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1.1 Semiconductors 
Semiconductors are the foundation of modern technologies, enabling 
development of transistors, solar cells, light emitting diodes and integrated 
circuits, among others. Semiconductors have a number of unique properties, one 
of which is the ability to change conductivity by the addition of impurities 
(doping) or by interaction with light or, more generally, electromagnetic field. 
This ability makes semiconductors very useful for constructing devices that can 
amplify, switch, or convert an energy input. Together with the chemical 
composition, the crystal symmetry of a particular semiconductor determines its 
band structure. The energy distance between the top of the valence band (VB) 
and the bottom of the conduction band (CB) determines the energy bandgap of a 
semiconductor. When the top of the VB and the bottom of the CB coincide in 
reciprocal space, the semiconductor is referred to as having a “direct bandgap”. 
When a photon of energy equal to or larger than the bandgap interacts with a 
semiconductor, an electron from the VB can be promoted to the CB, creating an 
electron-hole pair. In order to restore equilibrium, this electron-hole pair may 
recombine radiatively by emitting a photon whose energy will be equal to the 
bandgap, or recombine non-radiatively, dissipating the energy in another form, 
e.g. by generation of phonons. When a semiconductor has an indirect bandgap, 
electrons in the bottom of the CB and holes in the top of the VB have different k-
vectors. In this case, in order to comply with the momentum conservation law, 
phonons are usually involved in the radiative recombination process. 

1.2 Silicon and germanium 
With no doubt, silicon (Si) is the most investigated semiconductor material. 
Similar to germanium (Ge), it crystalizes in the diamond structure. In this 
configuration, each atom is surrounded by four equivalent neighbors, forming a 
tetrahedron. Si and Ge are elemental semiconductors; other semiconductor 
materials include binary compounds, oxides and also organic components. Si has 
been for decades the material of choice for the electronics industry due to its 
many favorable physical properties, relatively large abundance and the 
possibility to make large monocrystals with the high degree of purity. The 
optical properties of Si and Ge, however, are poor due to their indirect bandgap. 
If the optical properties of Si and Ge could be enhanced, the integration of 
optical and electronic signal processing would open possibilities to enhance the 
performance of devices based on these semiconductors. Also the photovoltaic 
industry would benefit from enhanced optical properties of Si, since Si has the 
near ideal bandgap energy (at least ~300 meV off) for achieving the highest 
photon-to-electron conversion efficiency, as has been shown by Shockley and 
Queisser [1]. To compensate, however, the poor absorption of light by Si, the 
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solar cell needs to be quite thick, which increases production costs. The above 
mentioned examples are only two of the many new possibilities that would arise 
when the optical properties of Si/Ge are enhanced.  

1.3 Nanocrystals 
1.3.1 Quantum confinement effects 
One way of enhancing the optical properties of any indirect bandgap 
semiconductor is by making nanocrystals (NCs) of these materials. In a 
semiconductor crystallite whose diameter is comparable to or smaller than the 
Bohr radius, the excitons are affected, leading to quantum confinement. The 
energy levels of a NC can then be in first approximation modelled as a particle in 
a box system, in which the energies of individual states are determined by the 
size of the box. NCs are said to be in the “weak confinement regime” if their 
radii are on the order of the exciton Bohr radius; NCs with radii smaller than 
exciton Bohr radius are said to be in the “strong confinement regime”, where the 
concept of “exciton” no longer holds. Another effect of quantum confinement is 
the breakdown of the momentum conservation law with the decreasing size of 
nanostructure. Following from Heisenberg’s uncertainty principle, the geometric 
confinement of carriers results in delocalization in k-space. This then increases 
the probability of no-phonon optical transitions in small NCs. Hence, if the size 
of the NC is small enough so that the quantum confinement effects dominate, the 
electronic and optical properties become highly tunable.  

1.3.2 Si and Ge nanocrystals 
Si NCs represent a promising material system for light emission applications. 
The exciton Bohr radius of Si is around 5 nm, in NCs of this size the radiative 
lifetime of electron–hole recombination from the lowest excited state decreases 
from 10-3 s for bulk to ≈ 10-4-10-6 s. Moreover, the wavelength of light that can 
be emitted by Si NCs can be tuned, from the near-infrared (IR) and throughout 
the entire visible spectrum, by varying the size of NCs.  
In contrast to rather well investigated Si NCs, much less is known on quantum 
confinement effects in Ge. This is regretful, as in many aspects Ge NCs appear 
advantageous. In comparison to Si, where the lowest energy conduction band 
near k = 0 (Г- point) is related to the non-bonding p-type band, the order of 
lowest two conduction bands in Ge is reversed, with the lowest one arising from 
the anti-bonding s-type band. This band, which is highly curved at k = 0 makes 
Ge an almost direct bandgap semiconductor, with the direct gap of 0.8 eV, which 
is only 0.14 eV higher than that the lowest indirect bandgap related with the 
absolute conduction band minimum in the L point [2]. Also, due to the higher 

