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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 

http://en.wikipedia.org/wiki/Doping_(semiconductor)
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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
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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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blue-green PL 

near-infrared PL 

k∙p 

TB 

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.   
   



     

 

 

 

 

 

CHAPTER 2 
--------------------------------------------------------- 

Experimentals 
--------------------------------------------------------- 
 

This chapter describes the details of the sample preparation 
techniques -sputtering deposition and plasma enhanced chemical 
vapor deposition- along with the experimental methods used for 
optical characterization of these samples. Optical 
characterization includes photoluminescence and absorption 
(linear and induced) spectroscopies and quantum yield 
determination. 
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2.1 Magnetron sputtering deposition 
The samples investigated in this work are mostly fabricated by sputtering 
deposition technique. In this method a target, or source of the material desired to 
be deposited, is bombarded with energetic argon (Ar+) ions. Electrically neutral 
Ar atoms are introduced into a vacuum chamber at a pressure of 1 to 10 mTorr. 
A DC voltage applied between target and substrate ionizes the Ar atoms creating 
plasma, which consists of ions and electrons. The Ar+ ions are accelerated 
towards the target where forceful collision ejects target atoms into the space. 
These ejected atoms then travel towards the substrate and condense into a film. 
As more and more atoms reach the substrate, they begin to bind to each other at 
the molecular level, forming a tightly bound atomic layer. The electrons released 
during Ar ionization are accelerated towards anode substrate and on their way 
ionize more Ar atoms, creating an avalanche of ions and free electrons in the 
process. The thickness of the deposited layer depends on the specific sputtering 
rate of the target material, which can be controlled by changing the Ar gas 
pressure, power applied to the gun containing target, and the time of deposition. 
There are number of ways to enhance this process. One common way is to use 
magnetron sputtering. In such systems, a strong magnetic field is applied near 
the target area. This field forces the electron to spiral around the magnetic flux 
lines near the target and ionize more Ar atoms. In this way, a stable plasma is 
created which contains high density of ions, which helps in increasing the 
efficiency of the sputtering process. A DC power supply is generally used to 
sputter conducting targets, whereas radio-frequency (rf) power supply with an 
automatic or manual impedance matching network between the power supply 
and sputtering guns is usually required for insulating or semiconducting target 
materials. Figure 2.1 shows a schematic for the magnetron sputtering unit. 
 
Different batches of samples, prepared using the rf magnetron sputtering 
technique, for the purpose of this research are described below. 
 
Ge NCs or Si1-xGex NCs in SiO2 

Ge NCs embedded in a SiO2 matrix are prepared by co-sputtering Ge and SiO2 
targets under an Ar gas pressure of 3 mTorr. The background pressure is kept at 
3×10-7 Pa. In order to change the deposition rate of Ge sputtered layers, the 
power on the DC or rf gun is changed. For Si1-xGex NCs along with Ge and SiO2 
targets, a Si target is added and different sample thicknesses and material ratios 
are prepared by changing the powers on the guns containing the targets. The 
deposited layers are subsequently annealed in a tube furnace purged with N2 gas 
at temperatures in the range of 800-1200 °C for 30-60 mins. Different sizes of 
NCs are formed by varying the annealing time and temperature.  
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Er3+ and Si NCs in SiO2 

For these samples the same procedure is used as described before. The difference 
is the inclusion of Er2O3 tablets on top of the Si target during sputtering. By 
changing the number of Er tablets, concentration of Er3+ ions is varied in the 
[Er3+] = 0.5×1019-2×1020 cm-3 range. These samples are annealed in N2 gas at 
temperatures ranging from 1100 °C to 1200 °C for 30 mins. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Schematic of a magnetron sputtering unit. The plasma is confined to 
an area where the magnetic field is strong. Keeping the plasma close to the 
target causes faster deposition rates, greater Ar+ ions refill and less substrate 
damage from stray particles. 
 

 
 

2.2 Plasma enhanced chemical vapor deposition 
The plasma enhanced chemical vapor deposition technique (PECVD) is a 
process used to deposit thin solid films on a substrate. PECVD uses electrical 
energy to generate a plasma in which the energy is transferred into a gas mixture 
and this mixture transforms into reactive radicals, ions, neutral atoms and highly 
excited species. These atomic and molecular fragments interact with the 
substrate and depending on the nature of these interactions, either etching or 
deposition occurs at the substrate. Some of the desirable properties of PECVD 
films are good adhesion, low defect (pinhole) density, good step coverage, and 
uniformity. 
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Ge-rich SiGe NCs 
For depositing SiOx onto a substrate precursor gasses such as N2O and silane 
(SiH4) together with N2 are led into the reaction chamber. By applying rf power 
across the top electrode (the shower-head) and the lower electrode (the substrate) 
reactive plasma was created. To deposit Ge-rich SiOx films germane (GeH4) was 
added to the precursors N2O, SiH4 and N2. After creating a plasma the following 
reaction took place: 
 
       SiH4/GeH4(gas) + 4N2O (gas) →SiO2/GeO2(solid) + 2H2O (gas) + 4N2(gas),     (2.1) 
 

It is expected from equation 2.1 that the ratio between SiH4/GeH4 and N2O is to 
be 1:4. However the dissociation of N2O at lower rf powers is insufficient, 
causing lack of oxygen. This is compensated by having an excess of N2O. Sub-
stoichiometric SiOx and GeOx could be obtained by changing the N2O content. 
By changing the ratios between SiH4 and GeH4, the amount of Ge in the 
deposited film is varied. However, the ratio between the precursors is only a 
rough indication for the final result since the dissociation energy for GeH4 is 
smaller than that of the SiH4. After the deposition process the samples are 
annealed at different temperatures ranging from 800 to 1200 °C in N2 
atmosphere for the formation of NCs. Figure 2.2 shows a schematic of the 
PECVD unit. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.2: Schematic overview of the parallel plate PECVD reactor. The 
sample is placed on the lower electrode. The gas inlet is via the powered 
showerhead top electrode. 
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2.3 Photoluminescence  
PL measurements performed in this work are either done at room temperature or 
at cryogenic temperatures. For low temperature measurements the samples are 
placed on a cold finger of either a closed cycle cryostat or a continuous-flow He 
cryostat (Oxford Instruments), accessing the 1.5 to 300 K temperature range. 
Different excitation sources are used together with different detection systems 
for different excitation and emission wavelength ranges. 
 
2.3.1 Excitation sources 
Nanosecond excitation 
In order to generate coherent light pulses of a nanosecond duration, a Nd:YAG-
pumped optical parametric oscillator (OPO) operating in Q-switched mode is 
used. The Q-switching unit (Pockells cell) provides high photon fluxes in a 
pulsed regime. As the Nd:YAG is initially pumped, population inversion is 
induced in the laser medium. When the maximum population inversion is 
reached the Pockells cell opens and the built-up energy in the gain medium is 
quickly released, and this generates a short intense light pulse at the fundamental 
lasing wavelength of 1064 nm. A third harmonic (355 nm) of the fundamental 
laser wavelength is then generated and by passing it through an OPO spectrally 
broad excitation range of λexc = 210-2480 nm is achieved. The conversion of 355 
nm light is based on a second-order nonlinear effect in a beta-barium-borate 
(BBO) crystal. The pump photon splits up into smaller quanta of ‘signal’ and 
‘idler’. This requires both conservation of energy and angular momentum, or 
phase-matching. The angle of incidence of the pump laser with respect to the 
optical axis of the BBO crystal determines the phase-matching conditions and 
thus the frequencies of the signal and idler. Since the signal and idler beams are 
orthogonally polarized, they can be separated using a Glan-Thompson prism and 
can be used directly as the excitation source. Two different systems are used for 
measurements presented in this work: one with a pulse duration of Δt = 5 ns and 
repetition rate f = 20 Hz, and the other with Δt = 10 ns and f = 100 Hz.  
 
Femtosecond excitation 
A tunable Ti:Sapphire laser with f = 80 MHz and Δt = 140 fs and λexc = 690-1040 
nm is used to investigate the ultrafast dynamics. Prior to down-conversion, the 
repetition rate of 80 MHz is lowered to 4 MHz with the help of a pulse picker.  
 
Continuous wave excitation 
For continuous excitation, a Millennia IIs laser system with a fixed wavelength 
of λexc = 532 nm and a FluoroLog spetrofluorometer equipped with 450 W Xe-
lamp and monochromator covering the λexc = 200-700 nm range are used.  
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2.3.2  Detection systems 
Different detection systems are used for different emission wavelength ranges. A 
Ge detector and a charge-coupled device (CCD) are used to measure time-
integrated PL signals whereas a photomultiplier tube (PMT) is used for the TR-
PL signal. The emission signal is collected using a lens system and guided into 
the spectrometer (Triax 320, Solar M266, M20, Carl Zeiss or Jobin-Yvon THR-
1000). These spectrometers are equipped with different gratings, each optimized 
for specific wavelength range. For detection of light, different detectors are used 
depending on the expected range of emission wavelength. For the detection of IR 
emission, a liquid-nitrogen cooled Ge detector (Edinburgh Instruments, λdet = 
700-1700 nm) with a DSP lock-in amplifier (Signal Recovery SR7265) or 
oscilloscope and similarly cooled PMT (Hamamatsu R5509-73, λdet = 300-1700 
nm, temporal resolution τres ≥ 3 ns) are used. In the visible range a PMT 
(Hamamatsu R91100, λdet = 185-900 nm, τres ≥ 1 ns or a Hamamatsu R3809u-52, 
λdet = 160-650 nm, τres ≥ 25 ps) and one stage thermoelectric-cooled CCD 
(Hamamatsu S10141-1108S, λdet = 200-1100 nm) are utilized. In photon counting 
mode, the data acquisition for the PMT is done using a Fast Comtec P7887 data 
acquisition card. A photodiode (Thorlab) provided the start-stop signal by 
detecting the excitation pulse. Figure 2.3 shows the schematic for the 
experimental setup used to measure the time-integrated and TR-PL signals. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.3: Schematic of the PL-recording setup. The PL signal is recorded 
using a double lens system together with a fiber coupled spectrometer. Based on 
the emission wavelength range and type of measurement a CCD or a PMT is 
used for signal detection. 
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2.4 Absorption 
2.4.1 Linear absorption 
A Perkin Elmer Lambda 950 ultraviolet (UV)-visible-near-IR spectrometer is 
used to measure the linear absorption of the samples. A tungsten-halogen and 
deuterium lamps in combination with a PMT and a Peltier-cooled PbS detector 
provide a detection range of λdet = 175-3300 nm. For all the measurements done 
with this setup, the substrate material is measured prior to the sample, which then 
serves as a reference. The reference signal is subtracted from the sample signal 
to get the real absorption by the sample. An integrating sphere is incorporated in 
the setup to account for scattering effects. 
 

2.4.2 Transient induced absorption 
Transient induced absorption (TIA) spectroscopy is a powerful set of techniques 
for probing and characterizing the electronic and structural properties of short-
lived states (transient states). In this method, the system is excited with a pump 
pulse prior to the absorption of a probe pulse. The pump pulse generates excited 
states which are then probed with the secondary pulse while undergoing different 
relaxation and recombination processes. A Ti:Sapphire amplifier system 
generates ultra-short pulses (Δt = 130 fs, f = 1 kHz). In order to obtain a 
continuous tunability from the UV to mid-IR spectral range, the pulse passes 
through the optical parametric amplifier (OPA) system converting it to the 
desired wavelength. Before the beam passes through the OPA system, it is 
separated by means of a beam splitter and the second split-off beam is used as a 
probe pulse to monitor the excited sample. With the help of a water cell or CaF2 
film, a mono-wavelength probe pulse is converted into a white or IR continuum, 
respectively. Due to some nonlinear phenomena arising from the optical Kerr 
effect and self-focusing of the laser pulses in transparent condense media, the 
pulse is stretched spectrally and temporally to ~ 200 fs. This effect leads to a 
wavelength-dependent arrival time of the probe at the sample and is referred to 
as ‘chirp’, where a wavelength-dependent refractive index of the sample material 
can enhance the temporal stretching of the pulse. This effect needs to be 
corrected for in order to recover the true time characteristics. The pump and 
probe pulses are gradually delayed with respect to each other using an optical 
delay stage to monitor the changes in the excited sample. Figure 2.4 shows the 
schematic of the TIA spectroscopy setup. 
In TIA, we probe the absorption of the system after bringing it into an excited 
state by the pump pulse and compare it to the absorption of the ground state 
(without the pump pulse). The absorption follows the Beer-Lambert law, where 
the sample is irradiated with an intensity Io and the signal I is detected as: 
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                                              I = Io exp (-αL),                                                   (2.2) 

 
where α is the absorption coefficient and L is the sample thickness. The product 
of the two is called the absorbance or the optical density (OD). This parameter 
obviously depends on the wavelength of the probing light and the delay time at 
which the spectrum is taken. The TIA can then be defined as the difference in 
optical density in the excited state compared to the ground state and is obtained 
as: 
 

                                        ΔOD (λ,t) = log10 �
𝐼off (λ)
𝐼on(λ,t)

� ,                                           (2.3) 

 
With Ioff (Ion ) the transmitted probe fluence with pump laser off (on).  
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: Schematic overview of the transient induced absorption 
configuration with multi-colour probing. The pump and probe pulses are 
generated by a Ti:Sapphire laser (λexc = 800 nm, Δt = 130 fs and f = 1 kHz). 
 
 
In this study TIA spectroscopy is performed on different samples using different 
wavelength ranges of pump and probe pulses. For white light probing, 370-750 
nm wavelength range and for IR probing, 900-1700 nm wavelength range is 
used. The maximum time delay between pump and probe pulses is ~ 3.5 ns. The 
pump pulse is modulated by a chopper and detection is done with a multi-
channel CCD (Ocean Optics) for white light and an InGaAs array (Control 
Development NIR-256L-1) for IR probing. 
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2.5 Photoluminescence quantum yield  
The external QY (EQY) of PL is determined as the ratio between the number of 
emitted and absorbed photons by a system. The measurements of the EQY are 
performed using an integrating sphere, under excitation by a 150 W xenon lamp 
(Hamamatsu L2273) coupled to a double pass monochromator (Solar MSA-130). 
In order to calculate the number of absorbed photons, the excitation spectra are 
recorded at different energies using a monochromator (Solar M266) coupled to a 
CCD (Hamamatsu S10141-1108S, 200-1100 nm) by placing the reference 
(quartz substrate) and investigated samples in the integrating sphere. From the 
difference between spectra of the investigated and the reference (quartz) sample 
the absorption in the investigated sample is obtained. Depending on the emission 
wavelength range from the investigated sample, the emission signal is recorded 
either with the same CCD used for absorption measurements or a Ge detector 
(Edinburgh Instruments, 900-1700 nm) together with a lock-in amplifier (Signal 
Recovery SR 7265) and scope. Figure 2.5 shows the schematic of the 
experimental setup used to measure the EQY. All the measurements are 
corrected for the spectral response of the detection systems that are used.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.4: Schematic overview of the experimental setup used to measure the 
EQY of PL. Two different detection systems are used depending on the emission 
wavelength range of the investigated samples: for visible emission signal a CCD 
and for IR signal a Ge detector. 

 
2.5.1 Scaling different detection systems 
For the samples, absorbing in the visible range of excitation and emitting in IR, 
the absorption and emission signals are recorded using two different detection 
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systems. Therefore, it is important to scale their efficiencies. A CCD (λdet = 200-
1100 nm) is used to record the excitation spectra whereas IR emission is 
recorded using a Ge detector (λdet = 900-1700 nm). For scaling purpose, firstly 
the correction curves are determined for both systems using tungsten-halogen 
and deuterium lamps. To overlap the detection range of the two detectors, a Si 
NCs dispersed in ethanol sample with emission range of λem = 700-1100 nm is 
used. After measuring the PL spectra of this sample with both detectors, the 
spectra are first corrected for spectral sensitivity by making use of the correction 
curves and then properly scaled. This scaling factor is then used to correct all the 
calculations done for the determination of EQY of IR emitting samples. Another 
important thing is that the EQY calculated for IR emission is a relative 
measurement, since the integrated PL signal, recorded by the lock-in amplifier or 
scope, is used instead of the actual number of emitted photons. To convert this 
number to an absolute number of photons, we measure the EQY of the same 
sample mentioned above making use of two methods i.e: relative (two detection 
system) and absolute (single detection system). Here we get another scaling 
factor and this scaling factor is then used to convert the relative EQY to the 
absolute value. 

