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1. Introduction 
In this chapter I will introduce the aspects of the colloidal quantum dot (CQD) science 

that are relevant to understanding the details of this PhD thesis. I will start describing the 
physical properties of colloidal quantum dots that make them unique, will continue 
discussing their synthesis and the influence of the capping ligands and of the surface 
chemistry on the optoelectronic devices fabricated with CQDs. Finally, I will describe the 
basic working principle of the CQD devices used in this work. 
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Colloidal quantum dots (CQDs) are inorganic semiconducting nanocrystals with typical 
size ranging from 3 to 10 nm. Due to their small size, they exhibit a unique set of physical 
properties, the most noticeable of them is the size-dependent optical and electronic properties. 
In contrast to the epitaxial quantum dots, colloidal quantum dots can be synthesized in 
solution and form stable colloidal dispersions due to presence of ligands (molecules or other 
species which bind to their surface of CQDs). CQDs can be used as building blocks for 
bottom-up device fabrication starting from solutions. In the last fifteen years, they were 
successfully applied in solar cells,[1,2] field-effect transistors (FETs),[3] inverters,[4] 
photodetectors,[5] light-emitting diodes,[6] light-emitting transistors[7,8] and other 
optoelectronic devices. The huge progress of last years in CQD devices is determined by the 
development of better synthesis techniques and better control of the surface properties by 
means of ligands.  

1.1 Quantum confinement effect 

The unique properties of CQDs are arising from the quantum confinement effect. This 
effect occurs when the physical size of a CQD is comparable or smaller than the exciton Bohr 
radius of the bulk material they are made of. The exciton Bohr radius (𝑟𝑟𝐵𝐵𝐵𝐵ℎ𝑟𝑟)  can be express 
as: 

𝑟𝑟𝐵𝐵𝐵𝐵ℎ𝑟𝑟 =  
𝜀𝜀𝑟𝑟ℏ2
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where 𝜀𝜀𝑟𝑟 is the dielectric constant of the material, 𝑚𝑚𝑒𝑒  and 𝑚𝑚ℎ are the effective masses 
of the electron and hole, respectively.  

The quantum confinement effect leads to size-tunable band gaps for CQDs. An 
outstanding visual example of this effect can be seen in CdSe CQDs (Figure 1.1) where 
decreasing the core size from 5 to 1.7 nm shifts the emission color from red to blue.[9]  

 

Figure 1.1 Distinguishable change of the emission color of CdSe CQDs with different 
core size. The image adapted from the reference [10].  
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The following equation, also known as Brus equation can be used for a 
phenomenological estimation of the band-gap.[11]  

𝐸𝐸𝑔𝑔
𝑄𝑄𝑄𝑄 =  𝐸𝐸𝑔𝑔𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 −
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where 𝐸𝐸𝑔𝑔
𝑄𝑄𝑄𝑄  is the band gap of a CQD, 𝐸𝐸𝑔𝑔𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵  is the bulk band gap of the given 

semiconductor, 𝑅𝑅 is the radius of the CQD, 𝜀𝜀𝑟𝑟 is the dielectric constant of the semiconductor, 
𝜀𝜀0 is the dielectric constant of vacuum. This equation is derived by using the particle-in-a-
box model for the spherical potential. 

Figure 1.2A shows the transition from continuous density of states (DOS) of a bulk 
three-dimensional semiconductor to the discrete levels of a zero-dimensional CQD (Figure 
1.2B). CQDs display discrete electronic energy levels and this is the reason why CQDs are 
sometimes called “artificial atoms”. The 𝐸𝐸𝑔𝑔

𝑄𝑄𝑄𝑄  is depicted on the Figure 1.2B and it is the 
smallest energy of the first allowed electronic transition. The dependence of the 𝐸𝐸𝑔𝑔

𝑄𝑄𝑄𝑄  from 
the particle size in case of PbS, namely a semiconductor with identical electron and hole 
effective masses is depicted in Fig 1.2C. The relation between the band gap of CQDs and the 
size follows inverse relation to the particle size (as in equation 1.2). The 𝐸𝐸𝑔𝑔

𝑄𝑄𝑄𝑄 is therefore 
always higher than 𝐸𝐸𝑔𝑔𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 and approaches the bulk value only for the larger sizes of CQDs.  