http://en.wikipedia.org/wiki/Bohr_radius
http://en.wikipedia.org/wiki/Potential_well%23Quantum_confinement
http://en.wikipedia.org/wiki/Particle_in_a_box
http://en.wikipedia.org/wiki/Particle_in_a_box


Introduction 
   5 

value of the dielectric constant, the (excitonic) Bohr radius in Ge is considerably 
larger than in Si – 18 vs 5 nm. Therefore, quantum confinement should manifest 
itself already for relatively large Ge NC sizes, offering a large tunable range for 
their optical and electronic properties. Moreover, since bands at points related to 
direct and indirect transitions have different curvatures, they will respond also 
differently to quantum confinement. These varieties of available photon 
absorption and recombination channels make up for a very interesting situation 
and suggest that optical properties of Ge NCs are possibly very complex. 
Furthermore, also mixing Si and Ge together to make SiGe alloy NCs can be 
interesting because their properties can be tunable between those characteristic 
for pure Si NCs and Ge NCs, by changing the relative contents of both materials. 

1.4 Mystery surrounding Ge-based nanocrystals 
In spite of the above mentioned prospects, Ge NCs are still not very well 
investigated, with the existing reports being rather fragmental and often 
contradicting. On one side, Ge is indeed observed to “behave as a direct bandgap 
material at nanoscale” and a relatively high quantum yield (QY) of ≈ 12% has 
been measured for light emission from colloidal Ge NCs [3]. On the other side, 
however, a quantum confinement induced shift has not been observed for 
excitonic recombination in Ge NCs embedded in SiO2, while some high-energy 
emissions have been found and were assigned to defects in the matrix or at the 
interface [4]. The quantum-induced energy shift has been reported for colloidal 
Ge NCs [5]. Ge NCs have also been considered for solar cell applications [6,7]. 
Figure 1.1 [8] summarizes the differences that can be found in literature 
regarding Ge NCs. Niquet et al., [8] calculated in the tight binding (TB) schemes 
as well as by k∙p approximation how the bandgap energy depends on the particle 
size. The obtained values are different from the experimentally observed blue-
green [9] and near-IR emissions [10]. 
Only a few reports are available on near-IR emission from Ge NCs. More is 
known on visible emission from these NCs, where some authors present this 
emission as originating from defect states and others assigning it to radiative 
recombination of carriers in NCs [11-17]. Literature regarding 
photoluminescence (PL) studies of SiGe alloy NCs is rather scarce, however 
there are reports on near-IR emission from 4-5 nm sized Si1-xGex NCs [18] with x 
between 0 and 0.3, and also on visible emission [19] from NCs with similar 
compositions and sizes. It has been reported that the PL intensity decreases with 
increasing Ge content in SiGe alloy NCs [19]. By thermal annealing of these 
materials, it is possible to tune the emission from near-IR to visible [20]. This 
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however, might be because of the oxidation of the material and formation of 
different defect centers. 

Figure 1.1: Comparison of bandgap energy for Ge NCs of different diameters as 
obtained by theoretical calculations (k.p and TB) with experimental results. 
Figure taken from Ref. [8]. 

1.5 Rare earth ions as optical dopants 
Rare earth (RE) ions doped optical systems are used as laser materials and for 
optoelectronic applications because of their sharp temperature-independent 
atomic-like emission spectra. All RE elements have a similar atomic 
configuration [Xe] 4fn+16s2 with n = 1-13. RE dopants, when incorporated in 
solid, modify their electronic structure and the 4f electron shell takes the [Xe] 4fn 
electronic configuration. Very attractive optical features of RE ions follow from 
the fact that their emissions are due to internal transitions in the partially filled 4f 
electron shell. This core shell is effectively screened by the more extended and 
fully occupied 5s and 5p orbitals. Consequently, optical, and also magnetic, 
properties of RE ions are relatively independent of the host.  