 



 

  



     

 
 
 
 
 

 

CHAPTER 3 
-------------------------------------------------------- 

Origin of fast 1.5 µm emission 
from Er-doped SiO2 sensitized 
with Si nanocrystals 
-------------------------------------------------------- 
 

The study of temperature-dependent photoluminescence from Er-
doped SiO2 sensitized with Si nanocrystals shows that, apart from 
Si nanocrystals and Er-related emission bands, an additional 
defect-related band is observed at low temperatures. This 
additional emission band might overlap with the Er emission at 
1.5 µm and complicates the interpretation of the fast emission 
signal observed at that wavelength. Time-resolved and 
temperature-dependent measurements of 1.5 µm emission from 
Er-doped and Er-free samples reveal that the major part of this 
emission is Er-related.  
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3.1 Photoluminescence  
Figure 3.1 shows the PL spectra of a sample, SiO2 doped with Er3+ ions and Si 
NCs, measured at room temperature (RT) and at T = 7 K. The measurements are 
performed under excitation at λexc = 450 nm (2.75 eV), i.e., not in resonance with 
any internal transition of Er3+ ions. Si NC- and Er-related PL bands can be seen 
around 0.9 μm and 1.5 μm, respectively. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: Time-integrated PL spectra at T = 7 K and 300 K, excited at λexc = 
450 nm. Si NC- and Er-related bands can be observed at T = 300 K. At T = 7 K 
a third broad band can be seen centered around 1.3 μm. 
 

 
In addition to the Si NCs- and Er-related PL bands, at low temperature a third 
broad band around 1.3 μm can also be distinguished. This additional PL band  is 
decaying in a nanosecond time scale, therefore, its time-integrated intensity is 
small when compared to the other two PL bands. The PL decay times are much 
longer, of an order of 100 µs for Si NCs and 1 ms for Er. In the past, similar 
emission around 1.3 μm has been observed for different materials and is usually 
identified as recombination at defects [38-42]. In the present case, this emission 
band becomes relevant due to the fact that its part at longer wavelengths might 
overlap with the 1.5 μm Er-related emission. Also to note is that at RT, the Er-
related 1.5 μm PL band broadens while its wavelength-integrated intensity 
remains practically constant. This could be due to population of upper states of 
the crystal-field-split multiplets of Er3+ ions [43]. It can also be noted that the 
higher-energy side of the Si NC-related band suffers from a strong temperature 
quenching. This high-energy shoulder has been observed before and is believed 
to be due to hot-carrier recombination from higher electron (and/or hole) levels 
of Si NCs [43]. 
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3.2 Dynamics of 1.5 µm Er-related photoluminescence 
A detailed investigation of the dynamics of 1.5 μm PL emission at RT shows 
three different regimes: (I) in times shorter than 1 μs, an intense emission 
appears instantaneously after the laser pulse and rapidly decays towards a 
temporary minimum; (II) a slow temporal rise of PL on a microsecond time 
scale; (III) final slow decay on a millisecond time scale [32,43,44]. Figure 3.2 
shows the complete dynamics of the Er-related 1.5 µm emission.  
 
 
 
 
 
 
 

 
 
 
 

 
 
 
Figure 3.2: Double logarithmic representation of the Er-related PL dynamics 
showing contributions of the two excitation mechanisms: the “fast” (range I, t ≤ 
1 µs), and the “slow” (range II and III, t > 1 µs). The measurement is done at 
RT with  λexc = 335 nm. 

 
The slow rise and decay -regimes (ii) and (iii)- are conclusively assigned to the 
emission from the 4I13/2 state of Er3+ ions, which is populated through higher 
excited states (4I11/2 or 4I9/2). For fast rise and decay of 1.5 μm emission in regime 
(i), there are different explanations. It has been suggested that in high-
temperature annealed samples of SiO2 doped with both Er3+ ions and Si NCs, a 
fast cooling of hot excitons created in Si NCs can be facilitated by an Auger 
process of energy transfer to Er3+ ions, which are then excited directly to the first 
4I13/2 excited state, on a sub-nanosecond time scale. However, parallel to the fast 
excitation process, fast quenching takes place, in which carriers confined in a Si 
NC acquire energy while bringing the excited Er3+ ions back to the ground state. 
As a result, intense Er-related emission appears and quenches within the first 
microsecond after the pump laser pulse [32]. This interpretation of hot-carrier 
mediated Er excitation has been challenged on the basis that a similar fast PL at 
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1.5 μm was also observed in Er-free SiO2:Si NC samples [44-46]. Therefore it 
has been postulated that the fast PL at 1.5 μm arises due to deep trap centers 
which emit in the visible and IR regions [44]. Following yet another 
interpretation, the fast IR emission is related to recombination at defect centers 
either in the SiO2 matrix or at the interface with the Si NCs [45,46]. 
To fully understand the SiO2:Er+Si NCs system it is important to address the 
above-mentioned issues and resolve the origin of the 1.5 μm emission seen in 
sub-microsecond in Fig. 3.2. For this purpose the time and temperature 
dependence of 1.5 μm emission from SiO2:Si NCs samples with and without Er3+ 
ions are investigated. The behavior of the PL dynamics for wavelengths other 
than that of Er-related emission, for example λ = 1.4 μm, is also investigated and 
compared. On basis of this study it is confirmed that in the investigated materials 
the fast PL at 1.5 μm is related to emission from Er3+ ions. 

 
 
 
 
 
 
 
 

 
 

Figure 3.3: Time-resolved PL spectra at RT (a,b) and T = 7 K (c,d) for Er-doped 
(a,c) and Er-free (b,d) samples. The PL intensity (colored contour plots) is 
represented as a function of time (hortizontal axis) and detection wavelength 
(vertical axis). The results show the PL dynamics in the first 1000 ns after laser 
excitation at λexc = 450 nm. Si NC- and Er-related PL bands can be seen at both 
temperatures, while a broad PL band around λ = 1.3 μm can only be observed at 
T = 7 K. 
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3.3 Time-resolved photoluminescence 
The results of TR-PL from Er-doped and Er-free samples are summarized in Fig. 
3.3. Figures 3.3(a) and 3.3(b) compare the PL from Er-doped and Er-free sample 
at RT while Figs. 3.3(c) and 3.3(d) compare PL from the same samples at T = 7 
K. A strong emission at 1.5 μm is clearly observed in the Er-doped sample at 
both temperatures, while there is no such signal in the Er-free sample. A defect-
related signal is observed in both Er-doped and Er-free samples but only at low 
temperature.  Si NC-related emission is observed in all samples, but quenches in 
the presence of Er3+ ions because, in this case, part of the energy is transferred 
from Si NCs to Er3+ ions. In order to allow for direct comparison with the 
previous studies (Refs. 44 & 45), where the Er-related signal after a few 
nanoseconds of laser excitation has been observed, the wavelength dependence 
of the PL signals from Er-doped and Er-free samples integrated over the 0-200 
ns time window is shown in Fig. 3.4(a) for RT and Fig. 3.4(b) for T = 7 K. Here 
the Si NC-related emission band can be seen in both samples, while the 1.5 μm 
emission is present exclusively in the Er-doped sample.  
 

 
Figure 3.4: The spectral dependence of the integrated PL (0-200 ns) for samples 
with and without Er3+ ions at RT (a) and at T = 7 K (b). Si NC-related emission 
can be seen in both Er-doped and Er-free samples, whereas 1.5 μm emission is 
only present in the Er-doped sample. Additional PL band around 1.3 μm appears 
at T = 7 K. 
 
 
3.4 Er- and defect-related photoluminescence 
As shown previously, the emission at 1.5 µm is only present in the sample doped 
with Er3+ ions while defect-related emission is observed from both samples with 
and without Er3+ ions at low temperature. There might be a possibility that the 
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defect- and Er-related PL bands overlap. In order to investigate this, we have 
explored two different approaches. 
In the first approach it is considered that the defect-related band has the same 
origin in the Er-doped and Er-free samples. Therefore, the PL dynamics at 1.5 
μm from both samples are compared. Results for T = 7 K and T = 300 K are 
shown in Figs. 3.5(a) and 3.5(b), respectively. The dynamics are then scaled 
according to their intensity ratio in the PL spectra. Afterward the scaled PL 
signal at 1.5 μm from Er-free sample is subtracted from that of the Er-doped 
sample. This has been done for temperature range between 7 K and 300 K, and 
the results are shown in Fig. 3.5(c). After subtraction there remains a fast signal 
at 1.5 μm which can now be assigned to emission from the first excited 4I13/2 
state of Er3+ ions. As a side product of this data treatment, the percentage of 
defect-related PL that might contribute to the total PL at 1.5 μm is estimated and 
is approximately 24%.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.5: Comparison of the time-dependent PL at 1.5 μm from the Er-free and 
Er-doped samples under pulsed excitation at λexc = 450 nm. (a) T = 7 K and (b) 
T = 300 K. (c) Dynamics of the 1.5 μm PL signal for the Er-doped sample 
corrected with that observed for the Er-free sample in a 7-300 K temperature 
range –see text for a detailed explanation. 
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In the second approach it is considered that the defect-related emission might 
have been modified due to the presence of Er3+ ions. To investigate this, the PL 
dynamics from the Er-doped sample at 1.4 μm, which is outside of the range 
where the Er-related emission due to the 4I13/2 → 4I15/2 transition appears, are 
analyzed. Figures 3.6(a) and 3.6(b) compare the PL dynamics at 1.5 μm and 1.4 
μm for T = 7 K and RT from the Er-doped sample.  
 

 
 
Figure 3.6: Comparison of the time-dependent PL at 1.5 μm and 1.4 μm from the 
Er-doped samples under pulsed excitation at λexc = 450 nm. (a) T = 7 K and (b) 
T = 300 K. (c) Dynamics of the 1.5 μm PL signal for the Er-doped sample 
corrected with the 1.4 μm PL signal from the same sample in a 7-300 K 
temperature range –see text for a detailed explanation. 
 
 
Both PL signals detected at 1.4 μm and 1.5 μm show the fast nanosecond time 
decay, slowing down with decreasing temperature. In order to remove the 
possible contribution of defect emission from the Er-related PL, the 1.4 μm 
dynamics are carefully subtracted from the 1.5 μm dynamics, extending the 



Origin of fast 1.5 μm emission from Er-doped SiO2 sensitized 
with Si nanocrystals                                                                                           31 
 
procedure over the temperature range between 7 K and 300 K, as shown in Fig. 
3.6(c). The data is normalized and subtracted in such a way that, after 
subtraction, the remaining signal has a positive amplitude for the whole 
dynamical range. In this way, we possibly subtracted too much of the signal but 
never too little. As can be seen, after the subtraction procedure we are again left 
with a strong fast nanosecond signal. Here, the percentage of 1.4 μm defect 
related PL that might contribute to the band at 1.5 μm is approximately 40%.  
Hence, using two different approaches, it is concluded that the main part of the 
fast emission at 1.5 μm originates from Er3+ ions. As a result of this data 
treatment the rise of the slow 1.5 μm signal [region (II), Fig. 3.2], believed to 
result from transitions from higher states of Er3+ ions, also becomes 
distinguishable [Fig. 3.6(c)]. In a direct measurement at low temperatures, this 
rise cannot be seen as it is merged with the broad defect band. After the data 
treatment it emerges and can be followed over the entire temperature range. 
Now the question remains on how it is possible for Er-related PL to appear and 
decay within the first microsecond after the laser pulse. Two mechanisms satisfy 
the condition that Er3+ ions can rapidly attain the first excited 4I13/2 state: 
 
(i) For Er3+ ions outside the Si NCs in the SiO2 matrix, an Auger-like 

process can transfer excess energy of hot carriers from Si NCs to nearby 
Er3+ ions. Up to ~ 50% of all Er3+ content is in the effective range of this 
interaction [32,43]. Fast deexcitation of these Er3+ ions can take place 
by a reverse process, in which the energy is transferred back to carriers 
confined in the NCs. When the involved transition does not match the 
energy conservation requirements, this process must be phonon-assisted 
[43], which will manifest itself by a characteristic temperature 
dependence of the decay time constant. 
 

(ii)  Er3+ ions inside the Si NCs or trapped at the Si NC/SiO2 boundary are 
susceptible to an instantaneous excitation directly into the first excited 
state via direct absorption of photons with sufficient energy to excite Er 
and create an electron-hole pair in the NC [43]. These Er3+ ions located 
in the NC can induce a donor state, which provides a very efficient non-
radiative deexcitation as observed also in bulk Si:Er [47]. 
 

3.5  Activation energy 
From Figs. 3.5(c) and 3.6(c) it is observed that the PL signal at 1.5 µm quenches 
upon temperature increase. In previous studies [48-50], it has been shown that 
the activation energy derived from the temperature dependence of the PL 
intensity can give information about the microscopic mechanism responsible for 
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this quenching. Here it is observed that the PL signal from the defect-related 
band at 1.4 μm is also quenched with temperature. Therefore, the activation 
energy is determined for both defect- and Er-related PL bands. In this way, the 
microscopic origin of the defect- and Er-related PL bands can be distinguished. 
For this purpose, the PL intensity integrated over the first 200 ns for the 1.5 μm 
and 1.4 μm bands from the Er-doped sample is plotted against temperature in 
Fig. 3.7.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: PL intensity of 1.5 μm and 1.4 μm emission as a function of sample 
temperature. Dotted lines show the data fitting by the Arrhenius law. Activation 
energies of EA = 60 meV for 1.5 μm and EA = 90 meV for 1.4 μm emissions are 
found. 
 
 
A fit using the Arrhenius equation (dotted line in Fig. 3.7) gives the activation 
energy for the two bands, which is EA = 60 meV for the 1.5 μm band and EA = 
90 meV for the 1.4 μm band. Therefore, we conclude that different centers are 
responsible for the thermal quenching of Er-related and defect-related PL bands, 
which serves as an independent proof that their origin is different. It has been 
suggested in the past that there exist Er-related trap levels with ionization 
energies around 60 meV [51,52]. These trap levels are responsible for efficient 
excitation of Er3+ ions into the first excited state, while the reverse process takes 
the Er3+ ions back to the ground state. Thermally induced ionization of these trap 
levels is responsible for the observed temperature quenching. It is also possible 
that Er3+ ions placed outside Si NCs give the standard slow rise (microsecond) 
and decay (millisecond) of the PL signal, while only the Er3+ ions located inside 
Si NCs contribute to the fast process. 
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3.6 Conclusion 
For the Er-doped SiO2 sensitized with Si NCs, the major part of the fast PL at 1.5 
μm originates from the radiative 4I13/2 →4I15/2 transition of Er3+ ions. The 
activation energy of 60 meV derived from thermally induced quenching of this 
PL band suggests that there exist Er-related trap centers which could be 
responsible for the fast rise and fast decay of the 1.5 μm signal. The fast PL 
signal might also be related to Er3+ ions located inside the Si NC cores, where 
excitation and de-excitation become very efficient.  
 