The exciton Bohr radius in PbS is 18 nm and thus CQDs made of this semiconductor, 
with the size below 10 nm fall into the extreme quantum confinement regime.[12] Therefore, 
the band gap of these CQDs can be precisely engineered within the broad range of energy by 
tuning the size of CQDs.  

 

Figure 1.2. Schematic illustration of density of states (DOS) of a bulk semiconductor 
(A) and a quantum dot (B). Blue and red color lines represent the DOS of electrons and holes, 
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respectively. (C) The variation of a band gap of PbS CQD as a function of a CQD size based 
on the equation from the ref. [13] The grey dashed line represents the bulk band gap of PbS 
(0.41 eV). 

While the discrete nature of the DOS has been measured using scanning tunneling 
microscopy and low temperature single dot spectroscopy,[14–16] in Figure 1.3 the absorption 
spectra of a CQD dispersion, showing a very pronounced transition at 850 nm referred as the 
first excitonic transition, is reported. The energy of this transition gives an indication of the 
band gap of the CQDs (such approximation does not take into account the exciton binding 
energy). However, CQD dispersions always have slight variation of the particles size, which 
results in a distribution of the 1st excitonic peak position. For many applications 
monodisperse CQDs are required, as differences in dimension causes substantial energy 
disorder. For several CQDs such as CdSe and PbS, the synthesis is so well established, that 
they can be synthesized with the standard deviation of a diameter ≤ 5%, which corresponds 
to ± 1 lattice constant for the CQDs of a typical size.[12,16] 

 

Figure 1.3. Absorption spectrum of PbS CQDs capped with oleic acid in hexane. 

Previously, the electronic structure of CQDs was described by using the particle-in-a-
box model for the infinite spherical potential well. Since the potential well of real CQDs has 
a finite potential, the electron wavefunction can propagate outside the physical CQD volume 
and can be influenced by ligands and solvents. This propagation becomes even more 
important when CQDs are deposited in a form of a thin film – CQD solid. The reduction of 
the interdot distance in CQD films results in the overlapping of the wavefunctions of 
neighboring CQDs and the formation of the extended states as illustrated in Figure 1.4. 
Formation of the extended states is much more pronounced at smaller interdot distances 
where the exchange coupling energy increases. The exchange coupling energy (𝛽𝛽) increase 
is related to the tunneling rate of holes and electrons between neighboring CQDs and can be 
expressed as:[17,18]  
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𝛽𝛽 ≈ 𝑒𝑒𝑒𝑒𝑒𝑒 �−2∆𝑒𝑒�
2𝑚𝑚∗∆𝐸𝐸
ℏ2
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where 𝑚𝑚∗ is the effective mass of a carrier, ∆𝑒𝑒 and ∆𝐸𝐸 are the width and the height of 
the interdot potential barrier, respectively. Experimentally, the width of the interparticle 
barrier can be easily reduced by using short capping ligands. [18,19]  

 

Figure 1.4. (A) Transformation of discrete energy levels into extended electronic states 
at smaller interdot separation. Blue circles represent CQDs. (B) Dependence of the degree 
of coupling of electron and hole on interdot distance.  

Noteworthy, Figure 1.4B represents an ideal CQD solid where all the CQDs are identical 
(in terms of their size, shape and composition). Furthermore they have the same ligands, 
interdot spacing and number of nearest neighbors.[20] Real CQD solids consist of particles, 
that for synthetic reason, have slight differences in number and type of surface atoms, as well 
as in interdot distance and ordering. These energetic and positional disorders create bandtail 
states which go from the band edges into the gap, and deep midgap states, which hugely 
affect the physical properties of the solids.  