1.5.1 Rare earth doping of semiconductors 
In addition to the sharp and fixed wavelength emission, another important 
advantage of RE dopants is that they can be optically excited not only by direct 
absorption of (photon) energy into the 4f electron shell but also indirectly, by 
energy transfer from the host. This can be done by optical band-to-band 
excitation of the matrix, giving rise to PL, or by electrical carrier injection, 
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resulting in electroluminescence. Among many possible RE-doped 
semiconductor systems, research interest has been mostly concentrated on Yb in 
InP and Er in Si. The erbium ion (Er3+) has the electronic configuration [Xe] 4f11. 
Their electronic structure is dominated by electron-electron and spin-orbit 
interactions within the 4f electron shell resulting in J-multiplets with 4I15/2, 4I13/2, 
4I11/2 as the ground, first, and second excited states, respectively. When Er3+ ions 
are embedded in an insulator like SiO2, the only way to excite them is optically. 
This is done by pumping resonantly with a laser beam directly to one of the 
excited states. Consequently, the commercially available Er-doped fiber 
amplifiers or optical generators based on SiO2:Er are expensive, because they 
need to be pumped with a tunable laser of high power, due to the small cross 
section of Er3+ for direct absorption. For Si:Er, a host-mediated excitation is 
possible, and the research interest in this system has been fuelled by prospective 
applications in Si photonics, in view of the full compatibility of Er doping with 
CMOS technology. Upon its identification, Er-doped crystalline Si (c-Si:Er) 
emerged as a perfect system where the most advanced and successful Si 
technology could be used to manufacture optical elements whose emission 
coincides with the 1.5 μm absorption minimum of silica fibers currently used in 
telecommunications. Regretfully, upon detailed investigation, c-Si:Er turned out 
to be difficult both to understand and to engineer towards desired properties [21, 
22]. 

1.5.2  Sensitization of erbium in SiO2 by Si NCs 
In order to enable a more efficient excitation, a new approach of doping the SiO2 
matrix with Er3+ ions and Si NCs was proposed. It is now well established that 
there exists a strong interaction between Si NCs and Er3+ ions in an SiO2 matrix 
[23-27]. Upon illumination of this material, light is initially absorbed by the Si 
NCs due to their large absorption cross section in the visible region [28]. The 
absorbed energy is then transferred to the Er3+ ions located inside and in the 
vicinity of the Si NCs, taking these ions to excited states. In this way, an indirect 
excitation channel of Er3+ ions dispersed in SiO2 is created and the 1.5 μm 
emission appears, as the Er3+ ions relax from the 4I13/2 back to the 4I15/2 ground 
state. This non-resonant Er3+ ion excitation has an effective excitation cross 
section of 10−17-10−16 cm2, which represents an increase by a factor of 103 in 
comparison with the resonant pumping of Er3+ ions in SiO2 [29]. Investigations 
of time-resolved (TR) PL of Er3+ ions in SiO2:Si NCs revealed two major 
excitation mechanisms leading to 1.5 μm emission, distinguishable by their 
dynamics: a fast one, taking Er3+ ions directly to the first excited state, and a 
slow one, exciting Er3+ ions to one of the higher states (4I11/2 or 4I9/2), followed by 
relaxation to 4I13/2 on a microsecond time scale [30-32]. The most direct evidence 
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for the coexistence of the two excitation mechanisms has been found from 
investigations on the quantum efficiency of Er-related PL in the Er-Si NC system 
[33]. Figure 1.2 shows the schematic of the energy transfer processes between Si 
NCs and Er3+ ions in a SiO2 matrix. 

Figure 1.2: Schematic illustration of the Si NCs-sensitized excitation of Er3+ ions 
in a SiO2 matrix. Upon illumination light is initially absorbed by Si NCs and then 
transferred to Er3+ ions, where Er3+ ions are either excited directly to the first 
excited state (a) or into higher excited states (b). Relaxation of these excited Er3+ 
ions results in the 1.5 μm emission. 