 

 

 

 

 

 

CHAPTER 4 
------------------------------------------------------------ 

Optical extraction of hot-carrier 
energy  
------------------------------------------------------------ 
 

This chapter quantifies the efficiency of the Si nanocrystals-
mediated PL from Er3+ ions embedded in SiO2 matrix. Quantum 
yield of this emission increases in a step-like manner with the 
excitation energy. By comparing differently prepared materials, it 
is explicitly demonstrated that the actual values of the threshold 
energies and the rate of the observed increase of the external 
quantum yield depend on sample characteristics. In that way 
detailed insights into the efficient excitation of Er3+ ions are 
obtained. In particular, the essential role of the hot-carrier 
mediated excitation route is established, and its possible 
application scheme for future photovoltaics is put forward. 
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4.1 Introduction 
Efficient conversion of photon energy is at the heart of many optoelectronic 
applications and, prominently, detectors and solar cells. For that purpose new 
materials and also new physical processes are intensively explored and 
considerable progress is being made, especially the efficiency of solar cells 
steadily increasing over the last few decades. In these efforts, a major possibility 
for further improvement now lies in the (efficient) use of the excess energy of 
hot carriers. Such carriers are generated by photons whose energies considerably 
exceed the bandgap of the absorber and their excess energy is typically 
converted into heat. Harvesting this energy is highly challenging, since 
thermalization of hot carriers with the host typically takes place on a picosecond 
time scale or faster. In photovoltaics, heat dissipation by hot carriers constitutes a 
major loss channel responsible for the Shockley-Queisser efficiency limit [1]. 
Two currently explored strategies to resolve this problem involve: (i) CM [53-
55], where the excess energy is converted into additional electron-hole pairs, and 
(ii) extraction of hot carriers at an energy higher than that determined by the 
absorber bandgap [56-60]. Both strategies have essential shortcomings since (i) 
CM is sufficiently efficient only in nanostructures where charge extraction 
becomes problematic, and (ii) making use of energy-selective contacts, hot-
carrier solar cells are notoriously inefficient.  
Here a different approach, in which the excess energy of hot carriers is converted 
into IR photons, and in this manner optically extracted, is considered.  Therefore, 
the hurdles of the present ‘traditional’ strategies can be avoided, which makes 
this approach interesting for photovoltaics. This optical extraction of hot-carrier 
energy has been theoretically modelled and it is stated that this concept might 
attain an upper efficiency approaching that of the ideal conventional hot-carrier 
solar cells [61]. Figure 4.1 compares the presently considered solar-cell concepts 
for extraction of hot-carrier energy [60] – Fig. 4.1(a) – with the optical variant 
described in this study – Fig. 4.1(b). The proposed scheme, where absorption of 
a high-energy photon generates a hot carrier whose cooling results in emission of 
(multiple) IR photons is conceptually similar to ‘photon cutting’ with RE ions 
[62], but is potentially much more efficient. 
The RE-doped materials are frequently investigated for the purpose of light 
transformation by means of photon down- and up-conversion. RE-based 
phosphors utilizing photon down-conversion [62-64] are commonly used in 
(white) lighting applications, converting UV photons into the visible range. Also 
up-conversion, i.e., emission of high-energy photons upon sequential excitation 
at a lower energy, has been demonstrated [65,66]. However, the common 
disadvantage of ‘spectral conversion’ with RE ions is their extremely low 
absorption cross-section, due to the only-marginally-allowed character of the 
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optical transitions within the 4f-electron shell. 
 
 

 
Figure 4.1: (a) Three currently considered hot-carrier solar cell strategies: a 
direct extraction of hot carriers through energy-selective contacts, application of 
an intermediate band-assisted absorber, and multiple exciton generation, when a 
hot carrier induces additional excitations across the bandgap. (b) The concept of 
optical extraction: a hot carrier transfers its excess energy to nearby Er3+ ions, 
which subsequently emit IR photons. 
 
 
Our approach makes use of thin films of Er-doped solid-state dispersions of Si 
NCs in SiO2. As described in the previous chapter, the detailed TR spectroscopy 
of Si NC-mediated PL of Er3+ions revealed two major energy transfer 
mechanisms leading to the 0.8 eV (1.5 μm) emission, distinguishable by their 
dynamics: a slow one (microseconds), due to non-radiative recombination of an 
exciton, and a fast one, due to intraband transitions of hot carriers (sub-
nanosecond range) [32,43]. The hot-carrier mediated excitation requires the 
sufficiently large excess energy, and therefore appears only at sufficiently high 
excitation energies, or at sufficiently high fluxes of low-energy photons, as 
Auger recombination of multiple excitons generated in the same NCs also 
produces hot carriers. The present study confirms this initial result by showing 
that at low flux pumping, the initial fast component in dynamics of Er- related 
PL appears only upon high energy excitation. In order to investigate the potential 
of the Si NC-mediated emission from Er3+ ions for UV-to-IR spectral 
conversion, the EQY (defined as the ratio between the numbers of emitted and 
absorbed photons) of Er-related PL is determined. It is demonstrated that the 
EQY increases above a certain threshold of excitation energy, as the excitation 
channel by hot carriers is activated. The effects of material characteristics (size 
of Si NCs, concentration of Si NC and Er3+ ions) on the EQY of Er-related PL 
are discussed. This provides detailed insights on the excitation and energy 
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transfer processes taking place in this material. Finally, a possible practical 
application of the NC-sensitized Er-related PL for development of ‘solar 
shapers’ for the next generation photovoltaics is given. 
 
4.2 External quantum yield 
4.2.1 EQY of Si NCs and Er-related PL 
Figure 4.2 presents a comparison of EQY of Si NC- and Er-related emission 
bands in Er-doped and Er-free samples as function of excitation photon energy. 
Both samples have identical average diameter and concentration of Si NCs, dNC 
= 4 nm and [NC] = 2.1×1018 cm-3, respectively. The NC-related PL in the 
undoped sample has a constant EQY of ~ 6.5% for excitation energies below ~ 
2.5 eV, and increases in a step-like manner above this threshold. This behavior 
has been observed in the past for similar material and assigned to a specific CM 
process, which increases the number of excitons generated by absorption of a 
single photon with a sufficiently high energy [33,36].  
 

 
 
Figure 4.2: The external quantum yield (EQY) of Si NC- (blue) and Er-related 
(red) PL from undoped (open circles) and Er-doped (solid circles) samples. Both 
samples have the similar average Si NC diameter and concentration of dNC = 4 
nm and [NC] = 2.1×1018 cm-3, respectively. 
 

 
Upon doping with Er3+ ions, the EQY of NC-related PL is overall reduced, 
indicating that though the relevant CM process is still active, the PL efficiency of 
NCs is quenched. This is readily understood, since in the doped sample, a part of 
the NCs transfer their energy to the neighboring Er3+ ions and therefore do not 
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emit. Further, the EQY of the Er-related PL also shows a threshold-governed 
increase, but with the threshold energy significantly lower than that for CM. The 
increase of EQY from the initial value of ~ 0.5% appears due to the onset of the 
hot-carrier mediated Er3+ ion excitation process, which operates at higher pump 
energies, in addition to the slow exciton energy transfer [33]. The threshold for 
the activation of the hot-carrier mediated excitation is given by the sum of the 
bandgap energy of Si NCs and the 0.8 eV energy of 1st excited state of Er3+ ion, 
and for this particular material appears at E1 = 2.0-2.1 eV. For the highest 
investigated pump photon energy of 4.25 eV the EQY of Er-related PL reaches ~ 
4.5 %, representing a ~ 9-fold enhancement. 
 
4.2.2 EQY dependence on Si NCs sizes 
Figure 4.3 compares the EQY of Er-related PL as a function of excitation energy 
for two samples which have identical concentrations of Si NCs and Er3+ ions, of 
[NC] = 2.1×1018 cm-3 and [Er3+] = 2.7×1019 cm-3, respectively, but a different 
size of Si NCs - with average diameters of dNC = 4 nm (a) and dNC = 3 nm (b).  

  
Figure 4.3: EQY of Er-related PL from the samples with Si NC diameter of dNC 
= 4 nm (a) and dNC = 3 nm (b). Both samples have the same concentrations of Si 
NCs ([NC]= 2.1×1018 cm-3) and Er3+ ions ([Er3+]= 2.7×1019 cm-3). Insets show 
the excitonic PL spectra recorded for both samples. 

 
As can be seen, for both materials EQY is characterized by a constant value for 
low excitation energies up to a certain threshold, after which it increases. For 4 
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nm sized Si NCs the onset is Eth4 ≈ 2.0 eV, while for smaller Si NCs of 3 nm this 
onset is somewhat higher, at Eth3 ≈ 2.2 eV. The inset of both figures shows the Si 
NCs emission spectra for the investigated samples, with the emission bands 
peaking at EPL4 ≈ 1.37 eV and EPL3 ≈ 1.55 eV for Si NC diameters of dNC = 4 nm 
and dNC = 3 nm, respectively. It is clear that the shifts of the emission peak EPL 
and the EQY threshold energy Eth are mutually correlated. Other than different 
thresholds, the absolute values as well as the enhancement rate of EQY at higher 
excitation energies are also sample-dependent.  For the material with dNC = 4 nm, 
EQY of Er-related PL rises within the investigated range from ~ 0.5% to ~ 4.5%, 
showing at an excitation energy of 4.25 eV the relative increase of 9 times. For 
the sample with dNC = 3 nm, the absolute EQY is higher, – rising from ~ 1% to ~ 
6.5%, while the relative enhancement is lower, reaching ~ 6.5-fold at 4.25 eV. In 
addition, we also note that for the sample with the smaller linewidth of the 
emission band (EPL ≈ 1.55 eV, dNC = 3 nm) the EQY dependence has a step-like 
character; we recall that such a step-like behavior has previously been observed 
for carbon nanotubes [67] and Si NCs [36], and also has been modelled 
theoretically for the MEG in semiconductor NCs [68]. 

 

4.2.3 EQY dependence on Er contents 
The EQY of 0.8 eV Er-related PL for three samples with identical size (dNC = 3 
nm) and  concentration ([NC] = 4.1×1018 cm-3) of Si NCs, but different Er 
content of [Er3+] =  0.5, 1.1 and 2.8×1019 cm-3 is compared in Fig. 4.4.  

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: Comparison of the EQY of the Si NC-mediated Er-related PL from 
three samples having different Er3+ ion concentrations but with a similar Si NC 
size and concentration: the enhancement of the EQY at higher excitation 
energies increases with the Er concentration. 
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With increasing Er3+ ion concentration the mutual Er-to-NC ratio is increasing 
(from 1.2 to 7), and one can anticipate that the NC-to-Er energy transfer might 
be enhanced. As can be seen, a similar threshold-governed increase in EQY is 
observed for all the three samples, with the same initial value of the EQY of < 
1% and the threshold energy of Eth ≈ 2.2 eV. The subsequent enhancement of 
EQY for higher energies, however, is clearly different, increasing with the Er3+ 
ion concentration. 
 
4.2.4 EQY dependence on Si NC concentration 
EQY of 0.8 eV Er-related PL for two samples with an identical Si NCs size (dNC 
= 3 nm) and concentration of Er3+ ions ([Er3+] = 2.8×1019 cm-3), but different Si 
NCs concentration are compared in Fig. 4.5. A step-like behavior is observed for 
both samples, with the similar threshold energy of Eth ≈ 2.2 eV, but with the 
subsequent enhancement being clearly higher for the material with the lower 
concentration of Si NCs. The microscopic origin of this change is unclear, but it 
can be speculated that it might be related to a reduction of the energy transfer 
among Si NCs, or to a better crystalline quality/lower defect level of the layer 
with a lower concentration of Si NCs.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.5: The comparison of the EQY of two samples having same Er3+ ion 
concentration and Si NCs size but different Si NC concentrations. The 
enhancement of the EQY is lower in the sample with higher Si NC concentration. 

 
As can be concluded from the presented experimental results, the excitation 
dependence EQY of the 0.8 eV Er-related PL band sensitized by Si NCs exhibits 
a threshold-governed increase with the excitation energy. While both the 
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threshold energy value Eth and the rate of the subsequent enhancement depend on 
material parameters, these two basic features are omnipresent. 
 
4.3 Hot-carrier mediated Er excitation 
As already mentioned in the introduction, past investigations of the Si NC 
sensitization of Er-related PL revealed a hot-carrier mediated excitation process 
of Er3+ ions [32,43]. Such carriers appear in Si NCs upon absorption of high 
energy photons. In an Auger process involving a fast intraband transition, a hot 
carrier may efficiently transfer energy to a proximal Er3+ ion, which can then be 
promoted directly to the first 4I13/2 excited state responsible for the 0.8 eV 
emission. (This excitation mechanism is a direct analog of the impact excitation 
of Er3+ ions in bulk Si [22]). The hot-carrier induced energy transfer is then 
responsible for the ultrafast appearance of Er-related PL, within nanoseconds 
after the laser pulse, illustrated by the high-resolution PL decay dynamics for one 
of the samples investigated in this study (dNC = 3 nm, [NC] = 2.1×1018 cm-3, 
[Er3+] = 2.7×1019 cm-3), as shown in the previous chapter (Fig. 3.2).  

 

 
 

Figure 4.6: Decay dynamics of 0.8 eV Er-related emission for the first 300 ns 
after the excitation pulse. The fast component appears for above-threshold 
excitation and increases with higher excitation energies. The inset shows the 
integrated Er-related emission at 0.8 eV as a function of the initial amplitude of 
the fast decaying signal. All data has been obtained for the same sample with dNC 
= 3 nm, [NC] =2.1×1018 cm-3and [Er3+] = 2.7×1019 cm-3. 

 
While the efficient Er excitation process experiences strong reversal due to the 
energy back-transfer to free carriers available in a NC, some of the excited 
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dopants escape this non-radiative recombination (possibly also due to a resonant 
energy diffusion within the Er3+ ions network), and contribute to the 0.8 eV 
emission; this is illustrated by the fact that the initial fast PL signal does not 
decay to zero. In that way, the total experimentally measured intensity of the Er-
related PL contains contributions from Er3+ ions excited by the two excitation 
channels – the slow exciton-related one and the ultrafast one, which is enabled 
by hot carriers. The contribution of the impact excitation will be proportional to 
the initial amplitude of the fast decaying PL. Figure 4.6 illustrates the initial 
decay dynamics, experimentally measured for several excitation energies, 
normalized to an equal (and low) photon flux. As can be seen, the fast decaying 
component indeed appears for the above-threshold pumping and then increases 
at still higher energies. This is confirmed in the inset to Fig. 4.6, which shows the 
total (time integrated) PL intensity observed over the entire investigated 
excitation energy range as a function of the initial PL amplitude of the 
corresponding transient. A linear dependence between the two is found which 
proves that the total enhancement of EQY at higher pump energies arises due to 
the hot-carrier excitation mechanism.  
 

4.4 Microscopic model 
Excitation mechanisms that can be responsible for the observed step-like 
enhancement of 0.8 eV Er-related PL will be discussed now. For this purpose, 
the EQY of one of the samples with dNC = 3 nm, is plotted in Fig. 4.7. The 
observed excitation energy dependence of EQY is divided into four regions, 
corresponding to the individual steps in the experimentally obtained data. For a 
better illustration, the proposed interpretations of the relevant threshold energies 
are depicted in the lower panel, by displaying the appropriately shifted PL 
spectrum; in that way the size distribution, and consequently the bandgap energy 
distribution, of Si NCs are taken into account.  
 
4.4.1 Slow excitation process 
Range #1 in Fig. 4.7 corresponds to the excitation region where only the exciton-
mediated excitation of Er3+ ions is possible. In this range, photons with energies 
exceeding the NC bandgap hν > EPL are absorbed by Si NCs and generate (low 
energy) electron-hole pairs (excitons). The non-radiative recombination of these 
excitons in Si NCs can transfer energy to Er3+ ions bringing these into one of the 
higher excited states corresponding to exciton energy, with or without phonon 
participation. The characteristic transfer time τ1 of this process depends on the 
NC-Er distance and for Er3+ ions situated within a NC or close to its surface is of 
the order of nanoseconds (or even shorter) [69]. After that, however, internal 
relaxation to the 4I13/2 state is still required before emission at 0.8 eV can appear. 
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The relevant relaxation time τ2 is of an order of microseconds [32,69]. 
Combination of these two time constants is responsible for the slow rise of Er-PL 
within several microseconds after the excitation pulse – see dynamics of 0.8 eV 
Er-related PL in Fig. 3.2 (previous chapter). Therefore, in the excitation energy 
range #1, independent of its energy, a single photon absorbed by a Si NC can 
excite, at most, a single Er3+ ion. This explains the flat character of the measured 
EQY dependence. For the sample whose data are depicted in Fig. 4.7, the EQY 
of the exciton-mediated excitation is ~ 1%, but varies from sample to sample, as 
can be concluded from the experimental results of this study. The proposed 
interpretation of the excitation mechanism taking place for energies in range #1 
is shown schematically in Fig. 4.8.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.7: EQY of 0.8 eV Er-related PL at different excitation energies. 
Different regions are assigned to different excitation processes and the lower 
panel shows the Si NCs PL shifted appropriately to illustrate the responsible 
excitation route.  
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Figure 4.8: Schematic illustration of Er3+ excitation in the energy range #1. 
Non-radiative recombination of the (low-energy) exciton in the Si NC brings the 
near Er3+ ion into one of the higher states (τ1), after which an internal relaxation 
to the emitting state follows (τ2). At maximum, only a single Er3+ ion can be 
excited per one absorbed photon. The illustration is for 3 nm sized Si NCs. 
 
