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Chapter 1

Introduction

1.1 Silicon age

The term “Silicon Age” is popularly used to describe the current period, sim-
ilar as the archaeological ages were named after specific materials which were
prevalently used. While you can dispute that this term would be classified within
scientific nomenclature used for historical periods, silicon is certainly the most
important material with respect to present-day microelectronic technology with
far leading consequences into almost all aspects of everyday life. This is a direct
result of the invention of the fundamental building block of electronic devices - the
transistor. Interestingly enough, the transistor effect was discovered by Bardeen,
Brattain and Shockley in December 1947 in a different material, namely germa-
nium. Since the bandgap of germanium is only 0.7 eV, the use of this material in
practical transistors is limited to not too high temperatures, and therefore also
to lower power applications. Another disadvantage of germanium is the chemical
activity of its surface, making it necessary to enclose the structures with other
materials for stable operation, increasing the cost.
Silicon is a group IV element, like germanium, and has very similar electronic
properties, but crystalline silicon has a larger bandgap of 1.1 eV. This fact started
research into the use of silicon for transistors, as it could potentially operate at
higher powers and temperatures. In 1954 “Bell Labs” succeeded in realization of
the first silicon transistor. This was the starting point of the continuous minia-
turization, cost reduction and technological development that has brought us into
the “Silicon Age”. To give some idea of the enormous progress made in integrated
circuits, currently (2012) commercial chips are available, which contain ∼1 billion
transistors, each having a typical dimension down to 20 nm. Another result of
the studies on silicon transistors at “Bell Labs” was the development of a silicon
based photovoltaic (PV) cell. It turned out to have much higher conversion effi-
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2 CHAPTER 1. INTRODUCTION

ciency (of ∼6%) than the long known selenium based cells used at that time. The
very beneficial bandgap of silicon, close to the theoretical optimum for a solar
light conversion material as it turned out later [1], made it very interesting for
PV applications. Since then increasing technological level of silicon fabrication
and processing technologies has improved efficiencies and reduced costs of silicon
PV cells considerably. Conversion efficiencies have been shown to reach values of
∼25% [2], close to the theoretical maximum of ∼30%.
For electronic applications on both the very large scale (PV) and the small scale
(microelectronics) Si has proven to be the dominant material. Another field
which could possibly greatly benefit of the technological superiority of Si, is that
of photonics. Efficient Si based light emitters are in this case a necessity, and
although long sought for, are still non existing.
The next section discusses the optical properties of Si and the reason why light
emission is very poor.

1.2 Optical properties of Si

Silicon has four valence electrons, and crystals will form in a diamond structure.
Its valence electrons are derived from the s and p orbitals (electronic configuration
1s22s22p63s23p2) and in the crystalline structure sp3 hybridized orbitals form
covalent bonds between the atoms. From the level ordering it becomes clear
that the conduction band has s-like character derived from s anti-bonding states,
while the top of the valence band is p-like, derived from p bonding states [3].
This means that electronic transitions between conduction and valence band are
dipole allowed and in principle could be efficient. However, when we look at the
bandstructure of crystalline Si, it turns out to be an indirect gap semiconductor;
the conduction band minimum is not at the Brillouin zone centre (Γ-point), but
at approximately 85% of the Γ–X distance (See Fig. 1.1a). As a result, transitions
at the band edge must be accompanied by a large change in the electron ~k-vector
0.85X, where X= (π/a) (±1,0,0), (0,±1,0) or (0,0,±1) (= 6-fold). For the lattice
constant of a = 0.543 nm, we can calculate the momentum difference with the
top of the valence band at ~k = 0 to be 0.85× 2h/a = 2× 10−24 Jsm−1. When we
compare this with the momentum associated with a photon having an energy the
size of the bandgap 1.13 eV = p · c, we get a value of p = 6× 10−28 Jsm−1. It is
obvious that this transition cannot take place by itself. The most probable way
to have a radiative transition without breaking the momentum conservation, is
by addition of phonon absorption or emission. As a result, the transition can take
place, but the probability is 4-6 orders of magnitude smaller than for the direct (in
~k-space) transition. The photon energies associated with this transition are given
by Ehν = Eg ± Ep, where Eg = EC - EV, the difference between energy associated
with bottom of conduction band EC and top of valence band EV. Ep indicates the
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Figure 1.1: (a) Brillouin zone of Si. Some important symmetry points and direc-
tions are indicated. (b) Bandstructure of Si. The energy dispersion is drawn for
different directions connecting the points of high symmetry. EC and EV indicate
the energy associated with the bottom of the conduction band and top of the
valence band, respectively. Note that the EC is associated with ~k = 0.85X