1.2 Synthesis of colloidal quantum dots 

The first free standing quantum dots were obtained in a glass matrix and later in colloidal 
dispersion almost four decades ago.[21] Nowadays, the most common method of high-quality 
CQD synthesis is hot injection. A typical setup for the hot injection synthesis is shown in 
Figure 1.5A. It consists of a three-necked round-bottom flask equipped with a condenser,  a 
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stirring magnet and a thermocouple. The outlet of the condenser is connected to the Schlenk 
line, thus the synthesis is performed under nitrogen atmosphere. Before the injection, the 
flask with the solution of one of the precursors is heated to the desired temperature and then 
the solution of the second precursor is quickly injected through the septum on the third neck 
of the flask. Molecular precursors such as inorganic salts or organometallic compounds are 
typically used for the synthesis.[18] 

 

Figure 1.5. (A) Schematic illustration of an apparatus for the synthesis of CQDs by hot 
injection. (B) Depiction of the stages of CQD synthesis according to La Mer model. The 
images are adopted from reference [22]. 

Figure 1.5B illustrates the different stages of CQD synthesis. After the injection, 
precursors start to decompose at high temperature to form monomers. When the 
concentration of monomers exceeds the nucleation threshold, they start to react between each 
other and form the nuclei. The nucleation is followed by the drop of precursor’s concentration 
and growth of CQDs. After the synthesis, the CQDs can undergo another process called 
Ostwald ripening. In this process, larger nanoparticles become bigger due to the dissolution 
of smaller nanoparticles. Sometimes, the ripening occurs after the isolation of CQDs from 
the reaction mixture and results in the self-narrowing of the nanoparticle size distribution.[23] 
An advantage of the hot injection method is the possibility to control the size of the CQDs 
simply by controlling the time of the reaction. For example, taking consecutive aliquots from 
the CdSe synthesis would result in batches with the gradual change of emission color from 
blue to red. The reaction can be stopped (quenched) when the desired CQD size is achieved 
by removing the heating and performing a fast cooling of the reaction mixture using a water 
bath. In practice, high-quality CQDs are often made by letting the growth phase to stop by 
itself, or in other words when all the monomers are consumed for the growth of the CQDs. 
Also, the size of the CQDs can be controlled by tuning the content of surfactants in the 
reaction mixture.  



 

- 7 - 

The presence of coordinating ligands (surfactants) in the reaction mixture is necessary 
to terminate the growth of the nanoparticles and to provide the colloidal stability to the CQDs.  
A typical molecule of a ligand consists of two parts: a polar head which can bind to the CQD 
surface and a long apolar tail. Common ligands which are used for the CQD synthesis are 
long-chain aliphatic molecules such as oleic acid (OA), oleylamine (Olam), dodecanethiol, 
trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO).[18] These ligands provide 
colloidal stability in non-polar solvents by the steric repulsion.  

Hot injection allows obtaining many types of semiconducting nanoparticles with 
variation in shape (quantum dots, nanorods, nanowires, nanoplates, tetrapods, etc.), ligands, 
and structure (core only, core-shell etc.). Various classes of classical inorganic 
semiconductors can be synthesized in form of CQDs, including II-IV (CdSe, ZnS), III-V 
(InP, GaAs), IV-VI (PbS, SnS), I–III–VI2 (CuInS2, AgInS2). While the number of synthesis 
reported is very numerous not all of them give rise to materials of high quality. The  best 
quality and therefore the most studied types of colloidal CQDs are obtained with lead and 
cadmium chalcogenides. This thesis is dedicated to optoelectronic devices based on PbS 
CQDs. 

PbS CQDs can synthesized from a variety of lead and sulfur precursors. The most 
common lead precursors are PbO,[23,24] PbCl2

[25,26] and Pb(OAc)2
[27]. The library of sulfur 

precursors include elemental sulfur,[25] thioacetamide (TAA),[26] bis(trimethylsilyl)sulfide 
(TMS-S)[23,24] and substituted thioureas[28]. Aside from the hot injection, PbS CQDs can be 
synthesized via the heat-up method[26] or continuous flow (microfluidics).[29,30] The heat-up 
method allows to reduce the labor cost and thus to drive the price of PbS CQDs below 11 
USD/gram.[31] Another promising approach is automated continuous synthesis of CQDs for 
example in microfluidic channels which results in photovoltaic-quality CQDs.[32–34] The 
synthetic cost analysis of PbS CQD synthesis by this method is unavailable.   

