed that these e�ects are related to surface phenomena, where electron-hole

recombination proceeds via or is mediated by the molecular species terminating the

surface or by local potentials caused by the lattice mismatch at the surface and/or

surface defects. For similar sizes of Si NCs very di�erent optical properties have

for example been found for O-passivated Si nanostructures and those with H or

C molecules at the surface. Especially the latter show a much more pronounced

blueshift of the luminescence with corrresponding radiative times of the order of

τrad ≈ 10−8 � 10−9 s [20]. Concomitantly, the contribution of surface-related e�ects

increases dramatically for smaller NC sizes, as the surface-to-volume ratio scales

with ∼ (dNC)−1, resulting in ∼ 50% of the atoms being located at the surface for a

NC with size dNC = 3 nm.

In case of Si NCs in an O-rich environment, as used in this study (see Chapter 2

Section 2.1), a model has been proposed describing the e�ect of the O-passivation

of the surface on the NC size dependent optical bandgap shift [9, 21]. Compared

to H-passivated Si NCs, the shift is less pronounced, which was postulated to be

related to formation of a Si=O bond at the surface of the Si NC, introducing levels

within the bandgap for small-sized NCs � see Fig. 1.2 [22]. As a consequence, the

spectral position of emission related to electron-hole recombination from the lowest

available energy levels shifts to higher energies with decreasing size, but stabilizes

for NCs with sizes smaller than dNC . 2.5 nm. Here, recombination takes place via

the surface-related defect states rather than between the NC-core levels, where both

electron and hole (zone III in Fig. 1.2) or only electron (zone II) are localized. In

their model, the authors propose the electron state to be a p state localized on a Si
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atom of the Si=O bonding at the surface, and the hole state a p state, localized on

the oxygen atom. This interpretation is further discussed in Chapter 4, Section 4.2,

based on femtosecond transient induced absorption (TIA) results on Si NCs with

di�erent sizes embedded in a SiO2-matrix: it is suggested to proceed via formation

of a self-trapped exciton at the surface of the NC.

Figure 1.2: Electronic states in Si NCs as a function of diameter and surface pas-
sivation, where squares and circles correspond to H-terminated and triangles and
crosses to O-passivated NCs, respectively. In zone I, recombination occurs via NC
core-related levels. As the diameter decreases, the emission energy increases, exactly
as predicted by quantum con�nement. For O-passivated Si NCs, recombination in-
volves an electron trapped at the surface (zone II), whereas the hole still remains in
the NC core. For decreasing NC size, the trend of the increase of the emission emis-
sion energy is less steep than predicted by quantum con�nement, since the trapped
electron state energy is independent of NC size. In zone III, recombination is via
trapped excitons. In this regime, the emission energy is independent of the NC
size [22].

From a theoretical perspective, the emission characteristics of NCs with respect to

the quantum con�nement induced behavior of the corresponding electronic levels

and radiative transition probabilities have been modeled using di�erent techniques.

Typical methods are ab initio approach [23] � which is more suitable for small

nanoclusters (with dNC . 2 nm) � and the semi-empirical methods: pseudopo-

tential [24], tight-binding [25, 26] and e�ective mass approximation [9], which are

commonly applied in the regime of dNC & 2 nm. In this thesis, emission results are

compared with simulations obtained by the e�ective mass approach, by which spec-

tral and temporal characteristics of emission related to electron-hole recombination

across the �indirect bandgap� as well as the �direct bandgap�, in the Γ-point of the

Brillouin zone, are modeled (see Chapter 3). This approach provides an adequate

description for the counter-intuitive NC size dependent behavior of recombination
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of non-equillibrium �hot� carriers (see Chapter 3, Section 3.3). For extraction of

non-linear absorption characteristics of the Si NCs, a tight-binding technique is em-

ployed, by which the spectral dependence of absorption by carriers with di�erent

kinetic energies is modeled (Chapter 4). In both techniques, the possible inter-

play and contribution of defect-related relaxation and recombination processes is

not taken into consideration, which, especially in the latter case, is shown to be

essential for interpretation of IA data (Chapter 4, Section 4.2)

1.2.1 Spatially separated carrier multiplication in Si nanocrys-

tals

An important and controversial �nding in nanostructured systems is the enhance-

ment in electron-hole pair multiplication as a consequence of relaxed momentum con-

servation, modi�ed carrier-cooling rates, and enhanced Coulomb interaction between

carriers. Electron-hole pair multiplication occurs when more than one electron-hole

pair is generated upon absorption of a single photon with energy of at least twice

the band gap of the material. For photovoltaic applications, this process would

enable more e�cient light-to-electricity conversion, as part of the energy otherwise

lost to heat is converted into free carrier population [27]. In bulk semiconductors,

electron-hole pair multiplication is referred to as impact ionization [28], while in

semiconductor NCs, or QDs, it is conventionally referred to as multiple exciton gen-

eration (MEG) [29], or carrier multiplication (CM) [30]. Over the past several years,

MEG has been reported in NCs of several semiconductors, such as PbSe [29�31],

PbS [29,32], PbTe [33], CdSe [34,35], and also in Si [36]. Also a considerable contro-

very arose due to some di�culty of reproduction of the MEG results in CdSe [37] and