energy of the phonon accompanying the transition, where the sign depends on the
creation or consumption of a phonon in the process. Probabilities of absorption
and emission near the silicon band edge are very small, as can be seen by the small
absorption coefficient for values close to the bandgap, orders of magnitude smaller
than for direct bandgap materials, and slowly increasing for larger energies – see
Fig. 1.2. The radiative lifetime, typically ∼1 ms which compares to ∼1-10 ns
for direct bandgap semiconductors [4]. For luminescence this indirect bandgap
is disastrous. For example optically excited carriers with initially high energy
relax rapidly by emitting phonons. Since electron-phonon coupling is very strong
this process takes typically place on timescales of ∼100 fs, bringing the carriers
quickly to the bottom of the conduction band, before radiative transitions can
take place [6]. From there they can emit a photon by the process mentioned
above, or recombine non-radiatively for example via defects. Since the radiative
carrier lifetime is very long, the chance for a carrier to undergo a non-radiative
process is very large, limiting the luminescence efficiency. Nevertheless it is fair
to mention that a silicon light emitting diode with an efficiency as high as 1%
has been presented [7]. In this case a high quality crystal was used, which had
very few contaminations and special surface treatments were employed to remove
a large part of non-radiative centers.
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Figure 1.2: Optical absorption of Si at 300 K. Data taken from Ref. [5]

1.3 Why silicon nanocrystals?

1.3.1 Quantum confinement effects

In the beginning of the 1990s it was discovered that light emission can take place
from porous Si [8, 9] and from ultrafine nanoparticles [10], which suggested that
limitations of the Si band-structure on light emission might be overcome in Si
nanocrystals in wide-bandgap dielectric matrices. Carriers inside a NC experience
a strong confining potential, localizing the electronic states considerably. The so-
called quantum confinement regime, the size for which carrier localization alters
the electronic states, is determined by the “Bohr-radius” (following the analogy
size of an electron-hole pair to that of a hydrogen atom) inside the confined ma-
terial, for Si this radius is approximately 4.5 nm. Localization of electronic states
also leads to spread in momentum distribution, which follows from Heisenberg
uncertainty relation. Since the wave functions consist of plane waves covering all
possible wave vectors including ~k ∼ 0 for electrons and ~k ∼ ~k∆ for holes, there
is a nonzero probability of ∆ - Γ radiative transitions, without additional mo-
mentum conserving (quasi)-particles. This leads to a substantial decrease of the
radiative recombination time, which is observed in photoluminescence lifetime
experiments. In general, stronger confinement in smaller crystallites gives rise to
shorter radiative times as quasi-direct transitions become increasingly probable
(from ∼ms to ∼ µs for the smallest Si NCs). However, even for small nanocrys-
tals the momentum conservation law is not fully broken, which can be seen for
example in PL radiative lifetime for very small Si nanocrystals, which is still
longer than several microseconds. Even more, PL spectra of single Si NCs show
multiple peaks indicating that the quasi-direct transition is not the only means
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of emission, but there are also momentum conserving phonons involved [11].
Another typical feature of the energetic structure in such “quantum confined”
systems is that the energy difference between the valence and conduction band
increases when the nanoparticle size decreases. In absorption and emission spec-
troscopy the terminology “blueshift” is employed, since the wavelength of emitted
and absorbed photons shift to shorter wavelengths. The simplest explanation of
this phenomenon can be found in the “particle in a box” model, where an infinitely
high potential barrier is located at the nanocrystal boundary. The energy of car-
riers (electrons and holes) inside such a nanocrystal are proportional with D−2,
where the D is the diameter. It is obvious that this model is an oversimplification
of the real behavior, but it gives some insight into what is happening on these
scales. Additional effects, like electron-hole Coulomb interaction (D−1) and the
non-infinite barrier at the nanocrystal, relax the dependence considerably. From
experimental studies where the relation between the energy-gap and nanocrystal
size was examined, it was mostly found that the scaling is proportional to D−b,
with 1 < b < 1.5 [12, 13, 14, 15, 16]. The differences between the individual re-
sults from the studies are mostly attributed to preparation procedure, structure,
surrounding matrix, surface bonds etc. Especially surface phenomena can play an
important role in small nanocrystals, since the surface-to-volume ratio increases
quickly. For example for Si nanocrystals with a diameter of 3 nm it can be esti-
mated that more than 50% of the atoms are located at the surface. A important
experimental study into the effect of surface termination on PL properties can
be found in Ref. [17]. In this case hydrogen terminated silicon nanocrystallites in
porous Si was slowly oxidized. Oxidation decreases the size of nanocrystals and,