 
4.4.2 Fast excitation process 
As discussed before, the intraband cooling of hot carriers facilitates the second 
excitation channel for Er3+ ions, directly into the first excited state 4I13/2 
responsible for the 0.8 eV PL. Past theoretical modeling [69] has shown that for 
the fastest transitions in a NC with diameter dNC = 3 nm, the time scale of this 
excitation can reach ~ 0.5 ns for Er3+ ions located on the NC surface. It has also 
been established [43] that a major part – ~ 50% or more – of all the Er dopants 
can receive energy in this way; this in contrast to the exciton-mediated 
mechanism which reaches only a minor part of Er contents. It is therefore not 
surprising that the fast excitation process is responsible for the experimentally 
observed enhancement of EQY. At the same time, the fast and efficient 
excitation of an Er3+ ions provides a unique opportunity to extract the excess 
energy of hot carriers generated in Si NCs. The fast excitation process requires 
free carriers with a certain excess energy, and therefore appears only upon 
excitation with photon energies exceeding a threshold value given by E1 = EPL + 
EEr1 + Δ, corresponding to the NC “optical” bandgap (emission energy), the 
energy of the first excited state of Er3+ ion (equal to 0.8 eV), and some additional 
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energy required to enable the transfer process, respectively. This implies that the 
threshold energy value is directly related to the emission spectrum of NCs, as 
indeed can be concluded from the data in Fig. 4.3: where the threshold energy 
for the sample with the smaller NCs is somewhat higher, similarly as its PL 
spectrum. For the sample whose EQY is depicted in Fig. 4.7, the threshold 
energy is E1 ≈ 2.2 eV; taking into account the corresponding PL spectrum, this 
implies that the energy loss is Δ = 0.1-0.2 eV. For excitation energies Eexc > E1, 
the excess energy of a hot carrier is sufficient for impact excitation of an Er3+ 
ion, and now two Er3+ ions can be excited upon absorption of a single photon. 
This increases the total EQY, as the threshold excitation energy is gradually 
exceeded for more NCs within the ensemble.  Interestingly, the absolute value of 
EQY which is achieved in range #2, is more than twice that of range #1; this 
directly implies that more NCs participate in the hot-carrier mediated “fast” 
excitation than in the “slow” process, and is consistent with its much faster 
dynamics, as indeed experimentally observed in Fig. 4.6. The proposed hot-
carrier mediated excitation process activated in range #2 following the first 
threshold is schematically shown in Fig. 4.9 (a).  
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.9: Schematic illustration of Er excitation process at higher pump 
energies. The proposed process of excitation of two Er3+ ions per absorbed 
photon by a combination of exciton recombination and hot-carrier cooling with 
energy transfer to (a) the first excited state of Er3+, range #2, and (b) the second 
excited state of Er3+, followed by internal relaxation, range #3.  
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The next threshold in the EQY dependence in Fig. 4.7 is found at E2 ≈ 2.5 eV. 
We propose to relate it to the fact that at this point, carrier excess energy reaches 
the value of the second 4I11/2 excited state of Er3+ ion of 1.2 eV: E2 = EPL + EEr2 + 
Δ = E1 + 0.4 eV. Therefore in range #3 impact excitation becomes possible not 
only to the first, but also to the second excited state, 4I11/2 [70]. While in this 
range still 2 Er3+ ions can be excited by a single photon, reaching this threshold 
slows down the increase of the population rate of the 4I13/2 state responsible for 
0.8 eV PL, as not all Er3+ ions excited to the 4I11/2 state will eventually relax to 
4I13/2. The excitation scheme considered for range #3 is schematically illustrated 
in Fig. 4.9 (b).  
 

 
 
Figure 4.10: Range #4: excitation of three Er3+ ions per absorbed photon, with 
two possible scenarios – either direct excitation of three Er3+ ions or the sharing 
of energy between 2 Er3+ ions. 
 
 
Upon further increase of pump energy – range #4 – hot carriers capable of 
excitation of 2 (and more) Er3+ ions are being generated. The lowest possible 
threshold for that is given by E3 = EPL + 2EEr1 + Δ. From data in Fig. 4.7 that is 
E3 ≈ 3.2 eV. Following that threshold, excitation of three Er3+ ions per absorbed 
photon becomes possible, two by the hot-carrier mediated fast process and one 
by the exciton recombination. Moreover, in that range also an alternative process 
is possible, when first a hot carrier excites a nearby Er3+ ion into still higher 
excited state (4I9/2 or higher), which subsequently shares part of its energy with 



Optical extraction of hot-carrier energy               
                                                                      49 
 
another proximal Er3+ ions [70]. This process is a reversal of the concentration 
quenching, well known for heavily Er-doped materials [71]. Therefore, instead 
of a direct excitation of three Er3+ ions from Si NC, there appears an indirect 
transfer path through Er3+ ions. In Fig. 4.10 both these scenarios possible in 
range #4 are schematically illustrated. For pumping with energies Eexc > E3, a 
single photon might excite 3 (and then more) Er3+ ions, which is then responsible 
for the experimentally measured further increase of EQY. Subsequent threshold 
energies are difficult to distinguish, as more and more possibilities for multiple 
Er excitations might appear.  

 
4.5  Theoretical support 
In order to rationalize the proposed microscopic model for the step-like 
enhancement of EQY at higher pump energies, we note that Er-excitation 
involving hot carriers competes with other carrier relaxation processes, and, 
prominently electron-phonon scattering. According to the general understanding, 
the energy relaxation of hot carriers is determined by the emission of optical 
phonons [72,73]. To estimate the phonon relaxation rate, the Monte-Carlo 
simulations of the energy relaxation by phonon scattering in Si NC with dNC = 
2.5 nm are shown in Fig. 4.11. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.11: Monte-Carlo simulation of excess energy relaxation of hot 
electrons in Si NCs with dNC = 2.5 nm.  Black dashed line depicts the relaxation 
rate without phonon recycling taken into account.  Taking that into account can 
only make the relaxation slower. – See other lines for phonon reabsorption with 
(red, dashed) and without (blue) decay. 
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At each step of the simulation the emission and absorption of phonons by an 
electron and phonon decay are considered. The black/dashed line shows the 
excess energy dependence on time for the electrons with the initial energy 3 eV 
above the bottom of the conduction band. As can be seen, the extrapolation gives 
the relaxation time of approximately 13 ps, with the average relaxation rate of 
about 0.8 eV per 5 ps. Taking into account the Si NC – Er3+ energy transfer time 
of an order of 0.5 ns [69], we arrive to efficiency of the hot-carrier mediated 
excitation of an order of 1 %, in reasonable agreement with the experimental 
results.  Moreover, the cooling time significantly increases when a possibility of 
phonon reabsorption (dotted line) is considered, even when a (reasonable) model 
of phonon decay is taken into account (solid line). Further, the rate of Er-
excitation due to intraband transition is expected to decrease for smaller NCs, 
being proportional to (dNC)-4 [32]; this is indeed confirmed by the experimental 
results, which show reduction of the EQY value upon increase of the NC size - 
see Fig. 4.3. 
 
4.6 Outlook 
From all the presented experimental results it can be concluded that, in order to 
maximize the energy extraction from hot carriers (i) the ratio of [NC]/[Er3+] 
should be high and (ii) a smaller diameter of NCs with superior crystalline 
quality is preferred. The EQY for a sample prepared according to this 
preliminary and crude guidance (dNC = 2 nm, [NC] = 2×1019 cm-3, [Er3+] = 
2×1020 cm-3) is depicted in Fig. 4.12: in this case ~ 9% of EQY is induced by the 
hot-carrier energy, which is a ~ 15-fold increase over the investigated energy 
range.  
The EQY of 9% at excitation of 4.25 eV implies that we get 9 photons of 0.8 eV 
per absorption of 100 photons of 4.25 eV. In the absolute terms we get then 7.2 
eV of optically extracted energy per 245 eV of excess energy of hot carrier 
generated in Si NCs with a bandgap of 1.8 eV. This gives then the 
experimentally demonstrated net external extraction efficiency of hot carrier 
excess energy of 3%. 
Efficient conversion of a single high-energy photon into multiple photons of 
lower energy could find interesting applications in, e.g., optoelectronics and 
photovoltaics. The first step then would be the improvement of the initial 
flat/baseline in EQY – range #1. Since the excitonic energy transfer is rather 
slow, it is only possible for Si NCs with sufficiently long exciton lifetime, i.e. 
those which would recombine radiatively in the absence of Er. Therefore, EQY 
in the range #1, indirectly reflects the level of the ‘optical activity’ of Si NCs 
[74]. In the investigated material the optical activity of Si NCs is quite low and 
needs to be improved. Past investigations have indicated that the optical activity 
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of Si NCs can reach 60% in carefully optimized materials [75]. Future work 
must show whether reaching such a high degree of optical activity will also be 
possible for Er-doped materials. To this end the low temperature post annealing 
in H2 environment could be explored, since it has been shown to enhance the 
optical activity within ensembles of Si NCs, reducing the number of the so-called 
‘dark’ NCs undergoing fast non-radiative quenching of excitons [74]. For the 
improvement of EQY in regions #2-4 the hot-carrier mediated excitation must be 
optimized. In the present case, the large initial amplitude of the hot-carrier 
mediated Er PL evident in temporal dynamics – see, Fig. 4.6 – proves that the 
energy transfer is actually nearly 100 % efficient, and points out that further 
research has to concentrate on elimination of the non-radiative quenching of the 
(originally high) excited Er population, which reverses the excitation process in 
materials investigated in this study.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12: EQY of a Er-related PL in a sample with high concentration of Er3+ 
ions, showing a ~ 15-fold increase in EQY over the investigated energy range. 
(dNC = 2 nm, [NC] = 2×1019 cm-3, [Er3+] = 2×1020 cm-3). 

 
4.7 Photovoltaics prospect 
When the sufficiently high level of EQY has been reached, then SiO2 layers with 
Si NCs and Er3+ ions could form the basis for a light conversion layer (‘solar 
shaper’ [76]) specifically targeted for extraction of hot-carrier energy. This 
energy is typically lost to heat in solar cells, and its harvesting is generally 
recognized as a very promising route towards the next generation photovoltaics. 
The upper limit for the energy conversion efficiency of the discussed process can 
be evaluated. For this purpose we take the  experimentally found step-like 
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characteristics of EQY and assume that all other recombination processes in Si 
NCs have been eliminated and all the absorbed energy is being stream-lined to 
Er3+ ions and transformed into 0.8 eV photons. The result is shown in Fig. 4.13, 
and compared to what could be achieved with a Si layer (and what indeed takes 
place in a standard Si solar cell).  
As can be seen, for the blue edge of the solar spectrum the theoretical energy 
conversion efficiency reaches 75-80 %, with a single photon being converted 
into 4 photons of 0.8 eV. This is approximately 3 times higher than for Si and 
illustrates the theoretical efficiency limit of this conversion mechanism. Finally, 
we note that the considered spectral transformation represents an optical 
equivalent of the multiple carrier generation at the optimal energy of 0.8 eV; the 
theoretical limit of the conversion efficiency is in this case ~ 45 % [37], 
considerably above the Shockley-Queisser limit [1]. This constitutes then also 
the theoretical limit of efficiency of the solar device making use of the 
mechanism described here. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.13: The maximal theoretically available energy conversion efficiency of 
the proposed spectral shaper (solid red circles) calculated as the ratio of the 
total energy of the maximum number of photons that can be emitted by Er3+ ions  
to that of the absorbed photon. Blue line illustrates the result of the similar 
evaluation for crystalline Si used in standard solar cells. Reference solar spectra 
AM 1.5 and AM 0 are indicated in green and light green, respectively; the 
shaded region represents parts of the spectra which could be targeted with the 
shaping layer discussed in this work.  
 

 
For material parameters as used in this study, a layer of ~ 8 μm would be 
sufficient to absorb 95% of all the photons with energies above 3 eV. The lower 
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energy photons pass through the active layer and undergo photovoltaic 
conversion in the Si cell, while the IR photons generated in the top layer pass 
through the Si cell and convert in a low bandgap (e.g; Ge) cell underneath, 
depicted in Fig 4.14.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.14: Schematic illustration of a possible device making use of Er 
excitation by the “optical cooling” of hot carriers. A thin active layer of SiO2 
doped with Si NCs and Er3+ ions converts high energy photons into a stream of 
IR photons. The lower energy photons pass through the active layer and are 
absorbed in a Si cell. The IR photons generated by the top layer pass through the 
Si cell and undergo photovoltaic conversion in the low bandgap cell underneath. 

 
 

By adjusting size and concentration of Si NCs, Er3+ ion concentration and the 
layer thickness, the absorbance of the active layer can be tuned for the optimal 
division of the solar photon flux between the Si and the Ge parts of the proposed 
device. The ‘solar shaper’ allows to harvest a substantial part of the solar energy 
inaccessible to a standard cell and in that way the overall photovoltaic 
conversion efficiency can increase exceeding the Shockley-Queisser limit. 
Naturally, before a practical realization of the proposed scheme may be 
attempted a rigorous further optimization of the material for the conversion layer 
is required.  
 
4.8 Conclusion 
The absolute EQY of 0.8 eV Er-related PL from Er-doped SiO2 sensitized with 
Si NCs as a function of excitation energy is determined. EQY is constant at low 
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pump energies and increases in a step-like manner above certain threshold of 
excitation energy. Both the threshold energy and the increase rate of EQY 
depend on material parameters – Si NC average diameter and concentration, and 
the Er-to-NC doping ratio. The threshold energy is given by the sum of the 
bandgap energy of Si NCs and the 0.8 energy of 1st excited state of Er3+ ion, plus 
a minor loss of 0.1-0.2 eV. The subsequent enhancement of EQY is exclusively 
related to the increased contribution of the hot-carrier mediated excitation of Er3+ 
ions. The characteristic steps in the EQY dependence are related to specific 
thresholds of this excitation mechanism, as different excited states of Er3+ are 
approached and/or multiple Er3+ ions addressed. In the highest investigated pump 
energy range, a single photon absorbed by a Si NC can excite up to 4 Er3+ ions. 
With the internal photon energy conversion efficiency reaching ~ 80 %, when 
fully developed, this system could be interesting for photovoltaics, providing a 
path for an optical extraction of excess energy of hot carriers, and thus offering 
an ‘optical’ alternative to the hot-carrier solar cell concept [61]. 