1.3 Faceting and the surface of PbS CQDs  

Bulk PbS has highly symmetric (fcc) rock salt structure with a lattice parameter of 
around 5.93 Å. The shape of as-synthesized PbS CQDs is considered as Archimedean 
truncated octahedron terminated with well defined (111) and (100) facets. Noteworthy the 
eventual presence of (110) facets is also observed and considered by rhombicuboctahedral 
model for the lead chalcogenide CQDs, but (110) facets are often neglected by the 
literature.[35] The (100) facets contain Pb2+ and S2- ions in alternating checkerboard 
arrangement while (111) facets comprise dense hexagonal arrangement of Pb2+. The 
coordination number of lead on (100), (110) and (111) facets 5, 4 and 3 respectively.[36]  

Here and further oleic acid-capped as-synthesized PbS CQDs will be considered, since 
oleic acid is the most commonly employed capping ligand during the synthesis of PbS CQDs. 
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Binding modes of oleic acid to the two main types of facets of PbS CQD are shown in 
Figure 1.6. Oleic acid binds to (100) facet as a neutral molecule in which the acidic proton 
of carboxylic group makes a bond with sulfur anions. All the lead atoms of (100) facets are 
bound to oleic acid. In contrast, since (111) facets consist of closely packed lead atoms, bulky 
oleic acid molecules cannot bind to all lead atoms. Therefore, it was proposed that oleic acid 
binds in a deprotonated form (as oleate anion) to the first lead atom while a hydroxyl group 
is introduced to passivate the adjacent lead atom.[37]  

 

Figure 1.6. Schematic illustration of the PbS CQD terminated with (100) and (111) 
facets and binding modes of native oleic acid ligands to these facets. The image is adopted 
from ref. [38]  

Obviously, the difference between the binding modes of oleic acid results in the 
difference between the binding energy to the surface. The binding energy of OA to (100) 
facet was found to be rather low (-0.16 eV) and the ligands bound to this surface are labile, 
while binding of oleate and hydroxyl to (111) facets is much stronger (-0.52 eV).[37] 
Therefore, OA molecules are much more likely to desorb from (100) facets. 

1.4 Ligand exchange 

As mentioned earlier, the surface of as synthesizes CQDs is covered with long organic 
ligands. These ligands provide colloidal stability to the CQD dispersion but hamper the 
electronic properties in CQD films by forming a dielectric barrier of ca. 1 nm around 
individual CQDs. Therefore, it is necessary to replace these long insulating ligands with short 
ones to enable the transport between the quantum dots in the film. This process is called 
ligand exchange and it is a crucial step during the device fabrication. There are two ways to 
perform ligand exchange: solid-state (known as layer-by-layer approach) and solution-state 
(so called phase-transfer ligand exchange).  



 

- 9 - 

Fabrication of devices using solid-state ligand exchange includes deposition of a few 
layers, each of which requires three main steps. Firstly, CQDs capped with native ligands are 
deposited (typically by spin-coating) from dispersion in a non-polar solvent like hexane of 
chloroform. Then the ligand exchange is performed by soaking the film into ligand solution 
in MeOH or CH3CN for a certain period of time. These solvents are chosen because they are 
orthogonal to the CQDs capped with native ligands and thus do not dissolve (wash away) the 
film of CQDs with native ligands underneath. Finally, the film is washed once or twice with 
the same solvent to remove the unreacted ligands (which are always used in excess) and 
unbound native ligands. To summarize, deposition of a thin layer requires three-four spin-
coating steps. Fabrication of a PbS CQD solar cell can require up to 16 thin layers or up to 
64 spin-coating steps.[39] Therefore, solid-state ligand exchange is very time-consuming and 
difficult to scale-up. Other drawbacks of this approach are high material waste and formation 
of defects and cracks in the film due to the film shrinkage during the replacement of long 
native ligands by short ones. Furthermore, this method has a quite limited choice of suitable 
solvent to dissolve the ligands and not the CQD layer. 

