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Summary 
 
The research presented in this thesis is aimed at evaluating the potential of nanostructured 
semiconductors (e.g. quantum dots) as light-absorbing materials in next generation solar 
cells. The search for novel light-absorbing materials that convert light more efficiently into 
electricity is motivated by the relatively low efficiency of conventional, single bandgap, 
solar cells. According to the theoretical Shockley-Queisser limit, no more than 30% of the 
energy of incident solar light can be converted into electrical energy by a silicon solar cell. 
This limited conversion efficiency is a result of two fundamental drawbacks of silicon solar 
cells: firstly, the infrared part of the solar spectrum is not absorbed by silicon, since the 
infrared photons do not have enough energy to excite electrons over the bandgap (1.1 eV 

for silicon, corresponding to a photon wavelength of  ~ 1100 nm). Secondly, the 

absorption of photons with energy in excess of the bandgap results in generation of ‘hot’ 
electrons and holes. These ‘hot charge carriers’ relax to the band edges via sequential 
emission of phonons on ultrafast timescales. Via this so-called rapid ‘thermalization’ 
process, the excess energy of visible photons is converted into phonons (or heat).  

Various strategies are being pursued to design solar cells that can overcome the 
Shockley-Queisser limit by harvesting the excess energy of visible photons. To prevent that 
the excess energy of visible light is lost as heat (via thermalization), control of the 
relaxation of hot carriers to the lowest excited state is required. QDs have been proposed as 
light absorbing materials for future solar cells because of potentially favorable relaxation 
characteristics of hot carriers. Two QD-based solar cell concepts are briefly discussed 
below:  

 ‘Hot carrier’ QD solar cell: a configuration in which the excess energy of visible 
photons is utilized, by extracting carriers from ‘hot’ energy levels in QDs before 
intraband relaxation (thermalization) can take place. Thermalization via phonon 
emission was predicted to be slower in QDs due to the discrete nature of the energy 
levels: since the spacing between energy levels in QDs is much higher than typical 
phonon energies, thermalization can only occur via simultaneous emission of multiple 
phonons, which was thought to be a process with low probability (hence slow). The 
possibility of harvesting hot carriers in solar cells is advantageous because it results in 
higher photo-voltages. Hot energy levels in QDs can be populated by direct absorption 
of high-energy photons, or by a combination of inter-band (near IR – visible) and intra-
band (IR) transitions.  

 QD solar cell based on Carrier Multiplication (CM): CM is an alternative approach to 
utilize the energy of visible photons more effectively. In the CM process, the excess 
energy of visible photons is used to excite additional electrons over the energy gap. In 
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bulk materials, this process is relatively inefficient since hot carriers relax faster via 
thermalization than via CM, but it was predicted that CM would be more efficient in 
QDs because of reduced thermalization rates and increased Coulombic interaction 
between carriers. The occurrence of efficient CM leads to multiple electron-hole pairs 
per absorbed photon, resulting in higher photo-currents for a given solar flux.  

 
From the above, it is clear that the dynamics of various carrier relaxation, 

recombination, and extraction processes are crucial factors that determine the light 
conversion efficiency in a QD-based solar cell. Throughout this thesis, we have employed 
various ultrafast spectroscopic techniques to gain insight in these dynamic processes. 
Especially, we used THz time-domain spectroscopy (THz-TDS) to monitor carrier 
dynamics in QDs and bulk semiconductors. In a typical THz experiment, the material under 
investigation is excited with a femtosecond (100 fs = 10-13 s) duration visible laser pulse. 
The transient behavior of the photo-generated carriers is probed with a second pulse of ~ 
picosecond (1 ps = 10-12 s) duration centered at THz frequencies (~ 0.2 – 2 THz). The 
oscillating electric field of the THz probe interacts strongly with charge carriers and the 
complex photoconductivity of a material can be extracted from the transmitted THz pulse. 
Changes in the amplitude of the transmitted THz transmission are related to real 
conductivity, associated with the absorption of THz light. The real conductivity gives 
information about the number and mobility of free carriers in semiconductors, since THz 
light is strongly absorbed by free carriers. In addition, the phase-shift of the transmitted 
THz pulse through a sample is related to the imaginary conductivity, which is related to the 
(photo-induced change in) refractive index of a material. The shape of the complex 
frequency dependent conductivity at THz frequencies gives information about the nature of 
carrier conductivity in a material. By recording the photoconductivity at various pump-
probe delays, one can investigate various dynamic processes of carriers in quantum dots and 
bulk semiconductors. The most important results of these experiments are summarized 
below. 