  



     

 

 

 

 

 

CHAPTER 5 
------------------------------------------------------------ 

Carrier multiplication in Ge 
nanocrystals 
------------------------------------------------------------ 

 
Carrier multiplication is the phenomenon of creation of multiple 
electron-hole pairs in semiconductors upon absorption of a 
single photon. The potential usefulness of this phenomenon is 
immediately obvious for solar cells or photo-detectors when we 
realize that these devices typically operate on a single-photon-to-
single-electron conversion basis. This chapter is dedicated to the 
observation of carrier multiplication in Ge nanocrystals by 
transient induced absorption spectroscopy. The experimentally 
determined lifetime of multiple carriers generated in the process 
is in the range of tens of picoseconds, typical for nanocrystals of 
a few nanometer diameters. 
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5.1 Introduction 
High-energy photons create energetic electron-hole pairs that cool down first 
before they are extracted in the form of electric current; i.e., luminary power is 
converted into heat rather than electric power. The CM phenomenon inhibits 
generation of heat: the excess energy of the initially created electron-hole pairs is 
used to generate additional free carriers instead. These can then efficiently be 
extracted with fewer losses, either directly or through emission of photons of 
lower energy. In particular, in photovoltaics an overall increased efficiency can 
be expected (up to 45% [37]) for devices that make use of CM. Indeed, external 
quantum efficiencies – defined as the number of electron-hole pairs generated 
per absorbed photon – exceeding 100% have been observed [77] proving the 
usefulness and feasibility of the process. CM was first observed in classical 
crystalline bulk semiconductors - for instance silicon [78]. In bulk materials CM 
proceeds via impact excitation [79] by hot carriers and its efficiency is rather 
low, due to competition of the highly effective alternative carrier-cooling process 
– see Fig. 5.1 for a schematic illustration.   
A quantum efficiency, defined as the number of electron-hole pairs extracted 
from the device for every absorbed photon, of 170% was found for photons with 
energies equal to 6 times the bandgap in bulk germanium [80]. An efficiency of 
130% to generate an electron-hole pair by an absorbed photon has been reported 
for bulk Si irradiated with UV [78]. In spite of some initial doubts [81], CM 
turns out to be considerably enhanced in spatially-confined materials, like 
graphene [82] and PBS nanosheets [83] (2D confinement), C-nanotubes [67] and 
PbSe nanorods [84,85] (1D) and in nanocrystals (0D), where it is commonly 
labeled MEG [86]. In the latter case, CM was studied for NCs in a colloidal 
dispersion and embedded in a solid matrix [86-88]. Generally, in spatially-
confined materials the Coulomb interaction between carriers is increased, 
thereby enhancing charge scattering processes, such as CM and Auger 
recombination. Therefore the stronger the confinement, the more efficient is the 
CM process [89]. Moreover, the same quantum confinement, apart from 
widening the electronic bandgap (in Si scaling with the square of the diameter 
[90]), relaxes the momentum conservation requirement in optical transitions 
through Heisenberg’s uncertainty relation, thus considerably enhancing the 
probability of band-to-band transitions for indirect bandgap materials (like Si 
and Ge), bringing the radiative recombination time constant down to the ten-
microsecond range. Another effect of this relaxation of momentum conservation 
is enhancement of CM and Auger recombination [91].  
Past research has demonstrated CM in NCs of many semiconductor materials, 
including PbSe, PbS, PbTe, CdSe, InAs, InP and Si [ 34,86]. Identification of 
CM in Si NCs is of particular significance in view of technological importance 
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of Si and its leading role in electronics industry [76]. CM in Ge NCs has not 
been reported until now. Ge is of interest, since it features unique properties, 
such as extreme chemical purity, great multiplicity of isotopes, and a very 
specific band structure, with close values of direct and indirect bandgaps and 
high sensitivity to stress, among others. Moreover, the technical importance of 
Ge is growing, with applications for detectors [92], and photovoltaics – not only 
for substrates, but also as an active material for tandem cells. The bandgap of 
(bulk) Ge, 0.67 eV, is nearly ideal for exploitation of CM in solar cells. The 
aforementioned theoretical 45% maximum efficiency of solar cells calculated by 
Nozik [37] is for semiconductors with bandgaps in the range of 0.6 eV to 1.0 eV, 
which is within reach of Ge NCs.  
 

 
 
 

Figure 5.1: Schematic illustration of the processes described in this work. Upon 
absorption of a high-energy photon an energetic electron-hole pair is created. 
(a) These electrons and holes can ‘cool down’ to the band edges in a multi-step 
process of emission of phonons, from where they can be extracted in the form of 
electric current, or recombine either radiatively (emission of a photon with 
energy equal to the bandgap) or non-radiatively. (b) Alternatively, CM can 
occur and the ‘excess’ energy is used to excite a second electron-hole pair (for 
simplicity, only electrons are shown, while both electrons and holes can take 
part in CM). This process can take place when the energy of the electron or the 
hole is larger than the bandgap. (c) The opposite process is Auger 
recombination, where the electron recombines with the hole and the released 
energy is used to excite (a) carrier(s) further into the band. Because of the rapid 
occurrence of these two processes, one can imagine formation of a superposition 
state, indicated by the feathered arrow. 
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5.2 Optical characterization 
The investigated materials have been prepared by radio-frequency co-sputtering 
using a multi-target chamber. Following deposition, the sputtered layers have 
been annealed in N2 atmosphere at a temperature of 1100 °C for 30 min. During 
the annealing step, Ge segregates into small crystalline inclusions, embedded in 
the SiO2 matrix.  
The samples are optically characterized by measuring the steady-state absorption 
and PL spectra, the results are shown in Fig. 5.2 (a). The maximum of the PL 
spectrum corresponds to an optical band gap of 1.25 eV, which is characteristic 
for Ge NCs with a diameter of approximately 5-6 nm [8]. We note that the onset 
of the optical absorption is at lower photon energy than the PL. This low-energy 
absorption can either be attributed to excitation involving electronic states in the 
band gap of the NCs or to the presence of large NCs, which do not participate in 
emission. The NC diameter can also be estimated from the shift of the Raman 
spectrum, shown in Fig. 5. 2 (b), which appears due to quantum confinement 
[93]. The value of the measured Raman shift is typical for a Ge NC diameter of 2 
nm, which is not consistent with the size inferred from the PL. We attribute the 
measured shift to stress in the Ge NCs, rather than smaller NC diameter [94]. 
However the width (Γ) of the Raman peak is consistent with the sizes determined 
from the PL [94].  
 
  

 
 

Figure 5.2: (a) Absorption (blue) and PL (red) curves. (b) Raman spectrum 
(brown) with Loretzian fit (dashed line) giving position and width as indicated. 
For comparison, the bulk Ge spectrum is shown in green.  
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5.3 Discussion 
5.3.1 Establishing single exciton dynamics: fingerprint of carrier 

multiplication 
In order to investigate the CM in detail, we have measured the exciton 
multiplicity in Ge NCs as a function of excitation wavelength. Figure 5.3 shows 
the TIA (optical density (OD) vs. t) measured around a below-bandgap probe 
wavelength of λ = 1300 nm (obtained by integrating the signal from 1200 nm to 
1400 nm), for two excitation pump wavelengths, λ* = 800 nm, Fig. 5.3 (a) and λ* 
= 400 nm, Fig. 5.3 (b). There is an initial negative signal (bleach) (not shown 
here). Apparently, the initial bleach of optical absorption is reduced after a 
relaxation process of about 20 ps. This is similar to previous results [95] and will 
be discussed in detail in chapter 7. The TIA signal on longer times is attributed 
to intraband absorption and proportional to the density of excited carriers in the 
entire band, independent of their energy.  

 

Figure 5.3: TIA dynamics measured at probe wavelengths λ near 1300 nm 
(obtained by integration of signal from 1200 nm to 1400 nm) for excitation 
wavelengths equal to λ* = 800 nm (a) and λ* = 400 nm (b), for three different 
pump pulse fluences and demonstrating the single-photon-absorption regime. 
The dashed lines are single- (a) and double-exponential (b) fits to the data. The 
double-exponential decay at the λ* = 400 nm excitation wavelength is the 
fingerprint of CM. The insets show the maximum of the amplitude of the TIA 
transients (A) and its ratio to the amplitude of the single exciton decay tail (A/B) 
as a function of the absorbed photon fluence (see text for explanation). 
 
 
The TIA behavior at the two excitation wavelengths is remarkably different. 
Both show a tail with a relaxation time long compared to the time window (> 1 
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ns). However, for the short-wavelength excitation the absorption transient has an 
additional fast component on a timescale of hundred picoseconds. This is the 
fingerprint of CM, as will be discussed now. In this study we follow the 
reasoning of Schaller et al. [96] and Trinh et al. [97], and summarized by Smith 
and Binks [86]. The long tail TIA is due to NCs containing a single exciton. In 
the experimental procedure we made sure to be working in the low-fluence 
regime, so that the average number of absorbed photons (and thus excitons per 
NC) is very small, <N> ˂˂ 1. The initial exciton multiplicity directly after 
photoexcitation (and prior to CM) is in this case to a good approximation Nx = 1, 
meaning that all excited NCs initially contains only one exciton. Under these 
conditions most of the NCs are not excited and do not contribute to the TIA 
signal.  The TIA eventually decays on a timescale exceeding a nanosecond, as 
the total number of excitons decreases by radiative (PL) and non-radiative 
recombination (NRR) see Fig. 5.4 for a schematic illustration. In the case of 
short-wavelength high-photon-energy excitation, the hot carriers can induce CM. 
A single hot electron-hole pair decays by CM to yield two (or more) electron-
hole pairs at lower energy (see step 2 Fig. 5.4(b)). The time scale of this 
conversion process is estimated to be 0.1-1 ps [98]. Consequently, the amplitude 
of the TIA signal is increased by the higher exciton multiplicity - see step 3 in 
Fig. 5.4(b). This multiple-exciton state, however, is rather short lived and decays 
through Auger recombination. Therefore in the assumed approach, the exciton 
multiplicity can be estimated by comparing the TIA dynamics obtained at a 
particular excitation energy with the single exciton dynamics [96,97]; this is 
most easily done by taking the ratio of the initial TIA magnitude, A, where 
multiple excitons might have been generated, to the magnitude, B, on long time 
when (eventual) Auger decay is completed. This A/B ratio is shown in both 
panels of Fig. 5.3.  
In order to make sure that the measurements are conducted in the regime of 
single photon absorption per NC and to avoid multiple photon absorption per 
nanocrystal per pulse – which would obviously create multiple excitons per NC 
without the CM effect – our experimental procedure was to reduce the pump 
pulse intensity until the TIA transients (OD vs. t) remained invariant. This is 
illustrated in Fig. 5.3, where TIA dynamics measured for several pump pulse 
fluences (defined as number of photons per area per pulse) are shown for both 
excitation wavelengths. The λ* = 800 nm excitation wavelength (Fig. 5.3(a)) 
corresponds to an energy which is lower than twice the bandgap of the Ge NCs, 
so that CM is energetically not possible. The experimental traces exhibit 
identical decay dynamics with their amplitude depending linearly on the 
excitation power. The inset of Fig 5.3 shows the initial amplitude, A, (left hand 
scale) and the A/B ratio (right hand scale) for the transients as a function of the 
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absorbed photon fluence. As expected, the initial magnitude of the transients, A, 
increases linearly with the number of absorbed photons. The observation that the 
ratio A/B is independent of the absorbed photon fluence demonstrates that the 
decay dynamics of the transients do not change upon pump laser fluence. This 
implies that a NC absorbs at most a single photon. We also note that the TIA 
dynamics measured for λ* = 800 nm excitation can be fitted with a single-
exponential decay with lifetime τ1 =3 ns (dashed lines in Fig. 5.3a), featuring no 
fast component, which is consistent with the fact that for these energies no CM 
takes place.  
Fig. 5.3(b) shows TIA dynamics for the λ* = 400 nm excitation. Also in this case 
the transients at different pump fluences are depicted to demonstrate that the 
measurements are conducted in the regime in which a NC absorbs at most one 
photon. The traces can now be described by fitting a double-exponential to the 
data, as illustrated by the dashed lines with lifetimes τ1 = 3 ns and τ2 = 170 ps. 
The value of the delay time of the additional fast component τ2 is typical for 
Auger recombination in PbSe NCs [98,99] and in Si NCs in SiO2 [100]. The 
higher A/B ratio as well as the steeper rise of the initial amplitude A upon 
increasing pump fluence for this short wavelength excitation confirm the 
occurrence of CM.  

 

Figure 5.4: Difference between low pump photon energy and high pump photon 
energy experiments. (a) Electron-hole pairs produced by low pump photon 
energy (1) give rise to a long lived TIA (3) and eventually decay via 
photoluminescence (PL) non-radiative recombination (NRR) (5). (b) For high 
pump photon energy (1), CM takes place (2) doubling the TIA (3). Auger 
recombination causes the system to rapidly (< 200 ps) decay to a single electron-
hole pair (4). The single electron-hole pair decays via PL/NRR (5). 

 
Based on the results in Fig. 5.3, we conclude that the exciton multiplicity at 
higher-energy excitations can be determined by fitting a double-exponential to 
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the TIA dynamics. Experimentally, the CM yield φCM (hν) is found from the A/B 
ratio, scaled to the value measured for excitation at low-energy for which CM 
does not take place: 
 

                                   φ(hν) = 
A(hν)/B(hν)

A(1.55 eV) / B(1.55 eV)
,                                       (5.1) 

 
5.3.2    Carrier multiplication efficiency 
In order to investigate CM in detail, we have measured the exciton multiplicity 
in Ge NCs as a function of excitation wavelength. To do this, we first establish 
the low fluence regime for all the excitation energies. All low fluence transients 
are presented in Fig. 5.5.  
 

 
 

Figure 5.5: Transient absorption for different excitation wavelengths, obtained 
by integrating over the 1200 – 1400 nm probe range. 
 

 
 
 

Figure 5.6 presents the number of electron-hole pairs created per absorbed 
photon determined as described above. From this figure we can see a CM 
efficiency of nearly 190% at 3.5 eV; i.e. 1.9 electron-hole pairs are created for 
each absorbed photon with energy 2.8 times the optical bandgap. The lower 
panel of the figure shows the PL spectrum and its mapped multiplicities (‘2PL’ 
and ‘3PL’). In the most favorable case, i.e. when CM would proceed in the 
energy conservation limit, the onset of carrier duplication would appear at twice 
the PL energy, where free carriers in some NCs have exactly enough excess 
energy to create a second electron-hole pair. In summary, the CM efficiency 
should follow the integral of the normalized nPL curves. The blue line in Fig. 5.6 
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is the integral of nPL. The dashed trace corresponds to the same curve scaled by 
a factor 0.9 to fit the data points. The quality of the fit corroborates the 
interpretation of the data discussed above. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.6: Relative CM efficiency (number of electron-hole pairs created per 
absorbed photon) as a function of pump photon energy, based on the ratio of fast 
and slow components of the TIA transients. The bottom panel shows the PL 
spectrum and scaled multiples of this spectrum. The blue line is the energy 
conservation limit which is the integral of the nPL curve (the dashed line is the 
integral scaled by a factor 0.9 to coincide with the data points). 
 

 
 
A final question arises on how CM in the Ge NCs investigated in this study 
compares to CM in bulk Ge. For bulk Ge, Koc measured a CM efficiency of 
170% for a photon energy of 4.15 eV, which corresponds to 6.2 times the 
bandgap [80]. In our measurements we find 190% CM for an energy of 3.5 eV 
(2.8 times the bandgap for our Ge NCs). In bulk Ge, at 3.5 eV, the efficiency is 
only 140%, while this energy is 5.2 times the bandgap. We therefore conclude 
that CM is substantially more efficient in Ge NCs than in bulk – both on the 
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absolute energy scale and in comparison to the bandgap. This finding offers the 
prospect of a new generation of highly efficient infrared detectors and perhaps 
even solar cells based on Ge NCs. 
 





 

 

 

 

 

 

CHAPTER 6 
------------------------------------------------------------ 

Self-assembled Ge nanocrystals 
grown by PECVD 
------------------------------------------------------------ 
 

Structural and optical study of solid-state dispersions of Ge 
nanocrystals prepared by plasma-enhanced chemical vapor 
deposition is presented. Two prominent emission bands centered 
around 2.6 eV and 3.4 eV are reported. Decay dynamics of the 
observed emission contains fast (nanosecond) and slow 
(microsecond) components, indicating contributions of several 
relaxation channels. Based on these material characteristics a 
possible microscopic origin of the individual emission bands is 
discussed.  
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6.1 Structural characterization 
The sample used in this study is ~ 300 nm thick SiGe rich oxide layer grown on 
a Si substrate in a parallel plate PECVD reactor using N2O (23 sccm), SiH4 (15 
sccm), GeH4 (20 sccm) and N2 (777 sccm) as precursor gasses. The deposition 
was followed by annealing in N2 for 1 hr. at 1200 °C. The sample is 
characterized using scanning electron microscopy (SEM) together with energy-
dispersive X-ray spectroscopy (EDS) for atomic composition, high resolution 
transmission electron microscopy (HRTEM) for determining the nanocrystal size 
and shape, Raman spectroscopy for the chemical bonds, and Rutherford back-
scattering spectroscopy (RBS) for the atomic composition. 
 

6.1.1 Scanning electron microscopy and electron-dispersive X-ray 
spectroscopy 

SEM together with EDS is used to obtain morphological information together 
with site-specific atomic composition. EDS can determine the elements present 
in a certain volume by looking at the characteristic X-ray emission after an 
electron is kicked out of a specific atomic orbital. SEM imaging reveals that the 
sample contains a diverse morphology. Figure 6.1 gives an overview of the 
different structures present in the sample. The sample consists of micrometer 
size chunks of Ge, together with several oxide structures. These oxide structures 
are either SiO2 or GeO2. The most interesting structure is perhaps the structure in 
Fig. 6.1 (d). It presents differently sized spherical particles containing oxygen 
together with both Si and Ge.  
 