Introduction of solution-phase ligand exchange is a big step towards the industrialization 
of CQD technologies. This method is based on using two immiscible phases and transferring 
the CQDs from a non-polar into a polar media with subsequent replacement of the capping 
species. In a typical procedure, a dispersion of CQDs capped with native ligands in hexane 
or octane is added to a ligand solution in a highly polar solvent (for example 
dimethylformamide (DMF) or N-methylformamide (NMF)). Upon agitating the mixture by 
stirring or mixing, PbS CQDs are transferred to the polar phase and the non-polar phase 
(which was dark brown in the beginning) becomes colorless. The non-polar fraction is then 
discarded and the polar phase is washed a few times with a pure non-polar solvent to remove 
unbound native ligands. In the end, CQDs are precipitated by addition of an antisolvent 
(typically toluene or acetone), collected by centrifugation and re-dispersed in a polar solvent 
at a desired concentration. This final dispersion is called “ink” and can be used for single-
step deposition methods of thick and conductive CQD films by using different fabrication 
techniques, such as blade-coating,[40] dip-coating,[41] spray-coating,[42] ink-jet printing[43], 
etc.. The main disadvantages of solution-phase ligand exchange are: i) the high use of 
materials (mainly solvents); ii) additional labor time to prepare the inks; iii) difficulties in ink 
deposition from polar solvents; and iv) limited shelf lifetime of the inks.  

Both ligand exchange strategies allow decorating the surface of CQDs with various 
inorganic and organic ligands. Apart from tuning the barrier between CQDs, capping ligands 
have a big effect on the physical properties of the PbS CQD films. Figure 1.7 illustrates the 
influence of the typical ligands on the energy level diagram of PbS CQD solid.  
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Figure 1.7. Energy level diagrams of PbS CQDs capped with different ligands. Black 
lines correspond to the valence band, red – to the Fermi level, blue and green – to the optical 
and transport conduction bands. Standard deviation is represented by color bars. The image 
is adopted from the ref. [44] 

Typical ligands used for PbS CQDs include tetrabutylammonium (TBA) halides, 
ammonium thiocyanate, ethylenediamine (EDA) and thiols like 1,2-ethanedithiol (EDT), 3-
mercaptopropionic acid (MPA), benzenethiol (BT) and ortho-, meta- and parabenzenedithiol 
(BDT). The position of the conduction and valence bands can be tuned within almost 1 eV 
range depending on the chemical nature of the ligands and dipole moment. The dependence 
of the properties of CQDs on the capping ligands gives them additional tunability, in addition 
to size-dependent effects. 

1.5 Field-effect transistors 

The field-effect transistor (FET) is a versatile platform to study the influence of the 
ligands on the transport properties of CQD solids. A schematic structure of a basic bottom-
gate bottom-contact CQD FET is illustrated in Figure 1.8. In this configuration, the source 
and drain electrodes are pre-patterned by lithography and the CQD film is deposited on top. 
Often, highly doped silicon substrate is used as a gate electrode and grown on top SiO2 is 
used as a gate dielectric. 
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Figure 1.8. Sketch of the CQD field-effect transistor.  

The CQD film is in direct contact with the source and drain electrodes which serve for 
the injection and collection of the charge carriers from the channel. The channel is defined 
as the area between the source and drain electrodes which contains a semiconductor film. It 
is separated from the gate electrode by a gate dielectric forming a capacitor. By applying the 
gate voltage (𝑉𝑉𝐺𝐺) the charge carriers are induced in the channel thus the current in the channel 
flowing from source to drain can be modulated by the gate voltage. During the measurements, 
the source is grounded and voltage is applied to the gate and to the drain (𝑉𝑉𝑄𝑄) electrodes.  

The two basic I-V characterization measurements of a FET, are the output and transfer 
characteristics. In the output characteristics the gate voltage is constant and the dependence 
of the drain current versus the drain voltage is measured. This measurements are illustrated 
in Figure 1.9A.  