InAs [38,39] QDs, while for the lead chalcogenides, where the MEG process has been

con�rmed by several investigators, the varying value of the quantum yields (QYs) as

well the signi�cance of MEG for improving the performance of photovoltaic cells are

being debated upon. Where some authors report QY >> 1 for exciton formation in

PbSe and PbS QDs [29�31, 40, 41] others have found values which are signi�cantly

lower (1 < QY < 1.25) [42]. These variations have been attributed to e�ects of

surface chemistry on the exciton relaxation dynamics [41,42] and, in some cases, to

long-lived charging of QDs caused by trapping of photo-excited carriers at the QD

surface, leaving a delocalized hole or electron residing in the core [43]. Extraneous

e�ects such as charging can be reduced by stirring the sample during the experiment

and using low photon �uencies for excitation [44].
Conventionally, MEG is investigated by means of femtosecond transient induced IA

or photoluminescence (PL) techniques, where upon low photon �ux pumping (so that
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maximally one electron-hole pair per NC is created) decay dynamics obtained with

high and low photon energy excitation are compared, i.e. for excitation conditions

under which the CM process is energetically allowed or excluded, respectively. The

CM is then identi�ed by enhancement of the amplitude of the signal, which implies

increase of generated carrier concentration. The larger amplitude is combined with

additional components appearing in decay dynamics, which are related to carrier-

carrier-interaction (i.e. Auger components � see Chapter 3, Section 3.2) for the

above CM-threshold excitation. As the absorption of multiple photons by the same

NC results in similar decay characteristics, this experimental approach is rather

delicate and crucially relies on an accurate determination of the number of absorbed

photons per NC, which has to be inferred and cannot be measured directly. As

a consequence, such investigations can lead to tremendous overestimations of the

absolute values for the CM QY [31].
Although the MEG process opens great perspectives for increase of photovoltaic

conversion e�ciency for high photon energies, the practical limitations concerning

carrier extraction from NCs become even more di�cult when the number of excitons

per NC exceeds 1. The increasingly shortened lifetime (dependent on the carrier con-

centration) due to strong Auger interaction leaves a narrow time window for e�cient

carrier extraction [45]. Recently, a CM mechanism has been reported on, where the

additional carriers, generated by absorption of a single high-energy photon, exhibited

long �radiative� lifetime, suggesting their separation prior to elimination by e�cient

Auger interaction. In these materials (dense solid-state dispersions of Si NCs in a

SiO2-matrix), it was proposed that multiple excitons created by a high-energy pho-

ton appeared in neighboring NCs, rather than in the same, and concomitantly the

process was termed �space-separated quantum cutting� (SSQC). Initially, this phe-

nomenon has been investigated with a rigorously calibrated photons-in-photons-out

experiment, by which a reliable absolute value of emission quantum e�ciency (QE

� i.e. number of emitted vs. absorbed photons) was determined [46]. Applying

this technique, we found the QE to be constant up to a certain threshold value of

excitation photon energy (about Eexc ≈ 2Egap), and to increase for shorter wave-

lengths, evidencing a higher photon generation rate. However, the time-integrated

optical spectroscopy technique applied in this case could not provide information

on temporal characteristics of the SSQC process, which is required to gain insight

into its microscopic mechanism. For this purpose, time-resolved IA measurements

were used, where the carrier generation rate has been investigated as function of the

excitation photon energy, in the low photon �ux regime (see Chapter 5) [47]. Both

the PL and IA results are described in Chapter 7, where also the possible bene�cial

contribution of this e�ect in the �eld of photovoltaics is elaborated on.
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1.3 Synergy of this thesis

In this thesis, the fundamental investigation of carrier relaxation and recombination

processes in Si NCs in a SiO2-matrix are described. Chapter 1 provides a general in-

troduction and motivation to use Si and describes the quantum con�nement induced

changes when moving from bulk to a nanostructure con�guration. The preparation

method of the samples used in these investigations is discussed in the next chapter,

as well as the experimental techniques and analysis approaches which are employed

for optical characterization. These techniques comprise spectrally and time-resolved

emission and (non-)linear absorption characteristics, registered in di�erent experi-

mental con�gurations and excitation conditions.

The next chapter is dedicated to a detailed description of the luminescence properties

of these NCs, from a theoretical as well as an experimental perspective. Especially

the results for non-equillibrium �hot� carriers are elaborated on in detail, as these

NC size-dependent spectral characteristics are reported for the �rst time. In Chapter

4, non-linear absorption, both spectrally and time-resolved, is discussed for di�erent

sizes of Si NCs. Experimental �ndings are compared with theoretical simulations,

which describe the spectral dependences quite accurately within a certain energy

range; For photon energies outside of this range, the explanation invokes a NC

surface-mediated carrier capturing process (described in the Section 4.2). Next, a

speci�c carrier multiplication process, which has up to now only been reported for

Si NCs in an O-rich environment, is investigated with time-resolved IA technique.

By comparison of the results obtained under two di�erent excitation conditions

� for which the process is allowed or excluded, respectively � it is conclusively

established that this variation of the carrier multiplication process indeed takes

place as previously proposed based on PL results.

Chapter 6 discusses emission and IA results obtained on a di�erent material: a

rare-earth-doped wide-bandgap semiconductor (GaN:Eu3+), where the host mate-

rial functions as the absorbing medium and energy is transferred to the optically

active rare-earth ions. In the emission section, the optical activity of the ions is

discussed, as the majority of the emission centers turns out not to contribute to the

luminescence. By cross-correlation of the emission results with IA measurements, a

model is proposed for the carrier relaxation and energy transfer mechanism.

Finally, an outlook is given for possible prospects of the practical application of Si

NCs in photovoltaic devices. In this chapter, possible bene�cial properties of these

systems are presented and it is discussed in what way these can be exploited in order

to enhance the output e�ciency of photovoltaic devices.


