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Summary 
The development and progress on semiconducting materials are among the greatest 

achievements made by human beings. Integration of these materials in our daily life has 
drastically changed the world we are living and had a strong impact on our quality of life and 
our habits. Semiconducting technologies can be found in numerous devices around us starting 
from LED light bulbs to smartphones, computers and televisions. Typically, semiconductors 
are imagined as crystalline materials which require high temperature and sophisticated 
equipment for fabrication. While this is true for silicon and other classical inorganic 
semiconductors developed in the 20th century, nowadays there are a series of emergent novel 
solution-processable materials which are revolutionizing the way to think about 
semiconductors. 

Solution-processable materials started to emerge within the last few decades. They can 
be synthesized in solution and applied for device fabrication from solution by using various 
fabrication techniques. The expectations for these materials are high since they are expected 
to be cheaper to produce thanks to the scalable fabrication methods that can be adopted. Most 
noticeable examples of such materials are carbon nanotubes, graphene, fullerenes, 
semiconducting polymers and small conjugated organic molecules, metal halide perovskites, 
colloidal quantum dots (CQDs).  

This thesis is dedicated to CQDs. They can be imagined as tiny spherical nanocrystals 
of semiconducting materials which are covered with a layer of surfactants. They exhibit size-
tunable band gap that can be tuned quite largely if a proper semiconductor is chosen. Besides 
this, they attract the interest of researchers due to their high chemical stability, potential low-
cost of production, which include both synthesis and deposition in thin films. When a narrow 
band-gap (bulk)semiconductor is selected such as PbS or PbSe, CQDs of this material offer 
a few advantages such as the possibility to use the infrared part of the solar spectrum in solar 
cells, and the efficient emission or detection of infrared light. There are already a few 
examples of successful commercialization of CQD technologies, for example CQDs are used 
in few TV displays for their high color purity. Hopefully, continuous progress in research 
will bring more CQD technologies to consumers.   

A lot of progress in CQD devices occurred after the introduction of the short inorganic 
ligands, such as halide ions. While iodide and chloride had been reported in literature, 
information on the possible use of fluoride ligands was scarce despite high attention to 
investigating of the other halides. In the work reported in Chapter 2, we demonstrated 
effective coating of PbS CQDs with fluoride ligands and compared to the results obtained 
with other halides. We found that optical and transport properties of halide-treated PbS CQD 
films show a trend-wise behaviour on halide size. Films of PbS CQDs capped with fluoride 
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and chloride ligands showed a stronger p-type character than the one capped with iodide, this 
allowed to utilize them as a hole transporting layer in CQD solar cells. 

The obtainment of p-type PbS CQD layers is important not only for solar cells but also 
for other types of devices. The most common synthetic methods result in PbS CQDs with an 
excess of Pb atoms, which cause intrinsic n-doping of the CQD solids. In Chapter 3, a new 
synthesis of PbS CQDs with an excess of S atoms is reported. The method is based on the 
sulfurization of commonly used oleate-capped PbS CQDs. The resultant CQDs are S-rich 
and can be dispersed in nonpolar solvents. We developed a ligand exchange protocol for this 
new material which allows to tune the electron mobility within two orders of magnitudes, 
while keeping the hole mobility roughly at the same level (around 1×10-2 cm2/Vs). As 
expected, field-effect transistors made from this new CQDs show strongly hole-dominated 
transport properties. 

Device fabrication in Chapters 2 and 3 was done by using a layer-by-layer approach. 
This tedious multistep process results in a large waste of precious materials and has 
limitations related to the amount of defects in the films and the thickness achievable. 
Successful industrialization of CQD technologies will most probably rely on the deposition 
of relatively thick conductive CQD films in a single step. After the synthesis, PbS CQDs are 
typically covered with long insulating molecules, which are necessary to replace with shorter 
entities to enable electronic transport. This can be done by preparation of colloidal 
dispersions (inks) consisting of CQD with short ligands. While some of this inks have 
demonstrated to allow the fabrication of efficient solar cells, the shelf time of the most 
popular inks (which employ butylamine as a solvent) is below a few hours. In Chapter 4 we 
explored two polar solvents, namely propylene carbonate and 2,6-difluoropyridine as ink’s 
solvents. Inks of PbS caped with methylammonium lead iodide ligands retained colloidal 
stability for more than 20 months both in concentrated and diluted solutions using both these 
solvents. The ageing and the loss of the ink’s stability is investigated with optical, structural, 
and transport measurements. Our results show that both solvents can be used for the 
fabrication of highly stable inks. 

Chapter 5 discusses how these highly stable PbS CQD inks can be used for the 
fabrication of near-infrared light-emitting field-effect transistors (LEFETs). The ink 
deposited CQD film exhibits electron-dominated transport with a few orders of magnitude 
lower hole mobility. This is not ideal for efficient LEFETs, which require ambipolar 
transport. Therefore, we introduced in the device a p-type layer composed of polymer-
wrapped semiconducting carbon nanotubes. The combination of these two materials in a 
bilayer structure results in well-balanced ambipolar transport characteristics with high charge 
carriers mobility of about 0.2 cm2/Vs both for electrons and holes. Electroluminescence 
quantum efficiency of 1.2×10-4 at room temperature was obtained, which is one order of 
magnitude higher than previously reported results. 
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In summary, this thesis demonstrates how to fabricate highly stable CQD inks and a few 
approaches of controlling their electronic transport together with the implementation of this 
materials in relevant optoelectronic devices. We have proposed solutions to a few yet 
unsolved challenges affecting the pathway towards CQD application. All our findings show 
the high potential of CQDs for next generation optoelectronic technologies.  
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