 

Figure 1.9. (A) Output characteristics of a field-effect transistor showing the linear 
regime (1), pinch-off (2) and saturation regime (3). Dashed line and in (4) represents 
inversion of the charge carriers in the channel in case of an ambipolar transistor. (B) 
Transfer characteristics of a FET showing the off state (5), subthreshold regime (6) and 
accumulation regime (7) in semilogarithmic (red) and linear scale (blue).  
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The output curve consists of a few regions. In the beginning, electrons are induced in 
the channel when the gate voltage exceeds the threshold voltage (𝑉𝑉𝑡𝑡ℎ) and the channel 
becomes conductive. Increasing the drain voltage leads to the linear growth of the drain 
current which can be denoted as: 

𝐼𝐼𝑄𝑄 =  𝜇𝜇
𝐶𝐶𝐶𝐶
𝐿𝐿

(𝑉𝑉𝐺𝐺 − 𝑉𝑉𝑡𝑡ℎ)𝑉𝑉𝑄𝑄 (1.4) 

Where 𝜇𝜇 is the mobility, C is the capacitance of the gate dielectric, 𝐶𝐶 and 𝐿𝐿 are the 
channel width and length of the transistor. In this region the FET is in the linear regime (1) 
(see Figure 1.9A) and it occurs when 𝑉𝑉𝑄𝑄 ≪ (𝑉𝑉𝐺𝐺 − 𝑉𝑉𝑡𝑡ℎ). Further increasing of drain voltage 
leads to the conditions when drain voltage becomes equal to the difference between the gate 
and threshold voltages (2) 𝑉𝑉𝑄𝑄 ≈ (𝑉𝑉𝐺𝐺 − 𝑉𝑉𝑡𝑡ℎ). This point is called the pinch-off point, and by 
approaching this condition the concentration of electrons at the drain electrode drops to zero. 
Further increasing of the drain voltage when 𝑉𝑉𝑄𝑄 > (𝑉𝑉𝐺𝐺 − 𝑉𝑉𝑡𝑡ℎ) does not influence the drain 
current. This is called the saturation regime (3), here the drain current can be defined as:  

𝐼𝐼𝑄𝑄 = 𝜇𝜇
𝐶𝐶𝐶𝐶
2𝐿𝐿

(𝑉𝑉𝐺𝐺 − 𝑉𝑉𝑡𝑡ℎ)2 (1.5) 

In ambipolar FETs further increasing of the drain voltage can form high enough 
potential for the opposite charge carriers to overcome their threshold voltage. This leads to  
new charge carriers in the channel and thus increasing the drain current (4). This is 
represented by a dashed line in Figure 1.9A. 

In transfer mode the drain voltage is kept constant while the dependence of the drain 
current versus the gate voltage is measured. The transfer characteristics are depicted in Figure 
1.9B. When the gate voltage is lower than the threshold voltage, there are no induced charge 
carriers in the channel and the transistor is in the off state (region 5). The device enters the 
subthreshold regime (6) when the gate voltage approaches the threshold voltage. In this 
regime the drain current growth exponentially. Finally, when the gate voltage exceeds the 
threshold, the charge carriers are accumulated in the channel and the drain current growths 
linearly with respect to the gate voltage. Linear mobility values (𝜇𝜇𝐵𝐵𝑙𝑙𝑙𝑙) for holes and electrons 
can be extracted from the corresponding transfer curves by using the following formula: 

𝜇𝜇𝐵𝐵𝑙𝑙𝑙𝑙 =  
𝜕𝜕𝐼𝐼𝑄𝑄
𝜕𝜕𝑉𝑉𝐺𝐺

𝐿𝐿
𝐶𝐶𝐶𝐶𝑉𝑉𝑄𝑄

 (1.6) 
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1.6 Light-emitting field-effect transistors 

The progress in synthesis of CQDs and in controlling their assembly in films resulted in 
recent achievements of highly efficient photodetectors, light-emitting and photovoltaic 
devices.[45] Next to this optoelectronic devices also progress in field-effect transistors and 
circuits have been reported. Efficient transducing light and electricity is a key property of 
CQDs which fuels the research and development of their use in devices. CQD-based light-
emitting devices are particularly interested due to spectrally narrow size-tunable emission 
and were adopted by display manufacturers.[46] Furthermore, the emission of CQDs can easily 
be extended to the near-infrared spectral range (750 – 2500 nm), range very difficult to access 
with other competitive solution-processable materials. Near-infrared light is invisible to 
humans, but can be used for many applications such as night navigation, communications, 
and surveillance etc. 