6.1.2 High resolution transmission electron microscopy 
Figure 6.2(a) shows the full HRTEM images of the investigated material. The 
region marked in black is amplified in Fig. 6.2(b) which shows crystalline 
inclusions. The white marked regions in Fig. 6.2 (b) points out the crystalline 
structures with a diameter of 8-10 nm. The areas of these structures are obtained 
by filtering the images in the Fourier domain and transforming back to the real 
space, Fig. 6.2(c). A lattice spacing of 0.326(4) nm is obtained by analyzing the 
lattice fringes in Figs. 1(c) and 1(e), which is close to bulk Ge, and clearly 
different from 0.314 nm characteristic for crystalline Si. 
 

6.1.3 Raman Spectroscopy  
Raman spectroscopy is used to characterize the specific bonds present in the 
sample. Figure 6.3 shows the Raman spectra for as-grown and 1200 °C annealed 
samples obtained with an excitation wavelength of λexc = 514.5 nm, at RT. A clear 
change from amorphous to crystalline Ge is visible. A Ge-Ge bond-related peak 
around 297 cm-1 is observed and is clearly shifted from 302 cm-1 of the bulk 
crystalline Ge. In addition, a weak peak around 450 cm-1 also appears upon 
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annealing; this has been attributed in the past to Si-Ge bond [101], and could 
indicate the formation of SiGe alloy. It is nevertheless fair to mention that broad 
Raman peaks appearing in that range have also been attributed in the past to 
amorphous Si [102,103].  However in the present case the peak observed around 
450 cm-1 is rather narrow, and therefore unlikely to arise due to amorphous Si 
inclusions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.1: SEM images and EDS spectra showing a crystalline piece of Ge (a), 
oxide with predominantly Si (b), GeO2 (c) and nanometer sized spherical 
particles (d). 

(a) 

(d) 

(c) 

(b) 
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Figure 6.2: Full HRTEM image of the sample annealed at 1200 °C (a). 
Crystalline structures (b) along with its frequency filtered Fourier space image 
(c) of the region marked in black in full image. High resolution image of one of 
the crystalline area (d) and its frequency filtered Fourier space image (e). 
 
 

 

 
 
 

Figure 6.3: Raman spectra of as-grown (black solid line) and 1200 °C annealed 
(red solid line) sample compared with bulk Ge (blue dashed line). The 
characteristic fingerprint of Ge-Ge bond is present around 297 cm-1 in the 
annealed sample, indicating formation of a crystalline Ge inclusions. In 
addition, a peak around 450 cm-1 can also be seen which might be associated 
with Si-Ge bonds. 
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6.1.4  Rutherford back-scattering spectroscopy 
RBS is an ion scattering technique used for compositional thin film analysis. 
During these measurements high energy iodine ions (38 MeV) are directed onto 
the sample and the energy distribution and yield of the back scattered ions at a 
given angle is measured. Since the backscattering cross section of each element 
is known, it is possible to get information about the sample composition. The 
RBS measurement for the sample annealed at 1200 °C shows that it contains 
20% Ge, 50% Si and 30% O which is different from the non-annealed sample 
that contains 70% Ge, 20% Si and 10% O. There is the huge difference between 
the non-annealed and annealed sample; the reason could be that large amount of 
Ge is evaporated during the annealing process. 

 

 
6.2 Optical characterization 
In order to have a detailed insight on the quantum confinement effects in this 
material different optical measurements are performed. These measurements will 
be discussed in the context of the results obtained from structural analysis of the 
material. 
 
6.2.1 Linear absorption 
Figure 6.4 shows the linear absorption of the annealed layers. The results reveal 
measurable absorption already for energies starting at approximately 0.5 eV. 
Also the range of excitation energies for the observed PL bands is indicated. 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.4: Linear absorption of the annealed sample. The black arrow indicates 
the range of the excitation energies for which three PL bands are observed. 
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6.2.2 Photoluminescence 
Figure 6.5(a) compares PL spectra of the annealed sample as obtained under 
continuous wave excitation at different energies. Two prominent peaks can be 
distinguished around 2.6 eV and 3.4 eV, further referred to as #1 and #2, 
respectively, both showing a blue shift upon increase of the excitation energy. 
For the highest excitation energies also an emission peak at approximately 3.3 
eV, referred to as #3, can be distinguished. In contrast to PL bands #1 and #2, its 
position does not depend on excitation energy. Decomposition of the total PL 
spectrum into three bands for one of the highest excitation energies is shown in 
Fig. 6.5(b). 
 

 
Figure 6.5: (a) PL spectra obtained for the annealed material upon different 
excitation energies. Dashed lines indicate the excitation-related shift of PL peaks 
#1 and #2 and the steady PL peak #3. (b) PL spectrum for one of the highest 
excitation  energies, where PL peak #3 is clearly visible. The decomposition of 
the total spectrum into 3 bands of a Gaussian shape is illustrated. 
 

 
6.2.3 Photoluminescence lifetime 
To get more information about the visible emission, the PL decay dynamics have 
been investigated. This has been done under pulsed excitation with a photon 
energy of 4.1 eV. Figure 6.6(a) shows the high-resolution transient taken at a 
detection energy of 2.8 eV. As can be seen, the decay is dominated by a fast 
component, with the decay time constant τfast ≈ 30 ns, superimposed on a slowly 
decaying background (about 1% of the initial signal amplitude), characterized by 
the time constant of τslow ≈ 200 μs. We note that in spite of its small amplitude, 
the slow component dominates the time-integrated PL spectrum. Figure 6.6(b) 
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shows the PL dynamics in the 1.5 ms range, illustrating the slow component. As 
can be seen, the actual value of the slow decay time constant varies, becoming 
smaller towards higher emission energies – see the inset to the Fig. 6.6(b).   
 
 

 
Figure 6.6: Dynamics of PL band #1 at an emission energy of 2.8 eV, upon 
excitation at 4.1 eV. (a) The full dynamics reveal clearly the presence of fast (ns) 
and slow (µs) components. (b). Dynamics of the slow component of PL band #1 
at different emission energies; the inset shows the average PL lifetime versus 
emission energy as obtained by fitting with a stretched exponential function IPL(t) 
= I0 exp[-(t/τ)0.8]. 

 
 

6.2.4 Time-resolved photoluminescence 
Figure 6.7 illustrates the investigations of the fast PL dynamics. Panel (a) shows 
time evolution of the PL intensity in the 2.3-3.55 eV range within the first 18 ns 
after the excitation pulse. The initial developments of PL band #1 peaking 
around E ≈ 2.6 eV, and a superposition of bands #2 and #3 at around E ≈ 3.3 eV 
are illustrated in panel (b), by showing PL spectra at t1 = 1 and t2 = 18 ns. We 
note that the initial intensity decrease of PL band #1 is characterized by a very 
fast decay of a few nanoseconds (as indeed seen in the dynamics depicted in 
figure 6.6(a)) which is faster than the decay of PL band #2 at the higher energy.  
The situation changes for PL dynamics obtained with the ultrahigh resolution PL 
setup using 140 fs laser pulses – see figure 6.8. In that case, the very short laser 
pulse of 140 fs has a high repetition rate of 4 MHz; consequently the slow 
microsecond component of PL band #1 does not fully decay between 
consecutive pulses and appears in the measured dynamics. 
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Figure 6.7: (a) Time-resolved PL spectra obtained with a nanosecond excitation 
source at 4.1 eV.  (b). Decomposition of the PL spectra at t1 = 1 ns and t2 = 18 
ns showing the initial fast decay of the PL band #1. Spectra are fitted with two 
Gaussian components, indicated in green, whereas their superposition is 
depicted in red. For clarity, the vertical scale in the lower panel has been 
amplified, as indicated.  
 

 
 

Figure 6.8: (a) TR-PL spectra of the fast component obtained with 140 fs 
excitation source and the excitation energy of 4.1 eV. (b). Decomposition of PL 
spectra at t1 = 1 ps and t2 = 18 ns. For clarity, the vertical scale in the lower 
panel has been amplified, as indicated. 
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6.2.5 Power dependent photoluminescence 
The co-existence and sequential dynamics of a slow and fast PL band suggests 
an intricate interplay between these two emission/recombination channels. This 
was further investigated by varying the excitation power. Figure 6.9 shows the 
evolution of the PL spectra excited at Eexc = 4.1 eV as a function of excitation 
power. While the high energy band does not show any change, the band #1 
shows a blue-shift of about 300 meV upon increase of the excitation flux, 
accompanied by the linewidth reduction on the low-energy side. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.9: Influence of excitation power on PL spectrum: a power dependent 
blue shift of 300 meV for PL peak #1 can be seen.  

 
6.3 Discussion 
In order to discuss the possible microscopic origin of the observed emission, we 
first consider the structural characterization of the material. First of all, the RBS 
measurements show that following the annealing procedure, the sample contains 
50% of Si. However Raman spectra reveal no traces of pure Si – neither in 
crystalline nor in amorphous form. This is consistent with HRTEM images 
which do not show any crystalline structures with the lattice spacing matching 
that of Si. We remark that presence of amorphous Si clusters, which would not 
be revealed by HRTEM, is also unlikely in view of the high annealing 
temperature of 1200 °C. On the other hand, the Raman spectrum shows a clear 
fingerprint of the Ge-Ge bond, as well as a weaker resonance which can possibly 
be due to the Ge-Si bond. This, again, is consistent with HRTEM, where 

 



Self-assembled Ge nanocrystals grown by PECVD 
                                                                                              77 
 
crystalline inclusions with lattice spacing close to that of crystalline Ge are 
identified, embedded within an amorphous matrix. We therefore conclude that 
the investigated material contains Ge and/or Si-Ge crystalline inclusions 
embedded in Si-rich SiO2. Judging from the HRTEM images (Fig. 6.2) the 
crystalline clusters have a rather broad size distribution, with grains reaching 
diameters in excess of 10 nm. This large range of sizes is consistent with the 
linewidth of the Ge-Ge Raman peak [11], in Fig. 6.3, although it is fair to 
mention that the broadening of the Raman peak can also arise due to temperature 
and strain. 
Before we turn our attention to the emission characteristics of the investigated 
material, we first link the observed PL with the information provided from 
Raman spectroscopy. In order to do that we conducted micro PL measurements 
and results are shown in Fig. 6.10. In that way we have explicitly confirmed that 
the previously considered Raman spectra are characteristic for the regions of the 
sample responsible for the observed emission.  
 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 6.10: Comparison of micro PL with PL spectrum from Fig. 6.6 at Eexc = 
3.8 eV. This confirms that  the Raman and emission spectra are measured at the 
same region of the sample. 
 
 

 
As discussed in the experimental section, the PL spectrum contains three 
components. The two bands shift with pump energy – lines #1 and #2 – and one 
with pump flux (#1). Such a behavior is characteristic for an ensemble of 
emitters and is typically observed for NCs [17]. Figure 6.11 displays 
characteristics of the 3 PL bands found in the investigated material as a function 
of excitation energy, with panel (a) showing peak positions and panel (b) the 
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intensity for all the three components. As can be seen, line #2 appears for 
excitation energies exceeding ~2.5 eV and its peak position shifts from E#2 = 2.4 
to 3.6 eV. Line #1 shifts in a much smaller range, between E#1 ≈ 2.4 and 2.8 eV, 
and exhibits a large Stokes shift, appearing only for excitations above 3.55 eV. 
Line #3 is seen for the highest excitation energies and its position remains 
constant at E#3 ≈ 3.3 eV. This emission band has been frequently reported in the 
past [9] and assigned to Ge/O-related defect. Detailed investigations uniquely 
linked this band to the formation of Ge NCs but proved that the emission energy 
remained fixed regardless of the Ge NC size, thus excluding its excitonic origin. 
 

 
Figure 6.11: (a) Peak position and (b) integrated intensity versus excitation 
energy for the three observed emission bands. 
 
 
As mentioned, the excitation-induced PL shift is a fingerprint of an ensemble of 
emitting centers, and has in the past been observed for NCs of different 
semiconducting materials and also for molecules. In the first case, its origin is 
traced to the size, and therefore exciton energy, dispersion and in the latter, to the 
minute differences in the local environment of individual molecules. In case of 
NCs, at small excitation energies only large NCs with smaller bandgap can be 
excited; when the excitation energy is increased, it becomes also possible to 
excite smaller NCs with larger bandgaps. At shorter excitation wavelengths, the 
smaller NCs make a substantial contribution to the PL which is then blue shifted. 
In the present case, the ensemble origin of line # 1 is further confirmed by the 
power dependence of its peak position – Fig. 6.9 – and the lifetime shift – Fig. 
6.6(b). A possible interpretation of the results in Fig. 6.9 is the gradual saturation 
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of emission from larger grains due to their larger absorption cross-section [104]; 
this leads to the effective linewidth narrowing and therefore the blue-shifting of 
the maximum intensity, as indeed observed. Again, in the past these effects have 
been theoretically modelled and experimentally observed for Si NCs [105]. We 
also recall that a similar power-dependent blue shift has been reported for well-
defined Si/SiGe multilayers prepared by chemical vapor deposition and by 
molecular beam epitaxy [106,107], and emitting in the near-IR. Also the lifetime 
shortening at higher excitation energies is consistent with the enhancement of 
quantum confinement and/or enhanced surface recombination for smaller NCs 
whose relative contribution increases for shorter excitation wavelengths.  
Before we discuss the possible microscopic origin of the observed excitation-
dependent emission, we first compare the current results to those obtained in 
some previous investigation of Ge and Si-Ge NCs [9,18,108]. Figure 6.12 shows 
the PL energies and lifetimes as obtained in the present study and those 
published earlier. For completeness, we include there also data for amorphous Si 
nanoparticles where PL at high energies has also been reported in the past [109]. 
As can be seen, emissions with characteristics of bands #1 and #2 have not been 
reported thus far.  
 

 
 
Figure 6.12:. Comparison of PL characteristics (peak energy and lifetime) of 
emission bands #1 and #2 observed in this study with those reported before for 
Ge and GeSi NCs [9,18,108] and amorphous Si nanoclusters [109]. 

 
In an attempt to identify the microscopic origin of PL bands #1 and #2, we 
confront the results revealed in the present study with what is known on emission 
from ensembles of Ge and Si NCs. Figure 6.13(a) gives the theoretical 
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dependence of the bandgap of Ge NCs as a function of the diameter [8]. The 
energy ranges of PL bands #1 and #2 are marked. We conclude that if the 
observed emission would be coming from Ge NCs, then their diameters should 
be small, in the 1-2 nm range, i.e. much smaller than those revealed by the 
HRTEM measurements, Fig. 6.2. For reference, also some experimental results 
obtained in previous investigations are shown [9,10,12,110-113]. We see that 
qua emission energy, PL band #1 is similar to the blue-green PL reported in 
Refs. [9,12,110]. In figure 6.13(b) a similar comparison is made for the decay 
time constants; again, we conclude that the experimentally measured lifetimes do 
not agree with those expected for the large Ge NCs, as identified by HRTEM.  
Although the presence of Si NCs in the investigated materials has not been 
revealed, in figures 6.13(c&d) we compare the parameters of bands #1 and #2 
with the values theoretically calculated for core emissions from H-terminated Si 
NCs [114] and experimentally observed for crystalline [115-118] and amorphous 
Si nanoclusters [109,119]; it is clear that the observed combination of emission 
energy and lifetime is not likely to be realized with Si. 
Following on the above considerations, we propose to identify band #2 with 
exciton core emission from small Ge NCs, with diameters in the 1-2 nm range. 
NCs of these sizes are beyond detection capabilities of HRTEM, but their 
presence in our material is certainly plausible; in previous investigations of Ge 
NCs formed by annealing of supersaturated dispersions in SiO2/GeO2 typically 
very broad size distributions have been observed [9,19]. We propose further, that 
this emission is quenched by a strong non-radiative recombination. This notion 
follows from the very low external quantum efficiency of PL. Figure 6.14 shows 
PL quantum efficiency of approximately 1%, as determined for the PL peak #1 
for several excitation energies. Since the PL peak #2 has a lower intensity than 
#1, its efficiency will be even smaller. Interestingly, we note that a similar value 
of PL quantum efficiency can be deduced from the decay transient in Fig. 6.6(a), 
with an assumption that the fast and the slow components represent the (mostly) 
non-radiative and purely radiative contributions, respectively.  
The excitonic origin of band #2 is consistent with the very small Stokes shift, 
and is supported by the fact that it appears at the energy of ~2.4 eV. Theoretical 
modelling predicts that for Ge NCs of this bandgap energy and larger, indirect 
and direct bands equalize [121], thus boosting radiative recombination which can 
now compete better with non-radiative channels. We also note that the excitonic 
energy of Ge NCs can be strongly influenced by the presence of a surrounding Si 
shell [122]; while the presence of such a shell is not revealed in this study – 
neither in HRTEM nor by Raman – it certainly cannot be excluded. Also 
investigations of chemically synthesized Ge NCs [123] confirm great surface 
sensitivity of their optical properties. 
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Figure 6.13: (a) Comparison of the experimentally measured PL peak position 
versus NC diameter – Refs [9-10,12,110-113] with values modelled theoretically 
for H-terminated Ge NCs [8], solid dark-blue line. PL peak position (pink) 
versus expected distribution of NC diameter (dark green) is marked for peak # 1 
and peak position (blue) versus expected distribution of NC diameter (light 
green) is marked for peak # 2. (b) PL life times versus Ge NC diameter, the red 
points are taken from the theoretical calculation for H-terminated Ge NCs from 
Ref. [8]. The experimentally observed lifetime ranges for PL bands #1 and #2 
and are also indicated. (c) and (d) Similar plots as in panels (a) and (b) but for 
Si NCs [114-118]. Also results for amorphous Si nanoclusters are indicated for 
completeness [109,119]. For a more complete review - see Ref. [120]. 
  