1.6  New physics: carrier multiplication in nanocrystals 
Carrier multiplication (CM) is the generation of two or more electron-hole pairs 
upon absorption of a single photon. CM can be further divided into two types: 
multiple exciton generation (MEG), where multiple electron-hole pairs are 
created in the same NC (where the photon is absorbed) and space separated 
quantum cutting (SSQC), where an additional electron-hole pair is formed in a 
NC spatially separated from the one which initially absorbed the photon. CM in 
NCs is similar to impact excitation in bulk: the excess energy of an electron 
(hole) in the CB (VB) is used to excite a second electron from the VB to the CB, 
provided that the excess energy of the free carrier is larger than the bandgap. The 
difference is that for impact excitation the energy threshold (in terms of bandgap 
energy) is much larger, while CM occurs in NCs when the photon energy is only 
slightly higher than twice the bandgap energy. Furthermore CM, as modelled by 
Beard et al., [34], occurs much more efficient in NCs than impact excitation in 
bulk. Specially for photovoltaic applications, MEG could be potentially 
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interesting because the Shockley-Queisser limit [1] is based on the assumption of 
the single photon-to-single-electron conversion, leading to large energy loss in 
the blue part of the solar spectrum, for photon energies larger than the bandgap 
of the absorber. This excess energy is normally lost in the form of heat in a 
conventional solar cell. However with MEG, this energy loss is mitigated since 
one high energy photon can generate two electron-hole pairs. There is however a 
drawback: the reverse process to MEG, Auger recombination, can also take 
place. When two or more electron-hole pairs are present in a single NC, one can 
give up its energy to the other and recombine non-radiatively, leaving the NC 
with just one electron-hole pair. Since both MEG and Auger processes happen 
on a picosecond time scale [35], it is almost impossible to realize charge 
extraction. Luckily however, a different kind of CM has been observed to occur 
for Si NCs in SiO2 matrix [33,36]. When the energy of excitation is greater than 
two times the bandgap of Si NCs, SSQC generates two excitons in two adjacent 
NCs. This means that Auger recombination is now suppressed. The two 
separated electron-hole pairs can either be extracted or radiatively recombine and 
emit two (bandgap) energy photons, while only one large energy photon was 
absorbed. It has been calculated that the optimal bandgap for a NC solar cell to 
make most efficient use of CM is about 0.8 eV [35,37]. Figure 1.3 shows the 
maximal photovoltaic conversion efficiency that can be achieved by making the 
full use of CM.  

Figure 1.3: The calculated photovoltaic power conversion efficiency for various 
MEG characteristics in a NC solar cell, figure taken from Ref [37]. Possible 
bandgap energy of Ge NCs and the 0.8 eV emission from Er-doped SiO2 
sensitized with Si NCs are indicated. 
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The maximum efficiency obtained with such a hypothetical device could reach ~ 
45%, which is significantly higher than the Shockley-Queisser limit. For this 
purpose, Ge or SiGe NCs are excellent candidates because the bandgap energy of 
bulk Ge is 0.67 eV, so theoretically it is possible to have Ge NCs with a bandgap 
of 0.8 eV. Also by using SiGe alloy NCs it is possible to reduce the bandgap 
energy when compared to Si NCs. Another realization of this optimal energy 
system could be by using Er-doped SiO2 sensitized with Si NCs, where the high 
energy photons can be converted into 0.8 eV photons by Er3+ ions. The necessary 
condition in this case is excitation of multiple Er3+ ions with a single photon 
absorbed in a Si NC. Possible bandgap energy of Ge-based NCs and 0.8 eV 
emission by Er3+ ions is indicated in Fig. 1.3. 
 
 
1.7  Synergy of this thesis 
In this thesis, fundamental investigation of the carrier relaxation and 
recombination process in Er-doped SiO2 sensitized with Si NCs and Ge-based 
NCs is described. Chapter 1 provides a general introduction and motivation 
behind investigations of these materials and interesting/beneficial effects 
introduced by quantum confinement. Sample preparation techniques are 
described in the next chapter, as well as the experimental approaches used to 
study the optical properties. These techniques include spectrally- and TR- 
emission, QY and transient induced absorption characterization.  In Chapter 3, 
the optical properties of Er-doped SiO2 sensitized with Si NCs are discussed. 
Special emphasis is given to the resolution of the fast nanosecond emission 
observed in this material. Chapter 4 describes the determination of PL QY of 0.8 
eV Er3+ ion emission. The step-like enhancement of Er-related PL QY at high 
excitation energies is observed and the mechanism which can be responsible for 
this effect is discussed. A possibility of extraction of hot carrier excess energy 
from Si NCs by using Er3+ions is also discussed in this chapter. Chapter 5 is 
dedicated to the observation of CM in Ge NCs studied using transient induced 
absorption spectroscopy. Structural and optical properties of SiGe NCs prepared 
by plasma enhanced chemical vapor deposition are described in Chapter 6. The 
next two chapters are dedicated to the details of the transient induced absorption 
spectroscopy of Ge NCs in SiO2 matrix, Chapter 7, and Er3+ ions and Si NCs in a 
SiO2 matrix, Chapter 8. Finally, an outlook is given on possible prospects of the 
practical application of Er- and Si NCs- doped material and Ge-based NCs in 
photovoltaics and possible improvements are specified.   
   