Figure 1.3: Electronic states in Si nanocrystals as a function of cluster size and
surface passivation (from Wolkin et al. [17]).
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following quantum confinement, a blue-shift of PL spectra was observed. But for
the smaller particles luminescence stabilized at a longer wavelength. The model
proposed to explain these results invoke that some dangling bonds are passivated
into Si=O double bonds. Simulations of the energy bands of Si NCs with Si=O
double bonds at the surface (Fig. 1.3) indicate the importance of oxygen states
for the energetic structure. For hydrogen passivated NCs, quantum confinement
holds up and luminescence originates from recombination of excitons. For oxi-
dized NCs the smaller NCs (Zone II and III) show levels that appear inside the
bandgap and electrons and holes will be trapped on these surface states, so that
luminescence originates from transitions between them. This model is widely
assumed to explain the behavior of oxidized Si NCs, and shows the importance
of surface chemistry in these systems.
The wide tunability range of emission energies, from UV-emitting (350 nm) chem-
ically synthesized NCs [18], via visible wavelengths (porous silicon [17]) into in-
frared up to 1100 nm (oxidized, gas-phase fabricated [14]) and even to longer
wavelengths by means of doping (see Chapter 8), shows the enormous versatility
of silicon nanocrystals.

1.3.2 Non-equilibrium carriers

Another consequence of quantum confinement in nanostructures is a reduction
of density of states, which results in discrete electronic states instead of contin-
uous bands of bulk materials [19]. This notion raised a lot of interest, as non-
equilibrium carrier dynamics can be severely influenced, and controlled. Photo-
generated carriers created with energies above conduction and valence band edges,
will thermalize rapidly and convert their excess energy into heat. In NCs the dis-
tance between individual electronic states increases, and at the same time density
of phonon modes decreases, so that transitions between the electronic states by
means of phonon emission decrease in probability [20]. This so-called “phonon-
bottleneck” has been proposed theoretically [21] and which should’not appear
if hot-carrier cooling occurs via longitudinal-optical phonon emission. However,
there are also other mechanisms by which hot carriers can release their excess
energy. An Auger mechanism that transfers the energy to a hole, which thermal-
izes quickly because of the smaller level spacing and larger effective mass [22] can
break the phonon bottleneck. But also other mechanisms, like electron-hole scat-
tering [23], acoustical-optical phonons emission, [24] and impact ionization, could
achieve this [25]. Experimentally the slowing down of cooling rates has been ob-
served in a number of different types of NCs, but was also absent in many others
(see Ref. [26] for an overview). For silicon NCs it has not been observed.
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1.4 Synergy of this thesis

In this thesis fundamental investigation of optical excitation and de-excitation
processes are described. The prior paragraphs give a general introduction in the
properties of the material of choice: silicon. Quantum confinement in nanostruc-
tures increase the optical activity with respect to its bulk counterpart, and this
introduces also other (beneficial) properties. The experimental approaches that
are used to study optical excitation and emission processes as well as sample
preparation procedures and structural characterization techniques are described
in Chapter 2. Determination of photoluminescence quantum yield is a specific
characterization technique that is widely employed throughout this work. The
exact definition and ambiguities hereof as well as the details of the experimental
procedures can be found in Chapter 3. The limits of the optical performance of
silicon nanocrystals prepared by thin film deposition technique, are investigated
in the next chapter. For short wavelengths the approach to these limits was found
to be different, as excitation cross-sections turned out to grow faster than antic-
ipated. This effect is more elaborately studied and discussed in the second part
of Chapter 4, where it is found that the relative quantum yield of photolumines-
cence increases for shorter excitation wavelengths. The model to describe this
effect, termed space-separated quantum cutting, is introduced and its application
potential is discussed. The strong demand from the nano-optics community and
also possible demonstration of applicability of the above effect led to dedicated
investigation of absolute photoluminescence quantum yield (Chapter 5). The ex-
pansion to differently prepared silicon nanostructures in this chapter shows that
the identified carrier multiplication mechanism is a general feature of densely
packed silicon nanocrystal structures. Since optical properties of such ensembles
are strongly influenced by size distribution and also saturation effects; an elabo-
rate study dedicated to these specific effects is presented in Chapter 6.
Erbium is a much studied optical dopant and silicon nanocrystals are known for
their effective sensitization of excitation of these rare earth ions. Different energy
transfer processes between these species can be observed, where most strikingly
the quantum cutting effect is also noted, with erbium as the receiving species
(Chapter 7). Finally, in the quest to enable a shift of the quantum cutting pro-
cess to smaller photon energies, a system of phosphorous and boron co-doped
silicon nanocrystals is studied. These show emission with energies below that of
bulk Si bandgap energy values and might enhance the effective range for quantum
cutting to even smaller photon energies.