 
The microscopic origin of band #1 remains unclear. The two characteristic 
features of this band are the large Stokes shift, well in excess of 1 eV, and a 
relatively long lifetime. At the same time, the excitation dependencies of peak 
intensity and decay time prove multiplicity of emitting centers contributing to 
this band. Similar emissions have been observed previously and were assigned to 
“molecule-like” recombination centers at the interface between Ge NCs and the 
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matrix [16]. One speculation could be to relate PL band #1 to the previously 
investigated blue-green luminescence [9,19] arising due to excitonic 
recombination at defect centers introduced by Ge NCs, but with no size relation. 
In the present case the somewhat higher energy range at which band #1 appears 
might be related to different material specifications than in Refs [9,19] and the 
longer lifetime could mark switching between singlet and triplet recombination 
states, as frequently discussed [121]. Other possibilities include Si-Ge and 
amorphous Si nanoclusters; these are however less likely due to the high Ge 
contents and the high annealing temperature, respectively, but cannot be totally 
excluded based on the evidence at hand. Finally, for the sake of completeness, 
we recall that a recent report relates PL of characteristics very comparable to that 
observed in our material to formation of GeO2 NCs [124]. 
 
 

 
 
Figure 6.14: Quantum yield versus photon excitation energy for PL peak #1. 
 
 
6.4  Conclusion 
We report on the possible identification of the excitonic emission from very 
small Ge NCs dispersed in an amorphous matrix of sub-stoichiometric SiO2. The 
relevant PL band is widely tunable, covering the whole visible range. Its external 
quantum efficiency is low due to strong non-radiative quenching, which 
precludes its observation at lower energies, for larger NC sizes. The overall 
emission from the investigated material is dominated by two other bands which 
were investigated in the past and related to defects and/or recombination centers 
induced upon formation of NCs. 

 



 

 

 

 

 

 

CHAPTER 7 
------------------------------------------------------------ 

Ultrafast carrier dynamics in Ge 
nanocrystals 
------------------------------------------------------------ 

 
Transient induced absorption spectroscopy of Ge nanocrystals is 
presented in this chapter. Ultrafast carrier dynamics of these 
nanocrystals shows some interesting features, of specific interest 
is the observation of fast, of the order of few picosecond, negative 
transient absorption signal, which is not present for Si 
nanocrystals prepared by similar technique. This negative signal 
is most probably due to presence of defect states in the bandgap 
of Ge nanocrystals. This can also explain the ‘weak’  
photoluminescence observed from these Ge nanocrystals. 
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7.1 Experimentals 
The samples used in this study are ~ 500 nm thick Ge rich oxide layer grown on 
a SiO2 substrate by magnetron co-sputtering technique. The deposition was 
followed by annealing in N2 for 30 mins at 1100 °C (sample A) and 1150 °C 
(sample B). A conventional pump-probe setup was employed for TIA 
experiments. The energy of the pump pulse was Epump = 3.65 eV and the 
excitation conditions were such that each NC could acquire more than one 
exciton. For monitoring the temporal behavior of free carriers created by the 
pump pulse, probing photon energies from near-IR (Eprobe = 0.90-1.35 eV) to 
visible (Eprobe = 1.6-3.25 eV) are used. TIA signal have been recorded for 
different time delays between the pump and probe, with a maximum of ~ 3.5 ns. 
From these time traces different phenomena such as trapping and cooling of free 
carriers, the Auger energy transfer between electrons and holes, among others 
can be monitored. Figure 7.1 illustrates the schematics of three processes. 
 

 
 
Figure 7.1: Schematic illustration of free carrier cooling and trapping (a) and 
Auger energy transfer between electrons in nanocrystals, leading to multiple 
exciton generation phenomenon – see Chapter 5. 

 
7.2 Results 
7.2.1 Near-infrared probing 
Figure 7.2 shows the TIA spectra at different time delays for Ge NCs samples 
annealed at 1100 °C, sample A (a&b) and 1150 °C, sample B (c&d). For both 
samples range of delay time between 1.5-1500 ps is shown. A clear difference 
can be seen for the two samples. For sample A annealed at 1100 °C a negative 
TIA signal is observed around 3 ps, Fig 7.2 (a), whereas no such negative signal 
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can be seen for sample B, annealed at 1150 °C, Fig. 7.2 (c). Also to note is that 
signal to noise ratio for sample B is much higher than for sample A.  
 

Figure 7.2: TIA spectra in the near-IR  region for sample A annealed at 1100 °C 
(a&b) and sample B at 1150 °C (c&d) for different delay times between the 
pump and probe pulse, under excitation of Epump = 3.65 eV. 
 

 

Figure 7.3: TIA dynamics in the near-IR region for samples annealed at 1100 °C 
(a) and 1150 °C (b) for different probe energies under excitation of Epump = 3.65 
eV. 
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Figure 7.3 shows the TIA dynamics for sample A (a) and sample B (b), recorded 
at different probe energies; both samples have an initial increase in TIA signal 
which then starts to decay in a few picoseconds. For sample A the signal goes 
negative while for sample B there is only a dip in the signal (no real negative 
TIA signal). Following this negative signal/dip, TIA signal recovers in a few 
picoseconds and grows to a certain maximum before it finally decays towards 
zero. 
 

7.2.2 Visible probing 
Figure 7.4 shows the TIA spectra for the visible probing range for sample A 
(a&b) and sample B (c&d). In both samples, a negative TIA signal is observed 
and for certain probe energies this signal never recovers to positive. This energy 
range is different for the two samples, 2.1-2.8 eV for sample A and 1.9-2.5 eV 
for sample B. For rest of the probe energies the signal goes from negative to 
positive with increasing of the delay time.  

 
Figure 7.4: TIA spectra in the visible region for the sample annealed at 1100 °C 
(a&b) and 1150 °C (c&d) for different delay times between pump and probe 
pulse under excitation of Epump = 3.65 eV. 
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Figure 7.5 shows the TIA dynamics for sample A (a) and sample B (b), for 
selected probe energies. As can be clearly seen, the characteristics of the two 
samples significantly differ from each other. 
 
 

Figure 7.5: TIA dynamics in the visible region for the sample annealed at 1100 
°C (a) and 1150 °C (b) for different probe energies under excitation of Epump = 
3.65 eV. 
 
7.3  Discussion 
Since the TIA signal shows both negative and positive amplitudes it is important 
to figure out the processes responsible for such a behavior. A negative signal has 
been reported previously for Ge NCs [95] and p-type bulk Ge [125,126]. To 
analyze the data in our particular case, we divide the signal in positive and 
negative parts as is shown in Fig. 7.6.  
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7.6: TIA dynamics for one of the studied sample. Dashed lines represent 
the procedure used to separate the positive and negative signal. 
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We then fit the TIA dynamics using the following function: 
 
       y = y𝑜 + (A1e-(x-xo)/t1 −  A2e-(x-xo)/t2) −  (A3e-(x-xo)/t3  −A4e-(x-xo)/t4),           (7.1)  

The fitting gives us amplitudes and times for the rise and decay of the positive 
and negative signal, where t1 and t2 are the decay and rise times for positive TIA 
signals respectively and t3 and t4 are the rise and decay times for negative TIA 
signal respectively. A1, A2, A3 and A4 are respective amplitudes. 
Now we compare the parameters obtained from the fitting for both samples by 
equation 7.1. Figure 7.7 compares the maximum amplitude of positive TIA 
signal (a) and negative TIA signal (b). The rise time of the negative signal is 0.5-
1 ps while the decay is 2-3 ps, with exception in the region where the sample 
never recovers from the negative signal. For a positive TIA signal the rise time is 
2-3 ps and decay time is 250-400 ps.  

 
Figure 7.7: Amplitudes obtained from fitting the TIA dynamics in IR and visible 
probing range. (a) Positive TIA signal. (b) Negative TIA signal. 
 
 
Now we focus on the mechanism that can be responsible for the negative TIA 
signal. At this point we propose that the negative TIA is related to the presence 
of additional states inside the bandgap of Ge NCs. These states could be induced 
by defects either in the Ge NCs core, at the Ge-SiO2 interface, or in the SiO2 
matrix. We considered the possible existence of two types of defect states, one at 
lower energy responsible for observation of negative signal (bleach) in the IR 
probing range and one at a higher energy responsible for bleach observed for the 
visible probe energies. The existence of defects in the samples and the related 
non-radiative recombination channels might also explain why we have observed 
very weak PL from the samples. We also measured the linear absorption of one 
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of the samples, for sample A as is shown in Fig. 7.8 and observed that it indeed 
exhibited absorption at low energies, which is unlikely to arise due to Ge NCs 
core and could arise due to the presence of defect states. This would then be the 
reason for the observed bleach in the IR probe energies.  

 

 

 

 

 

 
 
 
 
 
Figure 7.7: Linear absorption of Sample A, annealed at 1100 °C. 
 
 
In TIA spectroscopy the sequence of excitation pulses is probe-pump-probe. 
When bandgap states are present, the negative TIA signal can be explained as 
follows: without bandgap states, it is expected that the initial IR probe will not be 
absorbed by the sample, but in the present case the IR probe pulse is absorbed 
due to transitions to and from the defect-relates states, creating free carriers. 
When the sample is then excited with a pump pulse, the carriers are created in 
the conduction band of NCs, from where they decay back to the valence band 
and possibly also to the defect level. When the probe pulse arrives again, the 
defect level is already saturated and hence no absorption takes place. 
Consequently, the bleach (negative absorption signal) is observed. This bleach 
goes away very fast as the carriers relax back to the valence band, after which 
absorption is again possible. A similar scenario is also possible for visible probe 
energies, where the defect states absorb only in a certain range of energies. 
However, further experimental evidence is required to confirm this, thus far 
speculative, scenario. The experimental efforts in this direction are going on 
when this thesis is being written. 

 



 

 

 

 

 

 

CHAPTER 8 
------------------------------------------------------------ 

Carrier dynamics in Er-doped 
SiO2 sensitized with Si 
nanocrystals 
------------------------------------------------------------ 

 
Transient induced absorption spectroscopy of Er-doped SiO2 
sensitized with Si nanocrystals is presented in this chapter. 
Ultrafast carrier dynamics from this material presents some 
unique features which were absent in samples which contain 
only Si nanocrystals but are otherwise prepared by the similar 
procedure. This specially concerns the fast, of the order of few 
picosecond, negative transient induced absorption signal 
appearing in the visible probing energy range. This negative 
signal arises most probably due to the hot-carrier emission from 
Si nanocrystals.  
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8.1 Experimentals 
The samples used in this study are ~ 2 μm thick layers containing Si NCs in SiO2 
co-doped with Er3+ ions and are fabricated by a magnetron co-sputtering 
technique. The deposition was followed by annealing in N2 for 30 mins  at 1100 
°C. The two samples further investigated have different concentrations of Er3+ 
ions and Si NCs. This has been obtained by varying the amount of Er2O3 tablets 
and excess Si during the deposition procedure. Sample A: [NC] = 2.1×1018 cm-3, 
[Er3+] = 2.8×1019 cm-3 and dNC = 3 nm. Sample B: [NC] = 4.1×1018 cm-3, [Er3+]  
= 5.8×1019 cm-3 and dNC = 3.5 nm. A similar pump-probe setup as described in 
the previous chapter is used for TIA experiments. Also similar pump pulse 
energy (Epump = 3.65 eV) and probing photon energies from near-IR (Eprobe = 
0.95-1.35 eV) to the visible (Eprobe = 1.6-3.25 eV) range are used. TIA signals 
have been recorded for different time delays between the pump and probe pulse, 
with a maximum of ~ 3.5 ns.  
 
8.2 Results 
8.2.1 Near-infrared probing  
Figure 8.1 shows the TIA spectra (a) and TIA dynamics (b) of sample A for the 
near-IR detection regime. Since the absorption cross section of Er is very low, 
there is almost no absorption by Er3+ ions and the excitation energy is absorbed 
by Si NCs to create free charge carriers which are later monitored with 
absorption of the delayed probe pulse. The TIA amplitude shows a rapid initial 
decrease on a picosecond timescale and later has a long lifetime, not decaying to 
zero within 1 ns time window.  

 
Figure 8.1: TIA spectra (a) and TIA dynamics (b) in the near-IR probing range 
for sample A ([NC] = 2.1×1018 cm-3, [Er3+] = 2.8×1019 cm-3 and dNC = 3 nm) 
with pump energy of Epump = 3.65 eV. 
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A similar behavior is observed for sample B as is shown in Fig 8.2, with slightly 
lower TIA amplitude and where the signal completely vanishes in 1 ns. 
 

 

Figure 8.2: TIA spectra (a) and TIA dynamics in the near-IR probing range for 
sample B ([NC] = 4.1×1018 cm-3, [Er3+] = 5.8×1019 cm-3 and dNC = 3.5 nm) with 
pump energy of Epump = 3.65 eV. 
 

 
8.2.2 Visible probing 
Figure 8.3 shows the TIA spectra (a) and TIA dynamics (b) for sample A in the 
visible probing regime.  
 

 

Figure 8.3: TIA spectra (a) and TIA dynamics (b) in the visible probing range 
for sample A ([NC] = 2.1×1018 cm-3, [Er3+] = 2.8×1019 cm-3 and dNC = 3 nm) 
with pump energy of Epump = 3.65 eV. 

 
The spectra and dynamics are different from those of IR probing. For some 
specific energies a strange trend is seen where the signal decays towards zero for 
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very short delay times, and then recovers in a few picoseconds and subsequently 
does not decay to zero in a 1 ns time window. The dip observed at specific 
wavelengths is not seen for samples without Er3+ ions, prepared by the similar 
technique and having same concentration and sizes of Si NCs [127], and 
therefore must be Er-related. Figure 8.4, shows the TIA spectra (a) and TIA 
dynamics (b) for sample B. A clear difference in comparison to sample A can be 
seen. Here the signal becomes negative for some specific probe energies in the 
time window of a few picoseconds, after which it recovers and does not fully 
decay in 1 ns time delay range. 
 

 
Figure 8.4: TIA spectra (a) and TIA dynamics in the visible probing range for 
sample B ([NC]  = 4.1×1018 cm-3, [Er3+] = 5.8×1019 cm-3 and dNC = 3.5 nm) 
with pump energy of Epump = 3.65 eV. 

 
8.3 Discussion 
In case of IR probing, for both samples, the TIA signal increases towards the 
lower probing energy range. This is consistent with the theoretical description of 
the TIA cross section by the Drude model [128] and semi-empirical sp3d5s* tight-
binding calculations [129], and also experimentally observed for Si NC without 
Er3+ ions [127]. In the visible probing range, for high energy, we observe that the 
TIA signal is not decaying to zero even after 1 ns. Such a behavior has been 
observed before [127] and is assigned to the formation of the self-trapped 
exciton state; when captured in that state carriers can be probed only by photons 
whose energy exceeds a certain threshold. In the present study, we are unable to 
see the threshold of this process. Further experiments are required to confirm and 
explain the observed features. The appearance of a dip/negative signal is 
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something which has not been observed for the sample having only Si NCs. 
Figure 8.5 shows the fitted amplitude of the negative signal which represents the 
spectral dependence of the negative TIA; the difference between the two samples 
might arise from different characteristics, for example different sizes of Si NCs. 
Comparing the current results with those of Ref [130], we note that the negative 
TIA spectra matches the ‘hot PL’ spectra from Si NCs observed in that study. At 
this point we can only speculate that Er3+ ions somehow facilitate the ‘hot PL’ 
which appears in TIA spectroscopy and is responsible of the observed negative 
signal. This effect  has not been seen in Er-free sample. Further experimental 
investigations are required to confirm the proposed interpretation. The 
experimental efforts in this direction is going on at the time when this thesis is 
being written. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.5: Spectral dependence of the amplitude of the negative TIA signal. The 
amplitudes of the negative signal are obtained by fitting the TIA dynamics for 
1.7-2.7 eV probing range. 
 