Since slow intraband relaxation is crucial for the QD hot carrier concept, we examined 
in Chapter 3 the dynamics of intraband relaxation of electrons from the 1Pe  1Se level in 
InAs QDs. However, we observed fast intraband (< 1 ps) relaxation dynamics that can be 
accounted for by an Auger mechanism, in which the excess energy of the 1Pe electron is 
transferred to a cold hole. This finding is consistent with previous reports on hot carrier 
relaxation in type I QDs (in which the electron and hole wavefunctions reside in the same 
volume) like CdSe and InP QDs. A prerequisite for slow intraband relaxation in QDs is that 
the Auger relaxation pathway is suppressed. This can be achieved by separating the electron 
and hole wavefunctions in a type II QD architecture, but this approach is useful only if both 
the electrons and the holes can be easily extracted, which is difficult in a core-shell 
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geometry. Therefore, future research in QD hot solar cells should focus on the realization of 
new type II QD geometries, such as dumbbells, in which effective charge separation is 
combined with the possibility of charge extraction. 

In Chapter 4, we evaluated the CM factor (i.e. number of generated excitons per 
absorbed photon) in InAs QDs. Although initial measurements indicated the occurrence of 
efficient CM, this result could not be reproduced under optimized experimental conditions. 
After having identified several experimental pitfalls that can lead to the overestimation of 
the CM factors in pump-probe experiments, we discarded our initial results of highly 
efficient CM, and concluded that CM does not occur with significant efficiency in InAs 
QDs. The results in Chapter 4 are representative for the controversy in the CM community, 
where contradicting CM factors have been reported for various QD materials. The central 
question in this debate is whether CM is enhanced in nanostructured materials (i.e. QDs) 
compared to bulk material. To answer this question, the reported CM factors for QDs had to 
be compared with reliable CM factors for bulk material. However, for the model materials 
in CM research, PbSe and PbS, no reliable data on the bulk CM factors was available. 
Therefore, we used THz-TDS in Chapter 5 to quantify the CM factors for these materials 
after excitation with wavelengths ranging from the ultraviolet to the infrared. Our results 
indicated that the CM factors were actually higher in bulk material than in the majority of 
reported QDs measurements. We could quantitatively account for the observed CM factors 
in both bulk and QDs by means of tight-binding calculations in which the relaxation of hot 
carriers was modeled as a competition between thermalization and impact ionization. From 
these calculations, it follows that the probability of impact ionization is lower in QDs 
compared to bulk because of the reduced density of final states in QDs owing to 
discretization of energy levels. To assess the usefulness of CM in a QD solar cell, however, 
the value of the CM factor is not the most relevant parameter, because of the larger energy 
gaps in QDs due to quantum confinement. As a result, the CM factor does not contain 
information about the fraction of the photon energy that is converted into excitons, and 
therefore the energy efficiency, i.e. the fraction of photon energy used to generate electron-
hole pairs (defined as the ratio between the CM factor*Eg and the photon energy) is a more 
useful quantity. Our calculations reveal that, although the CM factors are lower in QDs than 
in bulk, the energy efficiency is higher in QDs. Despite this fact, we demonstrate in Chapter 
5 that there is still little to no benefit of CM in QD solar cells, since the CM-related increase 
of the energy efficiency is only significant for excitation with ultraviolet light, which 
comprises a small fraction of the solar spectrum. For future research on CM, the following 
considerations are important: it is unlikely that impact ionization can be made faster in 
QDs, since the rate of impact ionization is strongly determined by the density of final states, 
which is inherently lower in QDs compared to bulk. Hence, future research should focus on 
materials in which slower thermalization can be realized. In the context of CM in QDs, the 
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realization of slow relaxation from the 1Pe  1Se energy level is not enough, since the 
energy associated with typical 1S-1P transitions is insufficient to excite additional electrons 
over the energy gap. To realize efficient CM at visible frequencies, (nano)materials should 
be synthesized in which slow thermalization of hot carriers at large excess energies (> Eg) 
is realized. This is very challenging. 