Mostly, light-emitting devices are fabricated in the configuration of diodes (LEDs).[47] 
These current-driven devices based on CQDs reached more than 20% external quantum 
efficiency for red emission.[48] However, one of the recent approaches for the light-emitting 
CQD-based devices is the fabrication of light-emitting FETs (LEFETs). LEFET is a voltage-
driven device that removes constraint from the device architecture and can reduce energy 
consumption.[49] Additionally, a LED when used in a display requires a separate FET which 
controls its operation, while a LEFET combines these two functions. The further advantage 
of the LEFET geometry is the easy downscaling of the pixel size as the recombination region 
is occupying a subsection of the transistor channel. LEFETs are based on recombination of 
holes and electrons in the transistor channel which is easy to achieve in an ambipolar FET. 
The position of the narrow recombination zone can be spatially controlled by the drain and 
gate voltages and moved to the middle of the channel to avoid the influence of the source and 
drain electrodes. However, the fabrication of these devices is more complex as their 
architecture involves three electrodes and a dielectric layer. 

1.7 CQD solar cells 

One of the most promising niches of application of PbS CQDs is photovoltaic devices 
(solar cells). Fast developments in the field resulted in the growth of certified record 
efficiency up to 12%.[50,51] PbS CQDs have high absorption coefficient, good stability and 
tunability of the properties by the CQDs size and the type of capping ligands. This allows to 
use CQDs with ideal band gap (1.4 eV), which is an important pre-requisite to aim to 
maximum efficiency according to the Shockley-Queisser limit (33.7% at 1.4 eV).[52] 
Moreover, CQDs can exhibit multiple carrier generation (MEG) which can theoretically 
boost the Shockley-Queisser limit to 44%.[53] PbS CQDs can also improve the efficiency of 
current silicon modules or other technologies, by harvesting the infrared light in the tandem 
solar cell configuration.[54]  
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Figure 1.10. A typical J-V curve (red) of a solar cell under illumination.  

The standard AM1.5G solar spectrum with the power density of 100 mW/cm2 (𝑃𝑃𝑙𝑙𝑙𝑙) is 
used worldwide for the comparable characterization of solar cells. Figure 1.10 represent a 
typical J-V characteristic of a solar cell, operated under thus conditions. Three characteristic 
points of this curve are the short-circuit current (𝐽𝐽𝑠𝑠𝑠𝑠), the open-circuit voltage (𝑉𝑉𝐵𝐵𝑠𝑠) and the 
maximum power point (𝑀𝑀𝑃𝑃𝑃𝑃). Short-circuit current and open-circuit voltage represent the 
maximum current and voltage that can be extracted from the solar cell, but the power at those 
points is equal to zero. The 𝑀𝑀𝑃𝑃𝑃𝑃 indicates the maximum power which can be obtained from 
the device and is equal to 𝐽𝐽𝑀𝑀𝑀𝑀𝑀𝑀 ∙ 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀. The ratio between area described by the green 
rectangle (𝐽𝐽𝑀𝑀𝑀𝑀𝑀𝑀 ∙ 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀) and the area of the blue rectangle (𝐽𝐽𝑠𝑠𝑠𝑠𝑉𝑉𝐵𝐵𝑠𝑠), is called fill factor (𝐹𝐹𝐹𝐹) 
and is defined as:  

𝐹𝐹𝐹𝐹 =
𝐽𝐽𝑀𝑀𝑀𝑀𝑀𝑀𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀
𝐽𝐽𝑠𝑠𝑠𝑠𝑉𝑉𝐵𝐵𝑠𝑠

 (1.7) 

Finally, the power conversion efficiency (𝑃𝑃𝐶𝐶𝐸𝐸) is equal to the maximum power 
generated by the solar cell divided by power of the incident light.  