 
 

 



 

 

 

 

 

 

CHAPTER 9  
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Outlook 
---------------------------------------------------------- 
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The scientific objective of the research presented in this thesis is to explore 
energy relaxation processes of optically excited Si and Ge nanocrystals. A 
fundamental understanding of these phenomena is an essential condition before 
these materials can be used for practical applications. The identification and 
deeper understanding of unique energy relaxation paths obtained in this study 
will open a new window of opportunity for these materials. In particular, in this 
work a different way of harvesting energy, which is typically lost to heat in 
conventional photovoltaic devices, is proposed. These losses are mainly due to 
inefficient conversion of photons in the ‘blue’ part of the solar spectrum. Our 
results demonstrate a method to transform the high-energy photons into multiple 
smaller ones, whose photovoltaic conversion can be more efficient. The present 
schemes of hot-carrier solar cells propose to use direct extraction of ‘hot’ 
charges created upon absorption of high-energy photons through resonant 
contacts. This is extremely challenging, since the extraction of hot carriers has to 
compete with their ultrafast thermalization. Here, an attractive alternative 
conversion of the excess energy into infrared photons is proposed. It is 
demonstrated that this ‘optical cooling’ can successfully compete with heat 
generation. As a result, high-energy photons are streamlined into infrared quanta 
whose energy can be optimized for the highest conversion efficiency. The 
proposed scheme makes use of Si nanocrystals and the popular rare-earth 
element erbium, thoroughly investigated in the past for possible uses in 
telecommunication networks. The choice follows from theoretical evaluations 
based on similar consideration for the multiple exciton generation and predicts 
the highest efficiency upon spectral conversion into 0.8 eV quanta – an energy 
equal to that of the first excited state of Er3+ ion. Our findings form the physical 
basis for a novel hot-carrier photovoltaic architecture which would then 
comprise (i) a standard Si solar cell with (ii) a non-contacted spectrum shaper in 
front, converting high-energy photons into IR, and (iii) a low bandgap cell on the 
back side for efficient harvesting of the IR photons, and would be capable of 
exceeding the Shockley-Queisser limit. In our investigations, we found that the 
external quantum yield of the IR photon generation by Er3+ ions shows ~ 15-fold 
enhancement in the high excitation energy range. This increase is entirely due to 
the efficient transfer of excess energy of hot carriers. We also showed that this 
process can be tuned by material parameters – the Si NC size and absolute and 
relative concentrations of Er3+ ions and NCs.  
Another important result of this thesis is the report on the observation of carrier 
multiplication in Ge NCs. While carrier multiplication has been reported for NCs 
of many semiconductors, Ge was missing from that list. Ge features a number of 
unique properties, such as superior level of chemical purity, a very special and 
strain-tunable band structure with only a small difference between energies of 
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the indirect and direct bandgaps, large absorption cross-section and a large Bohr 
radius, among others. These prominent features make Ge interesting for photonic 
and electronic applications. Ge NCs also are very interesting for detectors and 
photovoltaics. In the latter case, if the idea of a simple single p-n junction is 
abandoned and devices making use of carrier multiplication are developed, Ge 
might become the material of choice, since Ge NCs offer the possibility for 
realization of the most convenient bandgap, according to theory. Our study 
shows that carrier multiplication; 

1. does take place in Ge NCs, 
2. is considerably more efficient than impact excitation in bulk Ge, 
3. occurs with only a minimal energy loss. 

The results obtained in the studies presented in this thesis open new directions of 
research and opportunities, where the most important one is the material 
optimization. While the processes have been demonstrated experimentally, they 
are not been currently applied to practical devices. The follow-up studies will 
focus on further improvements by tweaking material properties. In particular, 
this concerns increasing the conversion efficiency of photovoltaics by integrating 
these materials in photovoltaics.    
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Summary 
------------------------------------------------------------------------------------------------- 
This thesis entitled “Energy relaxation in optically excited Si and Ge 
nanocrystals” presents the PhD research carried out at the Van der Waals-
Zeeman Institute at the University of Amsterdam. Optical spectroscopy of 
semiconductor nanocrystals has been conducted in order to gain insights on the 
energy relaxation processes going on in these quantum confined materials. This 
will help in development of new concepts and materials that could find their way 
to various applications and, e.g., increase the efficiency of photovoltaic 
conversion. 
The first chapter starts by recalling the importance of semiconductors, in 
particular silicon and germanium. Quantum confinement effects in the 
nanometer sized silicon and germanium are discussed. These effects make 
nanocrystals and nanoclusters of these materials interesting for electronic and 
photovoltaic applications. Next, keeping an eye on some unique properties of 
germanium, the ‘mystery’ surrounding emission from germanium nanocrystals  
is briefly summarized. Rare earth doped semiconductors are discussed, 
especially the sensitization of erbium photoluminescence in silicon dioxide by 
silicon nanocrystals. Next, carrier multiplication in nanocrystals and its 
importance for photovoltaics is described. The first chapter ends with a short 
description concerning the structure of this thesis. 
Chapter 2 discusses the details of the sample preparation techniques and the 
samples used in this study. Various instruments used for optical spectroscopy, 
including excitation and detection systems used for different wavelength ranges, 
are described. Experimental techniques for determining absorption (linear and 
induced) are discussed. Also the instrumentation and the scaling procedure use 
for obtaining the quantum yield are described. 
In Chapter 3, the study of temperature-dependent photoluminescence from 
erbium-doped silicon dioxide sensitized with silicon nanocrystals is presented. 
Special emphasis is on the observation of fast erbium-related photoluminescence 
at 1.5 μm. This emission has been observed in the past and was assigned to the 
defects in SiO2 matrix. In this study, on the basis of time-resolved and 
temperature-dependent measurements, it is confirmed that the major part of this 
emission is erbium-related. 
Chapter 4 presents the study of the external quantum yield of erbium-related 
photoluminescence from erbium-doped silicon dioxide sensitized with silicon 
nanocrystals. The quantum yield of this emission is constant at low pump 
energies and increases in a step-like manner above a certain threshold of 
excitation energy.  The enhancement of the external quantum yield is assigned to 

 



                                                                                                                  Summary 
112                                                                                                                                                     
 
the increased contribution of hot-carrier mediated excitation of erbium ions. In 
this way the excess energy of hot carriers generated in nanocrystals, otherwise 
lost as heat, can be optically extracted by exciting (multiple) erbium ions. 
Influence of the nanocrystal size and concentration, and the erbium-to-
nanocrystal concentration ratio on external quantum yield of erbium-related 
emission is investigated in detail and discussed. Multiple erbium ion excitation 
routes and the possible application scheme for photovoltaics are considered. 
In Chapter 5, observation of carrier multiplication in germanium nanocrystals is 
described. Transient induced absorption spectroscopy is used to determine the 
efficiency of this process. The procedure used to establish this effect is described 
in detail. A Carrier multiplication rate of approximately 190% is observed at 2.8 
times the optical bandgap of germanium nanocrystals. On the basis of this result,  
it is concluded that the carrier multiplication in germanium nanocrystal is much 
more efficient then the impact excitation in bulk germanium. 
Chapter 6 deals with the structural and optical study of solid-state dispersions of 
germanium nanocrystals prepared by plasma-enhanced chemical vapor 
deposition. Based on the material characteristics, a possible microscopic origin 
of the individual emission bands is discussed and excitonic emission from very 
small germanium nanocrystals is suggested to be responsible for one of them. 
Other emission bands possibly related to defects are also identified.  
Chapter 7 and 8 summarizes the results of the ongoing and still not finalized 
investigations by transient induced absorption spectroscopy. In Chapter 7, 
transient induced absorption spectroscopy of geranium nanocrystals is presented. 
Ultrafast carrier dynamics show interesting features, especially the observation 
of a prominent fast, of the order of few picosecond, negative signal in infrared 
and visible range of probe energies. Mechanisms that could give rise to such an 
effect are considered and the possible existence of additional states inside the 
bandgap of germanium nanocrystals is postulated. 
Transient induced absorption spectroscopy of erbium-doped silicon dioxide 
sensitized with silicon nanocrystals is presented in Chapter 8. Again here, the 
concern is the observation of a fast negative induced absorption signal for the 
visible probing range. Possible explanations are postulated, while clearly further 
investigations are required. 
Finally, an outlook of the research is given in Chapter 9. 
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Samenvatting 
------------------------------------------------------------------------------------------------- 
In dit proefschrift wordt het PhD onderzoek getiteld “Energy relaxation in 
optically excited Si and Ge nanocrystals” gepresenteerd. Dit onderzoek is 
uitgevoerd aan het Van der Waals  - Zeeman Instituut aan de Universiteit van 
Amsterdam. Door middel van optische spectroscopie zijn silicium en germanium 
nanokristallen onderzocht om op die manier meer inzicht te krijgen in de 
mogelijke relaxatieprocessen die geëxciteerde elektronen ondergaan in deze 
materialen. De belangrijkste doelen hierbij zijn het ontwikkelen van nieuwe 
(halfgeleider) materialen en concepten waarmee o.a. het rendement van 
zonnecellen aanmerkelijk verhoogd kan worden.  
In het eerste hoofdstuk worden belangrijke eigenschappen van halfgeleiders 
samengevat, in het bijzonder van silicium en germanium. Het zogenaamde 
“quantum confinement effect” speelt een belangrijke rol en is daarom van belang 
voor nanokristallen en nanoclusters. Dergelijke nanogestructureerde materialen 
bieden de mogelijkheid om bestaande technologieën in de zonnecelindustrie en 
elektrische eigenschappen te verbeteren en zelfs te vernieuwen. Vervolgens 
wordt er verder ingegaan op het ‘mysterie’ omtrent de emissie van germanium 
nanokristallen en worden de belangrijkste eigenschapen van deze halfgeleider 
besproken. Ook nanokristallen die gedoteerd zijn met zeldzame aardmetalen, in 
het bijzonder silicium nanokristallen in een siliciumdioxide matrix die gedoteerd 
is met erbium ionen, wordt toegelicht. Daarna het ladingsdrager-
vermenigvuldiging-effect in halfgeleiders besproken wordt, dat van belang is 
voor het verbeteren van de efficiëntie van zonnecellen. Het eerste hoofdstuk 
wordt afgesloten met een beschrijving van de opbouw van dit proefschrift. 
Details met betrekking tot de gebruikte apparatuur en experimentele technieken 
worden besproken in hoofdstuk 2. Verscheidene methoden om de onderzochte 
materialen te prepareren worden uitgelegd. De detectiesystemen en 
excitatiebronnen waarmee een groot scala aan golflengten bereikt kan worden - 
welke gebruikt worden voor optische spectroscopie - worden beschreven. Daarna 
worden de technieken waarmee de (lineaire en geïnduceerde) absorptie wordt 
gemeten uitgelegd. Als laatste wordt de methode toegelicht waarmee de 
kwantumefficiëntie van fotoluminescentie van de onderzochte materialen is 
gemeten.  
In het derde hoofdstuk wordt verder ingegaan op het effect van de temperatuur 
op de fotoluminescentie onder invloed van het toevoegen van erbium ionen aan 
de siliciumdioxide matrix waarin zich tevens silicium nanokristallen bevinden. 
Er wordt nadrukkelijk gefocust op de snelle 1.5 μm emissie die afkomstig is van 
erbium. Deze emissie is in eerdere onderzoeken waargenomen en werd hiervoor 
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gerelateerd aan defecten in de siliciumdioxide matrix. In dit onderzoek is echter 
aangetoond, op basis van temperatuurafhankelijke en tijdgerelateerde 
fotoluminescentie metingen, dat het overgrote deel van de snelle 1.5 μm emissie 
direct afkomstig is van erbium.  
Hoofdstuk 4 bevat de beschrijving van het onderzoek dat verricht is aan de 
externe kwantumefficiëntie van de gedoteerde siliciumdioxide matrix met 
erbium, waar zich ook silicium nanokristallen bevinden. De kwantumefficiëntie 
van de emissie is constant voor lage excitaties welke stapsgewijs toeneemt vanaf 
een bepaalde grenswaarde. Het toenemen van de kwantumefficiëntie wordt 
toegeschreven aan de bijdrage aan emissie door hete elektronen van erbium 
ionen. Wanneer er een elektron-gat paar in een silicum nanokristal aangeslagen 
wordt met een energie groter dan de bandkloof, gaat een deel van de energie 
verloren als warmte. In dit geval kan juist deze energie één of meerdere erbium 
ionen aanslaan, wat vervolgens tot 1.5 μm emissie kan leiden. De invloed van de 
nanokristalgrootte en de hoeveelheid erbium ionen is onderzocht en wordt in 
detail besproken. De mogelijkheden om meerdere erbium ionen aan te slaan en 
de daarbij behorende mogelijkheden tot het verbeteren van zonnecellen worden 
toegelicht.  
In hoofdstuk 5 wordt het ladingsdrager-vermenigvuldigings-effect in germanium 
nanokristallen beschreven. Door middel van tijdgerelateerde geïnduceerde 
absorptiemetingen op een femtoseconde tijdschaal wordt dit proces onderzocht. 
De procedure waarmee dit onderzoek is uitgevoerd wordt in detail beschreven. 
Door toedoen van het ladingsdragers-vermenigvuldigings-effect is een toename 
van 90% in de efficiëntie waargenomen voor germanium nanokristallen, voor 
een energie gelijk aan 2.8 maal de bandkloofenergie. Er wordt geconcludeerd dat 
het ladingsdrager-vermenigvuldigings-effect efficiënter is in germanium 
nanokristallen dan in bulk germanium.  
Germanium nanokristallen die door middel van “plasma-enhanced chemical 
vapor deposition” vervaardigd zijn en waarop structurele analyse is uitgevoerd, 
worden besproken in hoofdstuk 6. Er wordt, gebaseerd op de onderzochte 
materiaaleigenschappen, gespeculeerd over de oorsprong van individuele 
emissiebanden waarbij in het bijzonder emissie afkomstig van kleine germanium 
nanokristallen wordt aangetoond die verantwoordelijk zijn voor het ontstaan van 
dergelijke banden. Overige emissiebanden die mogelijk tot stand komen door 
defecten worden ook onderzocht en toegelicht.  
In hoofdstuk 7 en 8 worden de resultaten van nog lopende onderzoeken 
samengevat. In hoofdstuk 7 wordt er dieper ingegaan op tijdgerelateerde 
karakteristieken van hete ladingsdragers in germanium nanokristallen die 
onderzocht zijn door middel van geïnduceerde absorptiemetingen. Deze 
ultrasnelle metingen tonen interessante eigenschappen aan, met name een 
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negatief geïnduceerd absorptiesignaal op een picoseconde tijdschaal. Mogelijke 
mechanismen die verantwoordelijk zijn voor dergelijk gedrag worden in acht 
genomen en de mogelijke aanwezigheid van aanvullende toestanden in de 
bandkloof van germanium nanokristallen worden beschreven. Geïnduceerde 
absorptiemetingen zijn ook verricht aan gedoteerd siliciumdioxide met erbium 
ionen waarin zich ook silicium nanokristallen bevinden. Dit wordt beschreven in 
hoofdstuk 8. Ook hierbij is een negatief signaal van enkele picoseconden 
waargenomen voor golflengten in het zichtbare gedeelte van het lichtspectrum. 
Mogelijke verklaringen worden hiervoor gegeven. Desalniettemin is het van 
belang dat dit verder onderzocht wordt. 
Tenslotte worden er in hoofdstuk 9 suggesties gedaan voor vervolgonderzoek, 
gebaseerd op de hier gepresenteerde resultaten. 
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