To convert photo-generated excitons in QDs into an electrical current, electrons and 
holes need to be separated and directed towards different external contacts. In Chapter 6, we 
have investigated a possible ‘charge extraction’ configuration, in which QDs are chemically 
coupled to a mesoporous oxide film, facilitating electron injection from QDs into the oxide. 
This concept is analogous to the dye-sensitized ‘Grätzel’ cell, the only difference being that 
the dyes are replaced by QDs. Using a wide range of spectroscopic techniques (Transient 
Absorption, time-resolved luminescence, and THz-TDS) in conjunction with device 
measurements, we have investigated injection of electrons from QDs into these oxide films. 
We did not observe electron injection in TiO2 sensitized with PbSe QDs, which can be 
explained by an unfavorable energy alignment between the QD 1Se level and the TiO2 
conduction band edge. In contrast, electron injection was observed in a PbSe-sensitized 
SnO2 film, which can be explained by the lower energy of the SnO2 conduction band edge. 
For both the SnO2 and the TiO2 sensitized films, TEM images indicate that QDs clusters 
form at the oxide surface. THz-TDS measurements indicated that, following photo-
excitation of QD-sensitized films, mobile carriers were generated in these clusters that 
recombined within tens of picoseconds. Since the QD clusters act as recombination centers, 
their formation in QD solar cells should be avoided. Another observation in Chapter 6 was 
that the interpretation of spectroscopic signals is sometimes challenging, since the QD-
sensitized oxide films are by no means defect-free: for instance, quenching of the QD 
luminescence can readily be interpreted as electron injection but can also result from 
trapping at the QD-oxide interface or by energy transfer within QD clusters. To ensure that 
spectroscopic data is not wrongly interpreted as electron injection, spectroscopic 
measurements should always be complemented with the measurement of macroscopic 
currents (e.g. measurement of I-V characteristics). In general, the understanding of electron 
extraction from QDs is rather limited at present. Much can be learned from the – analogous 
– research on electron injection from dyes into oxide films, since the parameters that 
influence injection kinetics are very similar for both systems. In future research, a 
systematic study is needed to asses the effect of the density of accepting states in the oxide, 
electronic coupling between the QD and the oxide, and the energy alignment between QDs 
and the oxide on charge extraction dynamics. Also, suitable electrolytes should be 
developed for QD-sensitized solar cells, since the conventional electrolyte in dye-sensitized 
cells (based on an I-/I2 redox couple) causes photo-degradation of QDs. In parallel, the 
effect of this new electrolyte (that is optimal for QD-sensitized solar cells) on electron 
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injection dynamics needs to be investigated, since we have demonstrated in Chapter 7 that 
the electrolyte strongly affects the rate of electron injection in dye-sensitized solar cells. 

Summarizing, QDs were pictured in Chapter 1 of this thesis as potentially promising 
building blocks for future solar cells, because of their special optical properties (high 
extinction coefficients, size-tunable energy gap) and because of their special carrier 
recombination and carrier relaxation characteristics. After four years of research, the 
promise of QDs for use in solar cells still holds, but several challenges associated with 
utilization of the special properties of QDs in photovoltaic applications have become 
apparent. It is more difficult than previously thought to slow down intraband relaxation of 
hot carriers in QDs and furthermore, the efficiency of Carrier Multiplication in QDs is not 
as high as previously reported. And although the optical properties of QDs may be 
excellent, the extraction of carriers from QDs towards external contacts is more 
complicated than in e.g. bulk silicon solar cells. Therefore, to fulfill the promise of QD 
solar cells remains a formidable challenge and considerably more research is needed to 
overcome the significant scientific and technological issues that currently prohibit the 
commercialization of QD solar cells.   