𝑃𝑃𝐶𝐶𝐸𝐸 =
𝐽𝐽𝑀𝑀𝑀𝑀𝑀𝑀𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀

𝑃𝑃𝑙𝑙𝑙𝑙
=
𝐹𝐹𝐹𝐹𝐽𝐽𝑠𝑠𝑠𝑠𝑉𝑉𝐵𝐵𝑠𝑠
𝑃𝑃𝑙𝑙𝑙𝑙

 (1.8) 

The spectral response of a solar cell can be represented by external quantum efficiency 
(EQE). EQE of a solar cell is the ratio between the number of collected charge carriers to the 
number of incident photons at a given wavelength. The number of collected charge carriers 
can be found from the photocurrent of a solar cell under monochromatic light and the number 
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of incident photons is determined by diving the total power of photons by the energy of a 
photon. Calibrated photodiodes are used to determine the power of the incident 
monochromatic light. The EQE can be calculated for each wavelength (𝜆𝜆) as: 

𝐸𝐸𝐸𝐸𝐸𝐸(𝜆𝜆) =
ℎ𝑐𝑐 
𝑞𝑞𝜆𝜆

𝐽𝐽(𝜆𝜆)
𝑃𝑃𝑙𝑙𝑙𝑙(𝜆𝜆)  (1.9) 

Where ℎ is the Planck constant, 𝑐𝑐 is the speed of light, 𝑞𝑞 is the charge of an electron and  
𝑃𝑃𝑙𝑙𝑙𝑙  is the power of the incident monochromatic light. The EQE spectrum of an ideal solar 
cell would have a square shape profile while the EQE of real devices is reduced due to losses 
caused by the transmission or reflection of incident photons or by losses caused by the 
recombination of the photogenerated charge carriers. An example of the EQE spectrum of a 
CQD solar cell is shown in Figure 1.11.  

 

Figure 1.11. The EQE spectrum of a CQD solar cell.  
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1.8 Outline of this thesis  

The field of quantum dots is multi-faceted and the results of this work contribute to the 
understanding of how the physical properties of PbS CQDs can be manipulated through 
manipulation of ligands, how the ligands and the interplay with the solvent are fundamental 
to modify the colloidal stability, and finally it is shown as the combination of two classes of 
nanomaterials can allow to achieve enhanced light emission efficiency in light-emitting 
transistors. 

In Chapter 2, effective coating of PbS CQDs with fluoride ligands was demonstrated 
and compared to the results obtained with other halides. This comparison was possible due 
to the using of a new anhydrous fluoride precursor. Optical and transport properties of halide-
treated PbS CQD solids show a trend-wise behavior on halide size. The relatively stronger 
p-type character of the fluoride- and chloride-treated PbS CQD films broadens the utility of 
such materials in optoelectronic devices. 

It is well known that the hot injection methods give rise to PbS CQDs with the excess 
of Pb atoms, resulting in an intrinsically n-doping of the CQD solids. In Chapter 3, a new 
synthesis of PbS CQDs with an excess of S atoms was developed, which resulted in S-rich 
PbS CQDs dispersible in a nonpolar solvent. The transport of films deposited from these 
CQD, was found strongly hole-dominated, with the hole mobility of around 1×10-2 cm2/Vs. 
We developed a fabrication protocol for this material that allows us to tune the electron 
mobility within almost two orders of magnitude, while keeping the hole mobility roughly the 
same. 

Chapter 4 describes the stability of ligand-exchanged dispersions of CQDs in polar 
solvents. Using of propylene carbonate (PC) or 2,6-difluoropyridine (DFP) results in highly 
stable CQD inks which retain their colloidal stability for more than a year. The influence of 
the ink aging on its absorption and (time-resolved) photoluminescence spectra, as well as 
electronic transport properties in thin films were studied. 

Chapter 5 discusses the improvement to PbS CQD light-emitting field-effect transistors 
by single-walled polymer-wrapped semiconducting carbon nanotubes (CNTs). Combining of 
a n-type CQD layer and a p-type layer of CNTs in a bilayer structure results in ambipolar 
transport characteristics with high charge carriers mobility. Electroluminescence quantum 
efficiency up to 1.2×10-4 was obtained, which is one order of magnitude higher than 
previously reported results. 
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